
Carbon Nanostructures

Ram K. Gupta Editor

3D 
Graphene
Fundamentals, Synthesis, and Emerging 
Applications



Carbon Nanostructures 

Series Editor 

Paulo Araujo, The University of Albama, Tuscaloosa, AL, USA 

Editorial Board 

Antonio Gomes Sousa Filho, Universidade Federal do Ceara—UFC, Fortaleza, 
Brazil 

Stephen K. Doorn, Los Alamos National Laboratory—LANL, Los Alamos, NM, 
USA 

Aaron D. Franklin, Electrical and Computer Engineering, Hudson Hall 129, Duke 
University, Durham, NC, USA 

Achim Hartschuh, Ludwig-Maximilians-Universität, München, Germany



Carbon is intimately connected to almost everything we deal with in a daily basis. 
Due to its outstanding properties, such as high stability at environmental conditions, 
different hybridizations, strong covalent bond formation and easy of compounds 
formation, carbon has been a topic of scientific interest in several areas. Indeed, 
starting in the 19th century, chemists have devoted a whole field to study carbon-based 
compounds, which is, nowadays, known as Organic Chemistry. Remarkably, the last 
30 years have been witnessing an exponential advance in the science involving carbon 
and carbon structures. Since the discovery of Fullerenes in 1985, which was awarded 
the Nobel Prize in Chemistry in 1996, carbon nanostructures have been attracting a 
great deal of attention from the research community. This public interest dramatically 
increased after the publications by the Iijima and Bethune groups on single-wall 
carbon nanotubes in 1993 and found a “new research era” with the isolation of a 
monolayer of carbon atoms, also called graphene, which conducted groundbreaking 
experiments demonstrating outstanding phenomena such as the Klein-Tunneling and 
the fractional quantum hall effect. No wonder, graphene was the object of the 2010 
Nobel Prize in Physics. 

The “Carbon Nanostructures” book series covers the state-of-art in the research 
of nanocarbons and their applications. Topics related to carbon allotropes such as 
diamond, graphite, graphene, fullerenes, metallofullerenes, solid C60, bucky onions, 
foams, nanotubes and nanocones, including history, theory, synthesis, chemistry & 
physics, Biophysics & engineering, characterization methods, properties and appli-
cations are welcome. Within the “Carbon Nanostructures” book series, the reader 
will find valuable, up-to-date account of both the newer and traditional forms of 
carbon. This book series supports the rapid expansion of this field and is a valuable 
resource for students and professionals in several different areas. 

Springer welcomes new book ideas from potential authors. If you are interested in 
publishing your book in this series, please contact us via mayra.castro@springer.com 

** Indexed by Scopus (2018) **

mailto:mayra.castro@springer.com


Ram K. Gupta 
Editor 

3D Graphene 
Fundamentals, Synthesis, and Emerging 
Applications



Editor 
Ram K. Gupta 
Department of Chemistry 
Pittsburg State University 
Pittsburg, PA, USA 

ISSN 2191-3005 ISSN 2191-3013 (electronic) 
Carbon Nanostructures 
ISBN 978-3-031-36248-4 ISBN 978-3-031-36249-1 (eBook) 
https://doi.org/10.1007/978-3-031-36249-1 

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023 

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Switzerland AG 
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://orcid.org/0000-0001-5355-3897
https://doi.org/10.1007/978-3-031-36249-1


Dedicated to Dr. Tim Dawsey for his support, 
encouragement, and guidance. Thank you for 
always being there since the beginning and 
supporting me to complete this book.



Contents 

Introduction to 3D Graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Chuanyin Xiong, Tianxu Wang, Yongkang Zhang, and Qing Xiong 

Synthesis and Printing of 3D Graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Arash Ghazitabar and Malek Naderi 

Synthesis and Characteristics of 3D Graphene. . . . . . . . . . . . . . . . . . . . . . . 43 
Hiran Chathuranga, Ishara Wijesinghe, Ifra Marriam, and Cheng Yan 

Architectural and Chemical Aspects of 3D Graphene for Emerging 
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .59 
Juan Bai and Jun Mei 

Recent Advancements in 3D Graphene for Electrochemical Sensors. . . . 75 
Hamide Ehtesabi and Seyed-Omid Kalji 

3D Graphene-Based Biosensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 
Mert Akin Insel, Sena Nur Karabekiroglu, and Selcan Karakuş 
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Introduction to 3D Graphene 

Chuanyin Xiong, Tianxu Wang, Yongkang Zhang, and Qing Xiong 

Abstract The 3D graphene-based materials fabricated by various methods not only 
effectively prevent mutual re-stacking between the graphene layers to make full 
use of its specific surface area, but also obtain excellent functional characteristics via 
introducing other functional materials. This part briefly summarizes the types, prepa-
ration methods, application fields, existing problems, and development trends of 3D 
graphene-based materials with different structures and components. The purpose is 
to provide methods and theoretical references for the research and efficient utilization 
of 3D graphene-based materials. 

Keywords 3D graphene · Classification · Preparation · Application 

1 Classification of Graphene 

Graphene is a 2D carbon material with a hexagonal honeycomb lattice structure 
hybridized by carbon atoms connected by sp2 [1] and is the basic building block 
of fullerene, carbon nanotubes, and 3D graphene. Andre Geim and Konstantin 
Novoselov successfully prepared 2D graphene sheets by mechanical stripping for 
the first time in 2004. Because of its excellent conductivity (electron mobility of 
150,000 cm2 V−1 s−1) [2], ultra-high theoretical specific surface area (2630 m2 g−1) 
[3], high mechanical strength (Young’s modulus 1.1 Tpa, tensile strength 125 GPa) 
[4], and good thermal conductivity (thermal conductivity of 5300 W m−1 K−1) [5], 
it has attracted wide attention of researchers around the world. 

Although the 2D graphene nanosheets with a single thickness of about 0.35 nm 
have excellent performance, in practical applications, due to the van der Waals force 
and π–π bond between the graphene layers [6], it is very easy to often stack between 
the graphene layers to form graphite powder. This seriously affects the surface utiliza-
tion of 2D graphene nanosheets and reduces their inherent excellent performance. For
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example, when graphene is used as an energy storage material, the stacking between 
the layers will lead to a decrease in the electrochemical reaction site and a decrease 
in the efficiency of electrolyte ion conduction inside the electrode material, which 
seriously affects the energy storage performance of the device [7]. In view of the 
above problems, the construction of graphene matrix composites with 3D structure 
by certain methods is an effective solution. Figure 1a summarizes the relationship 
between 3D graphene and 2D graphene [8].

As shown in Fig. 1b, according to the currently reported work, the types of 3D 
graphene can be divided into 3D graphene nanoribbons, 3D graphene powder, 3D 
graphene spheres, 3D graphene fibers, 3D graphene with a layered structure, 3D 
graphene foam, 3D graphene aerogels, etc. 

1.1 3D Graphene Nanoribbons 

Graphene nanoribbons refer to graphene nanomaterials with a width of less than 
50 nm, which can be prepared to form 3D graphene nanoribbons through the inter-
action between carbon-containing molecules. As shown in Fig. 2a, Kawai et al. [9] 
synthesized 3D graphene nanoribbons using surface chemical reactions of organic 
molecules. The 3D graphene nanoribbon is a periodic out-of-plane substructure by 
controlling the addition reaction of a single molecule on the adsorption surface of 
the local probe at low temperatures. This work has a certain reference value for the 
precise synthesis of 3D graphene nanoribbons.

1.2 3D Graphene Powder 

3D graphene powder appears macroscopically in a powder state, but microscopi-
cally has a 3D structure. Cao et al. [10] used CH4 as a carbon source to prepare 
3D graphene powder with different particle sizes by combining CVD and physical 
crushing. As shown in Fig. 2b, thanks to the excellent microporous structure of 
3D graphene powder and the embedding of Pt atoms. The prepared 3D graphene 
powder is beneficial to the transport of oxygen and lithium ions when applied to 
Li–O2 batteries, thereby reducing the decomposition barrier of Li2O2. 

1.3 3D Graphene Spheres 

3D graphene spheres can be prepared by a template method and self-assembly. Zhang 
et al. [11] converted benzene rings into high-purity 3D few-layer graphene micro-
spheres by sulfur-assisted methods. The structure of this 3D graphene microsphere 
is shown in Fig. 2c, and it can be clearly seen that the 3D graphene microsphere
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Fig. 1 a Schematic diagram of the relationship between graphite, graphene, and 3D graphene. 
Adapted with permission [8], Copyright (2020), American Chemical Society. b Classification 
diagram of 3D graphene

shows a distinct spherical fluffy state due to the interconnection between several 
layers of graphene. This provides an excellent energy storage structure for its appli-
cation in high-performance potassium–ion batteries. In addition, Hirani et al. [12] 
prepared nitrogen-doped 3D graphene particles (Fig. 2d) by self-assembly, and the 
microspheres showed excellent wastewater treatment performance.
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Fig. 2 a Schematic representation of the structure of 3D graphene nanoribbons. Adapted with 
permission [9], Copyright (2020), American Association for the Advancement of Science. 
b Schematic diagram of the preparation process of 3D graphene powder and its properties as a 
battery cathode material. Adapted with permission [10], Copyright (2022), American Chemical 
Society. c Microscopic image of 3D few-layer graphene microspheres. Adapted with permission 
[11], Copyright (2021), Royal Society of Chemistry. d Fabrication process of 3D nitrogen-doped 
graphene particles. Adapted with permission [12], Copyright (2022), Elsevier. e Preparation of 3D 
graphene fibers and their SEM images. Adapted with permission [13], Copyright (2018), Wiley– 
VCH. f Preparation process of 3D graphene with hierarchical structure and its corresponding SEM 
microscopic image. Adapted with permission [14], Copyright (2022), Royal Society of Chemistry. 
g Schematic diagram of the preparation process of MWCNTs enhanced 3D graphene foam and its 
structure. Adapted with permission [15], Copyright (2020), American Chemical Society. (H) SEM 
image of Ni-doped 3D-Fe3O4@C/rGO aerogel. Adapted with permission [16], Copyright (2022), 
Springer Nature

1.4 3D Graphene Fibers 

3D graphene fibers can be prepared by electrospinning, wet spinning, electrophoresis, 
and fiber surface coating. Zeng et al. [13] prepared tightly arranged 3D graphene
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fibers by electrospinning, NH3 etching, and CVD combination. The preparation 
process is shown in Fig. 2e, which mainly includes electrospinning PAN nanofibers, 
etching under NH3 conditions, and CH4 and H2 mixtures to grow 3D graphene by 
CVD. It is worth mentioning that the etching of NH3 makes a great number of fringed 
structures on the surface of carbonized fibers, which provides rich sites for the growth 
of 3D graphene. 

1.5 3D Graphene with a Hierarchical Structure 

The preparation of 3D graphene with layered structure by separating 2D graphene 
nanosheets by introducing the second component is also a relatively simple and 
efficient method to solve the stacking phenomenon between 2D graphene nanosheets. 
Lei et al.  [14] used polyaniline-coated selenium nanowires as a separating agent 
to improve the stacking between 2D graphene sheets. The preparation process is 
shown in Fig.  2f, first polyaniline is coated on the surface of Se nanowires by in situ 
polymerization to obtain a Se@PANI composite with core–shell structure, and then 
graphene and Se@PANI nanowires are uniformly dispersed to obtain 3D graphene-
based composites. Thanks to the layered structure of the material, the power of 
the electrochemical reaction is accelerated, so that the material has excellent cycle 
stability and energy storage characteristics when used as an aluminum–selenium 
battery. 

1.6 3D Graphene Foam 

3D graphene foam has the advantages of 3D network structure, high porosity, and 
ultra-low density, and has been widely used in energy storage, electromagnetic 
shielding, and wave absorption. As shown in Fig. 2g, Shu et al. [15] prepared 
an N-doped 3D RGO/multi-walled carbon nanotube (MWCNTs) composite foam 
by hydrothermal and high-temperature carbonization methods. Thanks to the 3D 
network structure formed between the RGOs in this material, the material has 
excellent absorption properties. 

1.7 3D Graphene Aerogel 

3D graphene aerogels have attracted more and more attention from material scientists 
due to their good properties. According to existing reports, the preparation methods 
of 3D graphene aerogels are diverse, mainly including hydrothermal methods, 
chemical reduction, chemical crosslinking, 3D printing, and self-assembly. Huang 
et al. [16] prepared Ni-doped 3D-Fe3O4@C/rGO aerogels with excellent absorption
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performance by the hydrothermal method. Figure 2h is a schematic diagram of the 
microstructure of a 3D graphene composite aerogel. It can be seen that 3D graphene 
aerogels have rich porous structures and can provide rich loading sites for active 
materials to prepare high-performance composites. 

2 Preparation of Graphene 

This section systematically summarizes and classifies the preparation methods of 3D 
graphene, as shown in Fig. 3. The preparation methods of 3D graphene are mainly 
divided into CVD growth, self-assembly, 3D printing, 3D laser induction, pyrolysis 
of organic precursors, and other methods [7]. Templates are also used to assist in 
the preparation process as required. At present, CVD and self-assembly are used in 
most studies. 

2.1 CVD Growth of 3D Graphene 

2.1.1 CVD Growth Based on a Metal Template 

Metal templates can be used as catalysts to accelerate the decomposition of hydro-
carbons and the nucleation of graphene, making the lattice arrangement of graphene 
more perfect [8]. Chen et al. [17] first used template-based CVD to synthesize 3D

Fig. 3 Preparation method of 3D graphene 
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porous graphene structure on nickel foam and used methane as carbon precursor 
nickel foam as a metal template to grow graphene. Graphene was coated on the 
surface of nickel foam in a tubular furnace at 1000 °C, then etched the nickel foam 
with FeCl3/HCl solution, and added acetone to remove the PMMA support layer. 
Finally, 3D porous graphene flexible network structure with the original nickel foam 
structure was formed. Lin et al. [18] designed a kind of 3D nanoporous graphene 
based on 12 component ultra-high entropy nanoporous alloy (Fig. 4a), and synthe-
sized a self-contained 3D nanoporous graphene with high N-doping by CVD growth. 
However, there are some defects in the selection of metal templates, and the etching 
of the metal template cannot be completely removed, resulting in the preparation of 
3D porous graphene being greatly limited in the use process.

2.1.2 CVD Growth Based on a Non-metal Template 

Compared with the metal template, the non-metal template has more diversity in 
morphology, high melting point, and low cost [6]. As shown in Fig. 4b, Shi et al. 
[19] first calcined the shell (calcium carbonate (CaO)) to porous CaO at 1050 °C, 
then CVD graphene on porous CaO as a non-metal template, and finally prepared 3D 
porous graphene structure by removing CaO with hydrochloric acid. In the process 
of calcining calcium carbonate at high temperatures, the release of CO2 can form 
an interconnected porous structure in the shell, which provides favorable conditions 
for the growth of porous graphene. At the same time, porous CaO as a support 
structure provides a template for the CVD growth of graphene. The 3D graphene 
prepared by this method completely retained the porous structure of CaO template, 
showing ultra-low density and ultra-high porosity. As mentioned in the above section, 
Zeng et al. [13] used carbon material as a template, carbonized PAN nanofibers by 
electrospinning under NH3 etching conditions, and CVD-grown vertically aligned 
3D graphene fibers with CH4 as a carbon source. 

2.1.3 Growth of 3D Graphene by PECVD 

Through PECVD, hydrocarbons can be pyrolyzed at relatively low temperatures, and 
3D graphene can be grown without metal catalysts or even templates. According to the 
plasma energy source, PECVD can be divided into DC-PECVD, MW-PECVD, and 
RF-PECVD. No matter which discharge method is used, the formation mechanism 
of 3D graphene is similar. Yin et al. [20] as shown in Fig. 4c used Si3N4 nanowire 
film as a template to obtain 3D graphene microtubules (3DGMTs) by PECVD and 
subsequent heat treatment.
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Fig. 4 a Schematic diagram of CVD process using NP-12 and NP-Ni as templates. Adapted with permission [18], Copyright (2022), American Chemical 
Society. b Schematic diagram of graphene foam formation. Adapted with permission [19], Copyright (2016), American Chemical Society. c Schematic diagram 
of manufacturing 3D GMTs and CMTs films. Adapted with permission [20], Copyright (2020), Elsevier. d A schematic illustration of the fabrication of a TAGAH 
using granulate hydrogel (GH) self-assembled with graphene-coated agarose microbeads (GAMs). Adapted with permission [21], Copyright (2022), Elsevier. 
e Schematic diagram of the structure of NRGO/hollow CoFe2O4 composite aerogel. Adapted with permission [22], Copyright (2023), Elsevier. f Schematic 
diagram of the manufacturing route of NS-G fiber. Adapted with permission [23], Copyright (2020), Royal Society of Chemistry. g 3G rGO@Cuf/Schematic 
diagram of overall design and process flow of step-by-step manufacturing of copper supercapacitors. Adapted with permission [25], Copyright (2018), Springer 
Nature. h Schematic diagram of SF-3D GA preparation. Adapted with permission [26], Copyright (2020), Wiley–VCH. i Schematic diagram and SEM image 
of 3D RGO aerogel prepared by DLP method. Adapted with permission [27], Copyright (2022), Wiley–VCH. j Process of graphene formation on PI by electron 
beam bombardment. Adapted with permission [28], Copyright (2021), Elsevier. k SEM image of 3D vertical graphene prepared at different temperatures. 
Adapted with permission [30], Copyright (2021), Elsevier
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2.2 Preparation of 3D Graphene by Self-Assembly Method 

Self-assembly is a method of self-assembly of 2D graphene materials into 3D 
graphene structures through a bottom-up strategy. 

2.2.1 Thermal Reduction 

Thermal reduction, the elimination of oxygen-containing functional groups on GO by 
thermal annealing, is the most conventional, direct, and effective method. As shown in 
Fig. 4d, Park et al. [21] used GO-coated agarose beads as precursors to self-assemble 
into the granular hydrogel and then reduced GO to rGO by thermal annealing to form 
a thermal annealing graphene channel agarose (TAGAH) hydrogel composed of 3D 
conductive rGO network. TAGAH has high conductivity, low impedance, and good 
biocompatibility, and has great potential in soft bioelectrode, pressure sensors, strain 
sensors, and conductive tissue scaffolds. 

2.2.2 Hydro/Solvothermal Reduction 

The initial purpose of hydrothermal reduction is to reduce GO to rGO tablets. With 
the development of research, it has gradually become a method to self-assemble 
3D rGO hydrogels while reducing GO. These reactions usually need to be carried 
out at medium–high temperatures in the high-pressure reactor. During these reac-
tions, the thermally induced solvent acts as a reductant, most carboxyl groups are 
removed, and rGO sheets are assembled into a 3D rGO framework. Xu et al. [22] 
prepared nitrogen-doped reduced GO/hollow cobalt ferrite composite aerogels with 
3D network structures through simple solvothermal and hydrothermal self-assembly 
processes. Figure 4e shows the preparation process of composite aerogel. 

2.2.3 Chemical Reduction Induction 

The chemical reduction was first used to reduce GO to rGO using a strong reductant 
represented by hydrazine. Then, it was used in the synthesis of 3D graphene hydrogel, 
and the reductant used was also milder. Compared with hydrothermal reduction, 
chemical reduction has mild conditions, a higher reduction degree, and easier doping 
of heteroatoms into 3D rGO. As shown in Fig. 4f, Ma et al. [23] showed a scalable 
and low-cost microgel spinning method for preparing nitrogen sulfur co-doped 3D 
porous graphene fibers. Firstly, nitrogen sulfur co-doped GO (NS-GO) microgels 
with the 3D structure were prepared by chemical reduction-induced self-assembly 
method. Then, NS-GO fibers were prepared by wet spinning using microgel as a 
spinning stock solution. Finally, NS-GO fibers were reduced to NS-GF by the thermal 
reduction method. Jha et al. [24] used copper chloride (I) (CuCl) to reduce GO, and
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then removed copper ions through HCl to obtain 3D mesoporous rGO, which has 
significant supercapacitor performance in the field of all-solid-state supercapacitors. 

2.2.4 Electrochemical Reduction 

GO sheets will be electrochemically reduced near the cathode and deposited on 
the cathode. The layers support each other to form an interconnected 3D graphene 
network. As shown in Fig. 4g, Purkait et al. [25] first prepared foamed copper by 
constant current electrodeposition and then electrodeposited GO with GO suspension 
containing 1 M phosphoric acid solution as electrolyte. The GO sheet was reduced 
to a conductive 3D porous rGO network structure at a constant potential. The 3D 
porous rGO can be directly used to prepare solid-state supercapacitors. 

2.3 3D Printing 

3D printing is an efficient method to directly construct large-volume objects. First, 
the target product is designed by using relevant software, and then 3D structural 
materials are prepared by heating and deposition layer by layer under the control 
of the computer. The combination of nanotechnology and 3D printing can produce 
3D large volumes of materials with unique properties and versatility. Yao et al. 
[26] prepared a new surface functionalized 3D-printed graphene aerogel electrode 
material. In Fig. 4h, the GO ink prepared by mixing a single-layer GO sheet with 
hydroxypropyl methylcellulose is sprayed through a nozzle, heated, and deposited 
layer by layer, and then freeze-dried to obtain 3D GO aerogel. Finally, the 3D GO 
aerogel is transformed into a 3D graphene aerogel by thermal annealing at 1050 °C. 
In addition, 3D graphene aerogels were prepared by the template-assisted method. 
The ideal shape was designed by software. The hollow templates were arranged into 
interconnected 3D structures by 3D printing. GO or chemically modified graphene 
was injected into the hollow template, and the 3D graphene structure was obtained by 
subsequent processing. As shown in Fig. 4i, Zhou et al. [27] designed and prepared 
3D graphene aerogel inheriting a high-resolution polyacrylate resin template by 
combining digital light processing technology and 3D printing. 

2.4 3D Laser-Induced Graphene (3D LIG) 

3D LIG is a kind of 3D graphene formed by laser irradiation of polymer precursors 
to induce photochemical and thermal conversion. It naturally presents a 3D porous 
structure, which is usually called 3D LIG or 3D laser-scribed graphene (LSG). The 
quality of LIG is slightly inferior to that of 3D graphene prepared by other methods, 
but low cost and relatively simple are the advantages of laser-induced graphene.
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Han et al. [28] directly synthesized 3D graphene on polymer-based polyimide by a 
high-energy electron beam. The preparation process is shown in Fig. 4j. The final 3D 
graphene film has a thickness of 0.66 mm and a specific surface area of 363 m2 g−1. At  
present, most studies use macromolecular synthetic resins or natural polymers as laser 
irradiation precursors, but this largely limits the geometry and size of 3D graphene. Yu 
et al. [29] used 10.6 μm CO2 laser to irradiate liquid precursors to prepare 3D laser-
induced graphene materials and synthesized non-polymer precursors by introducing 
aromatic units conducive to high carbonization and oxazine rings with high flame 
retardancy. Then it is directly converted into graphene by laser irradiation. 

2.5 Pyrolytic Organic Precursors 

Pyrolysis of organic precursors is a method of direct pyrolysis of organic molecules 
to obtain 3D graphene materials. Generally speaking, some organic molecules will 
be mixed through the sol–gel process to form organic polymer carbon precursors 
before pyrolysis, but organic molecules can also be directly pyrolyzed without sol– 
gel treatment. Li et al. [30] prepared disordered molecular chain foam as a precursor 
by thermally induced phase separation and then pyrolyzed it at 900–1200 °C. With 
the increase of carbonization temperature, the surface roughness of carbon increases, 
and 3D vertical graphene gradually forms. SEM at different temperatures is shown 
in Fig. 4k. 

3 Application of 3D Graphene 

3.1 Energy Conversion 

3.1.1 Solar-Thermal Conversion 

The best way to collect solar energy is to convert photons into heat directly through 
the solar heat absorber. It can achieve higher conversion efficiency because it uses 
a wider bandwidth in the solar spectrum, and is environmentally friendly. Lin et al. 
demonstrated structured graphene metamaterials (SGM), as shown in Fig. 5a [31]. 
The structured graphene metamaterials exploit the wavelength selectivity of the base-
grooved metal structures. Moreover, the ultra-thin graphene metamaterial membrane 
has the characteristics of broadband optical dispersion-free and excellent thermal 
conductivity. The photothermal conversion efficiency is up to 90.1%, the total effi-
ciency is 68.9%, the water evaporation rate is 1.5 kgm−2 h−1, and the solar-steam 
efficiency is up to 96.2%, to realize the high-efficiency solar photothermal conversion 
at large angles.
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Fig. 5 a SGM solar selective absorber. Adapted with permission [31], Copyright (2020), Nature. (B) (a) Schematic diagram of the synthetic route for preparing 
the SnS2@GA heterostructure. b SEM image of SnO2@GA. SEM image of the final product vulcanized at c 300 1C, d 350 1C, e 400 1C. Adapted with 
permission [34], Copyright (2022), Chinese Chemical Society and Royal Society of Chemistry. (C) Genetically modified enhanced solar cells. Adapted with 
permission [35], Copyright (2022), American Chemical Society. (D) The structural models and preparation routes of Zn (MAA) 2 and ZG HS are described. 
Adapted with permission [36], Copyright (2023), Elsevier
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3.1.2 Photocatalysis 

Graphene photocatalytic composites have developed rapidly in recent years and have 
great application value in solving energy and environmental problems. On the basis 
of achieving uniform dispersion of photocatalyst, the construction of 3D graphene 
has many new advantages: the internal porous structure increases the adsorption of 
materials on reactants; good mechanical strength makes the material easy to recover 
after catalytic reaction, which is particularly important in the field of sewage purifi-
cation. These characteristics make graphene composite photocatalyst materials with 
a 3D structure more prominent and practical. Wang et al. designed a new method to 
modify UIO-66-NH2 metal–organic framework material for efficient photocatalytic 
reduction of CO2 by building a 3D graphene framework [32]. Through theoret-
ical calculation and experimental research, it is confirmed that the rearrangement 
of charge carriers has occurred at the interface of different materials. During the 
photocatalysis process, the charge transfer and separation can be effectively carried 
out, which effectively promotes the photocatalytic reduction of the CO2 conversion 
process. It provides a promising way to explore the application of nano-composite 
materials based on MOFs in environmental governance and other related fields. 

3.2 Energy Storage 

3.2.1 Batteries 

Li–ion batteries (LIBs) 

In recent years, lithium batteries have developed rapidly to meet the application 
of rechargeable batteries in various fields (such as portable electronic devices and 
electric vehicles). As the core of LIB, electrode active materials generally require 
high capacity and energy density, long-term cycle stability, and safety. Mo and 
others showed a 3D hierarchical metal hydride/graphene composite (LiNa2AlH6/ 
3DG) [33]. And LiNa2AlH6/3DG have significantly better lithium storage perfor-
mance in solid-state batteries than previously reported aluminate negative elec-
trodes. LiNa2AlH6 nanoparticles are uniformly anchored on graphene nanosheets. 
The graphene nanosheets self-assemble to form a 3D flower hierarchical structure, 
which shows excellent cycle stability when LiBH4 is used as a solid electrolyte. At 
the current density of 5 Ag−1, its capacity reaches 861 mA h g−1, its cycle life reaches 
500 times, and its capacity retention rate reaches 97%. 

Sodium–ion battery (SIBs) 

Sodium–ion battery (SIBs) has shown great potential application value in the field of 
energy storage and power transportation due to their advantages of rich resources, low 
cost, and environmental friendliness. As shown in Fig. 5b, Guo and others show a 2D 
heterostructure, in which dense SnS2 nanosheets are uniformly and vertically fixed
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on graphene aerogel(SnS2@GA) for high-performance sodium–ion batteries [34]. 
The composite exhibits enhanced electrochemical reaction kinetics and enhanced 
structural stability based on the charge storage mechanism dominated by pseudo-
capacitance. SnS2@GA The negative electrode provides a high reversible capacity 
of 690 mAhg−1 at 0.2 Ag−1, excellent rate performance, and long cycle life, and the 
capacity retention rate reaches 83% after 1000 cycles. 

Other Batteries 

The emergence of silicon solar cells provides feasible and effective solutions to 
challenges such as energy and environmental crisis. The high reflection and surface 
recombination loss caused by the silicon interface and its nanometer processing 
technology are the main obstacles to achieving high energy conversion efficiency. 
Jia et al. proposed a 3D conformal coating concept for graphene metamaterials [35], 
as shown in Fig. 5c. Among them, 2D graphene can perfectly adapt to 3D silicon 
structural surfaces, reducing optical reflection by 20%, and improving surface passi-
vation performance by 60%. Subsequently, the graphene metamaterial 3D conformal 
coating concept was then further applied to standard silicon solar cells, resulting in an 
overall 23% increase in solar energy conversion efficiency. Moreover, the concept of 
3D conformal coating can be easily extended to a variety of optoelectronic and semi-
conductor devices with excellent performance, opening a practical and promising 
way to achieve efficient energy acquisition and storage. 

3.2.2 Supercapacitor 

Supercapacitors have become one of the most promising energy storage devices 
due to their high-power density and long cycle life. Due to the advantages of 3D 
Graphene such as high surface area, high conductivity, high carrier mobility and rich 
pore structure, many researchers have begun to explore the electrochemical prop-
erties of 3D graphene materials in the application of supercapacitors. As shown in 
Fig. 5d, Ma et al. investigated a novel and efficient molecular self-assembly strategy to 
prepare 3D flower-like ZG microstructures by calcination of self-assembled precur-
sors (directly deriving three-dimensional amphiphilic Zn(MAA)2 precursors with 
well-layered structure into three-dimensional graphene mixtures to produce high-
quality three-dimensional graphene microstructures with uniform metal oxide (ZnO) 
nanoparticles) [36]. ZnO NP generated from carboxylic acid groups of Zn (MAA)2 
molecules permeates into graphene. The resulting ZG-500 HS as a supercapacitor 
electrode has a specific capacitance of 272.1 Fg−1 at 1 Ag−1. In addition, an asym-
metric supercapacitor based on ZG-500 HS and activated carbon provides an energy 
density of 13.4 Whkg−1 at a power density of 387.5 Wkg−1. This opens up a green 
route for the preparation of high-quality 3D graphene composite supercapacitors.
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3.3 Environment 

With the rapid development of global industrialization and urbanization, environ-
mental problems have become one of the most worldwide threats. 3D graphene has a 
large specific surface area, suitable pore size, controllable hydrophilicity and conduc-
tivity, and 3D interconnection structure, which shows great potential in environmental 
treatment such as water purification, seawater desalination, and gas purification. 

3.3.1 Water Decontamination 

Nowadays, domestic sewage, industrial and agricultural wastewater, and other prob-
lems have led to serious water pollution, economic and efficient removal of various 
pollutants in water needs to be solved immediately. 

As one of the widely used water treatment methods, 3D graphene has the advan-
tages of a large specific surface area, good chemical stability, and can easy realize 
solid–liquid separation. It can also be used as a catalyst carrier to catalyze the degra-
dation of pollutants in water [37]. It is a good new type of economic and efficient 
adsorption material. 3D graphene composite can be used for water treatment through 
permeability, π–π interaction, electrostatic interaction, and surface complexation, 
and becomes a potential adsorbent for treating oil, organic solvents, dyes, metal 
ions, and other pollutants. It is reported that the adsorption capacity of 3D graphene 
is tens to hundreds of times that of traditional adsorption materials. 3D graphene has 
broad application prospects in water environmental pollution treatment. 

3.3.2 Gas Adsorption 

With the deepening of human industrialization, the problem of natural environ-
mental pollution has gradually emerged. Volatile organic compounds (VOCs) are 
harmful pollutants and are released from various experimental sources, including 
the petroleum industry, oil refineries, and the cleaning process of silicon chips. Even 
at very low concentrations, long-term exposure can cause serious health problems. 
The adsorption method is considered to be the most reasonable and effective method 
to control air pollution. The adsorption of gas molecules onto the graphene surface 
mainly depends on electrostatic adsorption, dispersion interaction, van der Waals 
force, and charge transfer. 

3.4 Catalyst 

The traditional catalysts are generally noble metal-based materials, such as Pt, Ru, 
and alloy. Although they are often used as catalysts in oxygen reduction reactions,
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their high cost, sensitivity, and poor stability have largely prevented their large-scale 
commercialization. Doped graphene can be a metal-free, anti-toxic, and durable 
electrocatalyst to reduce costs [38]. Xie et al. successfully prepared nitrogen-doped 
graphene aerogel (NGA) by a simple one-pot hydrothermal method. Selecting small-
size graphene oxide as a precursor, dopamine as a nitrogen source and the crosslinking 
agent is conducive to the formation of micropores [39].  When  NGA  was used as an  
electrocatalyst in an oxygen reduction reaction, NGA showed higher electrocatalytic 
performance than Pt/C catalyst. It is due to the high active N atom doping amount 
and abundant microporous structure. 

3.5 Sensor 

With the progress of the Internet of Things technology, sensors are becoming increas-
ingly important in life in the information age. They are widely used in industrial 
manufacture, space exploration, ocean exploration, and other fields of our life. 
Currently, scientists are working on developing 3D graphene sensors with a wide 
strain sensing range, high sensitivity, and high cyclic stability. Common types of 
graphene sensors include gas, strain, optical, magnetic field, mechanical sensor, etc. 

3.5.1 Gas Sensor 

After graphene adsorbs the target gas, its conductivity changes. By determining the 
relationship between the conductivity change and the target surface gas concentra-
tion, the concentration of the target gas can be measured by measuring the conduc-
tivity change of graphene. The detection of graphene material gas is mainly based 
on the adsorption of the sensing material and its conductivity change. For example, 
as shown in Fig. 6a, Bag and others studied the effect of the concentration of meso-
porous ZnFe2O4 particles on the gas sensing performance [40]. Due to the defect site 
of mesoporous particles being relatively high density, the introduction of ZnFe2O4 

in graphene oxide (rGO)-based chemical resistance sensors shows a rapid detec-
tion performance of nitrogen dioxide (NO2) in a wide range from 50 to 4000 ppb. 
Compared with the original rGO sensor, the sensitivity is higher and the lower detec-
tion limit is lower. RGO-ZnFe2O4-based gas sensor shows good reproducibility and 
stable dynamic response under static and dynamic tension.

3.5.2 Strain Sensor 

Graphene can be used appropriately as a strain and pressure sensor. In graphene 
strain and pressure sensors, the perception of physical signals (including strain and 
pressure) is carried out using graphene as an active material. Because of its high 
electrical conductivity, graphene materials are often used as conductive layers or
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Fig. 6 a An extendable, body-attached NO2 gas sensor based on rGO and ZnFe2O4 hollow octahedra. Adapted with permission [40], Copyright (2021), 
Elsevier. b The G/CB/Ni-2 strain sensor is used to monitor human movement in real time. Adapted with permission [41], Copyright (2020), Royal Society of 
Chemistry. c Schematic diagram of high-performance photoelectric sensor based on 3D graphene field-effect tube. Adapted with permission [42], Copyright 
(2019), American Chemical Society. d Demonstration of 3D bi-continuous nanoporous graphene. Adapted with permission [43], Copyright (2019), Cell Press
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electrodes for graphene-based strain and pressure sensors. As shown in Fig. 6b, Sun 
et al. integrated graphene (G), carbon black (CB), and polydimethylsiloxane (PDMS) 
into a 3D frame of a commercial nickel sponge using a simple, cost-effective, and 
scalable drip coating method [41]. The G/CB/Ni strain sensor shows good flexibility, 
high sensitivity (strain coefficient 138 at 16% strain), and long-term stability. The G/ 
CB/Ni sensor can not only accurately monitor the pulse, blink, swallow, and other 
subtle human movements, but also has broad application prospects in muscle strength 
detection. 

3.5.3 Other Sensors 

Due to graphene’s excellent electronic and optical properties, it has become an ideal 
material for high-performance photodetectors. As shown in Fig. 6c, Deng et al. 
showed a method of using a silicon nitride stress layer to drive 2D graphene field-
effect tube to self-curl into a microtubule 3D graphene field-effect tube (3D GFET) 
structure, and first manufactured the number of curl layers (1–5) and radius (30– 
65 μm) Precise and controllable 3D GFET device array [42]. The 3D GFET photode-
tector can detect ultraviolet, visible, mid-infrared, and Hertz (THz) regions at room 
temperature. The light response of ultraviolet and visible light exceeds 1 AW −1, 
and the light response at 3.11 THz is 0.232 AW −1. It realizes ultra-high sensitivity 
and ultra-fast detection of ultraviolet light, visible light, medium infrared light, and 
terahertz waves. 

3.6 Electromagnetic Interference (EMI) 

With the wide use of advanced electronic and communication equipment, electro-
magnetic radiation seriously affects the precision and sensitivity of precision elec-
trical equipment and causes serious environmental pollution. It is urgent to solve 
the problem of electromagnetic interference and pollution. Graphene has attracted 
wide attention because of its excellent electrical and thermal conductivity as well 
as mechanical properties. The electromagnetic interference (EMI) shielding perfor-
mance of 3D graphene materials relies strongly on the porous structure. The ideal 
3D structure would avoid damaging graphene’s electrical conductivity. As shown in 
Fig. 6d, Kashani’s group demonstrated highly conductive bi-continuous nanoporous 
graphene with excellent EMI shielding performance of 50.9 dB and 83 dB at film 
thicknesses of 150 mm and 300 mm, respectively [43]. This high shielding effi-
ciency value from light and flexible nanoporous membranes gives the superhigh 
EMI shielding performance of up to 75,407 and 61630 dB cm2g−1 with superior 
shielding efficiency due to the abundant absorbing interface at a minimum thickness 
in the bi-continuous porous 3D nanostructures and the high conductivity from the 
interconnected graphene networks.
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Synthesis and Printing of 3D Graphene 

Arash Ghazitabar and Malek Naderi 

Abstract In this chapter, we discuss the various synthesis routes of 3D graphene, 
also known as Graphene Aerogel (GA). This material, owing to its special structure, 
provides unique features such as ultra-low density and high surface area. These 
features meet the requirements, which are fundamental for different applications 
including supercapacitors, sensors, batteries, and sorbents. This chapter describes the 
main synthesis methods of hydrothermal, direct self-assembly, chemical reduction, 
cross-linking agents, template-based, and 3D printing. Graphene oxide (GO), in most 
of these methods, is almost the main precursor to produce 3D Graphene Hydrogel 
(GH), which is followed by the GA structure fabrication process achieved through 
the application of special drying methods like supercritical drying or freeze-drying. 
In some cases, the post-treatments such as heat treatment are employed to improve 
the physiochemical properties of GA. Nevertheless, the target application and desired 
properties are the critical factors in guiding the researchers to choose the most proper 
synthesis method. 
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1 Introduction 

Aerogels are structurally amazing porous synthetic materials, which provide ultra-
low density as well as very high specific surface area. Graphene is, also, a miraculous 
material that has created a tremendous revolution in the field of engineering mate-
rials. Considering these definitions, it is obvious that scientists and researchers were 
looking to produce and synthesize a novel material that combines with the above-
mentioned material, i.e., Graphene Aerogel (GA). The graphene-based aerogels have 
provided an effective way to engineer graphene or Graphene Oxide (GO) into the 
three-dimensional networks, which provides a high specific surface area with no obli-
gation to restack the graphene sheets. The resulting structure is mostly expected to 
provide distinguished features including ultra-low density, very high specific surface 
area, and good mechanical stability. In fact, Wang et al. were the pioneers to produce 
GA using a conventional hydrothermal synthesis method. First of all, GO is added 
to a Teflon-lined autoclave reactor vessel, and then the temperature is increased to 
200 °C to form the graphene hydrogel (GH). After drying the GH, the GA is formed 
with a 3D porous interconnected structure [1]. This unique resulting material consists 
of 2–5% solid materials (i.e., carbon atoms) as well as more than 95% air entrapped 
in the pores. A theoretical density of 16 g/m3 is expected. 

The drying process is regarded as one of the main steps when producing GA. 
While drying graphene hydrogel conventionally, the graphene network collapses due 
to the high capillary force imposed by solvent evaporation. This is why an alternative 
method of drying should be sought. Supercritical drying and freeze-drying are the 
most promising proposed methods, which greatly prevent such collapse in the GA 
structure. Due to π–π interaction, graphene sheets in GA are prone to slip during the 
supercritical drying process. This results in high shrinkage, and consequently, the 
reduction in density is not obtained as low as expected in GA. Freeze-drying is the 
most appropriate method for graphene hydrogel production. It is an effective process 
to eliminate capillary forces, which are generated during drying. In this method, 
first, the solvent is replaced with water in the wet gel. Second, the hydrogel is frozen 
applying low temperatures (i.e., ~60 °C), and finally ice is sublimated into vapor 
by implying a vacuum. Due to the generation of several micropores in graphene 
hydrogels, the scaffold of GA remains unchanged, almost no shrinkage occurs, and 
the density is achieved in the range of expected limits. However, freeze-drying is 
proposed as the most suitable method, but it is not cost- and energy-effective when it 
comes to scaling up the GA production, due to the need for applying the high vacuum 
and very low operating temperature, along with being time-consuming process [2]. 

The researchers have focused on developing the GA synthesis methods due to 
the outstanding properties of GA, and their composite materials. In majority of 
these methods, the GO is the most preferred precursor to begin with because of 
its functional structure. The main synthesis methods are

. Hydrothermal.

. Direct self-assembly.

. Chemical reduction.
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. Cross-linking agents.

. Template-based.

. 3D printing. 

All the synthesis methods are briefly discussed in the following sections. 

2 Hydrothermal Method 

Hydrothermal method was the first process employed to synthesize the graphene 
aerogel. In this method, the GO suspension is used as a main starting material, which 
can be mixed with other components such as polymers (cross-linking agents), metal 
salts (nickel nitrate and cobalt acetate), and reducing agents (ascorbic acid and sodium 
bisulfite) to fabricate the various types of graphene aerogel. Herein, the most effective 
parameters that should be considered are including concentration of GO suspension, 
time and temperature of reaction, and the ratio of free volume (or occupied volume) 
to total volume of autoclave. The application of hydrothermal method is preferred 
by researchers since it is a simple one-step process that can be used to produce wide 
range of composites with high repeatability. However, someone may believe not only 
it is time-consuming, but also specific equipment is required, and there is a limitation 
to minimum GO concentration (that should be higher than 2 mg.mL−1) [3–5]. 

Xu et al. employed hydrothermal method to produce one of the earliest graphene 
aerogels. They used graphene oxide (2 mg.mL−1) as starting material in a sealed 
Teflon-lined autoclave at 180 °C for 12 h to make the 3D hydrogel structure [6]. The 
resulting hydrogel showed high mechanical strength, which could bear the load of 
100 g with the lowest deformation. This excellent mechanical stability was due to 
π–π stacking interactions between graphene sheets. Three main factors that affected 
the final structure of produced graphene aerogel were initial GO concentration, 
processing time, and temperature [7]. 

3 Direct Self-Assembly of GO 

Gelation process of GO is the simplest route to produce graphene oxide aerogel. 
However, it occurs at higher concentration of GO suspension (higher than 
10 mg.mL−1). It requires a simple and cost-effective equipment compared to other 
GA synthesis routes. Furthermore, the more oxygen functional groups could be main-
tained in the final 3D graphene structure (without any reduction), which is the main 
advantage of this method especially when the purpose is to produce an adsorbent/ 
absorbent material in sorption of heavy metals ions or dyes. Qin et al. produced 
a 3D graphene oxide using self-assembly method to be applied as an organic dye 
rhodamine B adsorbent. A dispersion of 20–50 mg of dried GO was prepared in 1 mL 
of deionized water, which was followed by 1 min ultrasonication to generate the 3D
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graphene oxide hydrogel (GOH). The GOH was either freeze- or vacuum-dried while 
producing graphene oxide aerogels [8]. 

In the early research, scientists proposed a novel self-assembly method of 2D 
GO structure to form the 3D graphene by stimuli-responsive polymers, which 
could be categorized as a smart material fabrication. These 3D objects can offer 
reversible, visible, and tangible reactions in response to external stimuli such as 
mechanical stress, heat, light, gas, electricity, and pH. Zhao et al. used poly (N-
isopropylacrylamide) (PNIPAM) and poly (propylene oxide) (PPO) as stimuli-
responsive polymers to convert the GO and RGO to 3D graphene structure in order 
to be used as flexible/foldable supercapacitor electrode [9]. In this work, GO and 
PNIPAM or PPO polymers were mixed and kept at temperature of 3 °C. Then, the 
temperature was raised to 50 °C to fabricate 3D hydrogel. The obtained hydrogel was 
reduced to RGO hydrogel by immersing the hydrogel in sodium ascorbate solution 
at 80 °C. Freeze-dried hydrogel was used as flexible/foldable electrode for superca-
pacitor. The electrode exhibited good photo/thermal reversibility thanks to the low 
critical solution temperature (LCST) of the cross-linking polymers which were used 
as smart polymers [10]. 

4 Chemical Reduction Method 

Hydrothermal method has some limitations such as high temperature and high 
amount of residual oxygen-containing groups, which cause reduction in hydropho-
bicity and conductivity of final graphene aerogel. Moreover, high-pressure autoclave 
equipment is necessary for hydrothermal process to make the graphene aerogels. 
Researchers have proposed the chemical reduction method as a highly controllable 
process to overcome these limitations while fabricating an engineered GA structure. 
In this method, reducing agents are used to make the 3D graphene hydrogel. The main 
reducing agents are including L-Ascorbic Acid (LAA) [11], oxalic acid–NaI [12], 
sodium bisulphite (NaHSO3) [13], sodium sulfide (Na2S) [14], LAA + NaHSO3 

[15], and L-cysteine [16] that can do both chemical self-assembly and reduction of 
GO at low temperature and under atmospheric pressure. 

For instance, Chen et al. investigated the time needed for graphene hydrogel 
formation, which was affected by the type of applied reducing agents. Vitamin C 
and Na2S needed only 10 min to form graphene hydrogel while for NaHSO3 this 
time was about 30 min. The higher degree of reduction for graphene aerogel was 
obtained by HI (80%, v/v in acetic acid), which provided high electrical conductivity 
of 110 S.m−1 [14]. Ghazitabar et al. showed that chemical reduction method using L-
Ascorbic Acid (L-AA) as reducing agent can form the graphene aerogel/cobalt oxide 
composites with high specific surface area (215 m2.g−1) along with an amazing load-
bearing performance (compression load), which was higher than 2000 times of its 
own weight [17]. Some researchers claimed that the highest electrical conductivity 
and lowest density of graphene aerogels may be gained by using simultaneously the 
mixture of two or more reducing agents in chemical reduction method. A mixture of
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hypophosphorous acid and iodine is used in dilute GO suspension to form an ultra-
low-density graphene aerogel with superior electrical conductivity of 500 S.m−1 

[18]. Shadkam et al. introduced a high electrochemical performance of graphene 
aerogel, which was reduced by using the combined reducing agents of L-Ascorbic 
Acid (L-AA) and NaHSO3. The aerogel exhibited high specific capacitance with 
superb retention of 91% after 1000 charge/discharge cycles [19]. Their proposed 
mechanisms of reduction are presented in Fig. 1.

One of the important challenges to make ultra-low-density graphene aerogel 
applying chemical reduction method is its limitation in using lower concentration 
of GO (below 0.5 mg.mL−1). Zhang et al. [12] could design a new reducing agent 
mixture to form a stable 3D graphene aerogel. In their research, oxalic acid and 
NaI were used as reducing agents. The formation of hydrogen bonding between GO 
(0.1–4.5 mg.mL−1) and carboxylic acid groups on oxalic acid was the main reason 
to result in making a stable 3D structure [12]. In most cases, the functional groups 
of reducing agents act as cross-linkers between graphene sheets to form graphene 
aerogel. Ghazitabar et al. reported the cross-linking capability of L-Ascorbic Acid 
(LAA) when it was used as reducing agent. By-products of LAA oxidation in GO 
suspension form hydrogen bonding with edge of graphene sheets to form the 3D 
structure of graphene aerogel [20]. 

5 Cross-Linking Agents 

As said, self-assembly of graphene sheets employing cross-linking agents (for 
instance, some functional groups on reducing agents as discussed in Sect. 3) is one 
of the mechanisms to form graphene aerogel structure. These methods are divided 
to three sub-categories based on the type of the used cross-linking agents. 

5.1 Hydrogen Bonding 

GO suspension is the stable form of colloid dispersion in water since it contains 
hydrophilic functional groups on its sheets. In the acidic form, the protonation of 
carboxyl groups causes reduction in electrostatic repulsion of graphene sheets, and 
enhances the hydrogen bonding to make an unstable graphene suspension in water. 
Ghazitabar et al. investigated the effect of the pH of GO suspension on formation 
of graphene hydrogel in presence of LAA as reducing agent. They selected three 
different pH values (3, 7, and 10), and concluded that the acidic suspension (with 
pH value of 3) was the best to form high-strength 3D graphene hydrogel when using 
chemical reduction method (Fig. 2a), resulting in a porous structure (Fig. 2b) [17].

On the contrary, some studies reported that the alkaline suspension was the proper 
condition for GA formation. Hu et al. investigated the susceptible mechanisms 
engaged in formation of 3D graphene hydrogel in both acidic and alkaline media
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Fig. 1 a The mechanism of NaHSO3 in reduction process; ring-opening reaction and b Schematic 
of the reduction reaction and cross-linking effect [19]. Adapted with permission [19], Copyright 
(2023), Elsevier
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Fig. 2 a Hydrogel 
formation at pH of 3, 7, and 
10, b SEM image of 3D 
porous structure of GA 
which was prepared at pH of 
3 [17]. Adapted with 
permission [17], Copyright 
(2023), Elsevier

(with pH values of 3 and 10). They reported that the CO2 bubbles evolved from 
acidic media of hydrogel led to the formation of macroscopic voids in hydrogel. 
While in alkaline media, no formation of macroscopic voids was observed due to 
the conversion of CO2 into ionic species, which generated a compressible graphene 
hydrogel that was a good candidate for applications such as supercapacitor and 
battery electrodes [21]. Therefore, the condition of media (to be acidic or alkaline 
suspension) relies on the target applications (such as energy storage or adsorption) 
and the expected features (such as conductivity and mechanical properties) to obtain 
the proper structure. This, also, is applicable to both hydrothermal and chemical 
reduction methods. 

In general, two factors are the most effective to produce high-quality 3D graphene 
aerogels: first, enhancing the bonding forces, and second, decreasing the repulsion 
forces between graphene sheets. Researchers also proposed some polymeric organic 
materials, which can act as cross-linking agents to form the graphene aerogels, such 
as PVA, PEI, and EDA. These materials possess functional groups, which are bonded 
to graphene sheets through hydrogen bonding to facilitate the formation of a high 
mechanical strength 3D graphene hydrogel [22–24].
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5.2 Multivalent Metal Ions 

Inducing the metal ions into the GO structure is one of the novel methods in graphene 
aerogel production. Divalent (Ca2+, Mg2+, and Cu2+) and trivalent ions (Cr3+, Fe3+) 
provide better interaction with GO to encourage self-assembly of graphene sheets to 
make 3D graphene hydrogel. X. Jiang et al. showed that Ca2+, Ni2+, and Co2+ act as 
linker resulting in formation of stable 3D graphene hydrogel. The authors optimized 
the mass ratio of metal ions to GO, and concluded that the mass ratio of 0.1 was the 
best to form 3D graphene hydrogel due to the cross-linking effect of divalent ions 
[25]. 

The effect of using two different types of divalent metal ions on formation and 
properties of graphene aerogels was studied by Ghazitabar et al. In this research, Zn2+ 

and Co2+ were introduced to 3D graphene structure to make the interconnected meso-
porous structure, which was the best choice for electrochemical energy storage appli-
cation. In graphene aerogel structure, the high surface area along with high meso-
porous volume was obtained in the presence of both Zn2+ and Co2+. In this proposed 
model, zinc and cobalt ions were converted to oxide forms without forming any 
clusters or agglomerates. This structure had specific and separated sites on graphene 
sheets because of adsorption of metal ions on oxygen functional groups on GO sheets 
[20]. The proposed mechanism of composite formation is shown in Fig. 3a The TEM 
and FESEM images of final composite are illustrated in Fig. 3b, c, respectively. Due 
to available separated and monodispersed nanoparticles on graphene sheets, it is 
highly recommended to use this method for sensing and catalytic applications such 
as electrochemical hydrogen evolution.

5.3 Biomacromolecules 

Some of organic materials can interact with graphene oxide sheets to form 3D porous 
interconnected structure of graphene hydrogel through hydrogen bonding (in some 
cases, covalent or non-covalent interactions), such as polysaccharide [26], polyvinyl 
alcohol (PVA) [27], protein [28], and chitosan [29]. The GA, which was synthe-
sized by this route, represented good mechanical stability and compressibility with 
less aggregated graphene sheets, becoming suitable for use as sorbent to absorb the 
organic and inorganic pollutants. The mechanical stability provided by this method 
can facilitate the sorption process in large-scale operations. 

Chitosan, as a natural biopolymer, acts as a cross-linking agent through hydrogen 
bonding with functional groups on GO sheets to make the 3D graphene aerogel, 
providing good potential for organic and inorganic adsorption applications [30]. 
Cellulose fibers are another potential biomaterials, which have been used as building 
blocks in graphene aerogel composites applicable in various applications such as 
heavy metal ions adsorption and flexible supercapacitors. Cellulose has numerous 
hydroxyl groups, which can form hydrogen bonding to functional groups on graphene
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Fig. 3 a Mechanism of composite formation, b TEM image of composite aerogel, and c FESEM 
image of composite aerogel [20]. Adapted with permission [20], Copyright (2023), Elsevier

sheets in order to enhance the formation of 3D interconnected porous structure in 
graphene aerogel, as given in Fig. 4a. Researchers used the cellulose fibers and 
magnetite nanoparticles in graphene aerogel structure to make the specific Au adsor-
bent from cyanide solution. Cellulose fibers increased the compression strength (at 
the 50% strain) of graphene aerogel more than 27% (Fig. 4b). The authors reported 
that the adsorption capacity of this adsorbent was 112 mg Au per 1 g of graphene 
aerogel composite, which was higher than the results reported in previous studies 
due to cross-linking role of cellulose fibers [31].
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Fig. 4 a SEM image of cellulose/Fe3O4 nanoparticle/graphene aerogel composite (GCM) and 
b compression test of Fe3O4 nanoparticle/graphene aerogel (GM) and GCM composites [31]. 
Adapted with permission [31], Copyright (2023), Elsevier 

In the recent work, researchers evaluated different types of cellulose fibers to be 
used as cross-linking agent for 3D graphene structure. Microfiber and nanofiber of 
cellulose were dispersed separately in GO solution, and chemically were reduced by 
reducing agents to form graphene aerogel composites to use as sorbent for organic 
pollutants removal (Fig. 5a, b). In the microfiber cellulose-bearing composite, the 
reduced graphene sheets were folded around the cellulose fibers, (Fig. 5c), which 
resulted in increasing the hydrophobicity of final structure. However, in the case 
of cellulose nanofibers, graphene sheets were converted to 3D porous structure with 
well-dispersed nanofibers between the sheets to make a hydrophilic sorbent (Fig. 5d) 
[15].

6 Template-Based Method 

The porous structure of graphene aerogels, which was mentioned in previous sections, 
had an irregular shape and randomly arrangements. The template-based method is 
introduced to obtain the specific shape and size of pores in graphene aerogel structure. 
In this method, the resulting macropores are uniform as a replica of the template. 
Indeed, the template and its porous morphology structure can predict the shape and 
size of pores in 3D graphene aerogel. Three sub-categories for this method are briefly 
introduced in the following.
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Fig. 5 a Sorption process of toluene stained with Sudan red by GA with cellulose microfibers (top) 
and b cellulose nanofibers (bottom), SEM images of c GA with cellulose microfibers and (d) GA 
with cellulose nanofibers [15]. Adapted with permission [15], Copyright (2023), Elsevier

6.1 Chemical Vapor Deposition (CVD) 

In this method, a foam, such as nickel foam, is used as template to grow the 3D 
graphene by means of chemical deposition of carbon in gas phase followed by etching 
the metallic foam in acidic solution to obtain the 3D structure of graphene [32]. The 
porous structure obtained in final 3D graphene is related to the initial design of the 
template. The porous metallic frameworks (nickel foam), oxides (silica nanospheres 
and MgO nanoparticles), crystalline aluminosilicate minerals (zeolites), biomorphic 
templates (seashells), and dielectric substrate (Al2O3) are the common sacrificed 
templates, which are used in 3D graphene fabrication by CVD process.
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Banciu et al. synthesized a 3D graphene structure for energy-related applica-
tions by means of CVD process on a nickel foam template. Carbon sources for 
this purpose were chosen from gaseous (methane, ethylene, and acetylene), liquid 
(ethanol, benzene, styrene, and petroleum asphalt), and solid (polyvinyl alcohol and 
camphor) phase. CVD process was carried out at 1000 °C under a hydrogen and argon 
atmosphere. The nickel foam was etched by 3 M HCl, after completing the graphene 
growth process, in order to prepare a 3D graphene applicable in supercapacitor as 
electrode material [33]. In another study, porous MgO was used as sacrificed template 
to fabricate 3D graphene structure. In this study, methane was selected as a carbon 
precursor to make the graphene nanomesh with large surface area (1654 m2.g−1) 
in order to use as electrode material for supercapacitor [34]. The similar research 
was performed by Shi et al. to fabricate 3D N-doped graphene in order to find use 
in catalytic applications due to its extraordinary large surface area (1531 m2.g−1) as  
well as being dominant pyrrolic type for nitrogen doping (1.3 wt% N content). In this 
research, a mixture of pyridine (C5H5N) and methane (CH4) was used as nitrogen 
and carbon sources, respectively, for CVD process at 900 °C to grow the N-doped 
graphene on MgO template [35]. 

6.2 Template-Directed Self-Assembly 

The directional-freezing route is one of the proposed methods to fabricate a highly 
compressible graphene aerogel due to providing an anisotropic porous structure. 
Liu et al. proposed directional-freezing of graphene hydrogel, followed by freeze-
drying, to obtain a graphene aerogel with a high compressive strength, which made 
it a promising highly recyclable material for oil absorption applications [36]. A 
progressive method was introduced by Oh et al. They used the directional-freezing 
to fill the polyurethane foam with graphene oxide aerogel to use as sound absorber. 
This 3D aerogel composite had high resilient properties under cyclic loads, and 
presented full sound absorption with thickness of 45 mm at 2000 Hz frequency [37]. 
The anisotropic structure of graphene aerogel, which is synthesized by directional-
freezing or ice-templated method is a good candidate for Electromagnetic Inter-
ference (EMI) shielding application due to highly arranged tubular pores formed 
in its microstructure. Anisotropic polyimide (PI)/graphene composite aerogel was 
fabricated by unidirectional freezing of the mixture of GO, poly (amic acid) (PAA) 
ammonium salt, and trimethylamine followed by freeze-drying and thermal imidiza-
tion process. The obtained density of the aerogel was 76 mg.cm−3 with EMI shielding 
effectiveness (SE) of 26.1–28.8 dB when 13 wt% of the final aerogel was graphene 
[38]. 

Some researchers synthesized a graphene aerogel composite to improve its elas-
ticity and conductivity, applying porous template. Mohsenpour et al. proposed a novel 
synthesis route for graphene aerogel composite. They used cellulose and carbon 
aerogel (Fig. 6a, b) as a template to fabricate the carbon/graphene aerogel composite 
by immersion of monolithic carbon aerogel in GO suspension followed by chemical
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reduction and freeze-drying. The synthesized monolithic carbon/graphene aerogel 
presented a great electrochemical performance thanks to its high-strength binder-free 
electrodes, as shown in Fig. 6c [11]. 

Fig. 6 The photograph and SEM images of a Cellulose aerogel, b Carbon aerogel, and c Graphene/ 
carbon aerogel [11]. Adapted with permission [11], Copyright (2023), Elsevier
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6.3 Bubble-Based Method 

The latest template-based method is using the bubbles as a template to form manage-
able porous structure of GA. The bubbles can be made by fabricating an organic/ 
inorganic emulsion or purging air bubbles at high shear rate. The earliest attempt 
for this method was proposed by Zhang et al. who made a GO/cyclohexane emul-
sion under ultrasonication to fabricate oil phase droplets. They also used NaHSO3 

in that mixture, and kept the mixture at 70 °C for 12 h to reduce GO. The GO was 
reduced to RGO that led to decrease in hydrophilicity, and gathered around the oil 
phase droplets to form a honeycomb network. The time and power of ultrasonication 
operation, and the volume ratio of GO:Cyclohexane were the additional parameters 
to tailor the porous structure of GA along with other usual synthesis parameters 
including time and temperature of the GO mixture as well as the type and amount of 
reducing agent. After freeze-drying the obtained hydrogel, the produced GA had an 
ultra-light weight (<3 mg.cm−3), and exhibited a high mechanical strength in order 
to function as a reusable oil absorbent material [39]. 

In recent works, Zhang et al. proposed the synthesis of ultra-light and superelastic 
GA by means of air bubble-templated method. In this process, at first the emulsified 
foam of GO/sodium dodecyl sulfonate (SDS)/LAA mixture was created at the high 
speed of 2040 rpm. SDS was added to stabilize the bubbles to make a pupil-like rings 
structure wherein the graphene sheets were located on the bubbles’ outer layer. After 
partially reduction at 75 ºC, the aerogel was obtained by drying at atmospheric pres-
sure. The final aerogel was heat-treated at 500 ºC for further reduction. The uniform 
honeycomb-like porous structure was templated by the closely packed air bubbles. 
The regular arrangement graphene cell walls provided supercompression resilience 
property at compressive strain of 99% at high compressive stress of 87.5 kPa [40]. In 
summary, bubble-templated method is one of the major methods to fabricate supere-
lastic ultra-low-density GA in order to make materials such as absorbents widely 
applicable for oil removal, soft robot, and flexible devices. 

7 3D  Printing  

Recently, some of the research groups have introduced 3D printing method for 
graphene aerogel fabrication. In 3D printing, the parts are built up layer by layer 
as depositing materials according to digital 3D design data. This procedure has 
several advantages such as proper flexibility, good durability, and high feasibility for 
complex designs. Three different sub-categories of 3D printing technique proposed 
to fabricate the 3D graphene aerogels are Direct Ink Writing (DIW), Inkjet printing, 
and Stereolithography (SLA).
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7.1 Direct Ink Writing (DIW) 

This method is one of the extrusion-based 3D printing techniques that has been used 
to fabricate the lightweight structure. In this technique, extruding the ink through a 
micronozzle is done continuously in a three-axis motion stage to make the 3D struc-
ture. The main challenge for this method is to form a proper gel-based viscoelastic 
ink, possessing shear-thinning behavior to facilitate the flow under pressure, and a 
rapid pseudoplastic characteristic to recover after printing. Therefore, the resulting 
graphene aerogel, which is fabricated by this technique, is highly dependent on the 
ink formulation and its properties. Graphene oxide (GO) is the main precursor for 
ink preparation. Printable GO ink is fabricated by engineering its composition and 
rheology to get it applicable for nozzle of DIW technique. As reported in some 
studies, the minimum concentration of 5 mg.mL−1 of GO was needed to generate 
the required rheological behavior for a 3D printable ink [41]. There are many reports 
in which the concentrated alkaline GO suspension, more than 10 mg.mL−1 using 
ammonia as pH-adjusting agent, was used as printable ink due to the good gelation 
of GO under this condition [3]. 

Some of the researchers proposed application of cross-linking organic mate-
rials such as resorcinol–formaldehyde (R–F) solution in order to induce the gela-
tion to high concentrated GO suspensions. A few studies indicated that addition 
of hydrophilic fumed silica or alumina powders to the GO suspensions caused 
an increase in viscosity, and provided non-Newtonian fluid with a shear-thinning 
behavior, applicable as a printable ink [42]. As discussed in Sect. 4–2, Ca2+ as a diva-
lent ion can enhance the graphene aerogel formation by increasing the GO suspension 
viscosity, and enhancing the gelation of GO suspension. This method was used for ink 
preparation by Jiang et al. [43]. Guo et al. fabricated highly recoverable elastic porous 
material in 3D form by means of ink-printing solution of GO and multi-walled carbon 
nanotubes (MWNTs). In this study, a post-treatment, such as reduction process, was 
implemented to accomplish more desired mechanical properties in final 3D-printed 
material [44]. 

Partially reduced GO suspension is another favorite material for being used as 
printable ink to fabricate the 3D graphene aerogel. Ultra-light, with the density of 
8.5 mg.cm−3, and elastic 3D graphene aerogel was printed by Peng et al. They 
used partially reduced GO inks, prepared by mixing ascorbic acid aqueous solution 
and GO suspensions at various mass ratios [45]. In most studies that used DIW 
technique, investigating the viscoelasticity of the printed graphene aerogels was the 
main research subject. However, some challenges have remained unanswered so far. 
One of the challenges is how to print properly a complex and miniature design. In this 
case, a small syringe nozzle hole size is needed, meaning that we must incorporate 
nanoparticles into the ink. Gue et al. investigated 3D printing of graphene aerogel 
using DIW technique in order to function in energy storage devices, and to address 
the challenge faced in printing the nano-size graphene ink [46].
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7.2 Inkjet Printing 

Zhang et al. introduced a novel technique to assemble graphene sheets into macro-
scopic 3D structure by combining inkjet printing and directional-freezing methods 
followed by freeze-drying process. The desired printable ink of graphene oxide was 
charged into the inkjet printer syringe, and then ejected onto the cold plate (heat 
sink) to complete the first layer of designed path. Printing the second layer initiated 
when the freezing of first layer was completed at −20 °C to ensure the layer-by-layer 
formation of 3D structure. The resulting 3D graphene structure was then emerged 
into a liquid nitrogen followed by freeze-drying for 48 h to produce the 3D graphene 
aerogel. Heat-treatment process was conducted at 1000 °C, under argon atmosphere, 
to increase the conductivity and lightweight of printed graphene aerogel [47]. Such 
assemblies have been designed and developed in Graphene and Advanced Materials 
Laboratory (GAMLab) in Amirkabir University of Technology to fabricate graphene 
hydrogel and aerogel by means of LaserJet and inkjet technologies, respectively 
(Fig. 7a, b). The cold base is frozen up to −30 °C to make the frozen graphene in 
order to add later layers to form the 3D structure of graphene hydrogel (Fig. 7c). 
The fabricated frozen hydrogel is then transferred to the Freeze-dryer (FD-10 V 
freeze-dryer, Tajhizat Sazan Pishtaz Co., Iran) to produce the final GA (Fig. 7d). 

Fig. 7 Photograph images of a LaserJet and b inkjet technologies of GA formation, c the frozen 
3D graphene hydrogel is freeze-dried to make d the ultra-light 3D GA
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7.3 Stereolithography (SLA) 

In this method, the 3D structure of graphene is made layer by layer employing laser 
light that exposes a photocrosslinkable resin to cure it, and to make the 3D graphene. 
Herein, the right selection of photocrosslinkable resin materials, to form GO in 3D 
structure, is the critical point. Korhonen et al. used GO and the commercial PIC100 
as precursors for graphene and photocrosslinkable resin, respectively, to print the 3D 
graphene by SLA method. At the first step, GO and PIC100 were stirred in different 
mass ratios to make the printable suspension. 3D model was prepared by CAD 
software, and the printing was performed by self-made projection stereolithography 
(PSLA) system, which used the light intensity of 3900 μW.cm−2 along with various 
curing times. The thermal reduction of 3D-printed graphene/polymer was carried 
out under nitrogen atmosphere to gain higher electrical conductivity required for 
electrical applications [48]. 

Markandan et al. suggested the SLA method to print a 3D graphene lattice by 
graphene at lower concentration, which was reported as disadvantage in previous 
similar works. The objective of this work was to achieve the mechanical properties 
suitable for various applications including aerospace, automotive, and sports equip-
ment, while fabricating the 3D graphene structure. Graphene platelets were dispersed 
in a gray resin, used as photosensitive agent, to make the printable mixture. The 3D 
SLA printing was done by 405 nm laser to cure the liquid polymer resin followed by 
a thermal reduction process. The authors indicated that SLA technique encouraged 
the incorporation of aligned graphene platelets to make 3D graphene structure with 
higher mechanical properties [49]. 

8 Summary 

In this chapter, the main 3D graphene synthesis methods were briefly introduced. 
Herein, researcher finds the preliminary knowledge and the most probable findings 
related to synthesize GA, while using different methods as discussed. However, the 
selection of the most proper synthesis method mainly relies on the target application 
as well as the available facilities. Of course, the related cost and mass production 
feasibilities are the matter of concerns as well. To simplify the decision-making, 
and to contribute to the better understanding of all discussed 3D graphene synthesis 
methods, the main synthesis parameters along with the properties of the GA produced 
employing different synthesis methods are summarized in Table 1.
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Table 1 Summary of different GA synthesis methods 

Synthesis 
methods 

Main synthesis 
parameters 

Main features of GA Application 
areas 

Hydrothermal Temperature, time, and 
GO concentration 

Partially reduced GO without 
any macroscopic voids and good 
mechanical stability 

Adsorption 
and wearable 
devices 

Direct 
self-assembly of 
GO 

GO concentration Highest functional groups and 
hydrophilic structure 

Adsorption 

Chemical 
reduction 

Temperature, type, and 
concentration of reducing 
agent, and GO 
concentration 

Highly reduced graphene, good 
conductivity, lowest oxygen 
functional groups, and 
hydrophobic structure 

Electrodes 
for energy 
storage 
devices 

Cross-linking 
agents 

Type and concentration 
of cross-linking agent 

Extraordinary mechanical 
stability and compressive 
strength 

Adsorption, 
wearable 
devices and 
soft robots 

Template-based Precursor composition 
and type of template 

Highest conductivity, uniform 
porous structure, and high 
elasticity 

Adsorption, 
wearable 
devices and 
soft robots 

3D printing Type of printing method 
and graphene-based 
charging material 

Desirable and complex shape 
and size 

Electronic 
sensing 
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Synthesis and Characteristics of 3D 
Graphene 

Hiran Chathuranga, Ishara Wijesinghe, Ifra Marriam, and Cheng Yan 

Abstract Three-dimensional (3D) graphene structures have high electrical conduc-
tivity, excellent mechanical properties, high porosity, and large surface area, 
demonstrating great potential for broad applications, including sensors, absorbents 
, solar cells, flexible batteries, supercapacitors, and fuel cells. Their physical and 
chemical properties are mainly determined by the synthesis methods. Numerous 
fabrication methods have been successfully developed to tailor the structures and 
properties of 3D graphene structures. In general, the synthesis approaches can be 
categorized as template-assisted methods (e.g., chemical vapor deposition, template-
assisted graphene oxide (GO) reduction, soft template techniques, and ice templating) 
and template-free methods (e.g., GO crosslinking, assembly of GO by reduction, 
3D printing, and sugar blowing). In addition, 3D graphene structures can be also 
produced using other techniques like roll-to-roll (R2R) manufacturing and 3D 
laser-induced manufacturing. Therefore, in this chapter, the recent advances in the 
synthesis and characteristics of 3D graphene structures are discussed. 

Keywords 3D graphene · 3D graphene synthesis · Methods · Template-assisted 
synthesis · Template-free synthesis 

1 Introduction 

Graphene, a two-dimensional material (2D) containing sp2-hybridized carbon 
atoms arranged into a honeycomb-like structure, has attracted unprecedented 
research interest in recent years owing to its remarkable properties, including 
high electron mobility (250,000 cm2V−1), excellent thermal conductivity 
(2000–5000 Wm−1 K−1), and strong mechanical strength (Young’s modulus of 
~1 TPa) [1, 2]. Despite these extraordinary properties, the use of graphene in prac-
tical applications has been hindered due to the challenges like high contact resistance
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Fig. 1 Synthesis methods of 3D graphene structures 

between individual graphene sheets and agglomeration of graphene due to strong van 
der Waals interactions. Many efforts have been made to address these issues, and the 
assembly of graphene into 3D structures has been identified as one of the promising 
solutions [3–6]. 

In recent years, extensive efforts have been devoted to fabricating 3D graphene 
structures with outstanding physical and chemical properties. In general, the fabri-
cation of 3D graphene structures can be divided into two main categories: template-
assisted methods and template-free methods (Fig. 1) [7, 8]. In template-assisted 
methods, a template is used to assemble the 3D graphene network. The commonly 
used template-assisted methods are chemical vapor deposition, template-assisted 
GO reduction, soft template techniques, and ice templating. On the other hand, 3D 
graphene structures can also be synthesized without using a template. Here, GO 
or its derivatives are directly assembled into 3D structures using physical and/or 
chemical methods such as GO crosslinking, assembly of GO by reduction, and 3D 
printing [9–13]. Furthermore, manufacturing techniques like R2R manufacturing and 
3D laser-induced manufacturing can be used to synthesize 3D graphene structures in 
large quantities. Thus, the fabrication of 3D graphene structures using these methods 
is discussed in this chapter. 

2 Synthesis of 3D Graphene 

2.1 Template-Assisted Synthesis Methods 

2.1.1 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a process that involves decomposing a carbon 
precursor onto a metal substrate to form single- or multilayer graphene sheets. 
3D graphene structures can be synthesized by CVD using prefabricated 3D metal
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templates as the substrate [3]. The commonly applied metal substrates to grow 3D 
graphene are copper (Cu) and nickel (Ni), and the growth mechanisms of graphene 
on these two substrates are different. Graphene growth on the Cu substrate is mainly 
governed by surface growth, resulting in the formation of single-layer graphene 
sheets. As a result of the weak connectivity of single-layer graphene sheets, forming 
3D graphene networks using Cu substrate is difficult, and these 3D graphene struc-
tures break down easily during handling. Graphene has two growth mechanisms 
when grown on Ni substrate: surface growth and carbon dissolution–precipitation. 
Thus, multiple layers of graphene can be grown on the Ni substrate, improving the 
strength and stability of the 3D graphene structure [4, 14]. 

Synthesis of 3D graphene using Ni substrate is first demonstrated by Chen and co-
workers in 2011 [15]. In their pioneering work, commercial Ni foam was used as the 
3D substrate and graphene was grown on this substrate by introducing methane gas 
(CH4) at 1000 °C under atmospheric pressure. Next, the surface of the 3D structure 
was coated with a thin layer of poly (methyl methacrylate) (PMMA) to prevent the 
graphene structure from collapsing during Ni etching. Subsequently, Ni was etched 
using hot hydrochloric acid (HCl) or ferric chloride (FeCl3), and a free-standing 3D 
graphene structure was obtained after removing PMMA using acetone (Fig. 2a). The 
as-prepared 3D graphene structure demonstrated high porosity (99.7%), excellent 
specific surface area (850 m2 g−1), and low density (5 mg cm−3). However, these 3D 
graphene structures often suffer from drawbacks like large pore size (200–500 μm), 
structural properties determined by the commercial Ni foam, and porous structure 
collapsing during handling.

Meanwhile, Ito et al. developed a nano-porous 3D graphene structure using a nano-
porous Ni substrate [16]. The nano-porous Ni substrate was produced by leaching Mn 
from the Ni30Mn70 alloy. Graphene was grown on this nano-porous substrate using 
benzene, argon (Ar), and hydrogen (H2) precursors at 900 °C, and nano-porous 3D 
graphene was obtained by etching Ni substrate using HCl (Fig. 2b, c). In comparison 
to commercial Ni foam-based 3D graphene, nano-porous Ni substrate-based 3D 
graphene has a homogeneous porosity, and the pore size of nano-porous 3D graphene 
structure can be tailored by altering the temperature and graphene growing time of the 
CVD process. For instance, the average pore sizes of the nano-porous 3D graphene 
structures grown at 800 °C for 5 min and 1000 °C for 10 min were ~250 nm and 
~3 μm, respectively [17, 18]. Moreover, these 3D graphene structures have better 
structural and mechanical stabilities owing to the bi-continuous architecture. 

In addition to Ni and Cu templates, several other oxides have also been employed 
as porous substrates for the CVD synthesis of 3D graphene, including SiO2[19], 
CaO [20], Al2O3[21], and MgO [22]. For example, Nishihara et al. employed Al2O3 

nanoparticles for the CVD growth of 3D graphene [21]. The resulting graphene 
structure demonstrated a large surface area (1940 m2 g−1), high electrical conduc-
tivity (~8 S cm−3), and low density (0.4 g cm−3). In this process, first, graphene was 
grown on the Al2O3 nanoparticles using CH4 gas at 900 °C. Afterward, 3D graphene 
or graphene mesosponge (GMS) was obtained by removing Al2O3 using NaOH. 
Finally, the 3D structure was annealed at 1800 °C for 2 h to improve the crystallinity 
(Fig. 2d). The Al2O3 substrate-based 3D graphene has fine mesopores (~5.8 nm).
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Fig. 2 Schematic illustration of the fabrication process of 3D graphene using a commercialNi foam  
substrate. Adapted with permission [14]. Copyright (2021) © The Authors, some rights reserved; 
exclusive licensee John Wiley and Sons. Distributed under a Creative Commons Attribution License 
4.0 (CC BY) and b nano-porous Ni substrate. Adapted with permission [4]. Copyright (2022) John 
Wiley and Sons. c SEM image of the nano-porous 3D graphene. Adapted with permission [16]. 
Copyright (2014) John Wiley and Sons. d Schematic demonstration of the synthesis steps of 3D 
graphene using Al2O3 substrate. Adapted with permission [21]. Copyright (2016) John Wiley and 
Sons



Synthesis and Characteristics of 3D Graphene 47

However, these mesopores have a spherical shape, and the interconnectivity of these 
pores is poor. 

2.1.2 Template-Assisted GO Reduction Process 

In this synthesis method, first, the templates were soaked in GO solution. Next, 
these templates were chemically or physically treated to convert GO into reduced 
graphene oxide (rGO). Finally, the 3D graphene structure was obtained by removing 
the template skeleton using chemical etching (for metallic templates) or thermal 
decomposition (for polymeric templates). Su et al. used this technique to synthesize 
a 3D graphene structure for the non-invasive detection of tumor cells [23]. The 3D 
graphene structure was fabricated by immersing a Ni foam in an aqueous GO solution, 
converting GO into rGO with hydrazine (N2H4.H2O), followed by the removal of 
Ni foam using HCl (Fig. 3a). In another study, Yang and co-workers immersed a 
polyurethane (PU) sponge in a GO dispersion and annealed it at 900 °C for 2 h 
in an inert environment to achieve a sponge-shaped 3D graphene structure with 
a high specific surface area (305 m2 g−1), good pore size distribution (>3.5 nm), 
and excellent electrosorptive capacity (4.95 mg g−1) (Fig. 3b) [24]. Although the 
synthesis of 3D graphene using this technique is straightforward, the resulting 3D 
graphene structures are associated with issues like poor quality owing to the stacking 
of GO sheets and difficulty in controlling the pore size.

2.1.3 Freeze-Casting or Ice Templating 

In freeze-casting, first, an aqueous slurry of GO is subjected to freezing, which causes 
ice crystals to form on the freezing side of the slurry and advance along the temper-
ature gradient. Once the freezing has ended, the solid structure is freeze-dried to 
remove the ice crystal, and the resulting samples will have pores similar to subli-
mated crystals. Finally, the 3d structure is thermally treated to enhance physical 
properties [25, 26]. The freeze-casting method has numerous benefits, including a 
simple operating procedure, low cost, and the ability to adjust the pore structure. 
For example, Zhang and colleagues utilized the freeze-casting technique to develop 
a vertically aligned graphene membrane as a solar thermal converter to produce 
clean water (Fig. 3c) [27]. This converter exhibited maximum solar thermal conver-
sion efficiency of 94.2%. In another study, Wu et al. fabricated a 3D graphene/ 
polyaniline composite for supercapacitor electrodes [28]. The 3D graphene struc-
ture was designed using the freeze-casting method. After freeze-drying and reducing 
GO, polyaniline was introduced into the 3D structure by in situ polymerization. The 
graphene/polyaniline electrode demonstrated improved specific capacitance (538 F 
g−1 at 1.0 A g−1) and cycle stability (74% specific capacitance after 1000 cycles).
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Fig. 3 Schematic diagrams of the preparation process of the a Ni-Foam (adapted with permission 
[23]. Copyright (2021) Elsevier) and b PU sponge (adapted with permission [24]. Copyright (2014) 
John Wiley and Sons)-assisted 3D graphene structure. c 3D graphene synthesis using freeze-casting 
method. Adapted with permission [27]. Copyright (2017) American Chemical Society

2.1.4 Soft Template Techniques 

Soft templates like emulsions or gases can also be employed to develop 3D graphene 
structures. When compared with hard template methods, soft template approaches 
have numerous advantages like low cost, facile manufacturing steps, and the ability 
to alter the pore diameter of 3D graphene structure from nano-scale to micro-scale 
[29, 30]. For instance, Yeo et al. developed a rhombic dodecahedral honeycomb 3D 
graphene structure using a hierarchical design strategy [31]. First, GO was func-
tionalized with alkylating agents. The alkylated GO sheets were micro-fluidically 
treated to generate micro-scale spherical solid-shelled bubbles. Subsequently, these 
homogeneous bubbles were assembled into a 3D structure through post-treatment. 
Finally, the thermal reduction process was used to obtain the 3D graphene frame-
work (Fig. 4a, b). The as-prepared 3D graphene structure demonstrated a rhombic 
dodecahedral honeycomb structure (Fig. 4c). Furthermore, it exhibited high Young’s 
modulus (300 kPa), low density (7.7 mg cm−3), and excellent compressive strain 
(87%). Meanwhile, Barg et al. also fabricated a 3D graphene structure by combing
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Fig. 4 a Soft template-assisted multiscale design of 3D graphene. b Photograph and c SEM image 
of the rhombic dodecahedral honeycomb 3D graphene. Adapted with permission [31]. Copyright 
(2018) John Wiley and Sons. d Assembly strategy of the 3D graphene structure using combined 
soft templating and ice templating techniques. Adapted with permission [32]. Copyright (2014) © 
The Authors, some rights reserved; exclusive licensee Springer Nature. Distributed under a Creative 
Commons Attribution License 4.0 (CC BY) 

soft templating with ice templating, and the resulting graphene structure illustrated 
outstanding morphological properties (Fig. 4d) [32]. 

2.2 Template-Free Synthesis Methods 

2.2.1 Crosslinking 

3D graphene structures can be synthesized by crosslinking GO sheets using numerous 
gelling agents. GO hydrogels are formed during the crosslinking of GO sheets, 
and after reduction and freeze-drying, the 3D graphene structure can be obtained.
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Polyvinyl alcohol (PVA), polyaniline, poly (N-isopropyl acrylamide), sodium algi-
nate, cyclodextrin, metal ions (Mg2+, Fe3+, and Ni2+), and chitosan-like crosslinkers 
have been widely used to make 3D graphene structures [12, 33, 34]. PVA is the 
first crosslinker used in 3D graphene synthesis [35]. The hydrogen bonds formed 
between PVA and functional groups (hydroxyl, epoxy, and carboxyl) of GO sheets 
cause gelation during hydrogel formation. Remarkably, this crosslinked hydrogel 
formation is pH dependent, as at high pH levels the hydrogel remains in aqueous 
form while at acidic pH levels, it gels. Moreover, the hydrogels formed with acidic 
conditions are strong because of π–π stacking between graphene sheets. 

It is reported that the crosslinking mechanisms depend on the type of crosslinkers 
used in the hydrogel formations. For example, it is a nucleophilic addition mechanism 
when GO is reduced with chitosan, where epoxy groups in GO react with the amino 
groups of chitosan [36]. Another benefit of this 3D graphene synthesis method is its 
flexibility, which enables the fabrication of flexible structures such as beads. These 
beads are formed by injecting GO drops and crosslinkers into a gelling agent followed 
by washing and removing excess chemicals [37]. Further, additional properties like 
magnetic properties can be included in these materials by adding Fe+3 ions. 

2.2.2 Assembly of GO by Reduction 

GO is an amphiphilic 2D material. Hence, preparing GO dispersions using solvents 
like water is relatively easy due to the formation of H-bonds between water molecules 
and functional groups of GO sheets. However, when these interactions are unstabi-
lized via GO reduction techniques, GO sheets coagulate and form hydrogels, after 
freeze-drying these hydrogels, free-standing 3D graphene structures can be obtained. 
Acids, hydrazine, metals, metal oxides, and reducing salts have been used as reducing 
agents [38]. The nature of the reducing agent affects the 3D graphene’s properties (to 
produce uniform structures of 3D graphene mild reducing agents have been used). 
Furthermore, during GO reduction, the mixture should not be stirred, as it disturbs 
the stacking of graphene into 3D structures. In addition, plant derivatives such as 
extracts of tea leaves, roselle flowers, and spinach leaves have also been found as 
effective reducing agents [39–41]. 

Hydrothermal reduction of GO sheets has also been identified as a template-
free approach to synthesizing 3D graphene. Here, a GO solution in a Teflon-
lined hydrothermal reactor is heated under pressure to enable the construction of 
3D graphene hydrogels. Zhuang and co-workers designed a reduced GO nanofil-
tration membrane using the hydrothermal method [42]. The resultant membrane 
exhibited excellent water purification performance, rejecting ~100% organic dye 
at 53 L m−2 h−1 water flux (Fig. 5a). In another study, Wasalathilake et al. fabricated 
3D graphene structures with various pore sizes using a pH-assisted hydrothermal 
process [43]. They found that the 3D graphene structures with small pores and thick 
walls exhibit the best mechanical properties. Besides, 3D graphene structure with 
small pores has the highest electrical conductivity owing to the highly interconnected 
structure. Meanwhile, the hydrothermal process can be converted into a solvothermal
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process by changing the dispersion medium of water with a solvent [44]. Moreover, 
the ability of these hydrothermal and solvothermal techniques to surface functionalize 
3D graphene structures with diverse end groups is an added benefit. 

Fig. 5 a Synthesis of 3D graphene using hydrothermal method. Adapted with permission [42]. 
Copyright (2021) © The Authors, some rights reserved; exclusive licensee American Chemical 
Society. Distributed under a Creative Commons Attribution License 4.0 (CC BY) b 3D printing of 
graphene structures using silica/GO ink. c Photograph and d SEM image of the 3D-printed graphene 
structure. Adapted with permission [47]. Copyright (2015) © The Authors, some rights reserved; 
exclusive licensee Springer Nature. Distributed under a Creative Commons Attribution License 4.0 
(CC BY) e 3D printing of graphene structures using GO/Ca+2 ink. Adapted with permission [48]. 
Copyright (2018) John Wiley and Sons
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2.2.3 3D Printing 

3D printing is a manufacturing technique that constructs 3D objects using computer-
aided designed (CAD) models. Numerous materials, including polymers, metals, and 
ceramics, can be used as precursors in 3D printing. Recently, manufacturing of 3D 
graphene structures using the 3D printing method has attracted a lot of attention owing 
to the advantages like low cost, short design-manufacturing cycle, scalability, and the 
possibility to design complex 3D objects in large quantities [45, 46]. For instance, 
Zhu et al. fabricated a lightweight and highly conductive graphene aerogel using a 3D 
printing method called direct ink writing [47]. Here, the 3D printing ink was synthe-
sized by mixing silica powder with a GO solution, which improved the viscosity of 
the ink. After printing, the 3D structure was freeze-dried and carbonized. Finally, 
the silica filler was etched to produce the 3D graphene framework (Fig. 5b). The 
3D-printed graphene structure demonstrated 90% compressive strain, high surface 
area (~1000 m2 g−1), and large mesopores (3 cm3g−1) (Fig. 5c, d). In a similar 
study, Jiang et al. 3D-printed a graphene structure using GO/Ca+2 ink [48]. After 
printing, the free-standing 3D graphene structure was obtained via freeze-drying 
and hydroiodic acid (HI) reduction (Fig. 5e). To demonstrate the potential appli-
cations, this 3D graphene structure was employed as supercapacitor electrodes and 
exhibited outstanding gravimetric capacitance (213 F g−1) and cyclic performance 
(50 000 cycles). 

2.2.4 Sugar Blowing Technique 

Sugar-blown 3D graphene foams can be developed using a glucose and ammo-
nium chloride mixture followed by heating at 1350 °C [12, 49]. Here, a mixture of 
glucose with ammonium chloride at a 1:1 ratio was heated for 3 h at a heating rate of 
4 °C min−1 under Ar atmosphere in a tube furnace (Fig. 6a). In principle, the molten 
glucose syrup was formed by the decomposition products of the ammonium mixture 
to produce graphene, while the subsequent heating forms the 3D graphene structure. 
The 3D graphene produced with this method was a pack of polyhedral bubbles with 
an average diameter of 186 μm.

2.3 Scalable Production of 3D Graphene 

Despite extensive research into various 3D graphene production techniques, scaling 
up the processes to produce high-quality 3D graphene structures has proven to be a 
persistent obstacle. The goal of 3D graphene synthesis on a large scale is to provide 
3D graphene for real-world applications. The requirement to accomplish this goal is a 
low production cost. Generally, the prices of 3D graphene structures produced using 
Ni foams are very high (~$100–600/1 cm3) when compared with similar commercial 
products. To reduce the production cost of 3D graphene, the development of simple
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Fig. 6 a Growth of 3D graphene using sugar-blown technique. Adapted with permission [49]. 
Copyright (2013) Springer Nature. b R2R manufacturing of 2D graphene. Adapted with permission 
[50]. Copyright (2015) © The Authors, some rights reserved; exclusive licensee Springer Nature. 
Distributed under a Creative Commons Attribution License 4.0 (CC BY) c R2R manufacturing 
of laser-induced 3D graphene films. Adapted with permission [51]. Copyright (2018) American 
Chemical Society

and large-scale processes is critically important. Therefore, in this section, recent 
advances in the mass production of 3D graphene structures are discussed. 

It is possible to scale up the CVD synthesis of 2D graphene using Cu or Ni metal 
foils as templates. This novel technique is called R2R manufacturing of 2D graphene 
[50]. As illustrated in Fig. 6b, this process contains a concentric tube reactor which 
continuously deposits graphene on a metal foil. In this system, a ribbon of metal foil
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is fed through from one end of the reactor and graphene sheets are grown on this 
foil using C2H4 and H2 gases. Subsequently, graphene-deposited metal foil exists 
from the reactor and is rolled up for further processing. Here, the R2R manufacturing 
technique has only been used for the large-scale synthesis of 2D graphene. However, 
this technique can be applied to the mass production of 3D graphene by substituting 
the metal foils with thin and flexible metal foams. 

Meanwhile, 3D graphene films can be produced by utilizing the laser-induced 
on-site polymerization method. This technique has many advantages such as low 
manufacturing time, availability of many substrates, and mild reaction conditions. 
Furthermore, these 3D graphene films can be directly applied as electrode materials 
for energy storage, sensors, flexible wearable devices, adsorbents, etc. As shown in 
Fig. 6c, Ye et al. reported the R2R manufacturing of 3D laser-induced 3D graphene 
films [51]. In this manufacturing process, the laser source is fixed, and the laser beam 
is focused on a line to maximize efficiency. Then, the polymer substrate (polyimide) 
is constantly fed into the laser chamber and subjected to the laser to form 3D graphene 
films. Afterward, this film is immersed in a catalyst bath to obtain hybrid structures. 
Finally, the film is dried and collected by a roller. 

2.4 Conclusion and Outlook 

Graphene with sp2-hybridized carbon atoms arranged into a 2D honeycomb-like 
structure has attracted a lot of research interest owing to its outstanding electrical, 
thermal, and mechanical properties. However, restacking and high contact resis-
tance of graphene sheets have hindered its practical applications, especially at a 
large scale. These challenges can be largely overcome by assembling graphene or 
its derivatives into 3D structures. Typically, 3D graphene structures can be synthe-
sized using two techniques: template-assisted synthesis and template-free synthesis. 
For the template-assisted approach, a template is used to assemble the 3D graphene 
structure. Then, the template can be removed via chemical etching or thermal decom-
position. With the template-free method, graphene or its derivatives are assembled 
into 3D graphene structures by altering their interfacial properties. Despite recent 
advances, numerous challenges remain in the development of 3D graphene structures 
with unique properties, which include 

• Each 3D graphene structure exhibits distinctive features based on its unique struc-
ture. Therefore, to establish a structure–property relationship in 3D graphene 
structures, comprehensive and standardized characterization methodologies need 
to be developed. 

• Less focus is given to analyzing the effects of internal and external defects in 
3D graphene structures. Hence, understanding the role of defects in the overall 
performance of 3D graphene structures is required. 

• Only a few studies have focused on the industry-scale fabrication of 3D graphene. 
So, more attention should be given to upgrading the lab-scale processes to
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industry-scale technologies. Also, optimizing the process window against cost, 
property, and environmental considerations should be prioritized. 

• Future research can be focused on multifunctional 3D graphene structures by 
coupling graphene with other functional materials like CNTs, MXenes, TMDs, 
and functional polymers. 

References 

1. Novoselov, K.S., Fal'ko, V.I., Colombo, L., Gellert, P.R., Schwab, M.G., Kim, K.: A roadmap 
for graphene. Nature 490, 192–200 (2012) 

2. Lee, C., Wei, X., Kysar, J.W., Hone, J.: Measurement of the elastic properties and intrinsic 
strength of monolayer graphene. Science 321(80), 385–388 (2008) 

3. Sun, Z., Fang, S., Hu, Y.H.: 3D graphene materials: from understanding to design and synthesis 
control. Chem. Rev. 120, 10336–10453 (2020) 

4. Han, J., Johnson, I., Chen, M.: 3D continuously porous graphene for energy applications. Adv. 
Mater. 34, e2108750 (2022) 

5. Yun, Q., Ge, Y., Chen, B., Li, L., Wa, Q., Long, H., Zhang, H.: Hybridization of 2D nanomate-
rials with 3D graphene architectures for electrochemical energy storage and conversion. Adv. 
Funct. Mater., 32 (2022) 

6. Zhao, H.Y., Yu, M.Y., Liu, J., Li, X., Min, P., Yu, Z.Z.: Efficient Preconstruction of Three-
Dimensional Graphene Networks for Thermally Conductive Polymer Composites. Springer 
Nature Singapore (2022) 

7. Zhi, D., Li, T., Li, J., Ren, H., Meng, F.: A review of three-dimensional graphene-based aero-
gels: synthesis, structure and application for microwave absorption. Compos. Part B Eng. 211, 
108642 (2021) 

8. Xiao, W., Li, B., Yan, J., Wang, L., Huang, X., Gao, J.: Three dimensional graphene composites: 
preparation, morphology and their multi-functional applications. Compos. Part A Appl. Sci. 
Manuf. 165, 107335 (2023) 

9. Sun, H., Lin, Y., Takeshi, H., Wang, X., Wu, D., Tian, Y.: Synthesis of 3D graphene-based 
materials and their applications for removing dyes and heavy metals. Environ. Sci. Pollut. Res. 
28, 52625–52650 (2021) 

10. Shi, Q., Cha, Y., Song, Y., Lee, J.I., Zhu, C., Li, X., Song, M.K., Du, D., Lin, Y.: 3D graphene-
based hybrid materials: Synthesis and applications in energy storage and conversion. Nanoscale 
8, 15414–15447 (2016) 

11. Bano, Z., Mazari, S.A., Saeed, R.M.Y., Majeed, M.A., Xia, M., Memon, A.Q., Abro, R., Wang, 
F.: Water decontamination by 3D graphene based materials: a review. J. Water Process Eng. 
36, 101404 (2020) 

12. Hiew, B.Y.Z., Lee, L.Y., Lee, X.J., Thangalazhy-Gopakumar, S., Gan, S., Lim, S.S., Pan, G.T., 
Yang, T.C.K., Chiu, W.S., Khiew, P.S.: Review on synthesis of 3D graphene-based configura-
tions and their adsorption performance for hazardous water pollutants. Process Saf. Environ. 
Prot. 116, 262–286 (2018) 

13. Fang, Q., Shen, Y., Chen, B.: Synthesis, decoration and properties of three-dimensional 
graphene-based macrostructures: a review. Chem. Eng. J. 264, 753–771 (2015) 

14. Zeng, J., Xu, C., Gao, T., Jiang, X., Bin Wang, X.: Porous monoliths of 3D graphene for electric 
double-layer supercapacitors. Carbon Energy 3, 193–224 (2021) 

15. Chen, Z., Ren, W., Gao, L., Liu, B., Pei, S., Cheng, H.M.: Three-dimensional flexible and 
conductive interconnected graphene networks grown by chemical vapour deposition. Nat. 
Mater. 10, 424–428 (2011)



56 H. Chathuranga et al.

16. Ito, Y., Tanabe, Y., Qiu, H.-J., Sugawara, K., Heguri, S., Tu, N.H., Huynh, K.K., Fujita, T., 
Takahashi, T., Tanigaki, K., Chen, M.: High-quality three-dimensional nanoporous graphene. 
Angew. Chemie Int. Ed. 53, 4822–4826 (2014) 

17. Han, J., Guo, X., Ito, Y., Liu, P., Hojo, D., Aida, T., Hirata, A., Fujita, T., Adschiri, T., Zhou, 
H., Chen, M.: Effect of chemical doping on cathodic performance of bicontinuous nanoporous 
graphene for Li-O2 batteries. Adv. Energy Mater. 6, 1–9 (2016) 

18. Kashani, H., Ito, Y., Han, J., Liu, P., Chen, M.: Extraordinary tensile strength and ductility of 
scalable nanoporous graphene. Sci. Adv. 5, 1–7 (2019) 

19. Chen, K., Li, C., Shi, L., Gao, T., Song, X., Bachmatiuk, A., Zou, Z., Deng, B., Ji, Q., Ma, 
D., Peng, H., Du, Z., Rümmeli, M.H., Zhang, Y., Liu, Z.: Growing three-dimensional biomor-
phic graphene powders using naturally abundant diatomite templates towards high solution 
processability. Nat. Commun. 7, 13440 (2016) 

20. Han, G.F., Chen, Z.W., Jeon, J.P., Kim, S.J., Noh, H.J., Shi, X.M., Li, F., Jiang, Q., Baek, J.B.: 
Low-temperature conversion of alcohols into bulky nanoporous graphene and pure hydrogen 
with robust selectivity on CaO. Adv. Mater. 31, 1–7 (2019) 

21. Nishihara, H., Simura, T., Kobayashi, S., Nomura, K., Berenguer, R., Ito, M., Uchimura, M., 
Iden, H., Arihara, K., Ohma, A., Hayasaka, Y., Kyotani, T.: Oxidation-resistant and elastic 
mesoporous carbon with single-layer graphene walls. Adv. Funct. Mater. 26, 6418–6427 (2016) 

22. Sunahiro, S., Nomura, K., Goto, S., Kanamaru, K., Tang, R., Yamamoto, M., Yoshii, T., Kondo, 
J.N., Zhao, Q., Ghulam Nabi, A., Crespo-Otero, R., Di Tommaso, D., Kyotani, T., Nishihara, 
H.: Synthesis of graphene mesosponge via catalytic methane decomposition on magnesium 
oxide. J. Mater. Chem. A 9, 14296–14308 (2021) 

23. Su, H., Yin, S., Yang, J., Wu, Y., Shi, C., Sun, H., Wang, G.: In situ monitoring of circulating 
tumor cell adhered on three-dimensional graphene/ZnO macroporous structure by resistance 
change and electrochemical impedance spectroscopy. Electrochim. Acta. 393, 139093 (2021) 

24. Yang, Z.-Y., Jin, L.-J., Lu, G.-Q., Xiao, Q.-Q., Zhang, Y.-X., Jing, L., Zhang, X.-X., Yan, Y.-
M., Sun, K.-N.: Sponge-templated preparation of high surface area graphene with ultrahigh 
capacitive deionization performance. Adv. Funct. Mater. 24, 3917–3925 (2014) 

25. Shao, G., Hanaor, D.A.H., Shen, X., Gurlo, A.: Freeze casting: from low-dimensional building 
blocks to aligned porous structures—a review of novel materials. Methods Appl. Adv. Mater., 
32 (2020) 

26. Shahbazi, M.A., Ghalkhani, M., Maleki, H.: directional freeze-casting: a bioinspired method 
to assemble multifunctional aligned porous structures for advanced applications. Adv. Eng. 
Mater., 22 (2020) 

27. Zhang, P., Li, J., Lv, L., Zhao, Y., Qu, L.: Vertically aligned graphene sheets membrane for 
highly efficient solar thermal generation of clean water. ACS Nano 11, 5087–5093 (2017) 

28. Wu, X., Tang, L., Zheng, S., Huang, Y., Yang, J., Liu, Z., Yang, W., Yang, M.: Hierarchical 
unidirectional graphene aerogel/polyaniline composite for high performance supercapacitors. 
J. Power Sources 397, 189–195 (2018) 

29. Zhang, R., Hu, R., Li, X., Zhen, Z., Xu, Z., Li, N., He, L., Zhu, H.: A bubble-derived strategy 
to prepare multiple graphene-based porous materials. Adv. Funct. Mater., 28 (2018) 

30. Huang, X., Sun, B., Su, D., Zhao, D., Wang, G.: Soft-template synthesis of 3D porous graphene 
foams with tunable architectures for lithium-O2 batteries and oil adsorption applications. J. 
Mater. Chem. A. 2, 7973–7979 (2014) 

31. Yeo, S.J., Oh, M.J., Jun, H.M., Lee, M., Bae, J.G., Kim, Y., Park, K.J., Lee, S., Lee, D., Weon, 
B.M., Lee, W.B., Kwon, S.J., Yoo, P.J.: A Plesiohedral cellular network of graphene bubbles 
for ultralight, strong, and superelastic materials. Adv. Mater. 30, 1–7 (2018) 

32. Barg, S., Perez, F.M., Ni, N., Do Vale Pereira, P., Maher, R.C., Garcia-Tuñon, E., Eslava, S., 
Agnoli, S., Mattevi, C., Saiz, E.: Mesoscale assembly of chemically modified graphene into 
complex cellular networks. Nat. Commun., 5 (2014) 

33. Venkateshalu, S., Grace, A.N.: Review—Heterogeneous 3D graphene derivatives for superca-
pacitors. J. Electrochem. Soc. 167, 050509 (2020) 

34. Moussa, M., Zhao, Z., El-, M.F., Liu, H., Michelmore, A., Kawashima, N., Majewski, P., Ma, J.: 
Free-standing composite hydrogel films for superior volumetric capacitance. J. Mater. Chem. 
A. 3, 15668–15674 (2015)



Synthesis and Characteristics of 3D Graphene 57

35. Bai, H., Li, C., Wang, X., Shi, G.: A pH-sensitive graphene oxide composite hydrogel. Chem. 
Commun. 46, 2376 (2010) 

36. Shao, L., Chang, X., Zhang, Y., Huang, Y., Yao, Y., Guo, Z.: Graphene oxide cross-linked 
chitosan nanocomposite membrane. Appl. Surf. Sci. 280, 989–992 (2013) 

37. Rasoulzadeh, M., Namazi, H.: Carboxymethyl cellulose/graphene oxide bio-nanocomposite 
hydrogel beads as anticancer drug carrier agent. Carbohydr. Polym. 168, 320–326 (2017) 

38. Ma, Y., Chen, Y.: Three-dimensional graphene networks: synthesis, properties and applications. 
Natl. Sci. Rev.  2, 40–53 (2015) 

39. De Silva, K.K.H., Huang, H.H., Joshi, R.K., Yoshimura, M.: Chemical reduction of graphene 
oxide using green reductants. Carbon N. Y. 119, 190–199 (2017) 

40. Chu, H.J., Lee, C.Y., Tai, N.H.: Green reduction of graphene oxide by Hibiscus sabdariffa L. 
to fabricate flexible graphene electrode. Carbon N. Y. 80, 725–733 (2014) 

41. Wang, J., Salihi, E.C., Šiller, L.: Green reduction of graphene oxide using alanine. Mater. Sci. 
Eng. C. 72, 1–6 (2017) 

42. Zhuang, P., Guo, Z., Wang, S., Zhang, Q., Zhang, M., Fu, L., Min, H., Li, B., Zhang, K.: Inter-
facial hydrothermal assembly of three-dimensional lamellar reduced graphene oxide aerogel 
membranes for water self-purification. ACS Omega 6, 30656–30665 (2021) 

43. Wasalathilake, K.C., Galpaya, D.G.D., Ayoko, G.A., Yan, C.: Understanding the structure-
property relationships in hydrothermally reduced graphene oxide hydrogels. Carbon N. Y. 137, 
282–290 (2018) 

44. Liu, X., Shen, L., Hu, Y.: Preparation of TiO2-graphene composite by a two-step solvothermal 
method and its adsorption-photocatalysis property. Water, Air, Soil Pollut. 227, 141 (2016) 

45. Wu, X., Mu, F., Lin, Z.: Three-dimensional printing of graphene-based materials and the 
application in energy storage. Mater. Today Adv., 11 (2021) 

46. Yao, B., Chandrasekaran, S., Zhang, H., Ma, A., Kang, J., Zhang, L., Lu, X., Qian, F., Zhu, C., 
Duoss, E.B., Spadaccini, C.M., Worsley, M.A., Li, Y.: 3D-printed structure boosts the kinetics 
and intrinsic capacitance of pseudocapacitive graphene aerogels. Adv. Mater., 32 (2020) 

47. Zhu, C., Han, T.Y.J., Duoss, E.B., Golobic, A.M., Kuntz, J.D., Spadaccini, C.M., Worsley, 
M.A.: Highly compressible 3D periodic graphene aerogel microlattices. Nat. Commun. 6, 1–8 
(2015) 

48. Jiang, Y., Xu, Z., Huang, T., Liu, Y., Guo, F., Xi, J., Gao, W., Gao, C.: Direct 3D printing of 
ultralight graphene oxide aerogel microlattices. Adv. Funct. Mater., 28 (2018) 

49. Wang, X., Zhang, Y., Zhi, C., Wang, X., Tang, D., Xu, Y., Weng, Q., Jiang, X., Mitome, M., 
Golberg, D., Bando, Y.:Three-dimensional strutted graphene grown by substrate-free sugar 
blowing for high-power-density supercapacitors. Nat. Commun., 4 (2013) 

50. Polsen, E.S., McNerny, D.Q., Viswanath, B.: Pattinson, S.W., John Hart, A.: High-speed roll-
to-roll manufacturing of graphene using a concentric tube CVD reactor. Sci. Rep., 5, 1–12 
(2015) 

51. Ye, R., James, D.K., Tour, J.M.: Laser-induced graphene. Acc. Chem. Res. 51, 1609–1620 
(2018)



Architectural and Chemical Aspects 
of 3D Graphene for Emerging 
Applications 

Juan Bai and Jun Mei 

Abstract As one of the versatile and intensively studied functional materials, three-
dimensional (3D) graphene has shown great potential in a wide range of emerging 
applications, particularly in energy and environment fields. To well meet practical 
requirements, different 3D graphene nano architectures, such as gels, sponges, and 
membranes, with various structural features have been designed and synthesized, 
aiming to improve physical, chemical, mechanical, thermal, and biological proper-
ties. In this chapter, the design principles of different architectures of 3D graphene 
are first summarized. Subsequently, some chemical aspects associated with surfaces, 
interfaces, defects, pores, and functional groups are well analyzed to explore the 
cost-effective goal for a specific application. Finally, a brief summary of the current 
challenges is concluded to provide some useful insights on the future design of 3D 
graphene for emerging applications. 

Keywords Graphene · Three-dimensional · Surface chemistry · Environmental ·
Energy 

1 Introduction 

Since the successful exfoliation of graphene from layered graphite, two-dimensional 
(2D) graphene has received unprecedented attention [1]. It is a honeycomb-like planar 
structure that is arranged by sp2 hybridized carbon atoms. Due to the ultra-thin 
and long-range π−π conjugated links, 2D graphene possesses fascinating chemical 
and physical properties in terms of surface area, carrier mobility, thermal conduc-
tivity, chemical stability, mechanical properties, and so on [2]. However, until now, 
achieving large-scale production of single-layer and defect-free high-quality 2D
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graphene is still challenging, which is limited by high-cost manufacturing tech-
nology and high-demanding conditions for long-term storage. Another major issue 
for graphene is the serious restack of 2D nanosheets at the post-processing stage, such 
as drying and modifications, leading to performance decay in practical applications 
[3]. 

To well address these issues, one of the effective solutions is to explore 
2D graphene unit-based three-dimensional (3D) structures. The assembly of 2D 
graphene into a well-organized and interconnected 3D structure can not only retain 
the primary characteristics of 2D nanosheets, but also maintain the interconnected 
porous structures, endowing 3D graphene with abundant exposed surfaces, high-rate 
diffusion channels, and active chemical reactivity [4]. There are many types of 3D 
graphene that have been successfully synthesized, including hydrogel, aerogel, foam, 
sponge, and membrane, and some other 3D networks with a flower-like, coral-like, 
or honeycomb-like framework [5]. With aspect to synthetic methods of 3D graphene, 
the assembly step and the reduction process are generally involved in a separate or 
simultaneous way. For example, one of the simple and commonly used approaches 
is the hydrothermal reaction conducted in aqueous solutions at elevated tempera-
tures by using graphene oxide (GO) as the starting material. Compared to relatively 
unstable 2D structure, the massive production and storage of 3D graphene, and the 
quality control are readily achieved, resulting in much wider applications, partic-
ularly in batteries, supercapacitors, electrocatalysis, sensors, solar-thermal devices, 
and environmental adsorption field [6, 7]. 

In this chapter, the design principles on different architectures of 3D graphene, 
such as gels, sponges, and membranes, are briefly reviewed, and then some chemical 
aspects associated with surfaces, interfaces, defects, pores, and functional groups are 
well analyzed. Subsequently, a summary on the emerging energy and environment-
related applications by using 3D graphene is given. Finally, the current challenges 
and the possible solutions are critically analyzed, which provides some insights and 
ideas on future studies. 

2 Typical Architectures of 3D Graphene 

2.1 3D Graphene Gels 

As a typical 3D structure, graphene hydrogel is composed of loose and porous 
network with multi-dimensional molecular, ion, or electron transport and diffusion 
properties, so it is widely used in electrochemical materials, catalysis, sensors, and 
industrial wastewater treatment fields. Generally, the preparation methods of 3D 
graphene hydrogel include self-assembly, mixed solution, and in situ polymeriza-
tion. In 2010, Xu et al. prepared the self-assembled 3D graphene hydrogels with the 
assistance of a facile hydrothermal method, in which the resultant graphene hydrogel 
was composed of ~2.6% graphene and ~97.4% water, and a typical interconnected



Architectural and Chemical Aspects of 3D Graphene for Emerging … 61

3D porous framework was identified after freeze drying (Fig. 1a, b, c, d). More-
over, the 3D graphene hydrogel delivered a measured conductivity of 5 × 10–3 S 
cm−1 and good thermal stability in the temperature between 25 and 100 °C [8]. 
If some functionalized molecules are introduced during reduction processes, the 
functionalized 3D graphene hydrogels can be obtained for specific applications. For 
example, the chemical reduction conducted at 100° C for 12 h of GO in the pres-
ence of hydroquinone as the reducing and functionalizing molecule could produce 
3D functionalized graphene hydrogels, which could be used as binder-free superca-
pacitor electrodes with a specific capacitance of 441 F g−1 at a rate of 1.0 A g−1 in the 
acidic electrolyte, much higher than that of the unfunctionalized graphene hydrogels 
(211 F g−1) [10]. 

In contrast to 2D unit-based uniform films, 3D aerogel frameworks are assembled 
based on interconnected micro-/nano-size sheets and hierarchical pores at a wide 
scale ranging from micropore, mesopore, to macropore. The unique porous structure 
and the 2D morphology of individual graphene units contribute to high-percentage 
exposed surfaces of 3D aerogels. More importantly, 3D graphene aerogels possess 
quite low density and excellent flexibility, leading to superior mechanical stability 
and high bending strength. Compared to the dispersed graphene sheets, 3D graphene 
aerogels exhibit much higher conductivity. Besides, 3D graphene aerogels are light, 
even lighter than air in some cases, which is proposed as an alternative candidate to

Fig. 1 a Photographs of a GO aqueous dispersion before and after hydrothermal reduction and b the 
resultant self-assembled graphene hydrogel (SGH), and c, d SEM images of SGH. Adapted with 
permission [8]. Copyright (2010) American Chemical Society. e, f Photographs of e knotted holey-
graphene aerogel fibers (HGAFs) and f flexible HGAF-derived textiles. Adapted with permission 
[9]. Copyright (2022) Copyright The Authors, some rights reserved; exclusive licensee Springer 
Nature. Distributed under a Creative Commons Attribution License 4.0 (CC BY) 
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the relatively rare helium gas [11]. 3D graphene aerogels are generally synthesized 
from molecular precursors via sol–gel methods, in which the solvent is removed 
by freezing or supercritical drying and replaced by air. Some reported preparation 
methods include chemical reduction, hydrothermal reduction, and 3D printing [4]. 
Due to the high porosity, the low refractive index, and the high conductivity, 3D 
graphene aerogels have been widely used in capacitors, catalysis, photo-thermal 
processes, and electronic devices. 

3D graphene aerogels with superhydrophobic surfaces exhibit sensitive responses 
to some external stimuli, such as electric, light, and thermal fields, and can be used 
as porous hosts to incorporate the second responsive phase. Hou et al. fabricated 
hygroscopic porous graphene aerogel fibers (LiCl@HGAFs) and explored their mois-
ture capture, heat distribution, and microwave absorption properties [9]. Based on 
the synthetic design, the holey GO was first prepared by etching GO in H2O2 at 
100 °C, and the LiCl@HGAFs were fabricated by wet-spinning, reducing, supercrit-
ical drying, and then LiCl-filling. Morphological characterization results indicated 
that the holey-graphene sheets were assembled in a long-range order and subse-
quently the uniform deposition of the hygroscopic LiCl was achieved with the assis-
tance of a liquid impregnation strategy. Also, the obtained HGAFs manifested a 
hierarchical structure and could be knotted or woven into a textile, demonstrating 
excellent flexibility (Fig. 1e, f). 

2.2 3D Graphene Foams/Sponges 

Graphene foams are composed of a 3D macroscopic graphene and a contin-
uous network of interconnected graphene sheets with pore sizes ranging from 
submicron to several microns. 3D graphene foams are advantageous in terms of 
high specific surface area and pore volume, good structural integrity, integrated 
conductive network, and superior adsorption capacity, which is suitable for energy 
storage, biomedicine, electronics, and environment remediations. With respect to 
the synthetic approaches of 3D graphene foam, the commonly used ones mainly 
include templates, metal ion-induced self-assembly, (electro)chemical reduction, 
chemical vapor deposition (CVD), and 3D printing. Chen et al. developed an effective 
strategy for the synthesis of 3D graphene foams by using template-directed CVD [12]. 
Figure 2a demonstrates a large piece of free-standing graphene foam with an area of 
170 × 220 mm2 that is produced by using a CVD furnace coupled with a 71-mm-
in-diameter quartz tube. Unlike the structures formed from chemically derivatized 
small graphene sheets, the graphene foams produced by this method are integral to 
a 3D network (Fig. 2b), which could facilitate the fast transport of charge carriers 
for achieving high conductivity. Even with a low loading of ~0:5 wt% graphene 
foam, the resultant graphene/poly(dimethyl siloxane) composites manifested a high 
electrical conductivity of approximately 10 S cm−1 [12].
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Fig. 2 a Photograph of a free-standing graphene foam and b SEM image. Adapted with permission 
from [12]. Copyright (2011) Springer Nature. c Photograph of 3D graphene network and d SEM 
images. Adapted with permission from [13]. Copyright (2015) Wiley 

Graphene sponges, as expressed in their names, possess 3D sponge-like struc-
tures and similar functional characteristics, such as efficient and recyclable absorp-
tion properties. Li et al. developed a template-induced fabrication of 3D graphene 
sponges, in which GO nanosheets were first hydrothermally distributed on the 
skeleton of a commercialized sponge, followed by a heat reduction process under 
argon atmosphere [13]. The obtained 3D graphene sponges delivered ultra-thin 
graphene walls and a low density of 1.6 mg L−1 (Fig. 2c, d). Furthermore, to generate 
3D graphene foam–silicon networks, a silica layer was grown onto the skeleton of 
GO sponges, which were subsequently reduced into silicon and graphene with the 
assistance of a magnesium thermal reaction. When employed as an anode material 
for Li-ion batteries, the optimal graphene–silicon networks presented a high capacity 
over 2050 mAh g−1 after 200 cycles [13]. 

2.3 3D Graphene Membranes 

Graphene membranes are another important family of 3D graphene networks, which 
can be fabricated through spray coating, layer-by-layer assembly, and filter-based
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assembly. Shao et al. developed an integrated approach for synthesizing 3D porous 
graphene films by using freeze-casting and filtration assembly [14]. Figure 3a shows  
a typical cross-section SEM image of a 3D porous graphene film (Fig. 3b), delivering 
a continuous open and porous framework. Due to the presence of ice crystals during 
freeze, the honeycomb-like structures were finally formed, in which a wide pore size 
distribution ranging from nanoscales to several micrometers was identified (Fig. 3c, 
d). This scalable synthetic approach could be applied for the synthesis of various 
3D porous films by assembling the corresponding 2D units. Recently, inspired by 
multilevel natural bamboo-membrane (Fig. 3e) with the unique function for rapid 
water and electrolyte transport, Mei et al. synthesized a multilevel graphene-based 
membrane consisting of 2D graphene and 2D cobalt oxide nanosheets and the resul-
tant membrane manifested a multilevel interlayer spacing distribution and a gradient 
interlayer channel, which could facilitate ultrafast Li-ion transport [15]. Specifically, 
the inner layers are closely packed with sub-nanosized spacing for confined ion 
transport, and the outer layers are loosely stacked with micro-sized open channels 
for rapid wetting of liquid electrolytes, which is much favorable to significantly 
increasing volumetric capacity as free-standing electrodes for rechargeable Li-ions 
batteries.

3 Surface Chemistry of 3D Graphene 

As known, the pristine graphene possesses a zero-bandgap, and it is also a chem-
ically inert 2D material. To open its intrinsic bandgap and expand its application 
fields, a series of effective strategies, such as doping (e.g. N, P, B, and S), defects 
(e.g. point defects, topological defects, vacancy defects, and edge defects), pores 
(e.g. micropores, mesopores and macropores) and functionalization (e.g. functional 
groups and crosslinking), have been applied to modulate surface chemistry of 3D 
graphene networks. 

3.1 Doping Chemistry 

Doping 3D graphene with heteroatoms (Fig. 4a), such as N, B, S, and P, can signif-
icantly change the intrinsically inertness of graphene and thus induce excellent 
catalytic and chemical properties of 3D graphene [16]. This is mainly caused by 
the differences on the electronegativity and the atomic size between these introduced 
heteroatoms and carbon in graphene, which can break the electroneutrality and mean-
while introduce strain/stress on the graphene planes [17]. Furthermore, the integration 
of different heteroatoms into 3D graphene can result in desirable charge polarization 
and spin density, endowing 3D graphene with new physicochemical properties. For 
the synthesis of doped graphene, the heteroatom-containing precursors are generally 
required, and the doping reactions are often proceeded via a wet-chemical reaction
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Fig. 3 a Cross-section SEM image of a 3D porous reduced GO film; b photograph of a 3D folded 
film, and c, d the corresponding SEM images. Adapted with permission [14]. Copyright (2016) 
Wiley. e SEM image of the natural bamboo membrane, and f schematic illustration of graphene-
based multilevel membranes for ion transport in batteries. Adapted with permission [15]. Copyright 
(2021) Wiley

or a thermal impregnation technique. However, the high-concentration doping is 
still challenging. Mei et al. proposed a self-sacrificing strategy to achieve ultrahigh-
level P-doped 3D graphene hydrogels by using 2D black phosphorus nanosheets as 
the precursor. As a result, the P-doping concentration in the obtained 3D graphene 
hydrogel reached 4.84 at%, accompanied by the formation of adjustable pore sizes 
in the range of 1.7−17.5 nm. Through reaction kinetic analysis on electrochemical 
Li-ions storage, the P-doped 3D graphene hydrogel presented a favorable capacitive-
controlled characteristic, as evidenced by a high specific Li-ions storage capacity of 
1,000 mA h g−1 after 1,700 discharging/charging cycles, outperforming the undoped 
3D graphene hydrogel [19].
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Fig. 4 a Schematical illustration of various doping configurations on graphene. Adapted with 
permission [16]. Copyright (2019) Wiley. b Schematical illustration of various defects on graphene. 
Adapted with permission [17]. Copyright (2019) Elsevier. c Schematical illustration of various 
functionalization reactions on graphene. Adapted with permission [18]. Copyright (2020) Royal 
Society of Chemistry 

3.2 Defect Chemistry 

Defective 3D graphene networks have been intensively studied for energy conver-
sion and storage applications, which is primarily due to their active reactivities at 
defective sites and the optimal electronic structures. There are various levels of 
defects in nanomaterials, including point-level, line-level, plane-level, and volume-
level defects. Based on specific locations and compositions, point-level defects can 
be further classified into heteroatom dopants, vacancies, interstitial atoms, and impu-
rities [20]. The inherent defects of 3D graphene networks mainly include edge and 
lattice/topological defects (Fig. 4b), which usually originates from the assembly 
and/or the reduction process of 3D graphene. If the reduction of GO networks is 
employed to produce 3D graphene networks, the defect levels are largely asso-
ciated with the GO precursors and the reducing agents. Generally, more oxygen-
containing groups in the GO precursors may induce more defects in the reduced 3D 
graphene networks. It should be noteworthy that defects are not always static, which 
may further migrate upon reduction. At present, different effective methods have 
been developed for generating various defects on the surfaces of graphene, mainly 
including thermal annealing, particle irradiation, and chemical treatment, and these 
defects act as crucial roles in some applications such as catalysis [21]. For example, 
it was concluded that electrocatalytic performance is highly related to the edge sites 
of 3D graphene networks. 3D graphene with high-density edge sites could efficiently
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catalyze H2 evolution, as verified by a low onset potential of ~18 mV and a Tafel 
slope of ~64 mV dec−1 [22]. 

3.3 Pore Chemistry 

As mentioned above, one obvious feature of 3D graphene networks is porosity, so 
the modulation on the pore chemistry is significant for adapting the practical appli-
cations. For example, 3D hierarchical and macro-porous graphene foam assembled 
from graphene mesh with in-plane nanopores presented a hierarchical pore arrange-
ment, which is much more favorable for mass transport and edge exposure for devel-
oping functional materials for energy applications [23]. After further doping with 
N, the resultant 3D graphene delivered a uniform pore size of 2–50 nm, a specific 
surface area of 362 m2 g−1, a high nanohole density of ~5.0 × 109 holes per cm2, a  
high porosity of ~99.79%, and an interpore distance up to ~100 nm [23]. Choi et al. 
prepared a 3D macro-porous graphene structure with the assistance of polystyrene 
colloidal particles as the sacrificial template [24]. This porous 3D graphene with a 
surface area of 194.20 m2 g−1 and an electrical conductivity of 1204 S m−1 could 
facilitate rapid ion transport for energy storage devices and it could be a suitable candi-
date as for hosting metal oxides that are active for electrochemical reactions, such as 
the widely used MnO2 in supercapacitors, to enhance electrochemical performance 
[24]. 

3.4 Functionalization 

Generally, the functionalization strategy of graphene can be achieved through a 
covalent or noncovalent bonding reaction. Due to the stronger chemical bonding 
capability for robust interfaces, covalent modification on graphene is a widely used 
approach. The covalent functionalization motivations of graphene are largely depen-
dent on the existing chemistry, particularly at these defect or edge sites (Fig. 4c). In 
the synthesis of 3D graphene networks, GO is often used as the starting material. 
GO surfaces contain many oxygen-containing groups, such as hydroxyl, carboxyl, 
carbonyl, and epoxy, leading to a serious conductivity decay. Hence, the reduction 
is highly required for partial or complete removal of oxygen species on graphene 
surfaces. Currently, the reduction methods used during the synthesis of 3d graphene 
mainly include high-temperature treatment, chemical reduction, electrochemical 
reduction, hydrothermal or solvothermal reduction, and photon-induced reduction. 
In most cases, after reduction under thermal or (electro)chemical treatment, most of 
the unstable oxygen species are removed, leaving a small amount of O−H, C−O, and 
C=O on the surfaces. This existing oxygen chemistry environment is crucial for the 
further covalent functionalization of 3D graphene and offers many new possibilities 
for structural modifications. Besides, if highly reactive species are introduced with
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the assistance of plasmas (e.g. H, F, and Cl), the π-bonded network on the basal 
plane of graphene will be directly destroyed and meanwhile the functionalization of 
reactive species on graphene is achieved [18]. 

Another intensively studied and versatile functionalization approach for 3D 
graphene is to design graphene-based composites. Depending on the synergistic 
effects in graphene-based composites, the functionalization of 3D graphene by the 
combination with other counterpart materials is a powerful approach. Specifically, 
this strategy can make use of the advantages of graphene and overcome the intrinsic 
weakness of graphene by coupling with these materials with complementary struc-
tures and/or functions [25]. Moreover, the rational integration of graphene and other 
functional materials could bring about some new physicochemical properties, such 
as increasing catalytic sites and improving reaction kinetics for electrocatalysis via 
the functionalization of 3D graphene with the incorporation of highly reactive metal 
sites. For example, the advantages of the combination of 3D graphene and noble-
metal nanoparticles for catalysis can be summarized as follows: (i) an integrated 
conductive framework can be formed; (ii) the serious agglomeration of nano-sized 
graphene sheets can be overcome; (iii) the dispersion degree of metal nanoparticles 
can be increased as exposed active sites; (iv) the strong metal–carbon coupling may 
exist for robust interfaces; (v) the consumption of expensive noble metals can be 
reduced; (vi) the structural stability and durability can be improved to accommodate 
the practical conditions; (vii) the reaction mechanisms may be rationally modulated 
for favorable kinetics and increased activities; (viii) the operation process and the 
manufacture technology is promising for large-scale applications. 

4 3D Graphene for Emerging Applications 

3D graphene networks have been widely applied in various fields across physics, 
chemistry, biology, nanotechnology, and engineering [26, 27]. In this part, as summa-
rized in Fig. 5, we mainly focus on the emerging energy and environment-associated 
applications of 3D graphene, such as batteries, capacitors, solar cells, electrocatalysis, 
sensors, and environmental adsorption.

4.1 Energy Storage 

Owing to the ever-increasing demands for portable electronics and electric vehi-
cles in our daily life, the innovation of energy storage devices with high power 
density and high energy density, such as batteries and capacitors, is becoming 
urgent. Currently, one major concern for achieving performance enhancement is 
highly associated with electrode materials. For example, as one of the important 
energy storage devices, supercapacitors possess high capacity, high rate, and long 
cycle life, however, the cost-effective electrode materials are still lacking. Graphene
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Fig. 5 Summary of emerging energy and environment-related applications of 3D graphene. 
a Adapted with permission [28]. Copyright (2017) American Association for the Advancement 
of Science. b Adapted with permission [29]. Copyright (2016) Copyright The Authors, some rights 
reserved; exclusive licensee Springer Nature. Distributed under a Creative Commons Attribution 
License 4.0 (CC BY). c Adapted with permission [30]. Copyright (2017) Wiley. d Adapted with 
permission [31]. Copyright (2018) Wiley

has been regarded as one of the potential electrode materials for supercapacitors, 
and 3D graphene networks could maximize the exposed active area and accelerate 
electrons/ions transfer, resulting in superior electrochemical performance [24]. To 
date. different types of 3D graphene networks have been designed and synthesized 
for high-performance energy storage devices. Wang et al. proposed a 3D graphene 
bubble network, which was fabricated by using a sugar-blowing approach, and this 
network was composed of continuous graphitic membranes tightly scaffolded by 
graphitic struts. Such intimate topological configuration is beneficial to increasing 
power and energy densities for electrochemical capacitors [32]. 

Besides, 3D graphene networks and their derived composite electrodes have been 
intensively used in rechargeable batteries, such as anodes in Li/Na/K-ion batteries and 
cathodes in metal-air/sulfur batteries [33, 34]. In 2017, a 3D holey-graphene/niobia 
(Nb2O5) composite was reported for high-rate energy storage at a mass loading above 
10 mg cm−2. Within the designed composite electrode, the interconnected graphene 
network facilitates electron transport while the hierarchical porous framework favors 
ion transport. As a result, the optimal electrode presented a capacity of 139 mAh g−1 

with a high loading of 11 mg cm−2, and a stable cycle life with 90% capacity retention 
after 10,000 cycles at a rate of 10C [28].
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4.2 Energy Conversion 

As one of the essential reactions for energy conversion, electrocatalysis aims to 
converting renewable resources (e.g. CO2 or biomass), to valuable chemicals, fuels, 
and electrical energy with the assistance of highly active catalyst materials [35]. An 
ideal electrocatalyst should possess high conductivity, abundant active sites, good 
mass transfer capability, suitable structural stability and durability, and earth abun-
dant. Except for the structural merits of 3D graphene associated with surface area and 
porous framework, the modulation of surface chemistry is crucial for electrocatalysis. 
To increase the reactivity of graphene units, doping, defects, and functionalization 
are often adopted for 3D graphene for tuning electronic structures and optimizing 
reaction pathways, and thus improving catalytic activities. 3D graphene networks 
have been explored for various electrocatalytic reactions, such as oxygen evolu-
tion reaction (OER), oxygen reduction reaction (ORR), hydrogen evolution reaction 
(HER), and carbon dioxide reduction reaction (CO2RR) [36]. For example, Yang 
et al. synthesized N-doped graphene nanoribbons with interconnected 3D architec-
tures, exhibiting excellent electrocatalytic activity for both ORR and OER. It was 
revealed that the ORR activity originated from the electron-donating quaternary N 
sites and the OER activity was determined by the electron-withdrawing pyridinic N 
moieties. When used as rechargeable Zn-air batteries in a two-electrode configura-
tion, an open-circuit voltage of 1.46 V, a specific capacity of 873 mAh g−1, and a 
peak power density of 65 mW cm−2, and a stable cycle over 150 cycles at a rate of 
2 mA cm−2 [29]. 

Graphene materials are also used as a promising substitution for noble-metal elec-
trodes in fuel cells. For ORR occurred at cathodes in fuel cells, the dominant catalysts 
are Pt-based metals, however, the limited reservation and high price of Pt metal inhib-
ited their practical applications. Perfect graphene is chemically inert toward ORR, 
so structural modifications are required for graphene materials. Heteroatom-doped 
3D graphene has been evidenced as one of the promising metal-free catalysts with 
high electrochemical activities. Foreign atoms, such as N, P, B, and S, can change the 
distribution states of local electrons within graphene lattices and enhance reaction 
kinetics. Among them, N-doped graphene catalysts are commonly studied for ORR, 
which is largely due to the favorable charge redistribution and the decreased energy 
barrier for ORR [37]. 

4.3 Solar Energy Utilization 

3D graphene networks deliver a wide range of light absorption properties and tune-
able thermal conductivity, endowing them promising for photovoltaic solar cells 
and solar-thermal energy conversion systems. Solar-thermal energy conversion is a 
continuous process for solar energy harvest by collecting the steam generated by the 
heat of localized sunlight. 3D graphene has good light absorption effect, low thermal
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conductivity and excellent wettability, and efficient light-to-heat conversion rate [30, 
38]. It should be noteworthy that the hierarchical pores in 3D graphene networks are 
significant for steam generation. Specifically, the small pores can promote the high 
light absorption while the micropores can induce the capillary effect of water [5]. Ren 
et al. reported a hierarchical porous graphene foam, in which graphene arrays were 
grown on 3D foam skeleton by using plasma-enhanced chemical vapor deposition, 
manifested attractive broadband and omnidirectional absorption capability, resulting 
in a solar-thermal energy conversion efficiency of ~93.4% when utilized as a heating 
material [30]. 

4.4 Environmental Sensors and Remediation 

Sensors are a large family of functional devices that demonstrate the immediate 
response to environmental varieties, such as temperature, humidity, pressure, and 
chemicals, which can be easily found in industrials and residential communities. 
3D graphene materials have been widely used in various sensors, including strain 
sensors, gas sensors, and (electro)chemical sensors [31, 39]. Particularly, gas sensors 
are mainly used to detect low-concentration gases (e.g. O2, COx, NOx, Cl2, SO2, H2S, 
NH3, and CH4) and volatile organic compounds (e.g. acetone, alcohol, aromatics, and 
hydrazine) [40]. Based on the adsorption mechanism, the target gas can be adsorbed 
onto 3D graphene skeletons with the assistance of interaction drivers such as van 
der Waals force or covalent bonding, and then the gas concentration can be reflected 
by the conductance changes of 3D graphene. For example, Wu et al. designed a 
NO2 gas sensor based on 3D graphene flowers grown on a Ni foam skeleton, which 
presented a high sensitivity of 133.2 ppm−1, a high response of 1411% to 10 ppm, 
a low theoretical detection limit of 785 ppt, and an ultrafast signal recovery of 2 s 
[41]. 

3D porous graphene networks can be also employed in environment remedia-
tion fields in terms of pollutant control and toxicant adsorption. 3D graphene mate-
rials have been investigated for the effective adsorption of various pollutants, such 
as harmful gas (e.g. SO2, H2S, and CO2) and impurities in solutions (e.g. dyes, 
oils, organic solvents, and heavy metals) [42–44]. Generally, the adsorption capa-
bility of 3D graphene networks for environmental purification is closely associated 
with surface area, pore size and distribution density, and surface chemistry. A high 
surface area with high porosity is essential for achieving efficient adsorption of 3D 
graphene for most adsorbates, however, the adsorbed types depend on surface chem-
istry. A hydrophobic surface facilitates the adsorption of organic compounds, and 
the adsorption in aqueous solutions depends on the interaction between adsorbates 
and adsorbents, including electrostatic force, hydrogen bonding, and π−π bonding.
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5 Summary 

In this chapter, some typical architectures of 3D graphene networks, such as gels, 
foams, sponges, and membranes, are briefly discussed. However, one of the major 
challenges is the large-scale production of 3D graphene materials. There are many 
factors, including concentrations, temperatures, reaction time, reactors, and costs, 
which require to be considered. Also, there is a large gap between laboratory 
synthesis and industrial massive production, in which the accurately control on 
the interconnected porous structures at a large scale is more difficult. Therefore, 
it is still essential to design and develop new synthetic methods for 3D graphene 
networks. Surface chemistry acts as a crucial role for structural modifications on 3D 
graphene. By adjusting surface chemistry, 3D graphene networks have been widely 
used in the emerging energy storage and conversion and environmental remedia-
tion fields. Further understanding and modulating surface chemistry on 3D graphene 
networks can bring about some customed properties to well meet the practical require-
ments and can intrigue more new applications. The regulation on the macroscopic 
morphology, the specific surface area, the pore distribution, the surface wettability 
state, the electronic structures, the thermal conductivity, the mechanical flexibility, 
and the electrical conductivity, have been investigated for 3D graphene networks. 
To further improve the performance of 3D graphene and to widen the application 
scope, a variety of 3D graphene-based composites have been fabricated by coupling 
with the structure- or function-complementary counterparts. It is expected that these 
research outputs on the synthesis and the optimization strategies of 3D graphene by 
controlling surface chemistry can offer some scientific evidence for constructing 3D 
graphene-based devices for addressing the current energy and environmental issues. 
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Recent Advancements in 3D Graphene 
for Electrochemical Sensors 

Hamide Ehtesabi and Seyed-Omid Kalji 

Abstract Graphene, a new class of carbon nanostructures, has recently garnered 
much attention and is a quickly growing field. It exhibits a wide range of features, 
including thermal conductivity, charge carrier mobility, electrical and mechanical 
characteristics, magnetism, and more. These characteristics, along with a large 
surface area, are essential in electrochemical, optoelectronic, and medicinal applica-
tions. However, some features have restricted its applicability, including poor light 
absorption, low capacitance, ease of stacking and agglomeration in a solvent, and 
its zero-gap semi-metal nature. In response to these limitations, there has been a 
rising effort to alter the graphene surface and create three-dimensional (3D) graphene 
arrangements to broaden its applicability in various industries. Due to their high effi-
ciency, simple operation, as well as modularity in chemical, physical, and biological 
features, electrochemical sensors have developed over time. With outstanding quali-
ties, such as a high surface area, abundant pores, and free binder, 3D graphene with a 
porous structure is a suitable electrode for electrochemical sensors. The most current 
developments in 3D graphene-based electrochemical sensing for various analytes 
are covered in this chapter. 

Keywords Graphene Oxide · Three-dimensional · Electrode · Sensing ·
Detection · Nanoparticle 

1 Introduction 

Graphene is a two-dimensional (2D) layer of carbon atoms with a lattice of hexag-
onal structures. Owing to its high surface area, remarkable electrical conductivity, and 
appropriate charge carrier mobility, graphene is widely used in various applications,
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including sensors, supercapacitors, catalysis, bio-fuel cells, and chromatography 
analysis [1–3]. Despite high structural stability, via the π–π interactions and strong 
Van der Waals forces, the 2D plane of graphene sheets can stack together irreversibly 
and create graphitic form. Graphene loses its particular properties after these stacking 
interactions. Preparing a 3D graphene structure prevents the stacking and agglomera-
tion of 2D nanosheets. Currently, 3D graphene constructions come in various forms, 
including hydrogel, aerogel, foam, sponge, and others [4, 5]. These 3D materials have 
an ordered and interconnected framework, and they have the distinct advantages of 
a greater surface area, abundant pores, and a free binder. Therefore, 3D graphene 
could be promising material in various problematic applications [6, 7]. Because of its 
advanced surface area and electron transport capacity, 3D graphene shows a specific 
ability as an electrode material. Its porous structure is also applicable as a supporting 
substrate for various materials, catalysts, and enzymes for the designation and fabri-
cation of desired systems such as electrochemical sensors [8]. However, these new 
3D graphene-based sensors suffer from low selectivity, sensitivity, repeatability, 
and a slow dynamic response against the analyte changes. Accordingly, searching 
for a novel approach to achieving proportional 3D graphene-based nanocompos-
ites and hybrids is required to overcome the sensing and detection limitations of 
electrochemical sensors and improve their robustness and reusability [1]. 

Herein, we review the latest advancements in 3D graphene-based electrochemical 
sensors. First, a basic explanation of 3D graphene and the processes used for its fabri-
cation is given. The electrochemical sensing of numerous analytes, including heavy 
metals, pesticides, phenolic compounds, drugs, chiral materials, dopamine, glucose, 
free radicals, ions, and hydrogen peroxide (H2O2), is then presented using 3D 
graphene. The chapter concludes with a consideration of current issues and prospects. 

2 Definition of 3D Graphene Materials 

3D graphene materials currently do not have a clear definition. The goal of devel-
oping 3D graphene frameworks is to achieve a stable graphene material with high 
performance through a 3D organization of layers instead of graphite-like ordering, 
which dramatically reduces the surface area and other unique features of graphene. 
Because of this, it is obvious that non-graphite 3D structured graphene materials are 
named 3D graphene materials. Fewer than ten layers of graphene should form the 
walls of a 3D graphene material while maintaining the fundamental properties of 
graphene materials. Figure 1 illustrates the connections of graphite, graphene, 2D 
and 3D graphene materials [9].
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Fig. 1 Diagram showing the connections between graphite, 2D and 3D graphene, and graphene 
materials. Adapted with permission [9]. Copyright (2020) Copyright The Authors, some rights 
reserved; exclusive licensee American Chemical Society. Distributed under a Creative Commons 
Attribution License 4.0 (CC BY) 

3 Synthesis Methods of 3D Graphene 

In recent years, numerous techniques for creating 3D graphene have been done 
in order to give it different morphologies, structures, and characteristics. The 
key methods that have been developed are the hydro/solvothermal approach, 
chemical vapor deposition (CVD), template-assisted assembly, chemical reduction 
self-assembly, 3D printing, etc., [10–13]. These techniques can generally be split 
into template free and template-based methods (Fig. 2). While the template-based 
approach can precisely regulate the production of a desired pore size, shape, and 
density, the template free approach offers the benefits of self-assembly but cannot 
manage the pore structure. The dependent (hydrogel, aerogel) and independent 
(foam, sponge) 3D graphene on the substrate can be produced using a single 
preparation process or a mixture of several procedures to fulfill various needs [1].

4 Electrochemical Sensing of Different Analytes 

Because different compounds can be oxidized or reduced at various potentials, 
electrochemical detection is very sensitive to electroactive compounds and enables 
detection selectivity. Because of their high surface renewable potential, low residual 
current, and broad potential window, carbon materials (such as graphene, graphite,
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Fig. 2 Synthesis methods of 3D graphene materials. Adapted with permission [1]. Copyright (2020) 
Elsevier

carbon nanotube (CNT), and fullerene) are frequently utilized in electrochemistry. 
Electron transfer from multiple active sites to biospecies is provided by the overpo-
tential for O2 reduction and H2 density of the edge-plane defect site on them [14, 
15]. The use of 2D and 3D graphene and their composites as sensing materials for 
the electrochemical monitoring of various analytes is widespread. In contrast to a flat 
graphene film, 2D porous graphene has a higher surface area and additional exposed 
active sites because of its distinctive structural design. Due to the extra channels, 
it has improved electrochemical performance in terms of ion and mass transport 
(e.g., sensing, energy storage, catalytic ability, etc.). A 3D graphene has a similar 
distinctive structure of constantly interconnected networks, with a sizable accessible 
surface area and a significant pore volume. Additionally, it improves mechanical 
strength, flexibility, and stability [16]. In this section, a few illustrative examples of 
3D graphene-based electrochemical sensing are presented. 

4.1 Heavy Metal 

It is crucial to create rapid, sensitive, and precise methods for identifying toxic 
heavy metal ions because they pose a serious threat to human life and the environ-
ment. Owing to its great sensitivity, outstanding selectivity, simplicity, low-cost, and 
good portability, electrochemical detection has become one of the most popular tech-
niques. In one study, pyrrole (Py) was added to 3D graphene aerogels to control their 
structures and properties. These aerogels were then used as electrode materials to 
study the unique function of Py for sensing metal ions. Py can act as a reductant and a 
regulator to change the composition and structure of graphene aerogels, significantly 
affecting their electrochemical performance for sensing cadmium (Cd2+). Py also
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functions as a nitrogen source to provide active metal ion binding sites. The effec-
tiveness of Py is greatly influenced by the reaction ratio between Py and graphene 
oxide (GO). The 3D-GO-Py modified electrode can successfully determine Cd2+ in 
aqueous solutions using the square wave anodic stripping voltammetry method [17]. 

4.2 Pesticide 

Many crops and vegetables are protected against pests by applying organophos-
phate pesticides (OPs) [18]. OPs, however, have several detrimental consequences 
on humans and animals due to their excessive use. Therefore, it is critical to make 
a rapid, precise, sensitive, and trustworthy analytical approach for OPs detection 
[19]. Due to their straightforward preparation processes, high sensitivity, and excel-
lent selectivity, acetylcholinesterase (AChE)-based electrochemical biosensors have 
recently become recognized as viable alternatives to traditional approaches for pesti-
cide residues. Enzymatic-based biosensors, however, have certain drawbacks that 
limit their uses, including high price, poor stability, and low repeatability. Nonenzy-
matic sensors appear to be a promising solution in this situation. 3D graphene was 
used to prepare a copper oxide nanoparticle (CuO-NPs/3DG) electrocatalyst that 
was used as a nonenzymatic sensing platform for malathion detection (Fig. 3a). 
A 3D graphene framework offered a great surface area for excellent dispersion 
of CuO-NPs. Given that the resulting CuO-NPs/3DG nanocomposite has a high 
affinity for malathion, CuO’s redox reaction may be constrained. Under ideal circum-
stances, measurements of the suppressed signal allowed the CuO-NPs/3DG modi-
fied electrode to detect malathion at concentrations as low as 0.01 nmol/L. The 3D 
graphene has a high surface area to anchor CuO-NPs and promote electron transfer, 
contributing to the high sensitivity. The sensor also revealed good recovery, stability, 
and selectivity for recognizing malathion in real samples [20].

4.3 Phenolic Compound 

Applications for electrochemical sensors in the monitoring of dangerous compounds 
may benefit from graphene’s special electrical characteristics. A significant and often 
utilized chemical feedstock, 4-nitrophenol (4-NP), is typically found in wastewater. 
Unfortunately, it is a stable compound with a high level of carcinogenicity and is listed 
as one of the most important pollutants [21]. Therefore, it is crucial to detect 4-NP 
effectively in the environment. In a study, it was suggested to manufacture nitrogen-
doped 3D graphene with manganese-doped Fe3O4-NPs loaded on the surface (Mn– 
Fe3O4/3DG) using a straightforward urushiol templated solvothermal technique 
(Fig. 3b) accompanied with calcination. The as-prepared Mn-Fe3O4/3DG sensor 
demonstrated great activity in detecting 4-NP, which is much better than the control 
unmodified samples due to the wide active surface area, porous channel, and high
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Fig. 3 a Diagram showing the creation of CuO-NPs/3DGR/glassy carbon electrode (GCE) and 
the electrochemical sensing of malathion. Adapted with permission [20]. Copyright (2018) Copy-
right The Authors, some rights reserved; exclusive licensee Elsevier. Distributed under a Creative 
Commons Attribution License 4.0 (CC BY) b Diagram showing how electrode materials are made 
for 4-NP detection. Adapted with permission [22]. Copyright (2021) Copyright The Authors, some 
rights reserved; exclusive licensee Elsevier. Distributed under a Creative Commons Attribution 
License 4.0 (CC BY)

loading ratio of Mn–Fe3O4–NPs. The Mn-Fe3O4/3DG electrode may be used in prac-
tical applications due to its broad linear range (5–100 μmol/L), low LOD (19 nmol/ 
L), and acceptable recovery of 4-NP in a variety of water samples [22].
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4.4 Biomarker Detection 

4.4.1 Cancer 

For the recognition of tumor markers, electrochemical aptasensors using an aptamer 
as a probe have obtained a lot of consideration because of their exceptional qualities, 
which include good selectivity, cost-effectiveness, high stability, a widespread 
target range, and the simplicity of synthesizing and modifying methods. A study 
creates an electrochemical aptasensor for the simultaneous measurement of carci-
noembryonic antigen (CEA) and cancer antigen 15–3 (CA 15–3), which are two 
critical biomarkers of breast cancer. The biosensing substrate was a nanocomposite 
made of 3D graphene hydrogel with gold NPs (Au-NPs/3DGH). Aptamers of CEA 
and CA 15–3 were connected to graphene nanocomposite-redox probe-Au-NPs 
as biosensing probes. Hemin (the redox agent of CEA) and ferrocene (the redox 
agent of CA 15–3) provided electrochemical signals to detect dual biomarkers. The 
aptamers CEA and CA 15–3 were immobilized on Au-NPs/3DGH. The current and 
potential of peaks in the differential pulse voltammograms provided information 
about the nature and concentration of the biomarkers (Fig. 4a). The LOD for CEA 
and CA 15–3 were 11.2 pg/mL and 11.2 × 10–2 U/mL, respectively. The analysis 
of clinical serum samples was also done with the duplexed aptasensor. The results 
showed good compliance with the enzyme-linked immunosorbent assay (ELISA) 
method, proving the aptasensor’s high validity [23].

Circulating tumor DNA (ct-DNA) is a reliable biomarker for predicting treat-
ment effects and is critical for the early detection of many cancers. One of the best 
advantages of the ct-DNA detection method is its non-invasive nature, but the low 
abundance in peripheral blood and the large background of wild-type DNA hamper 
the exact and specific detection of ct-DNA. For the efficient detection of ct-DNA, 
a team created a 3D graphene/Au-platinum-palladium nanoflower sensing platform 
(3DGR/Au-Pt–Pd) based on the CRISPR/Cas9 cleavage-triggered entropy-driven 
strand displacement reaction (ESDR). This technique allows for the detection of 
low quantities of ct-DNA. Their approach produced excellent specificity for distin-
guishing single nucleotide mismatches by the rapid amplification of ESDR and the 
site-specific cleavage of Cas9/sgRNA. The 3DGR/Au-Pt–Pd biosensor in human 
serum tests showed high specificity and acceptable performance [24]. 

4.4.2 Osteoblast Activity 

An important biomarker for osteoblast activity and skeletal growth is alkaline phos-
phatase (ALP). Methods for effective ALP detection are crucial for clinical diagnosis 
and medication development. An electrochemical sensor based on in situ generated 
3D graphene networks (3DGN) was designed to measure ALP activity. The sensor 
uses ALP to convert a non-electroactive substrate into a product with electroactivity; 
finally, the activity of ALP is shown as an electrochemical signal (Fig. 4b). The
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Fig. 4 a Schematic illustrating the simultaneous detection of the biomarkers CEA and CA 15– 
3. Adapted with permission [23]. Copyright (2021) Copyright The Authors, some rights reserved; 
exclusive licensee Elsevier. Distributed under a Creative Commons Attribution License 4.0 (CC BY). 
b Using a 3DGNs modified sensor, the ALP activity of adhering osteocyte cells is detected. Adapted 
with permission [25]. Copyright (2022) Copyright The Authors, some rights reserved; exclusive 
licensee Multidisciplinary Digital Publishing Institute. Distributed under a Creative Commons 
Attribution License 3.0 (CC BY)
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sensor detects ALP activity in a wide range (10–10,000 U/L) and a LOD of 5.70 
U/L with 5μL sample volume and a 2 min incubation time when 3DGN catalyzes 
the process and amplifies the signal. This sensor shows good performance in various 
biological systems and serum samples. It offers a rapid response, economical, and 
nondestructive technique for tracking living adherent osteoblast cell activity [25]. 

4.4.3 Acute Kidney Injury 

Compared to conventional biomarkers such as creatinine, neutrophil genatase-
associated lipocalin (NGAL) responds significantly faster to acute kidney injury 
(AKI). For the detection of NGAL, a 3D graphene nickel (Ni) foam (GF) electrochem-
ical sensor covered with Au-NPs was created. It achieved a low LOD (42 pg/mL) and 
a linear range of 0.05–210 ng/mL. In order to facilitate antibody binding on Au-NPs, 
self-assembled monolayers, and 11-mercaptoundecanoic acid were used. Utilizing 
cyclic voltammetry and chronoamperometry on ferri/ferrocyanide redox measure-
ments, NGAL was electrochemically determined. The ability to detect NGAL in the 
presence of uric acid (UA) and creatinine was examined. Large surface areas of GF 
and Au-NPs, and the role of the graphene/Ni/Au electric dipole in the enhanced elec-
tron transport from the analyte may be responsible for the achieved performances 
[26]. 

4.5 Drug 

Drug monitoring is very important in the field of drug safety. By electropolymeriza-
tion imprinting on 3D Au–Pd–NPs-ionic liquid (IL) functionalized graphene-CNTs 
nanocomposite (Au–Pd/GN-CNTs-IL) modified GCE, a novel paracetamol (PCM) 
sensor was created. In addition to promoting the construction of Au–Pd alloy NPs, IL 
(1-hydroxyethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl) imide) served 
as a “spacer” to avoid the π–π stacking and aggregation of graphene sheets and 
CNTs during the preparation of the GN-CNTs that supported Au–Pd alloy NPs. 
The resultant composite has significant electrocatalysis and a large surface area. The 
imprinted position of PCM on poly(carbazole)-co-Poly(Py) demonstrated good PCM 
detection and showed excellent stability. Using 3D Au–Pd/GN-CNTs-IL nanocom-
posite and PCM imprinted position on copolymer, an electrochemical sensor was 
developed. Having a LOD of 50 nmol/L, it displayed an excellent linear range of 
0.10–10 μmol/L. The sensor’s recoveries are adequate for PCM detection in biolog-
ical samples. Additionally, it successfully monitored the level of PCM in a patient’s 
urine with a fever cold [27]. A straightforward approach for anchoring silver NPs 
(Ag-NPs) onto 3D reduced GO (3D-rGO) has been described in another work for the 
detection of rifampicin (Ag-NPs/3D-rGO). Due to its substantial electrochemically 
active surface area and superior electron transport capabilities, the modified elec-
trode demonstrated effective electrical activity to measure rifampicin. With a LOD
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of 0.810 nmol/L, the sensor showed an excellent linear range (0.01 nmol/L–45 μmol/ 
L). Notably, the created sensor was used to evaluate rifampicin in samples of human 
blood, drugs, and aquatic products [28]. 

4.6 Chiral Material 

In biochemical analysis, enantioselective recognition is crucial. Therefore, sepa-
rating amino acid enantiomers using diverse methods is critical for biochemistry, 
pharmaceutical science, and medical systems. The creation of practical and effec-
tive methods for chiral discrimination is still regarded as a difficult problem. Due to 
their straightforward equipment, low-cost, fast, and effective detection, chiral elec-
trochemical sensors have generated a great deal of attention. A group described how 
to recognize L and D tryptophan (Trp) using a chiral sensor. The sensor consists of 
self-assembly between Cu2+/β-cyclodextrin with carboxymethyl cellulose (CD-Cu-
CMC) as a chiral selector, N-doped rGO as substrate, and differential pulse voltam-
metry for enantiomer recognition. rGO and Py were used as the initial components to 
create the 3D N-rGO. The carboxy groups of CMC and Cu2+ in Cu-CD interact elec-
trostatically. The CD-Cu-CMC was able to be immobilized owing to the 3D N-rGO, 
which also enhances the active regions. N-rGO/CD-Cu-CMC was used to modify 
a GCE, which then demonstrated a larger electrochemical signal for L than for the 
D isomer, typically at a working potential of about 0.78 V. It was demonstrated by 
UV–visible spectroscopy that CD-Cu-CMC has a stronger affinity for the D isomer. 
D-Trp has a 4.72 enantioselectivity over L-Trp. The modified electrode had a linear 
detection range of 0.01–5 mmol/L and a LOD of 0.063 and 0.003 μmol/L for L and D 
isomers, respectively. Trp (D or L) was found using the sensor in samples of human 
serum protein and spiked real human urine [29]. 

4.7 Dopamine 

The cardiovascular, central neurological, renal, and hormonal systems all depend on 
the neurotransmitter dopamine (DA). Regular assessment of DA levels in patients’ 
bodies is necessary because excess or insufficient concentrations of DA in neuro-
logical systems can cause schizophrenia, Parkinson’s disease, hyperactivity disorder, 
and other conditions. As a result, it is particularly important for developing a sensitive 
and reliable test for DA molecule detection in the medical and biological fields. To 
monitor the electrochemical behavior of DA, a 3D-rGO with CD-modified GCE was 
created (Fig. 5a). The CD was effectively modified on 3D porous graphene. By 
using cyclic voltammetry and electrochemical impedance spectroscopy to examine 
the electrochemical characteristics of various modified electrodes, it was determined 
that the 3D-rGO/CD-modified electrode had the highest electron transfer rate. Scan
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rate, pH, enrichment time, and layer thickness were among the experimental param-
eters that were optimized. A wide linear range of 0.5–100 μmol/L and the LOD of 
0.013 μmol/L were achieved by differential pulse voltammetry by 3D-rGO/CD/ 
GCE under the best experimental conditions for DA detection [30]. A rapid and 
easy method for creating 3D graphene nanomesh (3D-GNM) with electrocatalytic 
property has been demonstrated. The initial electrode is made of monolithic and 
macroporous 3D graphene foam (Fig. 5b). Simple electrochemical polarization of 
3D graphene, which involves oxidation of the anode and subsequent reduction of the 
cathode, makes it simple to create 3D-GNM. The entire process takes only 10 min. 
The peaks of DA, UA, and ascorbic acid (AA) in 3D-GNM are clearly distinct. Selec-
tive detection of DA, UA, and AA in triplex mixtures or serum samples is accom-
plished with the LOD of 0.26 μmol/L, 6.0 nmol/L, and 3.1 μmol/L, respectively [31].

4.8 Glucose 

Due to their remarkable advantages of simplicity and ease of use, electrochem-
ical sensors are greatly desired for the detection of glucose in diabetes prevention, 
diagnosis, and treatment. Creating a 3D sensing interface with an immobilized elec-
trochemical probe and nonenzymatic recognition groups is still difficult. By adding 
functional nanostructure to 3D graphene, a new nonenzymatic electrochemical sensor 
was created for glucose. The electrode scaffold was a 3D graphene foam created by 
CVD. 3D graphene was first electrodeposited with Prussian blue (PB) and Au-NPs 
(3DG/PB-Au-NPs) as an immobilized signal indicator and electron conductor. A 
simple self-polymerization of DA was used to add a layer of polydopamine (PDA) 
to 3DG/PB-Au-NPs for stabilizing of internal PB probe and providing chemical 
reducibility. After that, in situ formation of a second layer of Au-NPs was done 
for recognition ligand placement, i.e., mercaptobenzoboric acid. The nonenzymatic 
sensor could detect glucose without reagent with good selectivity, a wide linear range 
(5–65 μmol/L), and a low LOD (1.5 μmol/L) because of the PB stability and good 
affinity between mercaptobenzoboric acid and glucose. Additionally, the sensor has 
been used to measure glucose in human serum samples [32]. 

4.9 Free Radicals 

The measurement of nitric oxide released by living cells helps to understand the 
pathological and physiological processes of the human body and related disorders 
[33]. In a research, a new sensor called COF-366-Fe/GA was developed by growing 
COF-366-Fe electrocatalyst on 3D porous graphene aerogel (GA) for nitric oxide 
detection (Fig. 6a). The constructed biosensor exhibits a sensitive response in the 
wide range of 0.18–400 μmol/L with a LOD of 30 nmol/L. Furthermore, after the 
release of nitric oxide by HUVEC cells (human umbilical vein endothelial cells), the
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Fig. 5 a Electrochemical detection of DA by prepared 3D-rGO/CD. Adapted with permission [30]. 
Copyright (2021) Copyright The Authors, some rights reserved; exclusive licensee Royal Society 
of Chemistry. Distributed under a Creative Commons Attribution License 3.0 (CC BY) h. b The 
preparation of 3D-GNM for detecting DA, UA, and AA. Adapted with permission [31]. Copyright 
(2022) Copyright The Authors, some rights reserved; exclusive licensee [Elsevier]. Distributed 
under a Creative Commons Attribution License 3.0 (CC BY)

constructed device was able to capture the molecular signals rapidly. According to 
these findings, this biosensor solves the problem of random organization of active 
sites for nitrogen-coordinated electrocatalysts because its active sites are adjustable 
and also have the 3D porous structure of graphene [34].
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Fig. 6 a Nitric oxide detection using COF-366-Fe/GA. Adapted with permission [34]. Copyright 
(2021) Copyright The Authors, some rights reserved; exclusive licensee Elsevier. Distributed under 
a Creative Commons Attribution License 4.0 (CC BY), b Fabrication of an Ag@rGOF-NH2/GCE 
sensor for Cl− detection. Adapted with permission [35]. Copyright (2021) Copyright The Authors, 
some rights reserved; exclusive licensee Elsevier. Distributed under a Creative Commons Attribution 
License 4.0 (CC BY) 

4.10 Ion 

Cl− is extensively dispersed in nature, and specific concentration ranges are needed 
for agricultural production, concrete engineering, and the medical and health indus-
tries. Therefore, quick detection of Cl− concentrations in the environment has signif-
icant applicability. A study showed the direct usage of multilayer GO to synthesize 
mesoporous 3D-rGO framework (rGOF) (Fig. 6b). This work used a KOH activa-
tion procedure that relies on the adsorption and fixation of the proper amount of K+ 

by utilizing the interlayer space of multilayer GO and freeze-drying crystallization 
technology. Additionally, they found that the structure of rGOF is consistent with 
the usual 3D structure. Moreover, rGOF has a unique 3D structure and rGO char-
acteristics, making it an excellent platform for functionalized modifications. The
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prepared Ag@rGOF-NH2/GCE sensor detects Cl− over a broad linear range of 5– 
10 μmol/L, with a LOD of 0.1 μmol/L. This study demonstrates the effectiveness 
of rGOF as a platform with modification by amine and loading of Ag-NPs [35]. 

4.11 H2O2 

H2O2 is a crucial component of biological, medical, food, and environmental activi-
ties and is a signaling molecule involved in cell growth, cell death, and intracellular 
signaling transduction. Studies show that improper management of H2O2 in cells 
leads to some diseases, from cancer to neurological diseases [36]. Therefore, H2O2 

must be detected accurately and reliably. Hydrothermal reduction, freeze-drying, and 
high-temperature annealing were proposed as synthesis methods for graphene foam 
that was functionalized with taurine (a-NSGF). The increased temperature during 
annealing made it possible for taurine’s N/S atoms to reach the graphene lattice, 
considerably enhancing its electrocatalytic activity. The 3D layers of graphene modi-
fied with taurine make up the a-NSGF that quickly responds to H2O2. Owing to the 
stable 3D structure and superior electrical conductivity of a-NSGF, the modified 
electrode with a-NSGF exhibits excellent sensitivity and stability to the concentra-
tion change of H2O2. From 1.5–300 μmol/L, there is a linear relationship between 
the H2O2 concentration and the electrochemical signal, with a R2 = 0.99. The modi-
fied electrode was used to measure H2O2 in rain samples, and the outcomes were 
compared to those obtained using the standard method. The recoveries vary between 
94.6 and 106.7% [37]. 

5 Conclusion, Challenges, and Future Perspective 

This chapter highlights recent advancements and successes in 3D graphene for elec-
trochemical sensing. 3D graphene is an amazing electrode substance, and there are 
many prospects to study its application in electrochemical sensors. Its properties 
make it incredibly competitive in comparison to traditional electrodes. High electro-
chemical activity, simplicity of surface functionalization, and outstanding electron 
transport capabilities are just a few of the exceptional properties of 3D graphene 
that have made it possible to employ it to detect analytes with better sensitivity and 
selectivity. We concentrated on using 3D graphene related materials as sensors for 
detecting dopamine, glucose, free radicals, ions, pesticides, phenolic compounds, 
biomarkers of disease, drugs, and H2O2. 

While 3D graphene production, functionalization, and applications have come a 
long way, there are still plenty of obstacles to overcome. For instance, new methods 
for 3D graphene synthesis need to be developed. These procedures must have the 
benefits of speed, economy, simplicity, and a high potential for 3D graphene mass 
production. Additionally, 3D graphene’s exceptional properties depend solely on
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the material’s successful creation. The material’s porosity has not been accurately 
regulated up to this moment, and the distribution of pore sizes is between nm and 
μm. In addition, many architectural defects are created during preparation, negatively 
affecting how well they work in electrochemical sensing. The mechanical stability 
still needs to be improved to make the 3D network of graphene a useful sensing 
instrument. Additionally, there is a need to pay more attention to identifying material 
defects during construction and figuring out how to fix them. This will benefit the 3D 
graphene electrodes’ mechanical stability and electrochemical activity. To get the best 
synergistic impact for selective and sensitive sensing of the analytes, more theoretical 
and experimental investigation of 3D graphene with other nanocomposites is needed. 
In conclusion, to create sensitive and affordable sensors for electrochemical sensing, 
3D graphene has great potential. 
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3D Graphene-Based Biosensors 

Mert Akin Insel, Sena Nur Karabekiroglu, and Selcan Karakuş 

Abstract In the last 30 years, there have been increasingly developments in the 
fabrication, properties, and applications of graphene-based three-dimensional (3D) 
materials with their excellent performances of high mechanical strength, excellent 
surface area, high electrical conductivity, and thermal stability. Over the last century, 
the number of various applications of 3D graphene has increased dramatically in areas 
such as sensors, batteries, separation, aerospace, catalysis, and thermal management. 
In this chapter, all aspects of fabrication strategies, characterization, and biosensing 
mechanisms of 3D graphene-based biosensors are reviewed. In addition, there is 
a great deal of interest in a variety of 3D graphene-based sensor systems, such 
as gas sensors, health monitoring, wearable temperature sensors, electrochemical 
food sensors, and environmental pollutant sensors. Consequently, a comprehensive 
understanding of the unique performance, current limitations, and outlook of 3D 
graphene-based biosensors was highlighted. 

Keywords 3D graphene · Sensing systems · Biosensors · Fabrication strategy 

1 3D Material-Based Sensing Systems 

Detection systems detect physical quantities such as temperature, light, sound, or 
motion, make the desired measurements, and convert the data into electrical signals 
that a device can read and interpret. The design and stability of the sensor are critical, 
as they affect measurement performance and the quality of system performance [1]. 

The single layer of graphite termed “graphene,” which has 2D arrays of sp2 
hybrid carbon atoms, is an excellent structure with exceptional qualities, including
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high chemical resistance, high surface area, and high conductivity. Graphene mate-
rials have unique properties such as a high optical transmittance of 98%, charge-
carrier mobility of 2 × 105 cm2/(Vs), high mechanical strength of 125 GPa, high 
surface area of 2600 m2/g, and excellent thermal conductivity of 5000 W/(mK) [2]. 
It enables significant new advancements in a variety of sectors, including chemical 
sensors, biosensors, field-effect transistors, conversion technology, energy storage 
systems, etc. Although typically found as powders, graphene is not flexible enough. 
Many studies have focused on developing porous, three-dimensional (3D)-structured 
graphene materials with superior mechanical strength, outstanding photothermal 
conversion, electrochemical properties, and high electrical conductivity to solve 
this problem. There have been reports of graphene-derived sponges, graphene-based 
foams, graphene-based hydrogels, and graphene-based aerogels. These 3D graphene-
based structures have been manufactured using a variety of techniques, including 
direct fabrication techniques as a solution-based method and chemical vapor depo-
sition, hydrothermal methods, solvothermal treatments, and freeze-drying methods. 
Different components, such as inorganic materials, activated carbon, conducting 
polymers, sulfur compounds, are combined into 3D graphene to form nanosized 
composites, further increasing their performance and broadening their application 
areas. 3D graphene-based nanomaterials show promising possibilities in the sectors 
of sensors, energy, water treatment, medicine, etc. 3D graphene-based nanomaterials 
offer promising therapeutic applications in the areas of biosensing, physical sensors, 
drug delivery systems, gene delivery systems, bone tissue engineering, etc. by taking 
advantage of intriguing features such as high specific surface area, nanoscale size, 
excellent morphology, high antibacterial activity, high antifungal activity, high anti-
cancer activity, and excellent photoluminescence. There are several types of 3D 
materials that can be used in sensing systems, including metals, semiconductors, 
polymers, and ceramics. Some of the most common examples of 3D materials used 
in sensing systems with superior properties are gold nanoparticles (GNP), zinc oxide 
(ZnO) nanowires, polymer nanofibers, and graphene. 

1.1 Gold Nanoparticles 

Gold nanostructures are small particles of gold that have dimensions on the nanoscale. 
Gold has a very stable structure and is preferred because it has biologically inert and 
plasmonic properties. The surface of GNP reacts spontaneously with amine, sulfur, 
and carboxyl groups. Therefore, it is known that GNPs are conjugated with target 
molecules such as nucleic acids, carbohydrates, enzymes, DNA, RNA, and peptides, 
which are important building blocks in all living systems and play an important 
role in biosensing and bioactive nanomaterials. One of the key properties of gold 
nanostructures that makes them useful for sensing applications is their ability to 
exhibit surface-enhanced Raman scattering (SERS) [3]. SERS is a phenomenon in 
which the Raman scattering signal of a molecule is significantly enhanced when the 
molecule is adsorbed onto the surface of a metal nanoparticle with high plasmonic
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properties [4, 5]. In addition, the functional groups play an important role in the 
determination of the target molecule. Composite materials containing metals/metal 
oxides are used to further increase the sensitivity, selectivity, and accuracy of the 
sensor. Graphene-based nanostructures containing metal NPs show great potential 
for high-performance electrochemical sensors as they conduct electrons very well. 

This enhancement can be used to detect specific biomolecules, such as proteins 
and DNA, with high sensitivity and selectivity [6, 7]. GNPs have been used to detect 
different structures, including target biomolecules, harmful gases, and environmental 
pollutants. In addition, they have a wide range of uses in the field of health, such 
as the detection of cancer biomarkers in blood samples, the detection of oxygen 
saturation, the assessment of cardiovascular activity, and the detection of heart rate. 
Overall, gold nanoparticles are a promising material for use in sensing systems (espe-
cially calorimetric sensors) due to their excellent optical, chemical, and electronic 
properties and their ability to exhibit SERS [6, 7]. 

1.2 Zinc Oxide Nanowires 

ZnO nanowires are thin zinc oxide wires with a high surface-to-volume ratio and 
nanoscale dimensions [8]. ZnO nanowires have many advantages, such as optical 
transparency, biocompatibility, good chemical stability, ease of fabrication, the ability 
to be converted into 3D structures, and a well-known synthesis method (Lupan et al. 
2017). In addition, the detection of gases (such as CO2, NO2, and so on), proteins, 
biological molecules such as DNA, and the development of sensors for environmental 
monitoring and medical diagnosis is in high demand [8, 9]. 

1.3 Polymer Nanofibers 

Polymer nanofibers are nanoscale polymer material fibers with larger surface areas 
per unit mass. Polymer nanofibers are utilized as filters, tissue engineering scaffolds, 
protective clothing, reinforcements, and sensors in composite materials. In general, 
polymer nanofibers are widely used in sensing systems due to their unique properties, 
good chemical stability that makes them resistant to degradation, and their ability to 
be converted into a wide variety of 3D structures [10]. They can be produced into a 
wide variety of 3D structures, such as mats, films, bars, aerogels, and coatings [11].
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1.4 Graphene 

Graphene is a form of carbon that exists as a two-dimensional (2D), atomic-scale 
lattice. Because of its extremely thin and flat structure, it is considered a 2D mate-
rial. It is known as a nanomaterial with superior properties consisting of a perfect 
arrangement of carbon molecules linked by covalent bonds with a hexagonal struc-
ture [12, 13]. Although graphene is typically synthesized as a 2D material, 3D struc-
tures can be created using layering, folding, wrapping, or 3D printing methods [14]. 
The differences among graphene, graphite, 2D graphene-based formulations, 3D 
graphene-based nanomaterials, are illustrated in Fig. 1. 

The trend in the latest literature is toward sensitive and accurate detection of 
traditional food contaminants, predominately bacteria, agrochemicals, and toxic 
metabolites with nanotechnological solutions. In truth, really novel graphene-based 
biosensor solutions are lacking, and the latest published advances are frequently 
based on tried-and-true methods with the application of graphene nanostructures or 
nanosized blends to produce highly sensitive detectors. Due to its numerous special 
qualities, graphene has the potential to be useful in a variety of applications. The 
most prevalent superior characteristics of graphene are listed below [13];

. high surface area

. superior thermal conductivity

. excellent electron mobility

. stronger than steel, more durable than a diamond

Fig. 1 American Chemical Society. The differences among graphene, graphite, 2D graphene-based 
formulations, 3D graphene-based nanomaterials. Adapted with permission [12]. Copyright (2020), 
American Chemical Society. 



3D Graphene-Based Biosensors 97

. flexibility up to 20%

. high thermal conductivity

. high current carrying capacity >102

. very high intrinsic mobility provides outstanding electronic characteristics.

. very high critical properties. 

Thanks to these superior properties, graphene is used in many application areas. 
These include transparent electrodes, biosensors, field-effect transistors, clean energy 
storage systems, nanostructures, and organic photovoltaic platforms. It is also used as 
a conductive material in a number of sensitive electronic/optoelectronic systems, such 
as thin-film photovoltaic touch screens, light-emitting diodes (LEDs), and transparent 
electrodes [15]. Recent studies also focus on enabling the fabrication of graphene in 
numerous applications, including supercapacitors, batteries, and fuel [12]. 

2 Fabrication of 3D Graphene-Based Biosensors 

Graphene can be fabricated using various methods such as micromechanical sepa-
ration of graphite layers (exfoliation), chemical vapor deposition (CVD), electrode-
position, 3D graphene-based printing, and the folded graphene method [12].

. 3D printing systems: Utilization of a 3D printer to create the sensor structure by 
depositing layers of graphene in the desired shape.

. Exfoliation: The process of obtaining a single or few layers of material from 
a bulk sample. This process is used to obtain a single layer or a few layers of 
graphene from bulk graphite.

. Chemical vapor deposition (CVD): Growing of graphene on a material using the 
chemical process and then etching away the substrate to create a free-standing 
graphene structure.

. Electrodeposition: Deposition of layers of graphene onto a substrate using an 
electric current.

. Folded graphene: Folding of a sheet of graphene into a 3D structure that can be 
used as a sensor.

. Directed Assembly: The self-assembly of graphene layers into 3D morpholo-
gies using various techniques such as capillary forces, mechanical folding, and 
electrostatic interactions. 

After the 3D graphene structure is developed, functionalization of biomolecules 
for biosensor fabrication may be possible. Numerous methods, such as covalent 
bonding, physical adsorption, and chemical modification, can be used for this purpose 
[12]. The identification and recognition of specific biomolecules form the basis for 
the modifications of 3D graphene-based biosensors. With this purpose, a functional-
ized 3D structure can be fabricated using various fabrication techniques. One of the 
most widely used processes for creating 3D graphene structures is electrospinning. 
According to this method, a polymer solution or a graphene-containing melt is spun
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to produce highly porous and conductive 3D graphene fibers. Other methods include 
3D printing, self-assembly, and template creation. These methods are ideal for fabri-
cating high-precision and complex 3D graphene structures for difficult-to-control 
systems [13, 15]. 

2.1 3D Printing 

One of the most promising applications for developing micro or nanomaterials with 
specific multifunctional characteristics and design flexibility is 3D printing, which 
aims to address the growing demand for such materials. This process, which also 
plays an active role in the production of graphene or its derivatives, is preferred in 
most cases for the fabrication of complex 3D structures, as it offers significantly 
better properties, shorter processing time, and lower printing costs [16]. 

2.2 Exfoliation 

Graphite is a form of packaged graphene sheet bonded together by van der Wall ties. 
For this reason, graphene can be obtained from the graphite raw material by breaking 
the weak bonds (a repeated peeling process) using high-purity graphite [15]. 

Mechanical exfoliation: In this technique, tiny layers of graphene are peeled off from 
a bulk sample of graphite using adhesive tape or a sharp object (such as pencil lead). 
This process works well for manufacturing tiny quantities of high-quality graphene, 
but it is unsuitable for fabrication on a large scale. Although this approach is more 
scalable and less complicated than others, it enables the creation of graphene of 
inferior quality. 

Electrochemical exfoliation: This method involves suspending graphite flakes in a 
liquid electrolyte and applying an electric current to exfoliate the flakes into indi-
vidual graphene layers. This method is relatively simple and scalable, but it allows 
the production of lower-quality graphene compared to other methods. 

Novoselov et al. investigated the ability of highly oriented pyrolytic graphite and 
adhesive tape to block monocrystalline graphite films between the tape [17]. The 
resulting structure was metallic, only a few atoms thick, and of extremely high quality. 
It was also stable under ambient settings. In this work, they produced graphene as 
thin as a few atoms by repeatedly manipulating the separated blocks. This method has 
proven useful for producing small quantities of high-quality graphene; however, due 
to its labor-intensive and time-consuming structure, it is not suitable for large-scale 
productions [12].
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2.3 Chemical Vapor Deposition 

CVS is a technique for depositing material from the vapor phase onto a substrate 
to form thin films and coats [18]. CVD is known as an inexpensive, efficient, high 
quality, and reproducible production method [15]. In the context of graphene produc-
tion, CVD involves heating a substrate (such as copper or silicon) to a high temper-
ature (typically around 1000–1500 °C) and introducing a hydrocarbon gas (such as 
methane or ethylene) into the chamber. The hydrocarbon gas decomposes on the 
substrate and the carbon atoms rearrange themselves into a monolayer graphene 
sheet. Graphene grows layer by layer on the substrate, and the thickness of the 
graphene can be controlled by adjusting the growth time [12]. Transition metals 
such as nickel, palladium, iridium, and copper are used as catalysts in this effective 
method [18, 19]. 

The basic principle of electrochemical biosensors is based on the change in some 
parameters (impedance, current, or potential) when a reaction occurs on an electrode 
surface. Following this approach, graphene-based biosensors are primarily preferred 
as they are effective in DNA and miRNA bioassays with their unique properties such 
as ultra-high sensitivity, high selectivity, and the lowest limit of detection (LOD) 
values [19]. 

In producing 3D graphene biosensors, the CVD method offers many advantages, 
including:

. The capacity to develop graphene on a number of different substrates, 
generate high-quality graphene films with few problems, and manufacture 
reproducible and scalable graphene are all advantages of the CVD approach.

. It promotes the growth of high-quality graphene films with good coverage and 
few defects. This property is important for biosensors that rely on graphene’s 
electrical conductivity and stability to function properly.

. It allows graphene to grow on various surfaces (silicon and glass) in biosensor 
devices.

. It can be used to grow graphene in a controlled and uniform manner, which is 
important for producing reproducible biosensor devices.

. It can be used to deposit graphene over large areas, making it suitable for the 
fabrication of scalable biosensor devices [15, 19, 20]. 

2.4 Electrodeposition 

Electrodeposition is a process in which reduced metal ions are used to form a solid 
metal residue on a substrate. The process typically involves the use of an ionic solution 
containing metal ions and an electric current to drive the reduction reaction. The elec-
trodeposition method is widely used to prepare high-quality and low-cost graphene 
films and is an advanced technique for the production of large-scale graphene [20]. 
In the electrodeposition method, an ultrathin layer of graphene is deposited on the
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surface by applying an electric current in a precursor solution containing carbon 
ions. The substrate is typically used as the cathode in the electrodeposition process. 
Excellent properties of 3D graphene can be controlled by changing the electrode-
position conditions, such as the applied voltage and the precursor solution [20, 21]. 
Electrodeposition is the process of the electrochemical interaction of a thin layer 
of conductive material (metals or conductive polymers) with the target analyte on 
the surface of biosensors using an electric current from a solution. An increase in 
contact area is given by the change of metal nanostructures in the cathode, which are 
most typically formed from gold. For enzymes, this typically encourages electron 
transfer directly between the surface of the metal and the active catalytic site. The 
functionalized biosensor can be used in various fields, such as medical diagnostics, 
oxygen saturation level, glucose monitoring, pulse rate, daily physical activity, food 
safety, food quality, environmental analysis, and many other fields. This method has 
been used since 1980 to improve the properties of sensors and biosensors. The three 
most important reasons for choosing this method are (i) precision, (ii) selectivity, 
and (iii) consistency [12, 21]. 

2.5 Folded Graphene 

Folded graphene is a term used to describe a sheet of graphene that has been folded 
or bent into a specific shape. The double fold can form a tri-layer region with highly 
curved fold edges embedded in the endless single layer [22]. It was showed using 
potential density functional theory calculations that bi-folding alters the electronic 
band structure of 3D graphene and that localized electronic states can form in the 
folded regions. This can be achieved by various methods such as mechanical folding, 
electrostatic folding, or chemical folding [15, 22]. Folded graphene has gained atten-
tion in recent years as it has excellent electronic, chemical, mechanical, and thermal 
properties that can be used for various applications such as energy storage devices, 
sensors, and electronics. It has been shown that folded graphene can exhibit unique 
electronic properties compared to plain graphene. For example, it has been found 
that folded graphene can exhibit a bandgap not found in plain graphene [23]. 

Folded graphene-based material is preferred in sensor applications due to its 
unique electronic and mechanical properties. Particularly, folded graphene can be 
used as a conductive layer in a field-effect transistor (FET) sensor and mechan-
ical sensing elements. The greatest bindings in scientific knowledge are the two-
dimensional, carbon/carbon bindings found in monolayer graphene. These connec-
tions give graphene-based biosensors with its extraordinary mechanical strength, 
flexibility, and toughness. Folded graphene can also be used in biosensor appli-
cations by functionalizing the graphene with biological recognition elements such 
as enzymes, DNA, RNA, proteins, and antibodies that can bind to specific target 
molecules [13, 23].
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2.6 Directed Assembly 

In the innovation of 3D graphene-based materials with hierarchical morphologies, 
oriented assembly uses the remarkable and adaptable building blocks of 3D struc-
ture graphene and its functionalized derivatives. Due to the combination of the 
3D graphene structure and the extraordinary fundamental characteristics of the 
layered structure, 3D formulations show 3D graphene’s large specific surface areas, 
small sizes, unique electron transport, shape, and high mechanical properties. 3D 
architectures produced by this method exhibit graphene materials with small dimen-
sions, large specific surface areas, unique shapes, and high mechanical properties due 
to the interaction of the 3D graphene structure and the extraordinary fundamental 
properties of the layered structure. Here are a few methods that can be used for the 
directed assembly of 3D graphene-based systems: 

Self-assembly: This method involves using chemical or physical interactions between 
graphene building blocks to drive the assembly process. For example, the researchers 
used self-assembly to create 3D graphene structures by stacking graphene sheets 
together using Van der Waals interactions [24]. 

Template creation: This method involves using a template, such as formwork or 
scaffolding, to guide the assembly of the graphene building blocks. For example, the 
researchers used templating to create 3D graphene structures by growing graphene 
on a stencil patterned with a specific 3D shape. Directed assembly by using external 
fields, and directed assembly by using DNA or proteins as scaffolds are also less 
common methods. 

3 Application and Characterization of 3D Graphene-Based 
Biosensors 

3D graphene-based biosensors are widely preferred in the field of health. Examples 
of these are COVID-19 detection, advanced health technology applications, and indi-
vidualized medical applications. 3D graphene-based nanomaterial-based biosensors 
are typically needed in the medical field, which is still in its infancy. The development, 
extraordinary capabilities, and applications of next-generation 3D graphene-based 
biosensors with smart and in situ modules are in high demand. The structural charac-
teristics of 3D graphene can be correlated with the crystal structure and the number 
of layers of graphene in the 3D graphene. The crystal structure of graphene can be 
either hexagonal (also known as “few-layer graphene”) or turbostratic (also known 
as “disordered graphene”). Hexagonal graphene has a regular arrangement of carbon 
atoms while turbostratic graphene has a disordered arrangement of carbon atoms. The 
number of layers of graphene in a 3D structure may also vary, with some structures 
having single layers of graphene and others having multiple layers [13, 14]. In fact,
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the unique morphological and structural features of 3D graphene can have an impor-
tant effect on the development of the material and support its potential applications. 
For example, structures with small, uniform particles may have better mechanical 
properties and be more suitable for use in energy storage applications while struc-
tures with large particles may be more suitable for use in filtration and separation 
applications. Similarly, structures with a high number of layers may show better 
electrical performances and be more suitable for use in electronic applications while 
structures with a low number of layers could be more suitable for use in biomedical 
applications [12]. 3D graphene, a carbon molecule with layers of single carbon atoms 
arranged in a hexagonal shape, has the function to detect bioactive molecules and their 
composites. The 3D graphene layer’s special physical and chemical features, such 
as superior thermal and electrical conductivity, optical transmittance, highly chem-
ically sensitive surface area, biocompatibility, and increased mechanical resistance, 
make it an ideal solution for cancer biomarker detection. Graphene is able to achieve 
the experimental goal of any biosensing, which is to generate more portable and 
compact point-of-care equipment for early cancer diagnosis, pH, and temperature. 
Graphene-based biosensors may detect a broad range of illnesses, their metabolites, 
and infections in addition to detecting cancers. The effectiveness of nanoparticles in 
detecting the majority of biochemical markers has been demonstrated by numerous 
impressive recent studies [23, 25, 26]. 

Biosensors can be prepared of 3D graphene-based materials that appeal to a variety 
of applications due to their distinctive features. The following are some of the crucial 
traits of 3D graphene-based biosensors [15, 22]:

. High sensitivity: 3D graphene-based biosensors have an ultra-high sensitivity, 
allowing for the detection of low concentrations of biomolecules.

. High selectivity: 3D graphene-based biosensors have a high selectivity, allowing 
them to distinguish between different types of biomolecules.

. Fast response time: 3D graphene-based biosensors have a fast response time, 
allowing for rapid detection of biomolecules.

. High stability: 3D graphene-based biosensors have a high stability, allowing them 
to maintain their performance over a long period of time.

. Biocompatibility: Graphene is considered biocompatible, and 3D graphene-
based biosensors can also be biocompatible. It makes them suitable for use in 
biomedical applications such as drug efficacy monitoring, disease diagnosis, and 
environmental pollutant detection.

. Easy to fabricate: 3D graphene-based biosensors can be fabricated by growing 
graphene on a substrate or assembling graphene nanoparticles into a 3D structure, 
making them easy to produce and scale up.

. Low cost: 3D graphene-based biosensors can be made at low cost by using a 
simple fabrication process, and the material is relatively inexpensive.

. High conductivity: Due to the high conductivity and transparency of 3D graphene-
based materials, CVD-graphene is an excellent choice for manufacturing flexible 
electrodes used in optoelectronic applications [28].
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In point-of-care (POC) systems, 3D graphene-based biosensors are frequently 
low cost and simple to operate. Point-of-care systems could result from virtual and 
real-time mobile medical screening using sensor technologies. Due to their potential 
to identify patterns of indicator organisms and provide experimental data on their 
existence in biological fluids, which enables correct assessment, 3D graphene-based 
biosensors have been the center of significant research in recent years. Future point-
of-care 3D graphene-based biosensors will be limited in the types of biosensors 
they can use because of requirements like rapid label-free detection, small sensor 
size, and mobility with artificial intelligence approaches. It’s worth mentioning that 
the properties of 3D graphene-based biosensors can vary depending on the specific 
design and fabrication method. Therefore, to understand the properties and potential 
sensor applications of biosensors, it is important to comprehensively characterize 
them[12]. Some of the application areas of 3D graphene biosensors are [25]: 

Medical Diagnostics 

Because of its outstanding qualities in nano additive manufacturing, 3D graphene 
as a filler has recently attracted a lot of study attention. 3D graphene biosensors can 
be used to detect biomolecules such as proteins, DNA, and enzymes in the blood, 
urine, and other body fluids. This type of early diagnosis is of great importance in the 
prevention of diseases. The integration of all the applied studies into a single frame 
and their relationship to global applications are two limitations that this research 
is currently subject to. These 3D graphene-based biosensors, however, represent the 
next generation of portable, adaptable, small, energy-efficient, and reasonably priced 
medical technology that has the potential to reach even the most distant regions 
of the globe. Additionally, making education and healthcare services available to 
everyone, will contribute to the sustainable performance targets of human health and 
well-being. As a result, hospital-in-chip biosensors have the ability to turn the current 
health insurance system into a small-scale method of reducing future fatalities and 
the severity of infectious and potentially lethal diseases. With this approach, Chen 
et al. [28] prepared a novel 3D graphene-silver nanoparticle-based DNA biosensor for 
the detection of the CYFRA21-1 DNA lung cancer biomarker. Experimental results 
presented that the prepared DNA biosensor had good sensitivity (1.0 × 10−14 M) 
in the range of 1.0 × 10−14 M–1.0 × 10−7 M. According to their research, this 3D 
graphene-silver nanoparticle-based DNA biosensor has the ability to play a role in 
the early detection of lung cancer. 

Environmental applications 

To present, a number of hybrid adsorbents based on graphene, GO, and rGO have been 
studied for the excellent removal of inorganic and organic contaminants from water, 
including chemicals that affect health. The preservation of water quality has been one 
of the most urgent issues in the modern world. Recent years have seen an increase in 
the number of dangerous pollutants in the environment, including, explosive mate-
rials, heavy metals, organophosphate pesticides, hydrocarbons, phenolic acids, and 
other pollutants. This is due to the quick advancements in market and agriculture 
as well as the widespread use of pharmaceutical chemicals in the ordinary routine.
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A very minimal percentage of these carcinogenic compounds is dangerous, directly 
enter the ecosystem, and can be extremely harmful to both the ecosystem and public 
health. Thus, it is vital to develop acute, economic sensors that can quickly and 
accurately identify these important chemicals. While GO has a variety of oxygen-
containing functional molecules on its surface, it has low binding interactions for ions 
with negative charges and molecules due to strong electrostatic interactions between 
them. Moreover, additional pollutants are produced by the problem of desorbing and 
removing 3D graphene and its derivatives from tap wastewater following adsorp-
tion. The modification of graphene, GO, and rGO with other chemicals through 
covalent or ionic bonding has been carried out to produce composite materials 
having the extraordinary features of all the adsorbates. It was done to overcome 
these shortcomings. 

Alves et al. [29] developed a novel reduced graphene oxide (rGO)-modified glassy 
carbon sensor for the amperometric sensing of diuron (DIU) herbicide in real water 
and food samples. According to the experimental results, they found that the sensor 
had a low detection limit of 0.36 µmol L−1 in the range of 5 µmol L−1–50 µmol 
L−1 and a high recovery of 81%–106%. In this regard, the proposed methodology 
demonstrates that it can be used as an experimental platform for use in the examina-
tion of food and environmental real samples. In another study, Srivastava et al. [30] 
prepared a graphene-based sensor for sensing different heavy metals such as cadmium 
(Cd), arsenic (As), mercury (Hg), chromium (Cr), and lead (Pb). Experimental data; 
confirmed that graphene, As, and Cr exhibited chemisorption interaction, while Pb 
exhibited physisorption interaction. In addition, graphene has proven to have a high 
detection capacity against heavy metals in threshold voltage. 

Food applications 

Food pollutants have received attention because they can appear at any step of food 
manufacturing. Due to its detrimental impact on human health, a quick, selective, 
flexible, sensitive, and robust method is required to analyze the unwanted substances 
in food. Several scientists are currently taking a greater interest in the electrochemical 
sensor technology utilized in food analysis. Jiang et al. [31] prepared a novel elec-
trochemical 3D graphene foam-based sensor for the determination of uric acid and 
dopamine. They showed that the sensor had high sensitivities to uric acid (1.27 µM) 
and dopamine (0.21 µM) in real samples. In this study, the electrochemical perfor-
mance of 3D graphene is confirmed to be high due to its outstanding physical and 
chemical properties, such as its interesting electronic conductivity and large specific 
surface area. The success of highly sensitive and precise uric acid and dopamine eval-
uation in real samples was demonstrated in relation to 3D graphene’s large specific 
surface areas.
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4 Comparative Sensing Performance of 3D 
Graphene-Based Biosensors 

Graphene is a two-dimensional substance comprised of carbon atoms arranged in a 
hexagonal shape. One type of biosensor that uses graphene is called a 3D graphene-
based biosensor. They are compared with other reported biosensors in terms of their 
sensitivity, specificity, cost, electrical conductivity, biocompatibility, stability, and 
potential applications [27, 32]. These structures can include things like microfabri-
cated scaffolds, hydrogels, and other materials that can be used to develop a 3D envi-
ronment for the biological components of the biosensor [14]. There are many different 
types of biosensors, each with its own unique characteristics and various applications 
such as antibody-based biosensors, enzyme-based biosensors, cell-based biosensors, 
optical sensors, and electrochemical sensors [32, 33]. 

Graphene has been used in transparent electrodes, field-effect transistors (FETs), 
energy harvesting and storage, and many electronic applications with its superior 
electronic and chemical properties. Furthermore, the small thickness of graphene 
allows all carbon atoms to interact directly with the analyte. It means that it gives more 
sensitive results in sensor applications compared to one-dimensional Si nanowires 
(1D SiNWs) and carbon nanotubes [27, 34]. 

“Optical biosensors” are a type of sensor that uses light to detect changes in the 
biological components of the sensor and has highly sensitive and specific proper-
ties. Optical biosensors have been used in various sensor applications, such as the 
detection of biological components, enzymes, nucleic acids, proteins, and cells, and 
can be used in various types of samples such as urine, blood, and saliva samples. 3D 
graphene-based biosensors detect minor changes in biological components compared 
to optical biosensors; they are preferred due to their high sensitivity, high specificity, 
high surface area, and low cost [35]. He et al. investigated a 3D graphene foam 
with several layers of graphene grown by the CVD method that can detect NO2 gas 
at much lower concentrations compared to the commercially produced polypyrrole 
sensor [27]. 3D graphene-based biosensors are biocompatible, meaning they can be 
used without damaging living cells if they come into contact with them. They also 
have a very stable structure and are highly resistant to harsh environments. In this 
way, they are preferred in biosensors that need to be used in harsh conditions [32]. 

5 Future Outlook of 3D Graphene-Based Biosensors 

3D graphene-based materials have garnered a lot of attention in recent years due 
to their exceptional qualities, including strong electrical conductivity, a very high 
surface area, stability and flexibility. The preparation of 3D graphene with a special 
porosity structure is given a lot of attention because of the issues it encounters, 
like its ease of aggregation. Nanomaterials are frequently created by combining
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nanosized materials with 3D graphene to enhance their overall performance and 
their applications. 

One of the most promising applications of nanomaterials and 3D graphene-based 
material is in energy storage fields. Graphene-based materials have a high elec-
trical conductivity and a high surface area, making them ideal for use in batteries 
applications and supercapacitors studies. Researchers continue to explore the use 
of graphene in lithium-ion batteries, where it can be used as a conductive mate-
rial to improve the performance of electrodes. The fabrication of graphene-based 
supercapacitors, which have the potential to charge and discharge much faster than 
conventional batteries and have a longer life, is also one of the promising applica-
tions. These energy storage systems will have an important place in electric vehicles, 
in the production of portable electronics, and in many other areas of the renewable 
energy system [36]. 

Graphene’s superior properties, such as its large surface area, high conductivity, 
biocompatibility, make it highly suitable for general consumer applications and 
multi-purpose use when making measurements such as strain, pressure, or magnetic 
field using a single sensor. The large surface area, low pollution levels, and easy 
functionalization make graphene suitable for further use in biosensing applications. 
However, more work is needed to select a reliable, robust, environmentally sound, 
and financially viable production method for such applications. In addition, excellent 
properties of graphene make it a potential candidate for detecting and monitoring 
cardiovascular and neurodegenerative diseases For example, previous studies showed 
that graphene can be used to scavenge amyloid monomers, which are associated with 
the development of neurodegenerative diseases such as Alzheimer’s. 

Due to their unique morphology, 3D graphene-based materials have recently been 
investigated for gas sensing applications since they provide a larger area of contact 
and holes large enough in gas diffusion than their 2D materials. The 3D graphene-
system increases the sensor devices’ robustness and stability in addition to their sensi-
tivity and repeatability to gas molecules. According to numerous experts, graphene-
based sensors also offer effective H2 detection sensing capabilities. There have been 
a few previous study of ultrasensitive H2 gas sensors composed of 3D graphenes, but 
their use has been limiting due to their slow response and recovery times. In compar-
ison to traditional 2D graphene sensors, the findings on 3D graphene-based sensors 
showed tremendous potential for its usage in a successful comprehension in sensing 
performance. In comparison to pure graphene, the addition of functional groups 
provides the 3D graphene surface more sensitive to target molecules. The degree of 
control of the binding sites may significantly improve the improved electrochemical 
and optical performance of 3D graphene-based sensors and enable ongoing research 
in gas sensing systems. The modification of graphene-based materials, synthesis 
method, control of the functional groups, and development of composite materials are 
some effective techniques to enhance 3D graphene-based sensor’s sensing capacity. 

New types of molecular-scale bioelectronic systems based on graphene contribute 
to the development of engineered tissues with biosensors closely integrated into 
natural tissues, in addition to the improvement of in vitro formulations for nanoma-
terials’ close association with cells and tissues, fundamental research or biomedical
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applications. Such laboratory-on-a-chip systems enable, for example, the testing of 
candidate bio-therapeutic molecules. In addition, graphene-based biosensors have 
begun to be produced for the early detection and continuous monitoring of the 
progression of some common cancer diseases [37]. Unfortunately, these studies are 
very limited. Many studies need to be expanded to be used more effectively for the 
production of biosensors in the health field. While research in this area is still in its 
infancy, the potential for graphene to impact the medical field in such a significant 
way is certainly worth further exploration. The use of 3D graphene-based biosensors 
in point-of-care diagnostics and personalized medicine is also seen as a promising 
area of research [38, 39]. 

In the future studies, 3D graphene-based biosensors are expected to have improved 
sensitivity, selectivity, and affordability in the field of sensors. Wide-ranging fields, 
particularly in catalysis, energy, and smart drug systems, could benefit from the 
improved electrochemical property of 3D graphene mixed with polymers, inorganic 
compounds, and other biomaterials. The exploration of wearable, flexible, portable, 
and economical electrochemical sensors based on 3D graphene nanomaterials will 
undoubtedly receive increasing attention. Finally, the use of 3D graphene-based 
biosensors in point-of-care diagnostics and personalized medicine is also seen as a 
promising area of research [13, 39]. 
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3D Graphene-Based Optical Sensors 

Amrit Kumar, V. Manjuladevi, and Raj Kumar Gupta 

Abstract 3D graphene (3DG) has been utilized as a functional material for the 
development of gas and chemical sensors. The sensor based on optical phenomena 
such as surface plasmon resonance (SPR) offers label-free measurements at a very 
high resolution and sensitivity. It is essential for any sensor to exhibit a very high 
analyte adsorption capability and good perceptibility to measure changes in elec-
trical and optical properties due to such adsorption. Although SPR is extremely 
sensitive, 3DG is one of the potential functional materials which can exhibit a high 
analyte adsorption capability. Therefore, the use of 3DG as a functional layer in 
SPR devices can ensure a next-generation sensor. The Kretschmann configuration in 
angular interrogation-based SPR sensors may offer a sensitivity of the order of 10–8 

RIU. In the SPR sensor, the extent of the plasmonic field over the metallic surface 
is limited to a few hundred nanometres. The excellent adsorption capability of 3D 
graphene can be employed for bio-sensing applications. However, due to the bulk 
nature of 3DG, the plasmonic field during SPR-based sensing decays rapidly into the 
porous structure of the 3DG, and therefore, the measurement becomes unresponsive 
even after the efficient adsorption of the analytes. Therefore, the layer of 3D graphene 
can be grown over the gold surface by some bottom-up deposition mechanism with 
control over the thickness. The bottom-up deposition mechanism may yield mono-
layer, bilayer, and twisted bilayer graphene which also exhibit excellent bio-sensing 
merits. 
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1 Introduction 

Since its discovery in 2004, graphene has been considered one of the most widely used 
nanomaterials in diverse applications. This 2D hexagonal crystalline arrangement of 
carbon atoms has inducted a great deal of interest in the fields of sensors, biomedi-
cals, composite materials, and microelectronics. Graphene has sp2 hybridized carbon 
atoms arranged in a honeycomb-like network on a single plane. It is the thinnest 
material with an unusually large specific surface area. Graphene has many unique 
properties due to its long-range π–π conjugation including high chemical stability, 
excellent mechanical strength, enormous electron mobility, and outstanding thermal 
conductivity at room temperature. It also demonstrates excellent optical properties 
including wideband optical absorption in the near-infrared and visible range. The 
nonlinear optical feature such as saturation absorption is also observed for graphene 
and its derivatives. Moreover, graphene systems have a unique band structure. The 
Fermi surface is located at the junction of the completely filled valence band and 
the empty conduction band, and in the middle of the band formed by p-orbitals [1]. 
The electrons in the valence band of graphene have very high mobility and are also 
known as massless Dirac Fermions. Due to the linear distribution of the Dirac elec-
trons, a single layer of graphene absorbs 2.3% of the incident light from the visible 
to the terahertz band [2]. Thus, even though single-layer graphene has a thickness 
of 3.35 Å, its absorbance is predominately very high. These fast Dirac Fermions 
have a linear energy–momentum dispersion ratio around the Dirac point, allowing 
for an ultra-wide frequency range resonant optical response to input photons. Thus, 
due to its unique optical and electrical characteristics, graphene has been employed 
in various optical devices such as polarizers, modulators, ultrafast lasers, sensors, 
photodetectors, and light-emitting diodes. The excellent physicochemical properties 
of graphene play a vital role in various sensing applications. These sensors are based 
on the electrical, electrochemical, or optical properties of graphene. 

Despite of many promising applications of 3D graphene, the drawbacks in the 
scalable production of high-quality graphene with minimal defects have prevented its 
prevalent use in physical devices. This, on the other hand, has propelled the growth of 
graphene-based chemistry research, where many novel ways to synthesize graphene 
materials with different functionality and w application of graphene materials have 
been projected. 

2 3D Graphene 

One way to overcome the drawbacks is to build 3D structures of the 2D interconnected 
graphene layers. These 3D structures can maintain the extraordinary qualities of 2D 
graphene materials while also being easily used without the issue of restacking. The 
interconnected graphene sheets form a highly 3D conductive network with ultrahigh 
porosity, extremely low density, high surface area, and exceptional electrical, optical,
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and mechanical properties. Thus, the capabilities and potential uses of graphene are 
significantly increased through the assembly and integration of the 2D graphene 
sheets into 3D form. 3DG materials are explicitly characterized as nongraphite 3D 
structured graphene materials. 3DG walls may have less than ten graphene layers 
which retain the typical features of graphene materials. 

In general, 3D graphene structures can be divided into two groups: (1) micro-
scopic 3D graphene materials which are less than 100 μm along all dimensions, 
and (2) macroscale 3D graphene materials, which are greater than 100 μm in one or 
more dimensions. These 3D graphene structures are widely regarded as 3D graphene 
monoliths (foams/sponges/aerogels), films, fibers, and milli spheres. 

Recently, substantial progress has been achieved in the production of 3D graphene 
(3DG) with ultralow density and customizable optical properties, which may open 
the way for graphene to be used as an ultralight, wideband, and wide-angle tera-
hertz absorber [3]. In comparison to conventional 2D graphene and functionalized 
graphene networks, 3DG with an extremely porous structure has higher absorption 
intensity, a wider qualifying bandwidth, and a significantly lower density. The porous 
structure and long-range conductive network of 3DG are responsible for its excellent 
optical efficiency and broadband absorption performance. The effective dielectric 
constants of 3DG may match the dielectric constants of air. Thus, the design of a 
highly porous structure becomes critical in reducing surface reflection in comparison 
to other graphene systems [4]. Because of their finite (micrometer) thickness, 3DG 
samples have virtually constant minimal transmittance, corresponding to 99% extinc-
tion of incident light in the near-infrared and visible spectrum [5]. It shows excellent 
absorption of the electromagnetic (EM) wave in the frequency range from 0.1 to 1.2 
THz due to low surface reflection and high internal absorption. The absorbance can be 
modified by changing the physical parameters such as pore size, annealing temper-
ature, and the angle of incidence of the external electromagnetic field [4]. It also 
exhibits high-frequency pass-filter behavior with a sharp rise in transmittance from 
THz to mid-Infrared. The transmittance achieves a saturation value of about 13% in 
this range. For the lower frequency (below 1THz), the transmittance converges to a 
minimum value [6]. The observed broadband transmittance behavior implies that due 
to their nano and micro spatial morphology light-matter interaction is dominated by 
scattering processes. This exhibits that the optical properties of 3D graphene samples 
are directed by scattering, rather than the usual intrinsic absorption that occurs in the 
graphene layers. This is further supported by the absence of absorptive characteris-
tics in the UV spectral region, which predicts the interband electronic transitions in 
graphene. The absence of such absorptive characteristics is due to the higher intrinsic 
roughness (>100 nm) related to interconnected graphene layers which are similar in 
nanoporous metal frameworks [7]. The 3DG architectures are effective absorbers 
in the microwave frequency range (i.e., 2 GHz–110 GHz). The frequency range is 
engaged for many critical applications, including radar-centered detections, satellite 
communications, and remote sensing [3]. It’s interesting to note that 3DG structures 
with a nonporous structure display exceptional photosensitivity for increased light 
absorption and photo carrier transfer. Ito et al. [8] have reported that optimized 3DG 
exhibits a ~40-times higher light absorption than monolayer graphene materials. The
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photodetector based on 3D graphene validates extraordinary photo response of 3.10 
× 104 A/W at room temperature and retains an excellent external quantum efficiency 
of 1.04 × 107%, which is higher than that of commercial silicon photodetector (~6.5 
× 105%). 

To improve the physicochemical properties of 3D graphene-based materials, 
nanocomposites of 3D graphene with technologically important materials can be 
developed. The 3D nanocomposite structures of graphene can offer objective-driven 
physicochemical properties. It can also exhibit high porosity, a large surface-to-
volume ratio, and excellent electron and mass transfer materials during device oper-
ation. Polymers, metal, and metal oxides can easily be incorporated during the fabri-
cation of the nanostructure of 3D graphene [9]. These nanocomposites promise wider 
applications such as energy storage, sensors, water treatment, catalysts, and electro-
magnetic interference (EMI) shielding. The EMI shielding materials are essential to 
address the EM pollution in our daily life. The shielding materials protects not only 
the electrical devices, but also the health of human being due to prolonged exposure 
to non-avoidable EM radiations. EM shielding is required for defense-related equip-
ment seeking stealth technology. In general, EM shielding can be obtained using a 
conductor such as metal. The present state of the art requires the EM shielding mate-
rial not only to be good in thermal and electrical conduction, but also flexible and 
lightweight. The research in this field employs composites of epoxy resin as EMI 
shielding materials as it offers good flexibility, thermal and electrical properties, 
easy processibility, and low cost. However, the shielding effectiveness (SE) needs 
tremendous improvement due to advancements in technology causing EM pollution 
and defense threat with rapid development. The shielding material can be improvised 
by adding nanofillers in epoxy resin. There are several works where the nanocompos-
ites of epoxy resin with carbon nanotubes and graphene have been utilized. However, 
the improvement in SE was found to be minuscule. 3D graphene can be a suitable 
material due to its excellent electrical and thermal behavior, porous structure, and 
easy dispersibility in solvents. The 3D graphene can act as a template for devel-
oping polymer nanocomposite for EMI shielding applications. Wan et al. [10] have  
developed a 3 mm thick graphene aerogel-epoxy composite layer for an EMI shield. 
They reported the best SE to be around 30 dB. The low performance is due to poor 
conducting networks in such composites. In an interesting article by Liang et al. [11], 
a template method was reported for the fabrication of 3D graphene nanoplatelets/ 
reduced graphene oxide foam/epoxy (GNPs/rGO/EP). The 3D framework enhances 
the EMI shielding remarkably with an SE value ~51 dB. The porous 3D structures 
exhibited excellent electrical conductivity (Fig. 1) and can entrap the EM waves by 
absorption and internal scattering in the nanocomposites. This ensures a very high 
degree of EMI shielding performance by the 3D graphene nanocomposites.
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Fig. 1 Schematic of 3D graphene nanocomposites for electromagnetic shielding application. 
Adapted with permission [11], Copyright (2019), Royal Society of Chemistry 

3 3D Graphene-Based Sensors 

Due to its interesting physical properties, 3DG may offer a variety of sensing applica-
tions. It offers high electroactive surface area, good inner and outer surface contact 
with the analyte, ease of loading with (bio)catalysts, and strong electrochemical 
sensitivity. The 3D linked network provides many electron routes, allowing for quick 
and sensitive analyte detection. The interconnected open porosity of the 3D graphene 
may facilitate the kinetic diffusion and mass transfer of macromolecules. The porous 
network allows efficient absorption of small biomolecules as well as micromolecules. 
The high surface-to-volume ratio and the porous structure of the 3D graphene network 
amplify the interaction between gas molecules and the 3D network of sp2 hybridized 
carbon atoms. Xing et al. [12] enhanced the sensitivity of a graphene-based optical 
fiber humidity sensor by employing a 3D graphene network as a cladding mate-
rial. They observed enhancement in the response time and sensitivity compared to 
the conventional graphene cladding optical fiber-based humidity sensor. At present, 
3D graphene is predominantly studied for gas sensing, biofuel cells, energy storage 
supercapacitors, electrochemical sensing, and battery applications [13]. It is a poten-
tial material for the electrochemical sensing of toxic heavy metals [14]. In terms of 
gases, 3D graphene is very sensitive to gases such as NO2 and NH3. The adsorption 
and desorption of the analyte gases on 3D graphene need to be accelerated to reduce 
the response and recovery times of the sensor [15]. Figure 2 shows the normal-
ized change in electrical resistance (/\R/R) during the sensing of NH3 and NO2 at 
different concentrations. The recovery of the sensor is completely achieved by the 
Joule heating ~400 K [16].

Compared to the different graphene-based biosensors, 3D graphene exhibits the 
highest affinity for redox species mass transfer. 3D graphene has a larger surface 
area than its 2D equivalents. Thus, more enzymatic, and catalytic activities can take 
place at the surface of the materials. As a result, it is an excellent option for photo-
electrochemical sensors for various bio-analytes and enzymes. Wang et al. [17] have
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Fig. 2 a Normalized change 
in electrical resistance (/\R/ 
R) as a function of time for 
three cycles at a 
concentration of 1000 ppm 
of NH3. b, c Sensing cycles 
for NH3 and NO2, 
respectively. Adapted with 
permission [16], Copyright 
(2011), Nature

developed a photo-electrochemical biosensor for studying the enzymatic activity of 
lipase. The immobilization of glycerol dehydrogenase on the photoelectrode was 
found to be easier due to the huge specific surface area of 3D graphene. The sensor 
showed outstanding optoelectronic characteristics and clear signal amplification. The 
photoelectric response of the sensor in the presence of glycerol was activated by a
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redox interaction between the enzyme and the substrate that results in an electron 
transfer under the influence of light. The photocurrent was linearly associated with 
the lipase activity throughout the 0.1–6 U/mL range of enzyme activity, proving the 
utility of the biosensor with a detection limit as low as 0.069 U/mL. The above result 
indicates that the 3D graphene is highly responsive toward the external incident light. 
Therefore, the application of 3D graphene structures for optical and optoelectronic 
sensing is clearly foreseen. 

The 3D nanoarchitecture of graphene is also being efficiently employed for 
Surface Enhanced Raman Spectroscopy (SERS). In 3D graphene, high-intensity 
hot spots magnify the SERS signals remarkably. These high-intensity hot spots 
are formed due to broad plasmonic peaks from 550–850 nm. The plasmonic peak 
broadening signifies the aggregation of nanomaterials; these aggregations are very 
conducive to the formation of amplified Raman signals. Thus, the 3D graphene nano 
architectures have the potential to be employed in the SERS of different bio conju-
gates and analytes in future research. Fan et al. [18] developed a chemically modified 
3D plasmonic graphene architecture to employ as a selective sensor for rotavirus 
using SERS. They observed that extremely selective and sensitive virus detection 
is conceivable due to the presence of broad plasmonic peaks and high-intensity hot 
spots in the magneto-plasmonic 3D graphene configuration system. 

The SERS substrate should be stimulated at its localized surface plasmon reso-
nance (LSPR) peak for the most effective surface-enhanced Raman scattering. In 
the conventional SERS platforms, metal nanoparticles are employed for the sensi-
tive detection of analytes. In recent years, it has been observed that the practice 
of graphene/metal hybrid structure gives a much higher field enhancement. This 
enhancement ascends due to the strong coupling between the metallic nanoparti-
cles and the graphene layer. The 3D graphene structures, due to their large specific 
surface area and improved optical scattering, are being employed for SERS-based 
chemical sensing. The dispersed light from many metallic nanoparticles located on 
multi-layer graphene sheets in 3D graphene is incorporated cumulatively, leading to 
a greater Raman enhancement factor. Srichan et al. [19] studied the field enhance-
ment in silver/3D graphene foam composite SERS platform and compared the results 
with the conventional silver/graphene and silver/silicon substrates. They observed 
approximately 104 times Raman signal enhancement compared to the other SERS 
substrate. They further employed the fabricated substrate for low-level detection of 
methylene blue. For sensing studies, the sensitivity of the silver/3D graphene foam 
composite offered the highest sensitivity and best lower-level detection. 

Due to the absence of a bandgap in graphene, fluorescence has not yet been seen 
in pristine two-dimensional (2D) or three-dimensional (3D) graphene. However, 
creating fluorescent-labeled graphene by noncovalent or covalent alteration is one 
of the best techniques to adjust the optical characteristics of graphene. It has been 
observed, most organic compounds have a limited lifespan, and more significantly, 
when adsorbed on graphene sheets, their fluorescence is quickly satiated because 
of photoinduced electron transfer or energy transfer to graphene. Therefore, to 
encourage fluorescence, 2D graphene is doped with some rare earth elements. Rare
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earth elements such as lanthanides ion compounds have been one of the finest fami-
lies of inorganic luminous metals. They attracted attention due to their high quantum 
yields, extended luminescence durations, considerable stokes shifts, and outstanding 
chemical stabilities. Therefore, to study the photoluminescence of 3D graphene, 
Wang et al. [20] have presented a one-step hydrothermal method for preparing triva-
lent Europium (Eu)-complexed graphene in a 3D self-assembled architecture. In 
addition to altering the inherent structure of 3D self-assembled graphene and adding 
active emission sites, complexing it with Eu-ions results in unique phenomena and 
abilities. The outcomes show that doping Eu-ion is a feasible method to enhance 
graphene’s photoluminescence performance. Its potential use in optoelectronics and 
bio-sensing is indicated by its dual optical activities, such as self-luminescence and 
quenching of organic dye fluorescence. 

The existence of intrinsic 2D Dirac plasmons in 3D graphene shows strong and 
tuneable plasmonic absorption from terahertz to mid-infrared through appropriate 
doping and pore size control. Thus, the nonporous 3D graphene can be used to develop 
plasmonic-based sensors. Plasmonic sensing is based on the interaction of light with 
free electrons in the graphene lattice. Because of its large surface area, 3D graphene 
is the potential candidate to be engaged as a substrate for plasmonic sensing [5]. This 
can improve the interaction between light and the graphene surface. The plasmonic 
behaviors of graphene are similar to those generated at the metal–dielectric inter-
face. Additionally, the plasmonic waves on graphene exhibit low losses in a range of 
frequencies and better mechanical flexibility. Graphene shows a better light–matter 
interaction. These attributes make graphene suitable for nanophotonic and waveg-
uide applications. Several 3D graphene structures have been proposed with the possi-
bility of better waveguide applications. In an interesting article [21], a 3D graphene 
structure has been reported to generate transverse electric and transverse magnetic 
graphene plasmon polaritons. The proposed structure can be used for the detection of 
electromagnetic wave detection. The plasmon polaritons are found to be stable under 
temperature variation. Such structure can be used for photonic devices operating in 
extreme environments. The excellent optical properties of 3DG in addition to the 
superior analyte adsorption capabilities can ensure that it is a wonderful functional 
material for sensing applications through the efficient SPR optical phenomenon. The 
Kretschmann configuration in an angular interrogation-based SPR sensor consists 
of a functional layer deposited over the gold surface. The selectivity and sensitivity 
of the sensor depend on the nature of the functional layer. At the resonance, the 
plasmonic field generated in the gold film gets perturbed due to the interaction of the 
analytes with that of the functional layer. Such interaction may change the refractive 
index which can be measured at a very high resolution using the SPR phenomenon. 
The extent of the plasmonic field in the sensing medium decays rapidly, and there-
fore, the thickness of the functional layer should be optimal for perception by the 
SPR sensing instrument. Although 3DG can be an ideal functional layer for analyte 
adsorption capability and exceptional electrical and optical properties, the bulk nature 
of the 3DG can reduce the SPR perception even due to the adsorption of the analytes. 
It is, therefore, essential to deposit the 3DG over the gold film through a bottom-up 
mechanism that ensures good control over the thickness. Some of the bottom-up
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deposition techniques are Langmuir–Blodgett and chemical vapor deposition mech-
anisms. Using the bottom-up deposition techniques often a functionalized film of the 
monolayer, bilayer, and twisted bilayer graphene is obtained. These films of graphene 
can be considered as a 2D layer that exhibits physicochemical properties similar to 
2D graphene. It is, therefore, essential to understand the bio-sensing performance of 
the graphene in its fundamental geometrical states, i.e., 2D graphene in monolayer 
and bilayer graphene (MLG) states. Additionally, the electrical and optical properties 
of the BLG system are found to be dependent on the in-plane twist angle between 
the individual layers. The understanding of such a graphene system may enable us to 
develop the next-generation SPR biosensors using 3GD as the functional materials. 
Hence, further discussion follows some preliminary studies on bio-sensing using 2D 
graphene as the functional material. 

2D Graphene: The superior optical properties of graphene are due to its unique two-
dimensional band structure. Its exceptional optical features such as tuneable broad-
band absorption, saturation absorption, polarization-dependent effects, and fluores-
cence have drawn scientific attention. It shows a resonant optical response to photons 
at any frequency in the broadband spectrum [22]. The linear optical characterization 
shows that it has high absorbance in the incident visible light [23]. The reflectance 
and absorption of graphene monolayer depend on Drude–Boltzmann conductivity 
for infrared incidence and interband absorption for lower wavelength. The absorp-
tion spectra for the monolayer graphene show three major peaks as shown in Fig. 3. 
The low energy peaks (2.62 eV and 4.45 eV) are attributed to the π–π ∗ transition 
and the high energy peak (14 eV) is attributed to σ–σ ∗ interband transitions. The 
corresponding variation in the real (n) and imaginary (γ ) parts of the refractive index 
is consistent with Lorentz’s electron model of the origin of the refractive index (RI).

The broadened spectra of n shown in Fig. 3 are caused by an empty conduction 
band and a completely filled valence band in monolayer graphene, which generates 
free electron–hole pairs that are ready to be stimulated by incoming photons. The 
optical characteristics of graphene are also dependent on its structure. It varies with 
the number of graphene layers due to stacking. The bilayer graphene has different 
optical properties based on the type of stacking. For instance, AA-type stacking 
exhibits nearly monolayer type of behavior whereas AB-stacked bilayer has different 
behavior as compared to that of monolayer graphene. This variation in properties 
is due to the difference in the band structure of AA and AB stacking of the bilayer 
graphene. In AA stacking, the band structure shows two identical copies of monolayer 
bands that are vertically offset from each other, with Dirac cones located at the 
edge of the Brillouin zone. On the other hand, the band structure in AB stacking 
appears as a pair of intersecting parabolic bands, with additional parabolic bands 
located further away from these intersecting bands. Further, the band structure gets 
more complex if the bilayer system contains an additional relative in-plane twist 
between the layers. The optical properties are also altered due to such twists. The 
development of the Moiré pattern because of the application of relative in-plane 
twist in the bilayer graphene suggests that the optical and electrical characteristics 
can be altered as a function of the twist angle. If a relative in-plane twist is applied
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Fig. 3 Real index of 
refraction (n) and absorption 
spectra (γ) of monolayer 
graphene, where the 
refractive index 
(r = n + iγ ). Adapted with 
permission [24], Copyright 
(2022), IOP

in the AA-type of stacked bilayer graphene, it shows a dominant dielectric material 
type behavior for a wide range of incident wavelengths, whereas in AB, it has semi-
metallic and metallic behavior depending on the twist angle [24]. Thus, depending 
on the relative in-plane twist angle, twisted bilayer graphene exhibits either a semi-
metallic, dielectric, metallic, or semiconducting behavior, over a range of incident 
energy photons. Such flexibility in bilayer graphene promises a range of innovative 
applications including waveguides, sensors, and modulators. 

Monolayer and bilayer graphene-based optical sensors: Optical sensors based 
on graphene exploit its excellent optical properties which are generally designed 
to analyze the energy transfer mechanism between the source and the material. 
Graphene has ultrahigh luminescence quenching efficacy, a large planar surface 
that permits simultaneous adsorption of multiple analytes to achieve detection in 
the same solution. Graphene possesses excellent capabilities for the adsorption of 
biomolecules due to the π–π stacking and hydrophobic interactions. The three 
primary types of graphene-based optical sensors available are surface plasmon reso-
nance (SPR) sensors [25], graphene-based photoluminescence sensors [26], and 
graphene-based spatial light sensors [27]. The SPR sensor is highly sensitive, label-
free, and capable of real-time measurement. SPR sensors can be used for real-time 
monitoring, rapid detection, high sensitivity, tracking and observing ligand stability, 
maintaining reaction equilibrium, and a variety of other applications. In a conven-
tional SPR system, a metallic layer (preferably Au or Ag) of optimal thickness is 
coupled with a high-index glass prism. Surface plasmon (SP) waves are generated
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at the metal–dielectric interface due to the incident EM radiation. These SP waves 
are due to the collective oscillations of free charges at the metallic surface. When the 
wavevector of the incident radiation and the SP waves exhibit a matching condition, a 
resonance is established. At resonance, the maximum energy is transferred from the 
incident wave to the SP wave, leading to the extinction of the unique incident electro-
magnetic wave from the spectrum. The conventional Kretschmann configuration of 
SPR involves using a p-polarized monochromatic electromagnetic wave to probe the 
metal–dielectric interface via a coupling medium, with angular interrogation being 
the typical approach. The SPR effect is determined by changing the angle of incidence 
and measuring the reflected light intensity. The reflected intensity reduces to zero 
at the point of resonance, which is recorded as the resonance angle (RA). The reso-
nance angle is unique to the individual metal-dielectric interaction. During sensing, 
analyte adsorption on the metal surface causes a change in the dielectric property. A 
change in the dielectric property is observed as a result of the analyte adsorption on 
the metal surface during sensing. Such changes can shift the resonance angle (RA) 
accordingly. The change in RA is used to compute the change in RI due to the adsorp-
tion of the analyte using Fresnel’s equations [28]. Therefore, a RI vs concentration 
of the analyte calibration curve can be obtained. The interaction of the analyte at the 
interface plays an important role in the sensing performance of SPR instruments. In 
the conventional metal and dielectric-based SPR, gold is most recurrently preferred 
as the plasmonic material for the generation of SP waves. It has several advantages 
over other materials, such as chemical inertness, ease of functionalization, and high 
stability in aqueous media. However, gold possesses a very low affinity toward many 
analytes. Thus, to increase the analyte affinity, the gold surface can be functionalized 
with a suitable layer. Recently, it has been studied that graphene may be employed as 
a biomolecular recognition element (BRE) to functionalize the metal film. Graphene 
has a high surface-to-volume ratio and a rich π electron conjugation. It enhances the 
binding affinity of bio-analytes through π-π interaction. Thus, graphene is largely 
employed as a functionalized layer over the metal film for sensitivity enhancement. 
There are many advantages of using graphene-functionalized gold surfaces during 
sensing measurements, they are: 

1. In contrast to gold, graphene has a very high surface-to-volume ratio, which is 
anticipated to be advantageous for the effective adsorption of biomolecules. 

2. The carbon-based ring structures in organic and biomolecules might enable 
efficient π stacking interaction with hexagonal graphene. 

3. The control over the number of graphene layers transferred to the metal interface 
enables control of the SPR response and its sensitivity. 

Thus, the employment of graphene as the functionalized layers seem to be appro-
priate for SPR sensing applications [25, 29]. In 2010, Wu et al. [30] investigated the 
effect of graphene layers on sensitivity enhancement in the gold-prism-based SPR. 
They presented that graphene monolayer-coated over gold surface-based bio-sensing 
chip had a larger SPR angle shift than traditional gold chips for the same refractive 
index variation (n = 0.005). The calculation also shows that the graphene on gold 
SPR biosensors exhibits (1 + 0.025 L) × t times more sensitivity than standard gold
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SPR biosensors (where t > 1, L-number of graphene layer). He et al. [29] proposed 
a point-of-care device employing graphene-coated SPR chips to detect folic acid 
protein (FAP). By utilizing the exceptional properties of graphene, a highly selective 
and sensitive SPR device was observed for the detection of serum folate biomarkers. 
The interaction due to π-stacking on the graphene-coated SPR chip and analyte in 
serum allowed femtomolar (fM) detection of albumin mixtures. Thus, the detec-
tion of very low concentrations is also possible using graphene-functionalized gold 
chips. It is rational to presume that increasing the number of graphene layers might 
increase the sensitivity. However, the SPR curve broadens as we increase the number 
of graphene layers which makes it difficult to measure the resonant angle/wavelength. 
Also, one of the most important parameters in SP generations is the strength of the 
evanescent waves at the metal–dielectric interface and the decay length of these 
evanescent waves in the sensing medium. If the decay length is small, the detection 
in the RI change due to the adsorption of the analyte will not be observable. If the 
decay length is smaller than the thickness of the functionalized layer, the evanescent 
waves will not be perturbed by the adsorption of the analyte. Therefore, if the sensing 
layer has a large thickness even in the case of stacked graphene, the sensitivity of 
the SPR sensor would tend to decrease. Therefore, stacking a few layers of graphene 
may boost sensitivity, however, using bulk or macroscopic structures will reduce the 
effectiveness of the sensor. The bulk behavior of 3DG would limit the perception of 
the interaction of evanescent waves with the analytes at the interface. Therefore, there 
will be minuscule responses that cannot be measured even with SPR technology. 

Although, graphene-coated gold chips can enhance the adsorption affinity of the 
analytes. However, sensitivity and figure-of-merit (FOM) decrease in the aqueous 
medium when graphene is coupled with a gold chip [31, 32]. Therefore, for the 
fabrication of a highly sensitive device, if the plasmonic field can be itself generated 
in the graphene layer system, it can operate both as a plasmonic material and BRE 
through π-π interaction. 

Plasmons generation in graphene 

Due to the two-dimensional (2D) character of graphene, surface plasmons excited in 
graphene are much more strongly confined than those in traditional noble metals 
because of the collective excitations. The plasmons generated in graphene are 
confined to a volume million times smaller than the diffraction limit. This strong 
confinement facilitates efficient light–matter interaction and offers minimal losses 
and effective wave localization up to mid-infrared frequencies [33]. Since the carrier 
densities in graphene can also be adjusted by electrical gating and doping, the 
tunability of surface plasmons would be the most significant benefit of graphene 
[34]. Inspired by these findings, a few research groups [35–37] have performed 
SPR-based sensing using graphene as the plasmonic material. Maleki et al. [35] 
have deposited a double-layer graphene nanograting on a dielectric substrate as the 
basis of the gas sensor. They were able to monitor the sensitivity of 430 nm/RIU 
over incident radiation of 1–2 μm. Wu et al. [36] have proposed an SPR sensor that 
uses an array of graphene nanoribbons over a SiO2 substrate operating in the infrared 
range. They recorded a sensitivity of 4720 nm/RIU and a FOM of 5.43. Kumar et al.
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Fig. 4 A schematic diagram showing the SPR sensor where ZnSe is employed as the coupling 
prism. Graphene as both plasmonic and biorecognition element, incident electromagnetic infrared 
source, detector, and flow cell. Inset shows the geometry, viz. XY as the plane of incidence, and 
YZ as the surface plane of the graphene layer. The analytes are dispersed through the flow cell. 
Adapted with permission [37], Copyright (2022), Springer 

[37] have proposed a novel and highly sensitive graphene-ZnSe-based SPR sensor 
for biomolecule detection (Fig. 4). They measured the sensitivity of 20,000 nm/RIU 
for monolayer graphene, which is the highest in the class of graphene-based SPR 
sensors available in the literature. They observed the FOM of 15 for the wavelength 
interrogation Kretschmann configuration of the SPR device operating in an aqueous 
medium. 

Figure 5 shows the observed spectrum for the proposed graphene-based SPR 
configuration [37]. The resonant wavelength is observed at 13.7 μm. The two-
dimensional surface field profile at resonance also shows anisotropic behavior which 
is consistent with the conventional gold-based SPR system [38].

Therefore, the graphene monolayer itself over a semiconducting substrate can 
be employed for plasmon generation. Additionally, the BRE features for attracting 
bio-analytes have made it a more suitable functional material for bio-sensing using 
the SPR technology. This may not only reduce device size, but also the fabrication 
complexity. The number of layers can be increased optimally to enhance the sensing 
performance. The bilayer graphene (BLG) and twisted–BLG (TBLG) exhibit inter-
esting physicochemical properties which can be altered as a function of in-plane twist 
angle. Such a BLG system can lead to the development of next-generation sensors. 
Kumar et al. [37] have proposed a bilayer graphene-based SPR sensor. They observed 
that bilayer graphene does not show any drastic change in the sensitivity irrespective 
of the type of stacking (Bernal or non-Bernal). Thus, to alter the sensing character-
istics, a relative in-plane twist can be added between the two graphene layers of the
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Fig. 5 a SPR spectrum for the proposed graphene-based SPR configuration and b two-dimensional 
surface EM field profile over the graphene monolayer surface measured at resonance. Reprinted 
with permission [37], Copyright (2022), Springer

BLG system. In the case of non-Bernal stacking, the optical property of the graphene 
system does not change drastically due to the relative in-plane twist. However, in the 
case of Bernal stacking, the in-plane twist plays a major role in altering its optical 
properties. A phase diagram depicting the different optical characteristics of both 
stacking with varied relative in-plane twists (θ) is shown in Fig. 6 [24].

From Fig. 6, it is evident that for non-Bernal stacking, the BLG system exhibits 
mostly dielectric behavior, irrespective of in-plane twist and incident photon energy. 
But, in Bernal stacking, the material property varies. It showed semi-metallic 
behavior between 13–14 μm of incident wavelength. This range of incident photon 
energy also corresponds to the SPR wavelength for the monolayer and BLG system. 
Thus, it will be interesting to probe the system in this range for studying SPR sensing. 
Thus, for different in-plane twists, Kumar et al. [37] studied the sensitivity of SPR-
based sensors where the twisted graphene system was employed both as BRE and 
plasmonic material. They proposed that for Bernal stacked twisted bilayer graphene, 
the sensitivity near the magic angle (1°) is maximum. They observed a sensitivity 
of 29,120 nm/RIU sensitivity with 23.5 FOM which is much higher than the mono-
layer/bilayer graphene system. The collective oscillations of plasmons near the magic 
angle is maximum. Also, near the magic angle, the time-periodic electric field causes 
electrons to vibrate around their equilibrium positions, resulting in an interband tran-
sition. So, the oscillating electrons create a strong electric field at resonance, allowing 
the oscillation to continue for a longer period. This resonant action produces collec-
tive modes known as interband plasmons [39]. Therefore, the interaction with the 
adjacent dielectric is amplified due to this strong collective mode oscillation. A 
comparative data for the sensitivity for various twists (θ) is shown in Fig. 7. It is  
observed that the sensitivity for smaller in-plane twists is comparatively higher than 
the sensitivity for larger in-plane twists.

The decrease in sensitivity for larger in-plane twists is due to the decrease in the 
oscillation of the collective mode and the dominant metallic behavior as shown in 
Fig. 6.
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(a) Non-Bernal (AA) stacking with small in 

plane twist 

(b) Non-Bernal (AA) stacking with large in-

plane twist 

(c) Bernal (AB) stacking with small in-plane 

twist 

(d) Bernal (AB) stacking with large in-plane 

twist 

Fig. 6 A phase diagram representation of diverse material properties observed for different in-plane 
twists (θ) in Bernal and non-Bernal stacking. (D = Dielectric, M =Metallic, SC = Semiconducting, 
and SM = Semi-metallic). Here E is the energy of the incident photons. Adapted with permission 
[24], Copyright (2022), IOP

Fig. 7 Sensitivity of various 
graphene-based SPR 
systems. Corresponding 
values of sensitivity are as 
mentioned. The numeric 
value with the symbol AB 
represents the twist angle (θ) 
in degrees. Adapted with 
permission [37], Copyright 
(2022), Springer
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Future Scope and Challenges: 3DG can be considered a remarkable material that 
can find numerous novel applications. The unique morphology, very high porosity, 
and excellent electrical, thermal, and optical properties of 3DG have ranked the mate-
rial among the top for device fabrication. However, the vast surface area and high 
porosity of 3DG may enhance the possibility of non-specific binding of analytes, 
resulting in misleading positive or negative findings in sensing applications. There-
fore, careful data analysis is required for isolating the signals for specific and non-
specific interactions. Surface functionalization is frequently necessary to increase the 
sensitivity and selectivity of sensors. Still, the complex surface structure of 3DG may 
make it more challenging to get functionalized like any other material. Development 
of 3DG using the existing protocols can yield material with different porosity and 
the network which may alter the physical properties beyond the tolerance. 3DG is 
a relatively new and specialized material, which may make it more expensive than 
other materials typically used for SPR-based sensing applications. Therefore, the 
fabrication of 3GD from the bottom-up approach can provide a good level of confi-
dence. 3DG can be fabricated through layer-by-layer assembly of graphene. Most of 
the reported studies on monolayer and BLG systems are based on theoretical calcula-
tions. The fabrication of devices based on monolayer, BLG, and TBLG is challenging 
and a good number of efforts are being invested in this direction. The monolayer and 
bilayer state of graphene can be controlled experimentally by a few advanced thin 
film fabrication techniques such as Langmuir–Blodgett (LB) deposition [40] and 
chemical vapor deposition [41, 42]. In-plane twisting of the graphene layers in BLG 
is another challenge in this field. The twists can be applied by the advanced LB or 
CVD technique. The SPR sensors employing the monolayer, BLG, or TBLG still 
require the immobilization of suitable ligands to make the sensing selective, rapid, 
and sensitive. A suitable protocol can be developed for the immobilization and stable 
sensing measurement using the SPR technology. 

The fundamental studies on monolayer, BLG, and TBLG yield better scenarios 
for the development of the next-generation sensor. Although the 3DG is a random 
network of 2D graphene sheets, it will be very interesting to study 3D graphene with 
twisted bilayers at a magic angle. Such a state of graphene will be important not only 
for fundamental studies, but also for the development of efficient biosensors. 

Acknowledgments The authors are thankful to the Physics Department, BITS Pilani, for 
supporting Lumerical software. AK is thankful to SERB for the fellowship (CRG/2018/000755). 

References 

1. Cao, M.-S., Wang, X.-X., Cao, W.-Q., Yuan, J.: Ultrathin graphene: electrical properties and 
highly efficient electromagnetic interference shielding. J. Mater Chem. C 3, 6589 (2015). https:/ 
/doi.org/10.1039/c5tc01354b 

2. Mak, K.F., Ju, L., Wang, F., Heinz, T.F.: Optical spectroscopy of graphene: From the far infrared 
to the ultraviolet. Solid State Commun. 152, 1341–1349 (2012). https://doi.org/10.1016/j.ssc. 
2012.04.064

https://doi.org/10.1039/c5tc01354b
https://doi.org/10.1016/j.ssc.2012.04.064
https://doi.org/10.1016/j.ssc.2012.04.064


3D Graphene-Based Optical Sensors 127

3. Zhang, Y., Huang, Y., Zhang, T., et al.: Broadband and tunable high-performance microwave 
absorption of an ultralight and highly compressible graphene foam. Adv. Mater. 27, 2049–2053 
(2015). https://doi.org/10.1002/ADMA.201405788 

4. Huang, Z., Chen, H., Huang, Y., et al.: Ultra-broadband wide-angle terahertz absorption prop-
erties of 3D graphene foam. Adv. Funct. Mater. 28, 1–8 (2018). https://doi.org/10.1002/adfm. 
201704363 

5. D’Apuzzo, F., Piacenti, A.R., Giorgianni, F., et al.: Terahertz and mid-infrared plasmons in 
three-dimensional nanoporous graphene. Nat Commun 8, 1–7 (2017). https://doi.org/10.1038/ 
ncomms14885 

6. Tomarchio, L., Macis, S., D’Arco, A. et al.: Disordered photonics behavior from terahertz to 
ultraviolet of a three-dimensional graphene network. NPG Asia Mater., 13 (2021). https://doi. 
org/10.1038/s41427-021-00341-9 

7. Ron, R., Haleva, E., Salomon, A.: Nanoporous metallic networks: fabrication, optical 
properties, and applications. Adv. Mater., 30 (2018). https://doi.org/10.1002/ADMA.201 
706755 

8. Ito, Y., Zhang, W., Li, J., et al.: 3D Bicontinuous Nanoporous Reduced Graphene Oxide for 
Highly Sensitive Photodetectors (2015). https://doi.org/10.1002/adfm.201504146 

9. Xiao, W., Li, B., Yan, J., et al.: Three dimensional graphene composites: preparation, 
morphology and their multi-functional applications. Compos. Part A Appl. Sci. Manuf. 165, 
107335 (2023). https://doi.org/10.1016/J.COMPOSITESA.2022.107335 

10. Wan, Y.J., Yu, S.H., Yang, W.H., et al.: Tuneable cellular-structured 3D graphene aerogel and 
its effect on electromagnetic interference shielding performance and mechanical properties of 
epoxy composites. RSC Adv. 6, 56589–56598 (2016). https://doi.org/10.1039/C6RA09459G 

11. Liang, C., Qiu, H., Han, Y., et al.: Superior electromagnetic interference shielding 3D 
graphene nanoplatelets/reduced graphene oxide foam/epoxy nanocomposites with high thermal 
conductivity. J. Mater Chem. C Mater 7, 2725–2733 (2019). https://doi.org/10.1039/C8TC05 
955A 

12. Xing, Z., Zheng, Y., Yan, Z., et al.: High-sensitivity humidity sensing of microfiber coated with 
three-dimensional graphene network. Sens Actuators B Chem. 281, 953–959 (2019). https:// 
doi.org/10.1016/J.SNB.2018.11.057 

13. Baig, N., Saleh, T.A.: Electrodes modified with 3D graphene composites: a review on methods 
for preparation, properties and sensing applications. Microchim. Acta, 185 (2018).https://doi. 
org/10.1007/s00604-018-2809-3 

14. Yang, Y., Kang, M., Fang, S., et al.: Electrochemical biosensor based on three-dimensional 
reduced graphene oxide and polyaniline nanocomposite for selective detection of mercury 
ions. Sens Actuators B Chem. 214, 63–69 (2015). https://doi.org/10.1016/j.snb.2015.02.127 

15. Dong, Q., Xiao, M., Chu, Z. et al.: Recent progress of toxic gas sensors based on 3d graphene 
frameworks. Sensors, 21 (2021). https://doi.org/10.3390/s21103386 

16. Yavari, F., Chen, Z., Thomas, A.V. et al.: High sensitivity gas detection using a macroscopic 
three-dimensional graphene foam network. Scientific Reports 1:1 1:1–5 (2011). https://doi.org/ 
10.1038/srep00166 

17. Wang, L., Zhang, H., Li, Z., et al.: Development of a three-dimensional graphene-based photo-
electrochemical biosensor and its use for monitoring lipase activity. LWT 170, 114076 (2022). 
https://doi.org/10.1016/J.LWT.2022.114076 

18. Fan, Z., Yust, B., Nellore, B.P.V., et al.: Accurate identification and selective removal of rotavirus 
using a plasmonic-magnetic 3D graphene oxide architecture. J. Phys. Chem. Lett. 5, 3216–3221 
(2014). https://doi.org/10.1021/JZ501402B/SUPPL_FILE/JZ501402B_SI_001.PDF 

19. Srichan, C., Ekpanyapong, M., Horprathum, M. et al.: Highly-sensitive surface-enhanced 
Raman spectroscopy (SERS)-based chemical sensor using 3d graphene foam decorated with 
silver nanoparticles as SERS substrate. Scientific Reports 6:1 6:1–9 (2016). https://doi.org/10. 
1038/srep23733 

20. Wang, D., Gao, H., Roze, E., et al.: Synthesis and photoluminescence of three-dimensional 
europium-complexed graphene macroassembly. J. Mater Chem. C Mater 1, 5772–5778 (2013). 
https://doi.org/10.1039/C3TC30732H

https://doi.org/10.1002/ADMA.201405788
https://doi.org/10.1002/adfm.201704363
https://doi.org/10.1002/adfm.201704363
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/ncomms14885
https://doi.org/10.1038/s41427-021-00341-9
https://doi.org/10.1038/s41427-021-00341-9
https://doi.org/10.1002/ADMA.201706755
https://doi.org/10.1002/ADMA.201706755
https://doi.org/10.1002/adfm.201504146
https://doi.org/10.1016/J.COMPOSITESA.2022.107335
https://doi.org/10.1039/C6RA09459G
https://doi.org/10.1039/C8TC05955A
https://doi.org/10.1039/C8TC05955A
https://doi.org/10.1016/J.SNB.2018.11.057
https://doi.org/10.1016/J.SNB.2018.11.057
https://doi.org/10.1007/s00604-018-2809-3
https://doi.org/10.1007/s00604-018-2809-3
https://doi.org/10.1016/j.snb.2015.02.127
https://doi.org/10.3390/s21103386
https://doi.org/10.1038/srep00166
https://doi.org/10.1038/srep00166
https://doi.org/10.1016/J.LWT.2022.114076
https://doi.org/10.1021/JZ501402B/SUPPL_FILE/JZ501402B_SI_001.PDF
https://doi.org/10.1038/srep23733
https://doi.org/10.1038/srep23733
https://doi.org/10.1039/C3TC30732H


128 A. Kumar et al.

21. Zhang, L., Wang, L., Liu, D. et al.: Plasmon polaritons in 3D graphene periodic structure 42, 
210–225 (2022). https://doi.org/10.1080/02726343.2022.2082099 

22. Wang, F., Zhang, Y., Tian, C., et al.: (2008) Gate-variable optical transitions in graphene. 
Science 320, 206–209 (1979). https://doi.org/10.1126/SCIENCE.1152793/SUPPL_FILE/ 
WANG_SOM.PDF 

23. Kumar, V.: Linear and nonlinear optical properties of graphene: a review. J. Electron. Mater 
50, 3773–3799 (2021). https://doi.org/10.1007/s11664-021-08904-w 

24. Kumar, A., Manjuladevi, V., Gupta, R.K.: Refractive index of graphene AA and AB stacked 
bilayers under the influence of relative planar twisting. J. Phys. Condens. Matter 34, 15302 
(2022). https://doi.org/10.1088/1361-648X/ac2d5f 

25. Szunerits, S., Maalouli, N., Wijaya, E., et al.: Recent advances in the development of graphene-
based surface plasmon resonance (SPR) interfaces. Anal. Bioanal. Chem. 405, 1435–1443 
(2013). https://doi.org/10.1007/s00216-012-6624-0 

26. Li, Z., He, M., Xu, D., Liu, Z.: Graphene materials-based energy acceptor systems and sensors. 
J. Photochem. Photobiol. C 18, 1–17 (2014). https://doi.org/10.1016/J.JPHOTOCHEMREV. 
2013.10.002 

27. de Sanctis de, A., Mehew, J.D., Craciun, M.F., Russo, S.: (2018) Graphene-based light sensing: 
fabrication, characterisation, physical properties and performance. Materials 11, 1762 11 1762 
(2018). https://doi.org/10.3390/MA11091762 

28. Devanarayanan, V.P., Manjuladevi, V., Gupta, R.K.: Surface plasmon resonance sensor based 
on a new opto-mechanical scanning mechanism. Sens. Actuat. B Chem. 227, 643–648 (2016). 
https://doi.org/10.1016/J.SNB.2016.01.027 

29. He, L., Pagneux, Q., Larroulet, I., et al.: Label-free femtomolar cancer biomarker detection in 
human serum using graphene-coated surface plasmon resonance chips. Biosens. Bioelectron. 
89, 606–611 (2017). https://doi.org/10.1016/j.bios.2016.01.076 

30. Wu, L., Chu, H.S., Koh, W.S. et al.: Highly sensitive graphene biosensors based on surface 
plasmon resonance. Opt. Express 18(14), 14395–14400 (2010). https://doi.org/10.1364/OE. 
18.014395 

31. Saeed, W., Abbasi, Z., Majeed, S., et al.: An insight into the binding behavior of graphene oxide 
and noble metal nanoparticles. J. Appl. Phys. 129, 125302 (2021). https://doi.org/10.1063/5. 
0041894 

32. Vanin, M., Mortensen, J.J., Kelkkanen, A.K., et al.: Graphene on metals: A Van Der Waals 
density functional study. Phys. Rev. B Condens. Matter Mater Phys. 81, 1–4 (2010). https:// 
doi.org/10.1103/PhysRevB.81.081408 
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3D Graphene for Flexible Sensors 
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Abstract Recently, the importance of research for graphene-based materials and 
their applications has risen especially for flexible and wearable sensors. There exist 
several features which make it a promising material for devices including lightweight, 
cost-effective fabrication, heat resistance, and flexibility. Graphene in the form of 
three-dimensional (3D) composites or hybrid materials is investigated as a useful 
material to be utilized in different types of sensors including flexible humidity, biolog-
ical, piezoelectric, electronic, piezoresistive, and pressure sensors. But the fabrication 
of flexible, super-elastic, and stable 3D graphene-based designs is challenging to date 
owing to structural distortion or substantial plastic bending and deformation. Integra-
tion of various morphologies, modifications in the synthesis techniques, and dopants/ 
additives are employed to surmount the fundamental effects of high deformation in 
graphene-based materials for the utilization of wearable and flexible sensors. In this 
chapter, the focus will lie to discuss the till date achievements and methodologies 
of 3D graphene-based flexible sensors, their synthesis, and their performances for 
various applications. 
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1 Introduction 

3D functional systems like sensors and actuators have attained rapid development in 
the past few decades because of their excessive utilization in robotics [1, 2], memory 
and logic devices, portable technology [3, 4], flexible medical equipment [5, 6], 
tissues manufacturing [7, 8], and energy storage/harvesting devices [9, 10]. Complex 
3D structures are essential as the main building blocks of functioning systems or 
devices due to the advantages provided by their geometrical shapes. In line with 
this development, Andre and Konstantin at the University of Manchester focused 
their research on such materials and described the significance of graphene-based 
materials in 2004 [11]. Graphene has remained the subject of scientific speculation 
since the early twentieth century. The most recent discovery in carbon nanostructures 
is the graphene-based material as an allotropic form of carbon that takes the shape 
of a two-dimensional (2D) hexagon with one atom at each vertex. Graphene-based 
materials are renowned for their flexibility, strength, lightweight, and conductivity. 
Combining graphene with already-existing materials is one of the most efficient 
strategies to acquire the promising properties of this material. Graphene and its 
composite materials have shown magnificent characteristics in various applications, 
which have not only caused improvement in their performance, but also expanded 
the versatility in new generation applications. 

There exist various synthesis techniques for graphene-based materials, including 
chemical vapor deposition (CVD) and wet-chemical techniques. No technique has 
been able to fabricate 2D graphene larger than a microscopic scale yet [12]. In many 
studies and publications, graphene has been fabricated as a 3D porous structure. 
The graphene structure may increase its surface area while retaining its exceptional 
mechanical characteristics and strong electrical conductivity. Figure 1 depicts the 
unit cell structural overview of graphene.

3D porous systems made on 2D graphene architectures have intrigued the sensing-
related properties, which are capable to perform in sensing devices. There are many 
features present in 3D graphene-based structures, including a significant outer and 
inner surface area to contact with the analyte, a suitable electro-active surface area, 
the ability to easily load (bio)catalysts, and flexibility. It is even feasible to employ 
3D freely standing graphene-based morphologies as an electrode for energy storage 
devices. An extensive section on fabrication techniques for 3D graphene is followed 
including the hydrothermal process, CVD, chemical deposition, electrochemical 
deposition method, and lithography. Figure 2 presents the specific reasons why 3D 
graphene-based morphologies are preferred for flexible sensors depending upon their 
unique characteristics. 3D graphene-based composites comprising carbon nanotubes 
decorated 3D graphene, organic polymers, and 3D graphene-based morphologies are 
significantly explored as electrode materials for energy storage applications. Eval-
uation of such potential materials as device-based applications is made possible by 
analyzing the potential directions and recent challenges [13].
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Fig. 1 The unit cell structure of 3D graphene

Fig. 2 Potential and best 
merits of 3D graphene-based 
composites for sensing 
devices [13]
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2 Sensors 

Science and technology are always being improved by humanity, and they are always 
searching for new methods to raise standards of living. Humans created the computer 
and the internet as advanced technology, changing how people transmit information. 
Humans are now developing sensors to broaden their field of perception, and various 
sensors are used often in daily life and the workplace. 

A sensor is a gadget that can gauge a certain quantity, such as pressure, temper-
ature, and humidity, and then relay the data to other gadgets for processing. The 
measurement of an ideal sensor has two characteristics: first, it is unaffected by 
the measuring factor; and second, it does not alter the measuring factor. As sensors 
can compromise the information required to understand the instantaneous surround-
ings, they henceforward upkeep the decision-making ability. Nowadays, sensors have 
become an essential part of all sorts of vehicles [14]. This chapter describes each 
of these sensors’ functions, benefits, and drawbacks, as well as how sensor fusion 
techniques might be applied to build a more ideal. 

Flexible sensors possess basic construction, which is inexpensive in nature and can 
be utilized in wearable devices. Furthermore, flexible sensors need to be very sensitive 
and stretchable for various possible applications, including monitoring human health, 
robotics, wearable electronics, and artificial intelligence [15]. This study presents a 
summary of the most recent progress for flexible sensors. Moreover, the current status 
of flexible sensors, including the materials used, sensing mechanisms, manufacturing 
processes, and the most recent advancements in 3D graphene-based flexible sensors 
for utilization in soft robotics and healthiness nursing. Additionally, this chapter 
offers viewpoints on the difficulties facing this sector and the potential of flexible 
sensors. 

3 3D Graphen-Based Flexible Sensors 

The use of graphene in several electrical gadgets has increased in recent years. 
As a flexible material for piezoresistive, electrical, pressure, and humidity sensors, 
graphene has gained popularity. 3D graphene-based structures offer the potential to 
be utilized in gas sensors, oil absorption sensors, electrode material the s for superca-
pacitors and piezoresistive sensors owing to their electrical conductivity, mechanical 
toughness, and high porosity [16]. For sensors, graphene is the perfect material, 
as it can detect changes in its surroundings. The main purpose to idealize chem-
ical sensors is to detect injurious materials. Graphene-based materials and compos-
ites have been developed to construct tiny sensors with molecular-level sensitivity. 
Figure 3 is representing the utilization of 3D graphene-based materials for various 
kinds of sensors.

With the era of advanced technology, crop monitoring graphene-based sensors 
have been developed, and moreover, improvement in efficiency is occurring in the
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Fig. 3 3D graphene-based materials utilization for various flexible sensors

agricultural sector. With such developments, farmers will be able to explore and 
highlight the existence of any hazardous gases which might distress crop growth and 
they will be able to take appropriate actions on time without any significant damage. 
With the existence of the sensitivity property of graphene-based sensors, it is possible 
to locate the positions to cultivate specific crops based on environmental conditions. 

3.1 Flexible Humidity Sensors 

Porous 3D graphene-based structures have received notable consideration in the 
field of humidity sensing owing to their several reaction sites, and improved sensing 
properties [17]. The performance of the humidity sensor is totally dependent on the 
sensitivity of the employed material, which can be described as (Eq. (1)) 

S = Iwet − Idr y  
Idr y  RH

× 100 (1) 

Recently, Yu et al. reported the 3D Graphene foam humidity sensor. Implemen-
tation of such materials with strong characteristics, such as humidity sensors, have 
enabled electrical devices to transform the amount of water present in the environ-
ment into electronic signals. 3D graphene foam is synthesized by the CVD process 
on 3D metallic foam. Graphene-based foam can be utilized in humidity sensors, as 
this material is strongly conductive. Yu et al. demonstrated that 3D graphene foam 
with exceptional permeability for water allows the humidity sensors to display a
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wider relative humidity range (0%–85.9%), along with a quick reaction response of 
89 ms and rapid recovery time of 189 ms. Moreover, the 3D graphene foam model 
was overstated with water molecules to compute the structural energy. The authors 
employed the software Materials Studio to explain the physical mechanism of elec-
trical contribution due to chemically adsorbed water into a 3D graphene foam surface. 
Additionally, this gadget offered a user interface with unmatched performance for 
humidity-sensitive materials [18]. 

One of the lightest materials in the world is 3D graphene aerogel spheres (GASs), 
which possess the promising character to be utilized in high-performance thermal 
flexible sensors. Mao et al. fabricated the 3D graphene aerogel spheres through a 
unique spinning process, the material was capable to sense pressure, temperature, 
and material elasticity. Fabricated sensors demonstrated a temperature coefficient 
of resistance of 2.2% C−1, five times greater compared to conventional resistance 
thermometers. The fabricated thermal humid sensor also demonstrated exceptional 
temperature-detecting capabilities. The 3D design of the graphene aerogel spheres 
allows the sensor to sense forces coming from all directions (360°). Because of 
the unique 3D special structures of graphene aerogel spheres, it exhibited improved 
sensitivity (0.15 kPa−1) and rapid response and relaxation durations (~100 ms). Even 
after significant distortion, extraordinary cycle stability and lengthy operating life 
were observed for the sensor [19]. 

In comparison to the two sensors, the thermal humidity sensor is extremely unique. 
This sensor is frequently used to detect absolute humidity (AH). It consists of two 
thermistors, one of which is in touch with dry nitrogen, and the other is enclosed 
in the ambient air. Two thermistors’ resistances can be measured. Humidity-sensing 
devices have been made using a variety of nanomaterials, including multi-wall carbon 
nanotubes. The shape and excellent electrical conductivity of 3D porous graphene 
make it a suitable material for a humidity sensor. The material’s 3D structure and 
porous nature increase its surface area and improve its hygroscopicity, and its strong 
electrical conductivity might contribute to its high sensitivity to humidity [20]. 

3.2 Flexible Electronic Sensors 

2D graphene-based structures are governing interest of researchers because of their 
exceptional features regarding electronic devices. The thickness of the graphene sheet 
makes it the best contender to be utilized in field effect transistors for electronic 
sensors since it is very sensitive to the changes in the surrounding environment. 
Here various types of graphene-based electronic sensors will be discussed, which 
are capable to detect numerous substances and biological materials. Firstly, the focus 
will lie on the types of graphene-based materials and then their utilization in electronic 
sensors, and finally in what way those materials impact the sensitivity of the resulting 
devices [21]. 

For the emerging field of flexible intelligent electronic stretchable sensors, flex-
ibility and sensitivity play crucial roles. The sensitivity and stretchability of 3D
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graphene-based foams can be improved by modifying the specific surface area and 
mechanical strength. Yang et al. reported the stretchable electronic sensor appli-
cations by 3D graphene-based nickel particles peasecod foams. These foams were 
fabricated by stamp transfer and CVD techniques [22]. The nickel particles were 
proven to be beneficial for the construction of 3D nanostructures and remained 
isolated from one another to facilitate stretchy applications since they are coated 
by graphene layers. Such 3D graphene-based nickel particle foams were capable to 
show 80% stretchability. There exists a low limit of detection of <1%, as well as 
strong linearity (R2) of ~0.997. Manjakkal reported the fabrication of a flexible 3D 
porous graphene-based foam supercapacitor to work as a chemo-resistive pH sensor. 
The 3D porous graphene-based foam supercapacitor demonstrated exceptional elec-
trochemical and supercapacitive performance owing to its innovative layer structure 
of conductive nature. The 3D porous graphene-based foam supercapacitor exhib-
ited better character for the areal capacitance of ~38 mFcm2 which was around 3 
times greater than reported flexible carbon-based supercapacitors at 0.67 mA cm2 

current density. The measured power and energy densities are 0.27 mWcm2 and 
3.4 Whcm2, respectively. These values are higher than those reported carbon-based 
supercapacitors. The 3D porous graphene-based foam supercapacitor also demon-
strated better cycling stability with capacitance retention of 68% even after 25,000 
charge/discharge cycling examined under flexible circumstances [23]. 

Wearable electronics which are very sensitive and stretchable have become a 
promising topic of research for scientists with several applications, including e-
skin and human motion sensing. Li et al. reported the 3D graphene-based structures 
for high-performance strain. In this study, the authors described a revolutionary 3D 
graphene-based structure as a flexible electronic sensor, which can self-heal. Furfuryl 
amine was employed as a reducing and modifying agent. The fabricated composite 
demonstrated high stretchability of ~200% and intrinsic conductivity with a little 
combination of graphene (~2 wt%), making it a suitable candidate for utilization in 
stretchable electronics for human motion detection [24]. 

Boxing et al. reported the successful fabrication of graphene aerogel endows 
with 3D deformation morphology and good flexibility to be utilized in wearable 
electronics as an electrical sensor. Printing of graphene patterns demonstrated high 
conductivity, and the 3D nano-structured graphene aerogel subsidizes multidimen-
sional deformation responses, making them ideal for multi-recognition stretch-
able electric sensors. Moreover, fabricated electrical sensor devices with movement 
perception showed the ability to perform astonishingly well with gesture language 
analysis for a deaf-mute [25]. 

Zahed et al. fabricated the poly aziridine-encapsulated phosphorene-inserted flex-
ible 3D porous graphene (PEP-3DPG) electrode via laser writing and drop-casting 
techniques. Due to the very stable PEP’s superior electrochemical properties and 
surface functionality, the fabricated PEP/3DPG was considered a possible electrode 
in micro/nano supercapacitors, electrocardiogram recording, and immunosensing. 
The fabricated PEP/3DPG carcinoembryonic immune sensor demonstrated better 
linear ranges (0.1–700 pg mL−1 and 1–100 ng mL−1) with a detection limit of 
0.34 pg mL−1 operating under optimum circumstances. Moreover, signal to noise
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ratio of the constructed sensor was 13.5 dB equivalent to that of traditional electrodes 
Ag/AgCl, because the finger touch-based ECG sensor exhibits comparatively steady 
and low impedance at the skin–electrode interface. Additionally, the prepared micro 
supercapacitor exhibited an areal capacitance of 16.94 mF cm2, six times more than 
a non-doped 3DPG-based micro supercapacitor. These findings show the potential 
of fabricated PEP/3DPG systems for multimodal applications [26]. 

Watthanawisuth et al. fabricated the 3D graphene foam sensors which were 
stretchable and wearable sensors employed for Internet of Things (IoT) technology. 
Herein, authors used the Wi-Fi to transfer the data from a sensor to the cloud by using 
of web-socket powered by Node.js. The authors fabricated the armband muscle to 
measure muscle expansion and stretch in real-time by utilizing 3D graphene foam 
sensors based on an IoT device. The data displayed the muscle’s expansion on the 
website. These wearable flexible sensors are made up of 2–5 cm long strips of 3D 
graphene foam that were joined by conductive epoxy. The silver paste was applied 
to the sensor edge to achieve conductivity for better accuracy. As Intel Edison was 
used in the main CPU, connecting the sensor to the internet was made simpler. 
ADXL335 was selected along with the fabricated sensor as a three-axis accelerom-
eter for monitoring gesticulations and fitness tracking applications. Intel Edison’s 
main CPU board’s lower side was equipped with an accelerometer, a battery, and an 
analog-to-digital conversion circuit [27]. 

3.3 Flexible Biological Sensors 

Devices called biosensors combine biological and physical–chemical elements to 
detect analytes by creating a signal that can be measured. In many different domains, 
including the diagnosis of diseases and the bio-monitoring of contaminants, biosen-
sors have a wide range of uses. Blood glucose biosensors are widely utilized devices 
in medical sciences. Antibodies, DNA probes, and cell receptors that interrelate with 
analytes can all be used as biological sensing materials. The transducer converts 
biological signals into optical and electrical impulses using materials that are optical, 
physicochemical, or piezoelectric [28]. 

It has been observed that H2O2 and glucose sensors are mostly used enzyme-
based electrodes which possesses several drawbacks. Si et al. proposed a unique 
hierarchical composite-type material made of Mn3O4 that was fabricated at the 
top of 3D graphene foam (Mn3O4/3D GF). This fabricated composite-type mate-
rial was flexible and free-standing biosensor, capable to detect nonenzymatic H2O2 

and glucose for the applications of the medical industry and health care. Mn3O4/ 
3D GF biosensor demonstrated a better sensitivity of 360 µA mM cm−2, detec-
tion limit of 10 µM, and linear range of 0.1–8 mM. Synergistic effects among 
Mn3O4/3D GF-based biosensors exhibited the high electrocatalytic performance of 
the nano-structured Mn3O4 system with better conductance and improved surface 
area of 3D GF. Real-time detection of H2O2 and glucose in food and blood trials
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by the enzyme-less biosensor also showed good performance [29]. Xiao et al. fabri-
cated the flexible electrochemical sensor by adding the high-density Pt nanoparti-
cles on free-standing graphene oxide paper along with nanowires of MnO2. This  
triple constituent system detected H2O2 from an alive cell with <5% amperometric 
response after 100 bending conditions [30]. Wang et al. fabricated the graphene with 
a conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), by galvanos-
tatic electro-polymerization to achieve a G/PEDOT hybrid anode for biological fuel 
cell sensor. The fabricated device demonstrated the maximum 873 mW m−2 power 
output, presenting a 15-fold variation as compared to carbon paper bioanodes [31]. 

There are several applications of biosensors including environmental monitoring, 
illness diagnosis, drug development, food safety, biological research, etc. Collabora-
tion of bio-molecular analytes with detecting constituents, device manufacturing and 
scheme, microfluidics, microchip technology, sample selection methods, etc., are just 
a few of the extremely particular properties that these devices rely on. An upcoming 
advanced generation of sensing technologies/science can be developed by incorpo-
rating nanoparticles into biosensors. On the other hand, nanoparticle-based biosen-
sors have promising future applications in food analysis, process control, clinical 
diagnostics, and environmental monitoring. 

3.4 Flexible Piezoresistive Sensors 

For wearable piezoresistive sensors, 3D graphene-based materials are regarded as 
auspicious stretchable sensors because of their easy fabrication, straightforward 
understanding procedure, short power need, and simple gesture collection. In the 
last two decades, piezoresistive sensors are recognized as outstanding potential 
contenders in the field of human expression sensing, healthcare detecting, etc., that are 
now considered as being crucial in developing next-generation artificial intelligence 
classifications [32]. 

Graphene-based aerogels with their better porosity, high conductance, and good 
flexibility have become the ideal materials to be utilized in piezoresistive applications/ 
sensors. But, achieving a successful synthesis along with excellent sensing abilities, 
electric, piezoelectric, and mechanical characteristics at the same time is a chal-
lenge. Following the above-mentioned fact, Cao et al. fabricated unique nanofiber-
reinforced graphene-based aerogel that possessed a hierarchical 3D inter-connected 
micro-structure. This designed morphological structure demonstrated significant 
43.50 kPa compressive stress and high 28.62 kPa−1 piezoresistive sensitivity along 
with a linear sensitivity range of 0–14 kPa. The piezoresistive sensor exhibited better 
resilience of compression at 3 Pa, fast response time (37 ms) and stability of the 
structure along with sensing ability remained significant even after 2600 cycles. At 
20% compressive strain, assembled sensors exhibited a 91.57% value of the current 
signal of the initial value. Such stable, durable, and persistent current signal values 
correspond to the excellent features of assembled piezoresistive biosensor to monitor
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wrist pulse, real-time movement of the throat, knee joints, and finger impressions 
[33]. 

There are several excellent techniques to fabricate extremely well-ordered 3D 
porous graphene sponges (PGSs), and where emulsion process is one of them. Wang 
et al. demonstrated a well-organized ordered 3D PGSs-based wearable pressure 
sensor with great sensitivity and flexibility. High-performance piezoresistive sensors 
fabricated on 3D PGSs have evolved rapidly due to their effective performances, yet 
issues including low sensitivity, high cost, and restricted flexibility still exist. After 
the successful fabrication of well-organized ordered 3D PGSs by emulsion approach, 
a wearable pressure sensor at the device level was put together with an Au electrode 
and polydimethylsiloxane for dependable packaging. To achieve a stable emulsion, 
the pH values were carefully regulated. The ordered 3D PGSs demonstrated lower 
density, better conductance, and better porosity, proving a 0.79–1.46 gauge factor 
with a compression strain of 50% and excellent durability even after 500 cycles. 
The designed pressure sensor demonstrated improved sensing ability to distinguish 
hominoid activities such as human finger, wrist, palm, and elbow movements. There-
fore, pressure sensors showed tremendous promise in the areas of human–computer 
interaction, e-skin, biomechanical systems, etc. [34]. 

Recently, Ma et al. fabricated 3D graphene-based flexible piezoresistive sensors 
with excellent stability and sensing abilities. Here, a unique surface-filled conduc-
tive layer of graphene nanosheets was created using fused deposition molding; 3D 
printing was performed to create a stable, highly sensitive 3D graphene-based flex-
ible piezoresistive sensor. The device exhibited better flexibility of strain 1960%, 
175.57 kPa−1 sensitivity at <300 Pa applied pressure, high 18.95–66.29 gauge 
factor (0–100% strain), exceptional stability even after >2000 compression/relaxing 
cycles, the 105 ms mechanical response time and 66 ms recovery time owing to the 
surface-filled graphene conductive layer. Such features of the device make it an ideal 
candidate to be utilized in practical applications to detect human behaviors [35]. 

Nowadays, researchers are focusing to adjust the high content of conductive 
nanocomposites into graphene to improve the detecting ability of flexible piezore-
sistive sensors. Ma et al. have utilized two carbon black (CB)/graphene nanosheet 
(GN) composite structures, which were employed to fabricate flexible piezoresistive 
3D sensors. Three different styles of CB and GNs were adjusted to fabricate flexible 
piezoresistive sensors with nanocomposites and so much difference in their gauge 
factor and sensitivity was observed. The sensor with the composite construction was 
first coated with GNs and then filled with CB in a substrate. The sensor demonstrated 
the maximum 197.56 kPa−1 sensitivity below 300 Pa and 47.60 gauge factor. More-
over, it demonstrated better stability >2000 compression and relaxation cycles, with 
a quick response of 120 ms and rapid recovery of 63 ms. The sensor also showed the 
potential for speech and gesture monitoring. This study offers a method for making 
conductive nanocomposites into a highly sensitive piezoresistive sensor [36]. 

Sengupta et al. presented the 3D squeezable piezoresistive graphene poly-
dimethylsiloxane foam sensor fabricated by incorporating multi-layered graphene 
nanoparticles in porous polydimethylsiloxane foam supported by a sugar scaffold. 
A 3D printing method was used to create cellular graphene/PDMS composites
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with controlled topologies. Under diverse loading scenarios, the resulting composite 
exhibited outstanding stretchability, toughness, and exceptionally stable temperature 
sensitivity. The resultant piezoresistive foam sensors underwent strain testing with 
two response areas and linearity of 2.87–8.77 gauge factor range throughout the 0– 
50% strain range. To measure the dynamic pressure, the dynamic-stimulus–response 
experiment also demonstrated the ability of sensors’ capacity to accurately measure 
dynamic pressure up to a frequency of ~70 Hz. A high level of stability was also 
shown by the sensor during 36,000 compressing/relaxing cycles and 100 cycles of a 
whole human stride. By using simulated gait models and real-time gait classification 
trials, both have identified precise human gait monitoring by 3D sensing foams. The 
sensors’ capacity to detect a variety of fundamental joint bending responses further 
demonstrated their applicability for individualized health-caring devices/applications 
[37]. 

Chen et al. have demonstrated a detailed description of the fabrication, impor-
tance, and utilization of graphene-based flexible piezoresistive sensors. One of the 
key elements of intelligent tactile skin, the piezoresistive sensor, is a widely used flex-
ible pressure sensor with outstanding performance. Such sensors can be categorized 
methodically into different formations, such as 1D, 2D, and 3D foamed geometry, 
and can be utilized in various real-world devices, such as multifunctional sensing, 
health monitoring, system integration, and human motion sensing [38]. 

3.5 Flexible Pressure Sensor 

Flexible pressure sensors possessing improved sensing abilities and extensive prac-
tical implementation range are widely used in wearable technology and biomimetic 
technology. In particular, the skin of the human fingertip may be a useful model to 
follow for very sensitive sensors since it has many epidermal ridges that enhance 
external stimulations. Xia et al. developed the flexible pressure sensing membrane 
(3D graphene films) via CVD and it displayed extraordinary 110 (kPa)−1 sensitivity 
at 0–0.2 kPa and up to 75 kPa an extensive workable pressure range. The pressure 
sensors’ enhanced performance is also a result of the usage of hierarchically struc-
tured supporting elastic films (polydimethylsiloxane). This pressure sensor demon-
strated stability for more than 10,000 compressing/relaxing cycles, with a 0.2 Pa low 
detection limit and 30 ms swift reaction time. The authors illustrated the potential 
uses of sensors for sensing small stuffs, human physical gestures, and sound [39]. 

Xu et al. fabricated the flexible force sensor with flexible polydimethylsiloxane 
and 3D graphene foam (GF/PDMS). The 3D GF/PDMS sensor demonstrated the 
ability to sense frequency response via a piezoelectric transducer and tuning fork 
tests. The sensor has clearly shown the audio frequency linear response with an 
ultrasound frequency range of up to 141 kHz, since the sensor’s work on the prin-
ciple of alteration in the electronic band structure. Such sensors are desirable for 
collaborative wearable sensor technology or simulated prostheses that can sense 
ultrasonic waves, seismic waves, transient pressures, and shock waves due to their
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Fig. 4 a SEM micrographs 
of graphene foam (GF) 
illustration of morphology 
b High resolution SEM 
micrographs of GF to show 
its porous 3D structure, 
c Picture of the 3D GF/ 
PDMS sensor shows bending 
ability, and d 3D GF/PDMS 
sensor’s cross-sectional 
optical image e Raman 
spectra of GF [40] 

excellent response and broad bandwidth [40]. SEM images, flexibility, and Raman 
spectra of the 3D graphene foam (GF/PDMS) sensor are presented in Fig. 4. 

There are many ways to prepare graphene where intricate steps are involved 
in creating multilayer 3D graphene structures. Depending on the variation in the 
resistance offered by electrical signals of 3D graphene by the influence of sonic 
waves, the flexible acoustic pressure sensor has been created by Xu et al. The detector 
was synthesized by flexible 3D graphene foam and PDMS. Such sensors showed the 
ability in real time to delicately sense the distortion and the acoustic pressure; studies 
used human physiological data and a tuning fork. These findings are important for 
the creation of graphene-based applications/devices in the areas of transient pressure 
measurement, in-vitro-diagnostics, and improved therapeutics [41]. 

Zhu et al. employed the neoteric method to fabricate a 3D structure graphene-
based pressure and strain sensor [42]. Ultrahigh sensitivity and significant hysteresis 
were exhibited by the 3D bubble-derived graphene-based porous sensor. Fang et al. 
followed the confined self-assembly methodology to fabricate a novel 3D porous 
network with the aligned graphene-based wall, that was treated with holey-reduced 
graphene oxide/lignin sulfonate (HrGO/Lig) composites and were oriented on the 
framework of the Lig/single-wall carbon nanotube (Lig/SWCNT) hydrogel by 
vacuum-assisted filtration. Achieved ultra-light Lig/SWCNT/HrGOal aerogel was 
employed as pressure sensor which demonstrated 2.28 kPa–1 high sensitivity and 
0.27–14.1 kPa wide detection range. Moreover, the fabricated aerogel film showed 
the ability to perform in the symmetric supercapacitor and exhibited better energy 
storage performance even after 5000 fatigue bending cycles [43]. 

Baolin et al. discussed that bionic skin is a kind of scheme that has the ability 
to perform many simulations and also demonstrate several identifications of human 
skin. The authors fabricated the flexible graphene piezoresistive tactile sensor, which 
showed the ability to disclose the use of graphene’s piezoresistive capabilities. The
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innovative tactile-pressure sensor was combined with a 2D graphene-based film 
tactile sensor along with a 3D graphene foam pressure sensor to concurrently quantify 
highly precise and extended range measurements simultaneously. The test findings 
demonstrated that this sensor’s measuring range was split into two ranges: 0–2 N 
and 2–40 N. The 472.2 y(kPa)−1 sensitivity, the 0.01 N force resolution, and less 
than 40 ms reaction time were observed for the 0–2 N measurement range. While 
5.05 ky(kPa)−1 sensitivity, the 1 N force resolution, and less than 20 ms reaction 
time were the observations for the 2–40 N measurement range. This sensor provided 
utilization for numerous applications like in biomedical devices and prosthetic limbs 
and also can be employed for highly precise and broad range force implemented 
calculations [44]. 

Flexible sensors are in great demand for research in many intelligence-based 
systems such as the Internet-of-Things (IoT). Wei et al. provided the easiest and most 
environmentally facile process for producing pressure sensors which were based on 
an aerogel composite made of bacterium cellulose and caffeic acid-reduced graphene 
oxide. The fabricated 3D graphene-based sensor showed a porosity of 98.9% and 
demonstrated the 13.89 kPa−1 high sensitivity, 47.2 Pa ultra-low detection limit, and 
120 ms fast response time, clearly detecting subtle strain and monitoring human 
physical motions. Moreover, the aerogel demonstrated remarkable durability even 
after 1000 compressing/relaxing cycles, depicting the suitable performance of the 
material to be utilized in the area of flexible electronics [45]. 

3.6 Flexible Strain Sensors 

Regarding flexible and stretchy strain sensors, various scholarly findings have 
recently been presented [46]. Pan et al. have discussed the ability to increase the 
stretchability of graphene-based materials by transforming the 2D membranes into 
3D macroscopic structures. The authors used the porous copper foil as a template 
for atmospheric pressure to fabricate the 3D graphene films. Later, 3D graphene 
film (3D GF) was transferred to the PDMS membrane by treating the 3D GF at 
1000 °C (3D GF-1000/PDMS). 3D GF-1000/PDMS hybrid film exhibited good flex-
ibility, as evidenced by relatively low resistance changes (R/R0), 2.67 and 0.36, under 
employing 50% tensile strain and 1.6 mm bending radius. Conversely, 3D GF-900/ 
PDMS hybrid film demonstrates exceptional strain sensing capability with 187% 
practical strain range and 1500 gauge factor. Additionally, the 3D GF-900/PDMS 
exhibited astonishing strength in its resistance to repeatedly stretching-relaxing 
cycles of 5000. Kinetic investigations demonstrated that resistance changes depen-
dence on strain was relying on graphitization, while the conductivity of 3D GF was 
sensitive to the temperature of the CVD process [47]. The core elements of smart and 
flexible electronics are pressure and strain sensors, which are a hot topic of research 
[48]. Flexible graphene-based pressure sensors possessing PbTiO3 nanowires are 
renowned for their piezoelectric performance, reported by Xu et al. The material was
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employed to monitor healthcare and human gesture detection. The sensor exhibited 
0 to 1400 Pa good linearity and 9.4 × 10−3 kPa−1 ultrahigh sensitivity [49]. 

Li et al. demonstrated the importance of graphene-based strain sensors as wearable 
strain sensors which can be utilized in biomechanical systems, human motion detec-
tion, and other applications. There are several examples where high-performance 
strain sensors have achieved the unique morphology of 3D graphene foam, although 
there are still issues with preparation costs, sensitivity, and stretchability. Li et al. 
presented a composite fabricated by 3D graphene foam and PDMS that showed 
extremely flexible behavior and showed a response to strain. The graphene foam was 
fabricated from graphene oxide using a simple technique and it demonstrated better 
mechanical properties which make it easier to incorporate PDMS into the graphene 
system. The fabricated sensor showed a gauge factor of 98.66 under applied strain 
5%, and it may be extended up to 30% of its original length. Additionally, the strain 
sensor exhibited excellent durability after 200 stretching–relaxing cycles. When the 
elbow and finger bending monitoring device was used, it produced repeatability and 
a variety of reactions due to resistance variation [50]. 

Xiang et al. fabricated the strain sensor composed of the printed nanocomposite of 
carbon nanotube and thermoplastic polyurethane (CNT/TPU) via fused deposition 
modeling (FDM), and later 1-pyrenecarboxylic acid (PCA) was added non-covalently 
to alter the CNT and amplify polymer-nanofiller collaborations. The sensor exhibited 
the 117,213 gauge factor at 250% strain, high detectable 0–250% strain range, and 
better durability up to 10,000 loading–unloading cycles [51]. Xu et al. described that 
by incorporating PDMS into 3D graphene foam (GF), fabricated by CVD employing 
Ni foam as a template, a 3D GF-PDMS composite was investigated. In order to 
increase the sensitivity of the 3D GF-PDMS composite, a thin layer of poly(ethylene 
terephthalate) (PET) was added to work as substrate and designed the double-layer 
3D GF-PDMS/PET composite. According to calculations made for resistance, there 
was variation in the composite’s resistance after bending the edge side of PET, but 
it started to decrease when bent from the side of GF. In both instances, bending 
curvature increased the relative change in electrical resistance. More crucially, at the 
same bending curvature, the relative change in electrical resistance for double-layer 
3D GF-PDMS/PET composite can be up to six times greater. Additionally, the 3D 
GF-PDMS/PET composite has demonstrated greater stability and flexibility [52]. 

Highly-flexible strain sensors with good multifunctional properties are required 
for significant developments in the field of flexible electronics. Xu et al. proposed a 
novel strain sensor based on Eco-flex rubbers, 3D graphene foams (GF), and altered 
silicone rubber in a straightforward and affordable production technique (MSR). 
Highly stretchable with tolerable 100% strain including pressure sensing, strain 
meditation, and strain-dependent heating, are all features of the device. The strain 
sensor demonstrated the broad sensing range of 100% strain and 66 kPa stress, high 
sensitivity with gauge factor 584.2 for strain range 80% to 100%, and sensitivity of 
0.183 kPa−1 in 5–10 kPa. The sensor exhibited excellent durability life even above 
10,000 compressing/relaxing cycles. The GF showed splendid electrical properties, 
and the MSR exhibited ideal mechanical properties. Under 5 V, the device’s temper-
ature may be raised by 35 °C in 5 min. As a result, the thermochromic MSR’s color
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change rendered the deformation visible to the naked eye. The reversible and soft 
strain sensor has the potential to be utilized in the intelligent visual-touch panel and 
real-time detection of electrophysiological stimuli [53]. 

3.7 Flexible Temperature Sensor 

Temperature sensors must be periodically calibrated to ensure accurate readings 
while in continuous operation. Wu et al. reported a self-calibrating thermistor, 
which was regarded as practical, economical, and quick self-calibration employing 
embedded microheaters to operate as a self-heating platform. Based on the n micro-
heater platform, authors illustrated the sensing abilities of 3D reduced graphene 
oxide hydrogel (RGOH), for the first time. They reported the 3D sulfonated RGOH 
(S-RGOH) based thermistor, which demonstrated exceptional resolution (0.2 °C), 
high sensitivity 2.04% K−1, and a wide detection range of 26–101 °C. By compar-
ison, it was found that S-RGOH showed improved thermal sensitivity as compared to 
RGOH, which is dependent upon the chemical modification during varying temper-
ature sensing. The microheaters were also employed for in situ thermal annealing 
of S-RGOH and assessed temperature-dependent characteristics in addition to self-
calibration. Future wearable electronics will be able to use the flexible S-RGOH 
thermistor since it is mechanically flexible and has a variety of useful applications 
[54]. Figure 5 is not only representing the schematic illustration of 3D S-RGOH, but 
also demonstrates the SEM images, Raman, and FTIR spectra as well.

4 Conclusion 

In this chapter, a comprehensive review of the 3D graphene-based flexible sensors 
has been presented. It is noticed that structural destruction or considerable plastic 
distortion are the causes of restrictions for developing flexible 3D graphene-based, 
super-elastic structures. Flexible sensors’ specific uses are determined by perfor-
mance factors including sensitivity, linearity, and stability. A detailed literature 
review regarding various types of 3D graphene-based flexible sensors is demon-
strated. Understanding sensing processes and researching novel sensing mechanisms 
are equally elaborated. Future research on 3D graphene-based flexible sensors should 
focus on computational and machine learning techniques, as well as the chemistry, 
preparation, and characterization of polymer nanocomposites. Presented summarized 
work will be helpful for researchers to better understand the relationship between flex-
ible sensors’ process structure and performance to improve their structural designs in 
accordance with the applications. We can conclude that 3D graphene-based wearable/ 
flexible sensors illustrate the magnificent potential for multifunctional applications/ 
devices which should be further scrutinized.
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Fig. 5 a Schematic diagram for the 3D S-RGOH synthesis by one-pot self-assembly process and 
application for constructing a self-calibrated thermistor. b Picture of GO aqueous solution and 
resultant S-RGOH. c SEM micrographs of 3D porous S-RGOH. d Raman spectra of GO and S-
RGOH. e FTIR spectra of GO and S-RGOH. f SEM micrograph of Au IEs patterned porous and 
flexible LCP substrate with 3D S-RGOH [54]
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for the Remediation of Hydrogen Sulfide 
Gas 
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Abstract In the family of carbon allotropes, graphene oxide (GO) has shown 
tremendous potential in energy and the environment. Besides being developed for 
the remediation of water pollutants, these carbon nanostructures are highly effective 
for air purification applications. Air pollutants like hydrogen sulfide (H2S) could 
lead to the acidification of ecosystems and a high human mortality rate. GO-based 
adsorbents with suitable structural and functional modifications have shown unprece-
dented performance for the capture and mineralization of H2S in relevant experi-
mental conditions. This chapter is focused on highlighting the potential of GO-based 
adsorbents in removing H2S gas in ambient conditions. The chapter aims to present 
an in-depth explanation of the trend and mechanism, which is the driving force for 
future research. 
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1 Introduction 

While graphene nanosheets have found numerous applications in energy and the 
environment, this sp2 hybridized, covalently bonded chain of polycyclic aromatic 
hydrocarbons needs further modification for their compatibility in gas treatment 
applications. More often, graphene oxide (GO) or reduced graphene oxide (RGO) 
materials are explored for treating acidic gases in conjugation with an active adsorbent 
due to the poor acidic gas adsorption behavior of GO/RGO. Since RGO/GO is highly 
porous, they are used as a support for anchoring gas-binding functionalities and 
catalysts/adsorbents. Section 2 of this chapter has discussed some strategies adopted 
for developing novel GO-based materials. 

Among numerous acidic gaseous pollutants, hydrogen sulfide (H2S) stands out 
due to its ubiquitous presence in different ecosystems. Naturally, H2S is released from 
the hydrolysis of volcanic rocks and the anaerobic respiration of sulfate-reducing 
bacteria. However, a large proportion of H2S in the atmosphere is released from oil 
refineries and coal gasification units. Even the wastewater treatment facilities in our 
areas are a common source of H2S gas. H2S is a colorless, pungent-smelling, and 
flammable gas which tends to settle in poorly ventilated areas [1]. While inhaling a 
low concentration (1–5 ppm) of H2S can irritate the eyes and throat, exposure to high 
concentrations (500–1000 ppm) could be fatal to humans [2]. Thus, it is necessary 
to develop techniques to eliminate H2S gas from different sources. 

RGO/GO-based materials could act as adsorbents/catalysts in eliminating a broad 
concentration of H2S gas in different experimental conditions. As such, Sect. 3 of 
this chapter is focused on the performance of RGO/GO-based adsorbents for elim-
inating H2S gas in ambient conditions. The section further aims to explore the role 
of GO and experimental conditions that affect uptake performance. The H2S capture 
process over GO-based adsorbents is associated with H2S dissociation, followed by 
its oxidation to sulfur byproducts like sulfur, sulfite, and sulfate. Understanding H2S 
removal mechanisms are necessary to develop superior materials for their industrial 
applications. Section 4 has presented a detailed discussion of the H2S removal mech-
anism with a particular interest in spectroscopic findings and theoretical calculations. 
This chapter provides brief and concise information on GO-based adsorbents for the 
remediation of H2S gas from different contamination sources. Moreover, Sect. 5 
provides the limitations and possible developments that could make these materials 
suitable for industrial purposes. 

2 Synthesis of RGO/GO-Based Adsorbents 

Since many of the chapters in this book have discussed the synthesis of graphene and 
GO in detail, this section provides a brief description of the conventional synthesis 
route adopted for graphene, GO, and RGO. The two-dimensional (2D) graphene 
describes a single layer of sp2 hybridized aromatic carbon structure peeled off from
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a three-dimensional (3D) graphite block. The poor dispersion behavior of graphene 
sheets due to π–π interactions between the sheets limits their possible application 
in environmental decontamination. However, anchoring oxygen-rich functionalities 
like hydroxyl groups, epoxides, and carboxylic acid on the graphene sheets, termed 
GO, could improve its dispersion behavior without compromising the intrinsic prop-
erties of graphene. GO was produced in large quantities through the chemical exfoli-
ation of graphite in a strong acidic oxidizing medium (Hummers’ method). However, 
the method has seen numerous modifications in the last six decades to improve the 
physicochemical properties, yield, greenness, and affordability [3]. The thermal or 
chemical reduction of GO sheets yields RGO with graphene domains, defects, and 
residual O-functionalities on the surface of the sheets. Though RGO has a lower 
mechanical strength and conductivity than graphene sheets, these oxidation–reduc-
tion strategies have been employed for the large-scale synthesis of graphene-like 
materials [4]. 

For H2S gas removal, RGO/GO is covalently modified with functional groups 
or integrated with metal oxides or other active adsorbents to form RGO/GO-based 
nanocomposites. Covalent modification of RGO/GO is a straightforward strategy 
as the O-functionalities could be used for supporting other functional groups [6]. 
Rahighi and coworkers reported a simple covalent modification of GO nanosheets 
with piperazine by refluxing in ethanol for 24 h at 100 ºC (Fig. 1a) [5]. The same 
group modified the RGO surface with amide functionality by amidation of acyl-
chlorinated RGO in a multi-step approach [7]. Even waste ammonia gas could be 
used for the covalent functionalization of GO through high-temperature annealing 
in an inert atmosphere after ammonia gas adsorption [8].

Since GO-based nanocomposites are better-suited adsorbents for H2S removal, 
the synthetic strategies adopted for their fabrication have been discussed here. The 
most common method adopted for synthesizing GO-based nanocomposites relies 
on the in situ growth of active adsorbent with the GO. For this, pre-synthesized 
GO is dispersed in the reactant medium before subjecting it to the regular route 
of active adsorbent synthesis. The in situ growth allows uniform distribution of 
active adsorbents over the GO surface on a nanoscale. In some cases, thermal 
annealing in an inert atmosphere to form active adsorbents could reduce the GO 
into RGO [9, 10]. When discussed in the context of MOF-GO composites, GO is 
dispersed in the metal-linker reactant solution before subjecting it to hydrothermal/ 
solvothermal synthesis (Fig. 1b) [11]. However, some researchers have added addi-
tional functionalities to the composite by pre-modifying the GO surface. Karanikolos 
et al. have reported polyethyleneimine-GO/HKUST-1 composite for H2S removal, 
where primary amine functionality was grafted on the GO surface before forming 
a composite with HKUST-1 [12]. Bandosz and coworkers have reported the pre-
functionalization of GO with sulfanilic acid or 4-ammonium polystyrene sulfonate 
before composite formation with Cu-BTC [13]. Some researchers have reported the 
benefits of ternary composites with two active adsorbents distributed on the GO
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Fig. 1 a Covalent modification of GO with piperazine [5]; b in situ growth of HKUST-1 
nanocrystals over GO surface

surface. In such a case, one active component is pre-synthesized and dispersed in 
the reaction medium like GO. For Au–Zn(OH)2–GO composite, pre-synthesized Au 
nanoparticles were dispersed in ZnCl2 solution along with GO to form the composite 
[14]. 

3 H2S Removal Application 

GO has limited H2S uptake capacity (3 mg g−1) [9], which makes it less relevant to 
the purpose in the raw form. However, anchoring suitable functional groups over the 
GO surface makes it an efficient adsorbent for H2S gas removal. GO surface function-
alization with amine-bearing or similar basic functional groups is an ideal strategy to 
improve the H2S capture performance of GO-based materials. Though some studies
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have reported improvement in H2S gas uptake after the surface modification with N-
donor groups (amido and piperazine), the method adopted for functionalization is a 
multi-step approach, which severely limits the scale-up of materials [5, 7]. However, 
using a waste gas like NH3 for GO surface modification with N-groups and subse-
quent utilization for H2S capture could reduce the overall cost and improve the 
efficiency of GO materials. GO with a high NH3 capacity of 90 mg g−1 was ther-
mally treated in N2 gas after NH3 capture and used for H2S adsorption (capacity 
~30.5 mg g−1) [8]. Unlike GO surface functionalization, GO-based composites 
are well-researched materials in the literature, where GO acts as a porous support 
for metal oxides, metal hydroxides, and metal–organic frameworks (MOFs). The 
subsequent section is dedicated to the discussion involving GO-based composites. 

The main reason behind the use of GO-based composite is to improve the distri-
bution of active adsorbent over a porous surface, which provides a better adsorbate– 
adsorbent (gas-active site) interaction. Moreover, GO in the nanocomposite opposed 
to graphene, provides a higher H2S uptake capacity both in dry and moist conditions 
[18]. However, the implications of this approach on the surface and pore properties 
are highly related to the kind of active adsorbent, i.e., metal oxide, metal oxyhy-
droxide, or MOFs. For metal oxides like ZnO, GO acts as a highly porous support 
irrespective of the ZnO: GO composition ratio ZnO has a much lower surface area 
than GO (Fig. 2a). Though the increasing proportion of ZnO in the composite could 
lower the surface area and clog the pores, the H2S adsorption capacity increased 
due to abundant ZnO active sites [9]. For some porous metal oxyhydroxides, the 
composite fabrication with GO could either lower the surface area, like in the case 
of CoOOH-GO (Fig. 2b) [15], or improve slightly with the increasing GO propor-
tion, like in the case of FeOOH-GO (Fig. 2c) [16]. In such a case, the adsorption 
capacity is improved slightly or decreases to an extent, which makes the overall 
process of incorporating GO inconsequential. In the case of highly porous materials 
like MOFs, GO incorporation is beneficial as it improves the surface area and H2S 
uptake capacity to a greater extent [17, 19, 20]. However, only a small fraction of 
GO could be incorporated into the MOF-GO composite. Beyond an optimum GO 
loading, both surface area and uptake capacity drop drastically due to the interference 
of GO in the MOF crystallization [19] or loss of microporosity and pore blocking 
[20]. For HKUST-1-GO nanocomposite, only a fraction of GO (~5%) was sufficient 
to double the H2S adsorption capacity, and beyond, it declined rapidly and reached 
below HKUST-1’s adsorption capacity (Fig. 2d). Thus, it is essential to understand 
the nature of active adsorbent before fabricating GO-adsorbent composites, and an 
optimum GO loading is required to have promising H2S removal performance.

The synthesis method affects the composite physicochemical properties, and thus 
its H2S adsorption capacity. In one such study involving the fabrication of ZnO-RGO 
through reflux and microwave methods, the ZnO-RGO synthesized by microwave 
heating had a superior H2S removal capacity (120.6 mg g−1) than the one synthesized 
by reflux method (50.2 mg g−1). Besides being a faster synthetic route, the microwave 
method created smaller-size ZnO nanoparticles distributed uniformly over the RGO 
surface [10]. Other than the surface area of a composite, the synergy between the 
constituents [21] or the surface heterogeneity [13] could improve its H2S adsorption
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Fig. 2 Relationship between GO loading, surface area, and H2S adsorption capacity of a ZnO-GO 
[9]; b CoOOH-GO [15]; c FeOOH-GO [16]; d HKUST-1-GO [17] nanocomposites

capacity. The increasing surface heterogeneity improves the H2S removal perfor-
mance, which was observed for a ternary Au–ZnO–GO composite. The ternary 
composite showed a higher H2S uptake than the binary composites, even with a 
minor increment in its surface area. Au and GO in the nanocomposite provided a 
pathway for rapid electron transport, which benefitted the H2S oxidation process. The 
surface heterogeneity could be further improved by introducing functional groups 
and active adsorbents over the GO layers as in Cu-BTC-sulfanilic acid-modified GO 
[13]. The functionalized MOF-GO composite has a higher H2S adsorption capacity 
(241 mg g−1) than the MOF-GO composite (130 mg g−1), highlighting the importance 
of increasing surface heterogeneity. 

In practice, these adsorbents are always tested for breakthrough studies in column 
configuration where experimental parameters like gas flow rate, adsorbent mass 
(bed height), gas concentration, and humidity play an important role in deciding 
the adsorption performance. However, the moisture content in the adsorbent has 
a striking effect on the H2S adsorption capacity. The experimental and theoretical 
calculations predict a preferential interaction of H2O with the carbonyl groups on 
the GO surface, which blocks the potential active sites for H2S decomposition [22]. 
However, for metal oxides like ZnO, water molecules chemisorbed over the ZnO 
surface improve the hydroxyl density and provide an alternative reaction pathway
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for H2S dissociation with lower activation energy [23]. Thus, the amount of water 
pre-adsorbed on the composite surface improves its H2S adsorption capacity if GO 
loading is much lower than the active adsorbent. 

The effect of moisture has been studied in detail in numerous reported studies. 
For many GO-based composites, there is a linear relationship between the amount of 
water pre-adsorbed and their H2S adsorption capacity (Fig. 3a). Pre-adsorbed water 
on the composite surface creates a thin film, which dissolute and dissociates an H2S 
molecule into 2H+ and S2− ions. This proton release during the dissociation reaction 
is the reason behind an increase in the surface acidity of the composite, which rises 
further with the increasing amount of pre-adsorbed water [17]. The easy dissociation 
of H2S molecules improves the adsorption capacity, and for this reason, a positive 
linear relationship has been witnessed for GO-based composites, even though H2O 
and H2S compete for the binding sites over the GO surface. The linear relationship 
could also be associated with the amount of GO in the composites. Since GO is 
a hydrophobic material, a higher proportion of it in the composite could lower the 
hydrophilicity of the composite, which reduces the amount of pre-adsorbed water and 
H2S uptake capacity [17, 26]. Thus, the proportion of GO in the composite decides its 
adsorption capacity in dry and humid conditions. Unlike humidity, the effect of other 
experimental factors like gas flow rate, gas concentration, and adsorbent loading has 
been reported the least in these studies, which should be the focus of future studies 
to understand the column design parameters. Long et al. studied the effect of space 
velocity on H2S adsorption capacity with MgO/RGO as the catalyst/adsorbent. The 
adsorption capacity decreased with the increasing space velocity due to the drop in 
gas retention time, which disfavored the interaction of H2S molecules with the MgO/ 
RGO surface [28].

Some studies have probed the role of visible light on the H2S removal capaci-
ties of GO-based composites [18, 25, 27]. The sp2 hybridized aromatic structure of 
GO provides a photoactive surface for electron–hole pair formation during radiation 
exposure and works as a conductive surface for a fast electron transfer. Besides, transi-
tion metal-containing active adsorbents are excellent absorbers of ultraviolet–visible 
radiation and generate electron–hole pairs. Thus, the GO-based adsorbents could also 
serve as photocatalysts for H2S removal. The effect of ambient light exposure on the 
H2S adsorption capacity of Cd(OH)2-GO nanocomposite was reported in both the dry 
and moist conditions (Fig. 3b) [25]. For Cd(OH)2-GO nanocomposite, the effect of 
visible light is more pronounced in dry conditions. In moist conditions, the favorable 
splitting of surface water molecules could lower the sensitivity of H2S molecules. 
This negative effect of moisture on the gas uptake behavior of composite has been 
reported for Zn(OH)2-GO, where the adsorption capacity of 155 mg g−1 in the dark 
condition dropped to 115 mg g−1 under ambient light [27]. In the dry condition, the 
increasing GO loading in the composite negatively impacted the composite’s gas 
uptake behavior. However, this behavior reversed during the visible light exposure, 
as more GO in the composite provided efficient photoelectrons mobility, extended 
their lifetime, and restricted the electron–hole pair recombination process [25].



158 N. K. Gupta et al.

Fig. 3 a A linear relationship between the amount of water pre-adsorbed in the composites and their 
H2S adsorption capacity [16, 17, 24]; b The H2S adsorption capacity of Cd(OH)2-GO nanocom-
posite in the absence and presence of ambient light in dry and moist conditions [25]; c The H2S 
adsorption capacity of different GO composites with metal oxides, hydroxides, (oxy)hydroxides, 
and MOFs as active adsorbents [9, 15–20, 25–27]

GO-based composites for fuel and flue-gas desulfurization need to be non-toxic, 
high performing, and regenerable. Considering the high toxicity of cadmium, Cd-
based materials for desulfurization application should be replaced with other tran-
sition metals like Zn, Fe, and Co [25]. Based on the adsorption performance of 
GO composites with Zn-based active adsorbents, ZnO, Zn(OH)2, and ZnOOH are 
better choices than Zn-terephthalate MOF (MOF-5). Since MOF-5 fabrication needs 
toxic chemicals like N,N-dimethylformamide (DMF), chloroform, and an expensive 
terephthalic acid linker ($85 kg−1, Sigma Aldrich) [19, 29], the overall benefits of 
using MOF-5-GO composites are minimal. The only cost-cutting and environmen-
tally benign solution is the use of polyethylene terephthalate (PET) bottle waste to 
fabricate MOF-5 [30]. Among MOFs, UiO-66 (Zr-terephthalate MOF) is a suitable 
candidate for GO composite formation due to its excellent H2S uptake behavior and 
regenerability after heating in N2 gas [20]. But considering the cost of Zr salts and 
organic linkers and the toxicity of organic solvents used in the MOF fabrication, 
the most suitable adsorbents are transition metal (oxy)hydroxides, which are porous 
materials with high hydroxyl density and H2S removal capacity (Fig. 3c).
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4 Removal Mechanism 

Based on theoretical calculations, H2S adsorption over pure graphene and hydro-
genated graphene (graphane) nanosheets are governed by physical interaction, 
reflected by a lower adsorption energy and charge transfer in the range of −0.02– 
0.05 eV and 0.002–0.007e, respectively. However, when 3d transition metals like 
Fe, Co, and Cu are doped in the graphene nanosheets, it exhibits significantly higher 
adsorption energy of −0.93, −1.50, and −0.88 eV and charge transfer of 0.058, 
0.170, and 0.302 e, respectively, which eventually leads to chemisorption [31]. Inter-
actions with the graphene surface could be improved by modifying the surface with 
O-functionalities like epoxy and hydroxyl groups which enhanced the adsorption 
energy and charge transfer. The maximum change in these parameters is noticed for 
zigzag graphene nanoribbons as −0.0252 eV and −0.097e, respectively [32]. More 
detailed experimental and theoretical analyses have confirmed that H2S molecules 
react with the carbonyl functional groups on the GO surface, which was also reflected 
in the population analysis of H2S, where the functional group coverage increase from 
10 to 30% led to an increment in the number of chemisorbed H2S molecules. The 
population analysis spectra confirmed that water molecules could block these reac-
tive sites and restrict the decomposition of H2S molecules [22]. The introduction of 
transition metal (Cu) or metal oxide (CuO) in GO nanostructures could substantially 
improve the H2S binding energy in the range of −1.33–−1.93 eV for Cu atom and 
−2.36–−2.95 eV for CuO at the top, hollow, and bridge binding sites compared to 
the pristine GO nanostructure [33]. Water over the surface of transition metal oxides 
could improve their H2S removal capacity by lowering the energy barrier from 63.3 
to 53.3 kJ mol−1 for newly formed hydroxyl groups, further confirmed for ZnO 
through spectroscopy and density functional theory calculations [23]. Thus, theo-
retical calculations have demonstrated that GO nanosheets decorated with transition 
metal oxides are highly effective in H2S mineralization, which we have critically 
discussed here. 

In dry conditions, the H2S adsorption mechanism over a metal oxide such as ZnO 
is initiated with the dissociation of H2S molecules to H+ and HS− ions, followed by 
diffusion of HS− ions in the oxide lattice and migration of oxide and formed water 
molecules to the surface. Thus, the conversion of ZnO to ZnS is facilitated by protons 
transfers from H2S to the surface-bound hydroxyl groups. Due to this direct acid–base 
reaction, ZnS as a byproduct could be traced in the X-ray diffraction pattern of spent 
ZnO samples [10, 34]. However, this is not the case with other studies dealing with 
H2S adsorption due to the sulfidation of two to three oxide surface monolayers after 
H2S saturation, and sophisticated techniques are required to deduce the mechanism 
[35, 36]. Since sulfide formation is a common occurrence in the H2S adsorption 
process over transition metal oxide, X-ray photoelectron spectroscopy (XPS) is a 
standard analytical technique to conclude the adsorption mechanism. Due to the 
replacement of lattice O2− with S2− ions, there is a change in the electron density 
around transition metal ions, which causes a shift in the binding energy of metal 
ions [37]. Moreover, the sulfide ions could be detected in the high-resolution S2p
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spectrum, where a 2p3/2-2p1/2 doublet is witnessed at 161–162 eV [38]. Other than 
sulfide, even sulfate ions could form in dry conditions. This acidic high-valent sulfur 
species could be identified in the S 2p spectrum as a 2p3/2-2p1/2 doublet between 
168–170 eV. The sulfate species generates through the oxidation of S2− or HS− by 
loosely bound oxygen species or adsorbed molecular oxygen [34]. 

In moist conditions, the H2S adsorption mechanism has more complexities due to 
the involvement of chemically adsorbed water on the GO-based composite surface. 
As discussed earlier, moisture certainly restricts the interaction of H2S with the GO 
surface due to the competitive nature of H2O for  the H2S binding sites. However, 
chemisorbed H2O plays a positive role in H2S adsorption over the transition metal 
oxide surface. The chemisorbed water could dissociate on the transition metal oxide 
surface with alkaline nature to form additional hydroxyl groups, which promotes the 
reactive dissociation of H2S by providing a low activation energy pathway [23, 28]. 
Thus, the role of water toward H2S adsorption over RGO/GO-based composites is 
highly related to the active adsorbent of the composite. The H2S adsorption-oxidation 
over metal oxide composite forms sulfide, sulfur, and sulfate species, which are 
distinguishable in the S 2p spectrum of the exhausted samples (Fig. 4a). The elemental 
sulfur formation is associated with the redox chemistry of transition metal ions, where 
high-valent cation reduces to a lower oxidation state by accepting electrons from the 
sulfide ions, which changes the sulfide into elemental sulfur.

A more recent investigation by Long et al. has provided better insight into the reac-
tion byproducts of the H2S adsorption-oxidation process. Three RGO/metal oxide 
composites with MgO, ZnO, and Fe2O3 were investigated for H2S adsorption in 
humid conditions at room temperature. While sulfide, sulfur, and sulfate species were 
confirmed over ZnO/RGO and Fe2O3/RGO, sulfide formation was absent in MgO/ 
RGO when experiments were performed with 1% O2 in the carrier gas (Fig. 4a). Theo-
retical calculations and electron paramagnetic spectroscopy confirmed the formation 
of O2 

·− radicals in the O2 flow, which were absent in the N2 flow. These O2 
·− radi-

cals were generated by the single-electron transfer from the RGO matrix, which 
catalytically oxidized S2− and HS− species to elemental sulfur. This radical-based 
oxidation (/\G = −0.174 eV) is preferred over acid–base neutralization of sulfides 
(/\G = 0.853 eV) in MgO/RGO, which resulted in a large proportion of elemental 
sulfur. However, for Fe2O3/RGO and ZnO/RGO, the calculations suggested that HS− 
prefers reacting with ZnO (/\G = −0.365 eV) and Fe2O3 (/\G = −0.771 eV) to 
form ZnS and Fe2S3, respectively, rather than being oxidized by O2 

·− radicals. For 
this reason, a large proportion of formed sulfide remained metal-bound, and a small 
fraction oxidized to elemental sulfur and sulfate species (Fig. 4b, c) [28]. 

Even the physicochemical properties of active adsorbents play an important role 
in the adsorption mechanism and are responsible for the H2S uptake capacity. Unlike 
metal oxides, where the role of hydroxyl groups in H2S dissociation is limited due 
to the low hydroxyl group density, metal (oxy)hydroxides have a high hydroxyl 
group density. These hydroxyl groups are responsible for a high H2S uptake capacity 
compared to metal oxides or hydroxides. For instance, CoOOH-GO with Co3+ ions 
has a higher oxidation ability than Co(OH)2-GO with Co2+ ions, which makes 
CoOOH-GO a superior material for H2S mineralization [15, 24]. In dry conditions,
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the high oxidation activity of CoOOH results in the minor evolution of SO2 gas, which 
could be suppressed in moist conditions. The H2S reaction chemistry over moist 
CoOOH involves multiple reaction pathways, forming several sulfurous byprod-
ucts, including metal sulfides and sulfates [15]. The same is true for other metal 
(oxy)hydroxides like FeOOH, where both the lattice oxygen and hydroxyl groups 
are crucial for H2S oxidation (Fig. 5). The H2S molecules dissociate in the water 
film to generate HS− ions which replace the surface hydroxyl groups to form iron 
sulfide. The formed sulfide is oxidized to elemental sulfur by molecular oxygen and 
water to replenish the consumed hydroxyl groups. In another reaction pathway, H2S 
molecules react with the lattice oxygen to form SO2 molecules and reduced Fe2+ 

species. SO2 could oxidize to SO3 by molecular oxygen and form surface-bound 
SO4 

2− species by reacting with water. Furthermore, this molecular oxygen could 
oxidize Fe2+ to Fe3+ ions [16]. 

For MOFs-GO composite, the adsorption mechanism involves the reactive inter-
action of H2S molecules with the open metal sites in the MOF framework. The open 
metal sites are highly active and accommodate the incoming H2S molecules [17, 
19]. However, this reactive dissociation of H2S is accompanied by the release of H+ 

ions, which dissociate the metal–carboxylate bonding and lowers the overall struc-
tural stability of the MOF (Fig. 6). Thus, despite having a large adsorption capacity,

Fig. 5 Reactive adsorption mechanism of H2S on the surface of FeOOH-GO composite. Adapted 
with permission [16], Copyright (2022), American Chemical Society 
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Fig. 6 H2S adsorption mechanism over MOF-5-GO or HKUST-1-GO composites [17, 19] 

MOF-GO composites of 3d transition metals like Cu and Zn are hard to regenerate 
with conventional regeneration techniques. 

5 Challenges and Strategies 

Though the research on the room-temperature desulfurization process has made 
significant progress toward developing outstanding GO-based adsorbents and under-
standing the mechanism driving the H2S removal processes, these studies do not 
shed light on the regeneration capabilities of the composites. Regeneration is 
vital from economic and environmental perspectives as single-use adsorbents are 
misfit for achieving sustainable development goals. The researchers should focus 
on developing affordable and green regeneration strategies for commercialization 
with minimal labor and energy requirements [39]. Another major drawback of these 
studies is the lack of research data on operational parameters like gas concentration, 
flow rate, and adsorbent loading (bed height). These operation parameters should 
be systematically investigated in future studies for testing composite materials on 
an industrial scale. Besides optimizing the experimental parameters, the researchers 
should keenly seek pilot-scale studies and provide practical solutions for real-world 
problems like the desulfurization of biogas, fuel gas, and industrial flue gases. 

As discussed earlier, the researchers have devoted efforts to developing GO-based 
composites using numerous active adsorbents, including metal oxides, hydroxides, 
oxyhydroxides, and MOFs. These materials have been judged for desulfurization 
applications solely based on their H2S capture performance without considering the 
cost-to-performance ratio and the environmental impact of the overall gas cleaning 
process. Firstly, the researchers should look for green alternatives for the precursors 
and synthetic processes required for composite development. Instead of using the 
conventional Hummer’s method for GO synthesis, which uses toxic oxidants and
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generates a large volume of wastewater, the researchers should follow water elec-
trolytic oxidation of graphite that is safe, fast, and green and provides better control 
over the thickness and oxidation degree of GO [40]. Secondly, instead of using 
graphene as precursors for GO synthesis, the current focus should be on agro-waste 
for GO/RGO production [41, 42]. 

The choice of active adsorbent in the GO composite is hectic as there are numerous 
possibilities, and any of these adsorbents could be integrated with GO. However, 
the choice should not be merely influenced by the performance, but also by the 
non-toxicity and greenness of the overall synthesis process. Like in the case of 
MOFs, non-toxic and green solvents like water/ethanol should be adopted over 
DMF. HKUST-1, widely used in GO composite for H2S adsorption [11–13, 17, 
21], could be synthesized at room temperature in water on a commercial scale 
[43]. The alternative method over high-temperature solvothermal synthesis could 
reduce the environmental cost. Moreover, reliance on solvothermal synthesis could 
be ignored by adopting solvent-free synthesis routes, which are less expensive ($13– 
36 kg−1) than solvothermal synthesis ($35–71 kg−1) [44]. As such, even commercial 
organic linkers like terephthalic acid used in the synthesis of UiO-66(Zr) and MOF-5 
could be replaced by extracting these linkers from PET bottle waste through mid-
temperature acidic/alkaline hydrolysis [45] or directly using the crushed PET bottles 
[46]. This approach can further reduce the plastic burden on the planet and convert 
PET waste into value-added products, providing a win-win strategy required in the 
current research scenario. 

6 Conclusion 

In this chapter, we have highlighted the application of various RGO/GO-based 
composites for the room-temperature removal of H2S gas. GO has been integrated 
with transition metal oxides, hydroxides, (oxy)hydroxides, and MOFs to construct 
porous nanocomposites with uniform distribution of active sites over the GO surface. 
In general, these composites have shown high H2S adsorption capacity in moist condi-
tions due to the dissociation and reactive dissolution of H2S in surface water films. 
Moreover, the performances of these composites were primarily controlled by the 
nature of the active adsorbent, GO loading, and synthesis methods. Besides providing 
a large surface area, GO imparted heterogeneity to the surface, which was crucial in 
the reactive adsorption of H2S. Some studies highlighted the role of visible light in 
improving the H2S uptake performance in dry conditions by creating electron–hole 
pairs required during the oxidation of dissociated H2S byproducts (like sulfide). The 
adsorption mechanism over these adsorbents involved the dissociation and oxidation 
of H2S into sulfide, sulfur, and sulfates. In some cases, the reactive adsorbent oxidized 
H2S into SO2 gas in dry conditions. Though the literature has been saturated with 
numerous studies on GO/RGO-based composites for H2S removal, their practical 
application is limited due to improper investigation of operational parameters and
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utilization of GO-adsorbent composites as aerogels and fabrics, which could be used 
directly in real-world applications. 
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Abstract 3D Graphene (3DG) has attracted a lot of attention in recent years because 
of its unique features. The advancement in 3DG structures fundamentally makes it 
easier to use the material in practical applications while maintaining its beneficial 
features such as low density, large surface area, high porosity, outstanding mechanical 
properties, and rapid transport for mass and electron. 3DG has been investigated to 
remove inorganic pollutants, such as heavy metal ions (lead, arsenic, chromium, 
mercury), fluorides, nitrides, chlorides, phosphates, antimony, and radium, that 
mainly come from industrial litter, pharmaceutical waste, agricultural discharge, 
oil refineries, improper radioactive disposal, and natural seepage which seriously 
threaten the human health as well as aquatic flora and fauna. Environmental reme-
diation using 3DG is still being explored. The progress that has been made thus far 
in this respect is summarized in the current chapter. Further research is required to 
focus on its development for real-world applications. 
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1 Introduction 

Pollutants are known to have adverse effects on surrounding and are found as gases, 
aerosols, liquids, or solids that are either naturally occurring or produced by human 
activity [11]. Pollutants with non-biodegradable nature have a harmful impact on 
health even in minute quantities. These pollutants are generally caused by man-made 
activities including industrialization, urbanization, uncontrolled sewerage discharge, 
and so on in addition to naturally occurring activities [22]. They hail from chemi-
cals that are being dumped out by industries and factories working in the field of 
engineering, papermaking, fine chemicals, dyes, paints, pharmaceuticals, and textiles 
[21]. They include trace elements, mineral acids, inorganic salts, metals that have 
formed complexes with organic compounds, sulfates, and cyanides, contaminating 
waters. These inorganic contaminants are persistent in the environment and are not 
biodegradable. Human health as well as flora and fauna are all negatively impacted by 
this inorganic pollution [43]. Drinking water that has inorganic pollutants dissolved in 
them has diverse effects on the human body because these materials are carcinogenic, 
teratogenic, and mutagenic with accumulative amplification effects [21]. 

The world health organization (WHO) has set standards for several inorganic 
pollutants, acceptable in drinking water. Many countries around the world have 
constructed models and adopted guidelines to reduce the number of inorganic pollu-
tants in heavy water which is in support of WHO standards. The following Table 1 
summarizes the limit of inorganic pollutants that are acceptable in drinking water 
and the diseases that may be caused in case of access amount. 

Due to the cumulative long-term impacts on health, inorganic contamination in 
the environment is a serious health hazard all around the globe, even at low concen-
trations. Ingesting these hazardous substances through consumables not only affects

Table 1 Acceptable limit of 
inorganic pollutants. Adapted 
with permission [19], 
Copyright (2018), Elsevier 

Heavy metals WHO standards (mg/mL) 

Cadmium (Cd) 0.003 

Lead (Pb) 0.010 

Chromium (Cr-III) 0.050 

(Cr-VI) 0.010 

Arsenic (As) 0.010 

Nickel (Ni) 0.070 

Manganese (Mn) 0.400 

Zinc (Zn) 3.000 

Tin (Sn) – 

Mercury (Hg) 0.006 

Copper (Cu) 2.000 

Iron (Fe) 0.300 

Silver (Ag) – 
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organs and body function, but also diminishes body immunity and causes growth 
retardation, poor mental development, bad psycho-social attitude, and a number of 
disorders in people. Radioactive elements such as Uranium (U), Radium (Ra), and 
others, if they are present in drinking water, can cause genetic damage and infertility 
and are carcinogenic which in low traces can cause changes in bone structure and 
nephritis [31]. Water pollution is bad for the environment and human health. Statistics 
showed that each year, 1 billion people are directly harmed by toxic pollutants in the 
water, and therefore, diseases and other health problems erupt. Inorganic pollutants 
can cause gastrointestinal distress, cirrhosis, necrosis, low blood pressure, hyperten-
sion, headaches, stomachaches, diarrhea, and vomiting [43]. Inorganic contaminants 
that accumulate in the food chain and harm human health are polluting the environ-
ment at a devastating rate. It has been discovered that both organic and inorganic 
substances can increase the generation of free radicals [30]. 

Rapid industrialization results in the discharge of significant inorganic pollutants 
that impact water and soil. Heavy metals, which are hazardous or deadly even at 
low concentrations, make up many inorganic contaminants [34]. Pesticides can be 
detrimental to human health when used carelessly and without discrimination. The 
sensitivity and toxicity of these pollutants to the organisms define their scope and 
adverse effects. But no inferences regarding the amounts of heavy metals could be 
made based only on an extensive evaluation of human impacts [30]. 

1.1 Categorizing Inorganic Pollutants 

There are many inorganic pollutants that exist, but we mainly categorize them into 
metallic pollutants, sulfides, and fertilizers as illustrated in Fig. 1. 

Fig. 1 Inorganic pollutants divided into three main categories
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Aluminum (Al), Copper (Cu), Iron (Fe), Lead (Pb), and Zinc (Zn) are all present 
in drinking water. However, the naturally occurring materials that are the major 
cause of inorganic pollution include compounds of Boron (B), Arsenic (As), and 
Fluorides (F−). These naturally occurring inorganic minerals typically contaminate 
surface water and groundwater as well as canals, ponds, lakes, distribution pipelines 
systems, and primarily, tap water. Other than that, heavy metals like Mercury (Hg), 
Cadmium (Cd), Chromium (Cr), Cyanides (−CN), etc. are also categorized as inor-
ganic industrial waste. They can create health problems by entering the body through 
consumables [18]. The phylogenetic sources that are connected to the soil and plants 
discharge heavy metals, which have a negative influence on the environment. The 
resultant food insecurity causing health risks leads to a troubling situation with 
undeniable environmental distress [1]. 

From the deepest strata of the earth, heavy metals are excavated and released 
into the environment. On the other hand, mines, smelters, thermal power plants, 
metallurgical industries, electronics, textiles, phosphatic fertilizers, and municipal 
solid waste are also a few of the businesses and sources that give off heavy metals 
into the surroundings. The largest contributors to Cr, Hg, Nickel (Ni), Vanadium (V), 
and Selenium (Se) emissions were from stationary sources such as coal-fired power 
plants, while Pb emissions come from transportation, Cu production causing As, Cd, 
and Cu emissions, while Zn manufacturing leads to Zn emission. Trace metals after 
being released into the atmosphere are transported within air masses. A significant 
portion of these metals is deposited on the land mass, sometimes even covering 
national or continental boundaries [31]. 

Salt (primarily sodium chloride, NaCl) is majorly used in industries, particularly 
those related to the manufacturing of soap and detergent, glass, textiles, rubber, 
leather tanning, metal processing, and oil/gas drilling. Industrial effluents contain 
salt ions that are highly mobile in the soil and can seep through the soil profile, 
contaminating groundwater reservoirs when released into the environment. Agricul-
tural land soils can become salinized (have access of NaCl) or sodic (have a large 
amount of sodium) when such salt-laden groundwater and surface water are utilized 
to irrigate crops. Na damages typical plant growth at greater concentrations and this 
damage is relative to high chloride and salt levels. As a result, harm brought on by 
excess Na and salinity occurs simultaneously. Reduced water availability rather than 
a specific harmful effect is typically blamed for growth inhibition brought on by high 
Na and salinity concentrations [31]. 

Obsolete inorganic-based pesticides have accumulated over the last few decades 
in practically every developing nation or emerging market. Given that many of the 
products are quite old and usually lack documentation, it is challenging to determine 
the precise number of obsolete pesticides. Insecticides containing organochlorines 
were initially used to manage parasites. Persistent and non-biodegradable pesticides 
have contaminated numerous elements of the soil, water, and air ecosystems. A 
number of factors, such as gene mutation, altered population growth rates, and an 
increase in population size in terms of generations, could be a consequence of the 
pest’s adaptation to the new environment [30]. Heavy metals are poisonous to soil 
microorganisms; they have an impact on a number of important microbial-mediated
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soil processes in agriculture. Toxicity mostly manifests as inhibition of growth, 
morphology, and activity of various microorganisms, including symbiotic N2 fixers. 
Nutrient cycling in soil involves biochemical, chemical, and physico-chemical reac-
tions, with microorganisms primarily mediating biochemical processes. As the quan-
tity of heavy metals in the soil grew, it was discovered that the activities of soil 
dehydrogenases, proteases, lipases, and esterases considerably decreased. Pb did not 
significantly alter the activity of acid phosphatases, while only Ni and Cr consider-
ably reduced the activity of arylsulfatases [31]. Some of the most commonly reported 
inorganic pollutants in water are listed below: 

Ammonia: Industrial, agricultural, and food processing waste are its main sources 
in water channels. Its overuse makes the body poisonous. The toxic gaseous content 
is produced when mixed with bleach [43]. 

Arsenic: Glass, pigments, and textiles are a few examples of industrial waste sources 
that contain As. As is found in materials like preservatives, paper, and metal adhe-
sives. In the past, it was utilized in feed additives, medicines, and pesticides. It is a 
group-I carcinogen according to Organization for International Cancer Research [43]. 
If As becomes part of the body, it can cause gastronomical symptoms, melanosis, 
hepatomegaly, and in severe cases death [19]. 

Barium: Barium has the same adverse effects as As. It can result in heart abnormal-
ities, tremors, weakness, shortness of breath, and paralysis if ingested in excess. It 
comes from the scrap metal industry [43]. 

Chloride: Manure, sewage effluent, salt storage waste, industrial waste, and drilling 
waste all contain chlorides. The widespread usage of water contaminated with 
chloride can result in toxicity above the allowable level of 250 mg/L [43]. 

Chrome: Cr waste is released by the dye, paints, and tanning of leather in industries. 
Total Cr in drinking water is permitted up to 0.1 mg/L. There are two oxidation 
states of Cr+3, among them Cr+6 is notorious for having cancer-causing properties 
[43]. This also brews up diseases like genotoxic and alopecia [19]. 

Copper: Cu is released into water resources from the corrosion of water pipes. While 
0.3 mg/L per day is required for metabolic processes, excessive ingestion can result 
in stomach pain and intestinal conditions [43], liver and kidney disease, cancer, and 
stomach irritation [19]. 

Mercury: Hg is an extremely hazardous inorganic element at ultra-trace concentra-
tions. It enters aquatic bodies because of a number of activities, such as small-scale 
gold mining, the production of non-ferrous metals, and the burning of fossil fuels 
[43]. Symptoms of Hg poisoning include kidney disease, muscle impairment, and 
gum inflammation, and if left untreated can cause death [19]. 

Uranium: Uranium is discovered in water-polluting sources because of the extrac-
tion, processing, and disposal of radioactive waste. It might be detrimental to the 
heart, brain, kidney, liver, and other organ systems [43].
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Zinc: In addition to other items, Zn is frequently used in dry-cell batteries, paints, 
dyes, plastics, wood preservatives, rubber, cosmetics, and coatings that resist corro-
sion. Rubber tires, waste incineration, metal manufacturing, and industrial coal 
combustion are further sources of Zn-contaminated waste [43]. Zn poisoning often 
causes dizziness [19]. 

Cadmium: Cd seeping in the water cycle also has adverse effects on human health. 
If unfiltered water is consumed by humans, this can irritate the eyes which can lead 
to retinal failure. It can also harmfully affect pregnant women and brew up birth 
defects. Other than that, this can cause anemia and is a carcinogen [19]. 

Lead: Excess consumption of Pb can lead to problems related to blood filtration and 
can cause kidney failure. This can also affect the motor nerves of the body leading 
to a lack of response in muscles [19]. 

Silver: Ag is considered a precious metal and is used in many industries, but it is not 
harmless. Indigestion of this element can cause argyria and argyrias, and if inhaled 
can cause respiratory damage [19]. 

Tin: Sn can cause metabolic disruption and its excess amount is carcinogenic [19]. 

Iron: Fe lies at the heart of the industrial revolution and is used in almost every 
household product. In places like steel mills, the concentration of Fe is too high and 
causes unrequired disruption in health. Indigestion of Fe can cause swear kidney 
damage and blood creatinine [19]. 

Nickel: Ni poisoning is caused when drinking water has an excess amount of Ni 
than the limit introduced by WHO, i.e., 0.070 mg/mL. In this case, diseases like 
anaphylaxis, lung cancer, loss of red blood cells, and nephrotoxic nature take place 
[19]. 

Manganese: Mn is an important part of the chemical industry. Production of goods 
leads to contamination of surface water. If the amount of this element exceeds 
0.400 mg/mL, it can cause sleep dysfunction and is neurotoxic [19]. 

2 Conventional Remediation Techniques 

There are several conventional methods to remove inorganic pollutants which can 
be classified into biological, chemical, and physical processes, as shown in Fig. 2.

2.1 Biological Processes 

The reaction between microorganisms and pollutants is carried out for the decontam-
ination of the environment. This cost-effective bioremediation extracts the pollutants
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Fig. 2 Conventional methods to remove inorganic pollutants

with the help of microorganisms like algae, fungi, and bacteria using sunlight. But 
the process is quite slow and unable to remove all the contaminants. Enzymes being 
biological catalysts trigger biological oxidation in the aquatic environment. Neverthe-
less, bio-oxidation processes strongly depend on temperature and pH. In suspended 
growth, contaminants surround the free-floating microorganisms, forming biolog-
ical flocs (larger size particles), providing low-concentration pollutant removal. But 
it suffers from the disadvantage of microorganism removal with the variable water 
flow. The attached growth is another resilient process in which bacteria are attached to 
immersed media (called a biofilm) for high-concentration pollutants treatment. The 
odor problem and inefficiency in cold weather conditions are causes of its limited use. 
The reverse osmosis procedure provides contaminant removal under high pressure 
using a semi-permeable membrane. However, it requires pre-treatment to avoid unde-
sired depositions on the membrane surface or inside the membrane pores, resulting 
in a decrease in permeation flux and a reduced process efficiency [3, 23, 28]. 

2.2 Chemical Processes 

In this process, certain chemicals are added to facilitate the separation of pollutants. 
Precipitation is performed by the deliberate addition of appropriate flocculants to 
remove dissolved pollutants. Nevertheless, it is specific to some pollutants, resulting 
in sludge with a large quantity of toxic compounds. Advance oxidation processes 
(AOPs) remove the inorganic pollutants by in situ formation of hydroxyl radicals via 
redox reactions. The fast reaction kinetics is involved at room temperature and atmo-
spheric pressure with no footprints and sludge formation. Sometimes AOPs involve
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ultraviolet exposure on a catalyst, leading to high operating costs and inefficient use 
of reactive species. Ozonation, another AOP, removes inorganic contaminants by 
generating highly reactive free radicals during the reaction of ozone with water. The 
short life of ozone necessitates its on-site production, which raises the cost of treat-
ment. Fenton’s reagent, i.e., hydrogen peroxide and ferrous ion, provides the most 
efficient oxidation of pollutants. However, it produces acidic conditions that must be 
neutralized. Zeolites being aluminosilicate crystals with oxygen bridging provide the 
removal of pollutants with high sorption capacity through ion exchange. Nonethe-
less, zeolites require suspended matter and turbidity-free fluid to avoid clogging 
[32, 38, 41]. 

2.3 Physical Processes 

The suspended or floating inorganic contaminants can be removed by settling 
and skimming from the top of the surface. Coagulation is a process that converts 
suspended, emulsified, unsettled, dissolved contaminants or slow-settling fine-sized 
particles into larger sizes by the addition of a coagulant in an aqueous medium. 
The larger size particles (flocs) are de-stabilized, weekly bound with water, and 
can be removed through filtration. Post-coagulation results in sludge that requires 
additional sedimentations for further filtration purposes. The ion-exchange process 
provides water treatment without the formation of sludge; nevertheless, it is specific 
to certain pollutants, resulting in salty water, chlorine, and/or bacterial contamina-
tion, as well as a high cost required for the replacement of the ion-exchanged resin 
over time. Membrane filtration is another simple and efficient separation technology 
used to remove contaminants with no secondary pollutant generation. However, its 
use is limited by the cause of severe fouling and high engineering costs. In another 
process, the solution with adsorbable solute is brought into contact with a porous 
structure called adsorbent (may be natural or synthetic). The intermolecular forces 
are responsible for the adsorption/deposition of impurities onto the adsorbent, which 
is retained at the adsorbent surface; the accumulation of targeted particles onto the 
adsorbent surface is known as adsorption. This is an effective method, employed for 
a long time to remove pollutants by absorbing the contaminants [2, 5, 40]. 

3 3DG Architecture 

Since the discovery of graphene, it has been a material of interest because it exhibits 
sp2 hybridization. The sp2 hybridization of graphene is responsible for a honeycomb-
like structure, and to date, it is the thinnest material known to man. Many defects can 
be created in graphene due to its pi-pi junction. Because of its fascinating properties, 
graphene can be found in zero-dimensional quantum dots, one-dimensional carbon 
nanotubes (CNT), two-dimensional graphene nanosheets, and 3D graphene-based
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macro and microstructures. 3DG owing to its outstanding characteristics, as exhib-
ited in Fig. 3 is a very attractive material for researchers and is used in a variety 
of applications. However, there is one problem with graphene, i.e., restacking of 
layers during the performance that accompanies less yield as compared to theoretical 
calculations [36]. 

The study of graphene architecture in 3D structures has been greatly investigated 
after 2009. 3DG has a high specific area and does not restack itself when in use. If 
the structure of graphene has a size of 10 nm or greater, it is referred to as 3DG archi-
tecture. The 3D architecture of graphene includes macroscopic hydrogels, graphene 
forms, macroscopic graphene flowers, and porous graphene framework. The porosity 
of the 3DG-based materials depends upon the bending, wrinkling, and carving of 
graphene nanosheets. This induces a high specific area in the graphene architecture, 
and the average surface area of graphene ranges from 500 m2/g to 1000 m2/g [36]. 

The properties of graphene and the 3D architecture of graphene are highly depen-
dent upon the synthesis process. The minor changes in the experimental conditions 
give unique and diverse graphene structures. The perfect graphene is a semicon-
ductor with zero bandgaps. The bandgap is introduced to the material by producing 
topological defects, edge defects, disordered graphene, the substitution of functional 
groups, and doping of heterogeneous atoms [36].

Fig. 3 Characteristics of 
3DG 
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4 3DG for Removal of Inorganic Pollutants 

Graphene has been studied a lot for the elimination of inorganic pollutants because of 
its efficient light absorption properties, superior charge transfer capabilities, thermal 
conductivity, and multidimensional electron transport channels. 3DG architecture 
exhibits high absorption, profound stability, high specific area, enhanced active 
sites, availability of oxygen, carboxyl, and hydroxyl functional groups and acts 
as a charge carrier mediator [48]. 3DG bestows excellent steadiness under acidic 
and salty conditions. Other than that, 3DG architectures are also stable in organic 
solvents such as dimethylformamide and cyclohexane [33]. 3DG architecture has 
been employed and reported for inorganic pollutant removal through the adsorption 
method, photocatalysis, and their synergistic outcomes [48]. 

4.1 3DG Adsorption Technology 

The adsorption properties of graphene depend on the following factors. 

4.1.1 Adsorption Sites 

Graphene usually has three possible adsorption sites. 

(a) Oxygen functional groups. 
(b) π-electrons of carbon. 
(c) Decorated nanoparticles. 

Metal ions have a higher affinity toward oxygen atoms that are present in 
the graphene structure. The adsorption is performed by two types of interactions 
involving electrostatic interactions and coordination of oxygen and metal ions, espe-
cially in the carboxyl group. Heat treatment of the material can cause a decrease in 
oxygen functional groups, but the number of carboxyl group increases [4]. 3DG archi-
tecture has delocalized π-electrons which can react with inorganic impurity obeying 
the Lewis acid and base. In 3DG and metal ion interaction, 3DG act as Lewis’s 
base while metal ion behaves like Lewis’s acid, and upon interaction, complexes are 
formed [17]. Decorating the outer surface of 3DG architecture with different types 
of nanoparticles such as MnO2, TiO2, and ZnO increases the number of active sites 
of graphene, thus leading to enhanced adsorption [4]. 

4.1.2 Pore Structure 

The adsorption capacity of graphene-based architecture depends upon the number 
of available pores and pore size. Ultrapure graphene has an immense specific area
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and zero porosity. To increase the porosity of 3DG, it is combined with other porous 
materials [4]. 

3DG when synthesized with natural acids, self-assembled themselves through 
π-π interaction. This material shows superhydrophobicity, high porosity, and low 
density, which proved itself efficient for fast adsorption [4]. CNT-Aerogel shows an 
adsorption rate of 230–451 μmol g−1 for Pb, which is better than pristine CNTs. The 
extent of adsorption depends upon the particle diffusion which is the rate-controlling 
step. The particle diffusion further depends upon the complexes in the medium and 
the ion exchange [33]. 

4.1.3 pH of the Solution 

The pH of the polluted solution is of great importance and majorly affects the adsorp-
tion properties of 3DG. The pH of the solution provides a surface charge to the 
absorbing material and gives an ionization impact to the pollutants. In the case of 
3DG, the effect of pH on adsorption is discussed by evaluating the pH at the point of 
zero charges pHPZC. If pH < pHPZC, 3DG is positively charged and attract negatively 
charged (anionic) inorganic pollutant. Conversely, for pH > pHPZC, cationic inorganic 
pollutants are attracted by the negatively charged surface of 3DG architecture [4]. 
The ion-exchange method was much preferred for the adsorption of pollutants, but 
in 2012 electrostatic adsorption was introduced. 3DG macrostructures display good 
results in increasing pH values so that metal ions (cations) from the aqueous phase 
attracts negatively charged 3DG macrostructures. The temperature changes and co-
existing ions can affect this phenomenon. Adsorption is an endothermic reaction so 
having a high temperature helps, and with electrostatic attraction, the removal of 
inorganic pollutants can be achieved with high efficiency [33]. 

4.1.4 Contact Time 

The absorption properties of graphene are mainly influenced by the contact time 
between adsorbent and adsorbate. In case of graphene, the adsorption occurs on its 
planar surface, which then diffuses into the material through pores to get captured 
by carbon atoms [45]. By keeping the adsorption properties of 3DG in view, the 
pollutants are divided into anionic pollutants and cationic pollutants. 

Anionic Pollutants: 

Fluoride (F−) is one of the main anionic inorganic species that pollutes the water. 
The toxicity of heavy metal-polluted water greatly depends upon the valence state of 
dissolved metal ions [48]. For example, As is found as arsenate (As-V) and arsenite 
(As-III). Surface water contains As-V in large quantities, while As-III is present in 
groundwater. Ar-III as a negative ion is H2AsO3

− but As-V changes its anionic state 
based on pH, i.e., H3AsO4 at pH < 2.2, H2AsO4

− at pH 2.2 to 6.98, HAsO4 
2− at 

pH 6.98 to 11.5, and AsO4 
3− at pH > 11.5. Similarly, Cr originates in two oxidation
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states, Cr(III) and Cr(VI). At lower values of pH, Cr(VI) is found as HCrO4
− but as 

the increment in pH takes place, Cr changes its form to Cr2O7 
2− or CrO4 

2−. For  the  
removal of anionic inorganic pollutants, low pH solutions are preferred because they 
give graphene a positive charge and promote electrostatic attraction [4]. 

Cationic Pollutants: 

Wastewater contains many cationic pollutants; the most common are Pb+2, Hg+2, 
Cd+2, Cu+2, Ni+2, Co+2, and Zn+2. For the adsorption of these cationic pollutants, 
three main adsorption mechanisms, electrostatic interactions, ion-exchange method, 
and complex formations are used. 3DG enriched with oxygen-containing functional 
groups have anchoring sites that secure the metal ions, either by electrostatic inter-
action, ion-exchange, or coordination method. A solution having a high pH also 
facilitates the adsorption process. This is because higher pH poses a negative charge 
on the surface of 3D graphene, which helps in attracting the metal ions, and adsorption 
efficiency increases as the consequence [4]. 

3DG macrostructures having many oxygen functional groups perform adsorption 
by π-cation interactions and form strong complexes with heavy metals, resulting in 
the successful removal of pollutants. The absorption rate of 3DG macrostructures 
is 434 mg/g for Cd2+, 882 mg/g for Pb2+,1683 mg/g for Ni2+, and 3820 mg/g for 
Cu2+. The adsorption ability of graphene-based hydrogel is 139.2 mg/g for Cr(VI), 
373.8 mg/g of Pb, and 15.6 mg/g for γ-iron oxide [33]. Other methods of adsorption 
of inorganic pollutants contain physio-sorption and hydrogen bonding interactions. 
Chromates (Cr2O7)−2 adsorption by graphene hydrogel has been reported through 
physiochemical adsorption and hydrogen bonding, at the rate of 140 mg/g [33]. 

4.2 3DG with Synergistic Effects of Adsorption 
and Photocatalysis 

The high porosity of the graphene material, the catalytic functional groups that are 
present in the 3DG architecture, the presence of micropores and mesopores that 
increase surface area, and the availability of active sites all contribute toward the 
increased synergistic effects of 3DG when combined with different photocatalysts. 
On the other hand, 3DG shows fantastic recyclability and can be used for several 
rounds. Owing to such fascinating properties, 3DG macrostructures have been used 
in multiple systems for the removal of Pb, Hg, Cd, cobalt (Co), and As [33]. 3DG 
architecture and 3DG-based microstructures provide a good number of binding sites 
which are favorable for the fabrication of heterojunctions. During the fabrication 
of different types of heterojunctions, the material can stick with graphene due to 
electrostatic interactions, hydrogen bonding, π -π interactions, and chelation [12]. 
3DG and its heterojunctions with different materials have been reported for the 
removal of inorganic pollutants via the adsorption method, photocatalysis, or the 
synergistic effect of both, as displayed in Table 2.
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Table 2 3DG structures for inorganic pollutant removal 

Adsorbate Adsorbent Adsorption 
Rate (mg/g) 

Method References 

Graphene Aerogel (GA) Pb(II) 80 Adsorption [14] 

GA Cu(II) 68.2 Adsorption [29] 

GA Cd(II) 149.25 Adsorption [37] 

GA U(VI) 238.67 Adsorption [49] 

3DG macroscopic gel modified with 
polydopamine and Fe3O4 
nanoparticles 

As(III) 172 Adsorption [13] 

As(V) 217 

3DG Foam/MnO2 Sr(II) 47 Adsorption [20] 

3DGA /TiO2 U(VI) 441 Adsorption [47] 

Graphene Foam As(V) 177 Adsorption [6] 

Pb(II) 399 Adsorption 

Cyclodextrin functionalized 3D 
Graphene (CDGF) 

Cr(VI) 107 Adsorption [42] 

Tetraethylenepentamine modified 
Graphene Foam (TEPA-GF) 

Pb(II) 305 Adsorption [15] 

N,N,N’,N’-Tetraoctyldiglycolamide 
impregnated GA ( GA-TODGA) 

Th(IV) 67 Adsorption [7] 

GA /Fe3O4 As(V) 40.048 Adsorption [46] 

Graphene Sb(III) 7.463 Adsorption [24] 

Amine functionalized GA Cr(VI) 170 Adsorption [35] 

GA Cr(VI) Almost 100% 
removal in 5 h 

Photocatalysis [9] 

g-C3N5/reduced Graphene Oxide 
Aerogel 

U(VI) 94.9% 
removal 

Photocatalysis [44] 

3D RGO/TiO2 Aerogel U(VI) 99% removal 
within 
140–270 min 
under visible 
light 

Photocatalysis [10] 

3D MXene-derived 
TiO2(M)@reduced Graphene Oxide 
Aerogel 

U(VI) 95.7% 
removal 
within 60 min 
under visible 
light 

Photocatalysis [8] 

g-C3N4 integrated Cellulose/ 
Graphene Oxide Foams 

Cr(VI) 98% removal 
within 3 h 
under visible 
light 

Photocatalysis [16]

(continued)
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Table 2 (continued)

Adsorbate Adsorbent Adsorption
Rate (mg/g)

Method References

TiO2-Graphene Hydrogel Cr(VI) 100% removal 
in 30 min 
under UV 
irradiation 

Synergy of 
adsorption and 
photocatalysis 

[25] 

TiO2/ZnxCd1-xS/ GA Cr(VI) 100% removal 
in 30 min 
under visible 
irradiation 

Synergy of 
adsorption and 
photocatalysis 

[26] 

Bi2S3/BiVO4/ GA Cr(VI) 100% removal 
after 
adsorption for 
40 min and 
photocatalysis 
for 120 min 
under visible 
light 

Synergy of 
adsorption and 
photocatalysis 

[27] 

Bisphenol 
A 

g-C3N4/Graphene Hydrogel Cr(VI) 80% 
absorption in 
30 min and 
100% removal 
in 120 min 
under visible 
light 

Synergy of 
adsorption and 
photocatalysis 

[39] 

The presence of micropores in 3DG offers accessibility to the adsorption of pollu-
tants. The increased surface area and many active sites provide the profound photo-
catalytic ability to 3DG macrostructures. Adsorption and photocatalysis can work 
together to remove inorganic pollutants more effectively. 3DG macrostructures and 
microstructures are used with different photocatalysts to take advantage of their 
synergistic effects. Based on this aspect, the removal of many metals such as anti-
mony (Sb) and Cr(VI) has been reported [48]. 3DG has also been employed with 
different materials by fabricating binary and ternary heterojunctions to improve the 
removal efficiency because of synergism. The construction of heterojunction is also 
advantageous for graphene as it reduces the agglomeration of the particles, provides 
the material with a hydrophilic nature, and reduces the number of oxygen groups 
[12]. 

Li et al. [25] reported the 3D TiO2/GA structure exhibiting 100% Cr(VI) removal 
from aqueous solution within 30 min upon UV light exposure, as illustrated in Fig. 4b. 
π–π interaction of graphene caused enhanced adsorption while TiO2 nanospheres 
facilitated the charge formation, transport, and separation. The removal efficacy of 
Cr(VI) is attributed to synergistic performance. Liang et al. [26] combined TiO2 with 
ZnxCd1-xS and GA to take the advantage of the synergistic effect of adsorption and 
photocatalysis to remove Cr(VI) from an aqueous environment. The graphene acted
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as a mediator to accelerate the electron transfer, Cr(VI) adsorbent and 100% removal 
of Cr(VI) occurred in 30 min of visible light irradiation, as shown in Fig. 4e. The 
toxic Cr(VI) removal was also tested by D. Hou et al. [16] using g-C3N4 integrated 
cellulose/graphene oxide foams as photocatalysts. The carboxylic group of cellulose/ 
graphene oxide foams and amino group present in g-C3N4 made a strong contact at the 
interface and enhanced conductivity. 98% of Cr(VI) removal was demonstrated with 
excellent recyclability, as displayed in Fig. 4i. Liang et al. [27] constructed Z-scheme 
heterojunction Bi2S3/BiVO4/GA to study Cr(VI) removal efficacy. Graphene signif-
icantly enhanced the removal efficiency by facilitating electron transport. 40 min of 
adsorption and 120 min of photocatalysis collectively provided the 100% removal 
of Cr(VI) from the aqueous environment, exhibited in Fig. 4k. X. Wang et al. [39] 
carried out g-C3N4/graphene hydrogel to explore the synergistic effect of adsorption 
and photocatalysis on Cr(VI) removal. The graphene sheets provided fast surface 
adsorption of Cr(VI) and promoted charge transfer. As a consequence, 100% Cr(VI) 
degradation was obtained in 120 min of visible light irradiation, which can be seen 
in Fig. 4n.

5 Conclusion 

Different materials and methods in the past have been used to eliminate toxic inor-
ganic pollutants that arise from various sources and pose the danger to living entities. 
But the advantageous traits of 3DG structures have attracted a lot of interest in recent 
years. 3DG owing to its outstanding characteristics such as large specific surface 
area, low density, increased porosity, small aggregation, more active sites, and high 
light adsorption capability has been widely investigated for the removal of inorganic 
pollutants. The mesoporous structure of 3DG favors the adsorption of inorganic 
pollutants while photocatalytic reaction degrades the harmful pollutants. The syner-
gistic effect of adsorption and photocatalytic reaction provides efficient removal 
as compared to conventional methods. The excellent charge separation and migra-
tion ability of graphene enhance the rate of photocatalytic reaction. Furthermore, 
3DG and its composites exhibit exceptional recyclability, allowing its repeated use. 
This chapter covers the current development made in removing hazardous inorganic 
pollutants from the environment.
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Fig. 4 a Transmission electron microscopy (TEM) micrograph of TiO2-rGH highlighting enhanced 
porosity, b Cr(VI) removal by 3D TiO2-rGH in 30 min,  c TiO2-rGH displaying exceptional cyclic 
stability over the course of 5 cycles. Adapted with permission [25], Copyright (2016), Elsevier. 
d SEM image of TiO2-ZnxCd1-xS graphene hydrogel heterojunction. e TiO2-ZnxCd1-xS graphene 
hydrogel shows enhanced results for the removal of Cr(VI) due to synergism. f Cyclic stability 
of TiO2-ZnxCd1-xS graphene hydrogel. Adapted with permission [26], Copyright (2023), Elsevier. 
g SEM micrograph of CNF foam. (h) Cr(VI) removal using CG-3 photocatalyst. i Cyclic stability 
test of CG-3 and g-C3N4. Adapted with permission [16], Copyright (2022), Elsevier. j SEM image of 
Bi2S3-BiVO4 GA. k Cr(VI) removal tested for Bi2S3, BiVO4, GA, Bi2S3/GA and BiVO4/GA and 
Bi2S3-BiVO4. l Cyclic stability test of Bi2S3-BiVO4-GA. Adapted with permission [27], Copyright 
(2020), Elsevier. m SEMmicrograph of g-C3N4/rGH. n Corresponding Cr(VI) removal ability and 
o cyclic stability. Adapted with permission [39], Copyright (2017), Elsevier
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3D Graphene Structures for the Removal 
of Pharmaceutical Residues 
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and Lai Yee Lee 

Abstract Graphene nanomaterials have great potential applications in treating 
wastewater containing pharmaceutical residues due to their extraordinary physic-
ochemical and adsorption properties. Despite being present in minute amounts in 
the aquatic environment, pharmaceutical residues can cause various health and envi-
ronmental risks owing to their non-biodegradability, bioaccumulative and toxicity 
features. Hence, it is extremely vital to control the concentration of pharmaceutical 
residues in water resources. Notably, three-dimensional (3D) graphene structures 
have emerged as innovative adsorbents with fortified adsorption properties such 
as super-large theoretical surface area, abundant functional groups, and the capa-
bility to preserve the intrinsic properties of nanomaterials at a macroscopic level. 
In this chapter, the classification and main sources of pharmaceutical pollution are 
discussed. Thereafter, the principles and advantages of adsorption for pharmaceu-
tical removal are covered. This chapter further evaluates the performance of primary 
3D graphene structures, namely graphene aerogel, hydrogel, and beads, in relation 
to pharmaceutical adsorption. The synthesis methods and adsorption mechanisms of 
pharmaceutical residues by 3D graphene structures are assayed. Lastly, the challenges 
and outlook of 3D graphene structures in pharmaceutical adsorption are presented. 

Keywords Graphene · 3D graphene structures · Pharmaceutical residues ·
Adsorption ·Wastewater treatment

W. T. Tee · N. Y. L. Loh · L. Y. Lee (B) 
Department of Chemical and Environmental Engineering, University of Nottingham Malaysia, 
Jalan Broga, 43500 Semenyih, Selangor, Malaysia 
e-mail: Lai-Yee.Lee@nottingham.edu.my 

N. Y. L. Loh 
Department of Chemical and Environmental Engineering, University of Nottingham Ningbo 
China, Ningbo 315100, China 

B. Y. Z. Hiew 
School of Engineering and Physical Sciences, Heriot-Watt University Malaysia, 62200 Putrajaya, 
Wilayah Persekutuan Putrajaya, Malaysia 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
R. K. Gupta (ed.), 3D Graphene, Carbon Nanostructures, 
https://doi.org/10.1007/978-3-031-36249-1_11 

189

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-36249-1_11&domain=pdf
mailto:Lai-Yee.Lee@nottingham.edu.my
https://doi.org/10.1007/978-3-031-36249-1_11


190 W. T. Tee et al.

1 Introduction 

The detection of pharmaceutical residues in the aquatic environment is an emerging 
environmental issue owing to their high toxicity and detrimental effects on all 
lifeforms and the environment. Pharmaceuticals can be considered as chemical 
compounds produced to cure and control diseases to achieve desired therapeutic 
effects via biological activity. The market sales of global pharmaceutical indus-
tries reached USD 1.27 trillion in 2020, signifying an escalating demand for phar-
maceutical products [1]. Nonetheless, the growing production and consumption of 
medicinal products are accompanied by the release of such compounds into the 
environment. In general, pharmaceutical residues are micropollutants as they are 
detected in very low concentrations, ranging from ng/dm3 to μg/dm3 [1]. Further-
more, the presence of pharmaceutical residues in the water body can lead to adverse 
effects, including anti-microbial resistance, endocrine disruption, and toxic metabo-
lites discharge [2]. As such, it is crucial that these drug components are removed 
from the affected water effluent prior to release into the environment. 

Conventional remediation technologies which include coagulation, flocculation, 
and biological treatment are ineffective in removing pharmaceutical-based pollutants 
and are also associated with other issues such as non-selectivity, low performance 
at trace concentrations, and generation of undesired by-products upon treatment [3]. 
Among the available technologies, adsorption offers a promising treatment solution 
for pharmaceutical residues. The performance of adsorption is highly influenced by 
the selection of adsorbing material. Ideally, adsorbents with high selectivity, effi-
ciency, and renewability are favourable for use in wastewater treatment [4]. Despite 
their wide availability, commercial adsorbents such as activated carbon and zeolites 
are ineffective against pharmaceutical residues. They also pose potential sustain-
ability problems, hindering their applications in pharmaceuticals removal. Hence, 
there is an urgent need to devise new and effective adsorbents capable of fully 
removing the pharmaceutical pollutants. 

Recently, three-dimensional (3D) graphene structures have surfaced as the next 
generation of adsorbing materials for wastewater treatment. Notably, the unique 
characteristics of 3D graphene such as ultralight density, ease of functionaliza-
tion, and high porosity have supported their role in remediating polluted aqueous 
systems. The porous framework of 3D graphene is one of the prominent features 
that can promote high selective affinity towards a wide range of pharmaceutical 
pollutants [5]. In comparison to nanometer-scale adsorbing particles, 3D graphene 
adsorbents offer merits in terms of reusability and regenerability, increasing their 
feasibility in industrial wastewater treatment [6]. From the current literature, various 
3D graphene configurations with relatively high adsorption performance for different 
pharmaceutical residues have been constructed. For instance, a three-dimensional 
manganese dioxide-engrafted reduced graphene oxide (3D MnO2/rGO) hybrid 
aerogel was reported to adsorb a higher amount of acetaminophen (252.87 mg/g) 
[7] as compared to spent tea leaves activated carbon (59.2 mg/g) [8]. In a sepa-
rate study, Tee et al. [9] investigated the adsorptive removal of amitriptyline using
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a 3D boron-doped graphene oxide (3D-BGO) aerogel. The adsorbent achieved an 
amitriptyline adsorption capacity of 737.4 mg/g which was at least 4 times higher 
than commercial granular activated carbon [9]. A relatively high removal efficiency 
(89.31%) was achieved at 50 ppm amitriptyline solution concentration and 30 °C 
using 10 mg of the adsorbent, while the adsorption process reached equilibrium 
within 60 min across solution concentrations ranging from 10 to 300 ppm. These 
results suggested that the 3D-BGO aerogel was a superior adsorbent for amitripty-
line removal [9]. The findings indicated the high potential utilization of 3D graphene 
structures for pharmaceuticals adsorption. 

This chapter focuses on the application of 3D graphene structures for eliminating 
pharmaceutical residues from aqueous media. The background of pharmaceuticals 
and types of 3D graphene structures along with their respective adsorption perfor-
mance are discussed. The challenges and possible improvements of 3D graphene 
structures for enhanced removal of pharmaceuticals are also addressed. 

2 Pharmaceutical Pollution 

More than 10,000 different types of pharmaceutical products have been produced for 
human and veterinary medications [10], resulting in the detection of numerous phar-
maceutical residues in the aquatic ecology. It is essential to understand the properties 
of pharmaceuticals in order to devise appropriate treatment strategies for minimizing 
their adverse effects on the environment. 

3 Classification and Harmful Effects of Pharmaceuticals 

Generally, pharmaceuticals can be classified based on their therapeutic effects. 
Table 1 summarizes the key classes of medicinal products with their corresponding 
therapeutic effects and examples.

Despite having disease healing and control effects, the active ingredients of phar-
maceuticals usually cannot be metabolized completely by consumers and the metabo-
lite residuals can reach the environment, causing toxicity accumulation [11]. It was 
reported that the concentrations of pharmaceuticals exceeding 1–500 ng/L could 
harm the aquatic organisms [12]. Moreover, a prolong exposure to the medicinal 
pollutants can lead to different negative responses, highly influenced by the species’ 
vulnerability and pharmaceutical type [13]. For instance, diclofenac drug caused 
mortality in pigeon and chicken at dosages of 0.25 and 2.5 mg/kg, respectively [14]. 
A post-mortem study detected the buildup of triclosan, triclocarban, and other drug 
residues in human tissues [15]. Hence, these revelations indicated that the uncon-
trolled discharge of medicinal products into the water body can impose significant 
impacts on the ecological systems.
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Table 1 Classifications and examples of pharmaceuticals 

Pharmaceutical class Therapeutic effect Examples 

Antibiotics Eliminate bacteria Sulfamethoxazole 
Ofloxacin 
Tetracycline 
Ciprofloxacin 
Trimethoprim 

Antifungal Treat and prevent fungal infections Triclosan 

Anticonvulsants Mood stabilizer, anti-seizure, and treat mood 
disorder 

Carbamazepine 
Primidone 
Mephobarbital 

Antidepressants Treat major depression-related symptoms and 
relieve long term neuropathic pain 

Diazepam 
Doxepin 
Amitriptyline 

Beta blockers Hormone/adrenaline/neurotransmitter 
inhibitor 

Acebutolol 
Atenolol 
Satolol 

Hormones Regulate the metabolism rate, control sexual 
development, and maintain homeostasis 

Estrone 
Estradiol 
Testosterone 

Lipid regulators Regulate triglycerides and cholesterol in 
blood stream 

Clorfibric acid 
Gemfibrozil 

Non-steroidal 
anti-inflammatory drugs 

Pain reliever and reduce inflammation Diclofenac 
Ibuprofen 
Acetaminophen 
Naproxen

4 Occurrence and Sources of Pharmaceuticals 

Terrestrial and aquatic systems are the major sinks for pharmaceutical residues in 
the environment. The occurrence and major sources of pharmaceutical residue are 
illustrated in Fig. 1.

Both commercial (pharmaceutical manufacturers and wastewater treatment 
plants) and domestic (organisms’ excreta and landfill) activities are the primary 
contributors of pharmaceutical residues in the environment. The effluent and solid 
disposals from clinical facilities such as hospitals and veterinary centers also 
contribute significantly to pharmaceutical water pollution [17]. Typically, the microp-
ollutants enter the surface water through direct effluent discharge from identified 
sources. Thereafter, the pharmaceuticals infiltrate to the groundwater, eventually 
ending up in the wastewater treatment plants. Due to low efficiency of current treat-
ment systems, the treatment effluent contains a variety of pharmaceutical residues. 
Some of the pharmaceutical residues may undergo rapid metabolism upon interac-
tion with the biological treatment system and the unmetabolized active ingredients 
may cause toxicity accumulation [16]. In view of their harmful effects, it is desired
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Fig. 1 Potential sources and pathway of pharmaceutical residues in the environment. Adapted with 
permission [16]. Copyright (2023) Elsevier

to develop alternative treatment systems to regulate the pharmaceutical levels in the 
environment. 

5 Adsorption of Pharmaceuticals 

Table 2 compiles the principal terminologies associated with adsorption technology. 
Generally, the term ‘adsorption’ is the enrichment of one or more components in the 
region between two bulk phases (interfacial layer or adsorption space). In the context 
of aqueous pharmaceutical adsorption, one of these phases is a solid while the other 
is a liquid.

Adsorption can be utilized for treating various pharmaceutical pollutants, whereby 
the pharmaceutical molecules or ions are removed from the aqueous media by 
attaching onto the solid surface of the adsorbent. Owing to its relatively low operating 
cost and simple operation, adsorption is a widely acceptable technique for treating 
pharmaceutical contaminated water [19]. Another highlight of this approach is the
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Table 2 Terminology used in adsorption [18] 

Term Definition 

Adsorption Enrichment of one or more components in the vicinity of an interface 

Adsorbate Substance in the adsorbed state 

Adsorptive Adsorbable substance in fluid phase 

Adsorbent Solid material on which adsorption occurs 

Chemisorption Adsorption involving chemical bonding 

Physisorption Adsorption without chemical bonding 

Monolayer 
capacity 

Either chemisorbed amount required to occupy all surface sites or physisorbed 
amount required to cover the surface 

Surface 
coverage 

Ratio of amount of adsorbed substance to monolayer capacity

ability to perform regeneration on the adsorbent, specifically through manipulation 
of the aqueous phase conditions (temperature, pH, and concentration), which can 
prolong its lifespan for extended adsorption–desorption operations as well as reduce 
operating cost [20]. 

A vital adsorption parameter, namely the equilibrium adsorption capacity (qe), 
is applied for gauging the adsorption efficiency or adsorbent performance. It is 
represented by Eq. (1): 

qe = (Co − Ce)V 

m 
(1) 

where Co is the initial adsorbate concentration (mg/L), Ce is the equilibrium adsor-
bate concentration (mg/L), V is the volume of solution (L), and m is the mass of 
adsorbent (g). Typically, an adsorbent should possess features such as high adsorp-
tion capacity, adaptability to remove a wide range of pollutants, and high reusability, 
as well as low production cost [21]. The effectiveness of the adsorption process 
is influenced by various parameters such as adsorbent surface area, porosity, and 
surface chemistry [1]. Apart from that, the adsorbent should also be able to adsorb 
the pharmaceuticals rapidly and can be regenerated completely for reutilization [22]. 

Pharmaceutical adsorption can be influenced by various adsorption mechanisms. 
As depicted in Fig. 2, interactive mechanisms such as hydrophobic, hydrogen 
bonding, electron donor-acceptance, electrostatic, covalent bonding, and oxidative 
reactions are the dominant adsorption mechanisms for pharmaceuticals removal [2]. 
As indicated by the various literature, the characteristics of adsorbent and adsorbate 
could initiate different adsorption mechanisms to facilitate the sequestration of phar-
maceuticals [7, 23]. Hence, a suitably designed adsorbent is crucial for the successful 
removal of pharmaceuticals from wastewater.
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6 3D Graphene Structures for Pharmaceutical Adsorption 

The assembly of nano-sized two-dimensional (2D) graphene into 3D graphene struc-
tures has been extensively explored in recent years. Synthesis of 3D graphene 
structures can be categorized into two main routes, namely direct synthesis and 
solution-based synthesis [24]. The construction of 3D graphene structures via inter-
connecting graphene nano-layers can form a highly porous network, favouring the 
mass transfer of pharmaceuticals in the water body. Several configurations of 3D 
graphene have been devised for removing the pharmaceuticals, and these include 
graphene aerogel [20], hydrogel [25], beads [26], and fibre [27]. Each configuration 
is further elaborated in the following section, together with the respective synthesis 
step and pharmaceutical removal performance. 

7 Graphene Aerogel 

Graphene aerogel is a 3D self-supporting solid network that resembles interconnected 
graphene sheets forming various pore structures. It is mostly filled with air (> 90%) 
while maintaining its nanoscale properties within the macroscale structure [28]. This 
structure presents attractive properties such as low apparent density, large specific 
surface area, and abundant pores, making it a potential adsorbent for pharmaceutical 
adsorption. Graphene aerogel has relatively high colloidal and chemical stabilities, 
as well as ease of modification compared to conventional adsorbents, hence making 
it the most assayed configuration of 3D graphene for wastewater treatment. Various 
synthesis methods for graphene aerogels have been reported in the literature and 
Fig. 3 depicts the schematics of different graphene aerogels preparation.

Among the reported methods, self-assembly coupled with freeze drying is the 
most widely investigated method in graphene aerogels preparation. This method is 
also known as solution-based synthesis, whereby graphene oxide (GO) is used as 
the precursor material. It involves the initial formation of graphene hydrogel through 
hydrothermal reduction of GO under the influence of a reducing agent. At this stage, 
the electrostatic repulsion among the GO sheets is reduced by the elimination of 
oxygen-rich functional groups, hence triggering the bridging of reduced GO sheets 
to form the 3D graphene hydrogel. The hydrogel is subsequently transformed into 
aerogel via freeze drying or supercritical fluid drying. The main benefit of this route 
is that functionalization and process scale-up are possible without the requirement 
of further processing steps [29]. 

The template assembly method is an alternative approach for the synthesis of 
graphene aerogel. This method is flexible, whereby a template is applied as the 
scaffold for shaping the 3D graphene. Furthermore, organic or inorganic polymers 
can be incorporated into the GO to construct the 3D structure through van der Waals 
force, hydrogen, and/or ionic bonding [29]. However, the aerogel constructed may 
experience stacking of GO sheets leading to the inconsistent internal structure of the
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Fig. 3 Schematic diagram for graphene aerogels preparation. Adapted with permission [29]. 
Copyright (2023) Elsevier

aerogel. In contrast, chemical vapour deposition (CVD) can produce high-quality 
graphene aerogels. The CVD method requires a porous catalyst framework to initiate 
the growth of graphene layers from a gaseous carbon precursor. The graphene aerogel 
can be retrieved by etching the sacrificial template out from the graphene framework. 
Furthermore, this method enables tuning of pore size of the graphene aerogel through 
size adjustment of the catalytic template. 

Graphene aerogel has been applied in the adsorption of various pharmaceutical 
residues. For instance, a novel graphene aerogel fabricated by integrating cellulose 
nanocrystalline with polyvinylamine and reduced GO (CNC-PVAm/rGO) exhibited 
a high adsorption capacity of 605.87 mg/g towards diclofenac [30]. One interesting 
finding from the study is the incorporation of PVAm and rGO had increased the 
adsorption capacity by 53 times as compared to bare CNC aerogel, which might be 
due to the presence of rGO in the aerogel [30]. According to X-ray photoelectron 
spectroscopy (XPS) analysis, the π–π groups of graphene were detected at a binding 
energy of 291.50 eV (C1s spectra) and the percentage of π–π groups decreased from 
3.92 to 0.86%, confirming that π–π interaction was one of the adsorption mechanisms 
[30]. 

In addition, a graphene-boron nitride composite aerogel (GNP/BNA) was 
prepared via one-pot foam-gelcasting/nitridation route for ciprofloxacin removal 
[31]. The developed GNP/BNA possessed low density (28–34 mg/cm3) as well as  
high porosity (~99%), compressive strength (40–52 kPa), and ciprofloxacin removal
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(99%) [31]. Furthermore, the main adsorption mechanism of ciprofloxacin by the 
GNP/BNA aerogel was determined as synergistic interaction between graphene 
and boron nitride functional groups that resulted in the remarkable adsorption of 
185 mg/g [31]. An impressive adsorption of tetracycline (1776.26 mg/g) was also 
achieved using the zeolitic-imidazolate framework-8@reduced graphene oxide (ZIF-
8@rGO) aerogel [32]. The ZIF-8@rGO aerogel demonstrated interesting character-
istics, where the ZIF-8 nanoparticles grown on the rGO aerogel acted like tentacles 
to attract tetracycline, while the rGO aerogel served as the storage sites to accom-
modate the pharmaceutical [32]. The adsorption mechanisms involved were largely 
linked to hydrogen bonding, π–π interaction, and electrostatic attraction [32]. 

8 Graphene Hydrogel 

Graphene hydrogel is another 3D form developed for the adsorption of pharma-
ceutical residues in wastewater. In general, hydrogel is a polymeric material with 
capabilities to swell and retain large portions of water within its structure without 
collapsing when contacted with aqueous media [33]. Furthermore, the hydrogel has a 
strong hydrophilicity imparted by the hydrophilic functional groups (e.g., hydroxyl, 
carboxyl, and carbonyl) of graphene derivatives and polymer additives [34]. As such, 
the hydrogel can facilitate access and diffusion of aqueous pollutants through its 
porous channels. 

Graphene hydrogels can be synthesized via facile hydrothermal reaction and 
graft polymerization technique. Nonetheless, the mechanical strength of hydrogel is 
comparatively poor as the internal structure tends to suffer from irreversible damage 
once it is broken under a high strain [35]. Therefore, many strategies have been 
used to strengthen the mechanical properties of hydrogel with crosslinking being 
the widely accepted approach. Crosslinkers can be incorporated into the graphene 
precursor to improve interactions between the precursor constituents and promote 
self-assembly. Crosslinkers such as metal ions, biomolecules, organic molecules, 
and polymer have been studied in the construction of 3D graphene hydrogels [36]. 

A yttrium-immobilized GO-alginate hydrogel (Y-GO-SA) with a high specific 
surface area (147 m2/g) was developed for the adsorption of tetracycline [6]. The 
adsorbent contained -COO, -CH2, and C–O–C groups as the key chemical functional 
groups [6]. It was reported that the tetracycline adsorption capacity was 477.9 mg/ 
g and the prevailing adsorption mechanisms were hydrogen bonding, π–π interac-
tion, and cation-bonding bridge effects [37]. Interestingly, the potential of Y-GO-SA 
hydrogel in arsenic adsorption was also investigated. According to the study, the 
arsenic removal by Y-GO-SA hydrogel was initiated with the formation of hydrogen 
bonding and ionic exchange mechanisms, resulting in the arsenic adsorption capacity 
of 273.4 mg/g [37]. In the binary adsorption study, the presence of tetracycline has
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competed with arsenic for the sorption sites, leading to a lower arsenic adsorp-
tion capacity. However, the presence of arsenic has a negligible effect on tetra-
cycline adsorption due to the balance contributions from anion–π interaction and 
competitions from Y-ions [37]. 

An organic-crosslinked graphene hydrogel, namely β-cyclodextrin-immobilized 
rGO composite (β-CD/rGO), was constructed for the adsorption of naproxen [38]. 
The hydrogel exhibited a relatively large adsorption of naproxen (361.85 mg/ 
g) through distinctive adsorption mechanisms including host–guest interaction, 
hydrogen bonding, and π–π interaction [38]. In this study, the 3D structure was 
constructed by crosslinking reaction through acetalization between the aldehyde 
groups of glutaraldehyde (crosslinker) and the hydroxyl groups of β-CD, and the 
rGO [38]. In addition, the saturated β-CD/rGO hydrogel was regenerated using 
ethanol. The adsorption capacity remained as 286.95 mg/g at minimum efficiency 
[38]. Hence, this finding recommended the graphene hydrogel as an effective and 
regenerable adsorbent for the pharmaceutical residue. 

A continuous removal of chloroquine by an agar-GO hydrogel which was packed 
in a borosilicate glass column was investigated [39]. The pharmaceutical solution 
was pumped in an up-flow manner through the column. The breakthrough times for 
chloroquine at flowrates of 2 and 4 mL/min were 91 and 21 min, respectively [39]. 
The results showed a decreasing trend of breakthrough time with flowrate, proposing 
pore diffusion as the limiting step in the pharmaceutical adsorption [39]. 

9 Graphene Beads 

Graphene beads are spherically shaped 3D graphene structures which have attracted 
much attention owing to their relatively small macro-size with a shorter diffu-
sional pathway for micropollutants to reach the sorption sites [40]. Graphene beads 
can be synthesized through crosslinking between the GO/polymer matrix and the 
crosslinking agent (calcium chloride, glutaraldehyde, sodium hydroxide, etc.) with 
the assistance of freeze drying or supercritical fluid drying [40]. 

The adsorption of bilirubin onto macro-mesoporous reduced GO aerogel beads 
was investigated by Li et al. [41]. The graphene beads were synthesized via self-
assembly of GO in the presence of a crosslinking agent (calcium ions) and reducing 
chemical (ascorbic acid), followed by freeze drying [41]. The graphene beads shown 
in Fig. 4 possessed a spherical shape and a specific surface area of 287.5 m2/g. It was 
reported that the size of the graphene beads could be customized by adjusting the 
needle size during the synthesis stage, and the beads structure became more regular 
at higher GO concentrations [41].

From the results of scanning electron microscopy (SEM), the graphene beads had 
a 3D interconnected porous network with randomly distributed pore sizes from 1 to 
10 μm, and these might have served as the binding sites for bilirubin. Furthermore, 
π–π interaction between the graphene sheets provided a high mechanical strength for 
the beads, where they could support a mass of 202 g, which was 101,000 times more
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Fig. 4 Optical photograph of rGOn beads (a: rGO8, b: rGO12, c: rGO16). The SEM morphologies 
of rGOn beads (a1: rGO8, b1: rGO12, c1:  rGO16) and internal structure of rGOn beads (a2: rGO8, 
b2: rGO12, c2:  rGO16). Adapted with permission [41]. Copyright (2020) Elsevier

than the original weight of the beads [41]. Such attractive features have resulted 
in a remarkable bilirubin adsorption capacity of 649 mg/g, further supporting the 
application of 3D graphene beads in wastewater treatment. 

In a separate study, Yang et al. [42] have successfully synthesized GO modi-
fied κ-carrageenan/sodium alginate (GO-κ-car/SA) double network hydrogel beads 
for the removal of different antibiotics (ciprofloxacin and ofloxacin). An interesting 
highlight from this study is the double network strategy to enhance the mechanical 
strength of the beads. In this work, sodium alginate (with high content of carboxyl 
group) and carrageenan (with high content of hydroxyl group) were bonded via 
hydrogen bonding and ionic interactions [42]. The crosslinked network not only 
retained the shape of the beads, but also decreased the intermolecular spacing between 
the sodium alginate and the carrageenan, thereby creating more compact graphene 
beads. Notably, the addition of GO further enhanced the elastic modulus of the 
beads from 2.1 MPa (without GO) to 4.5 MPa [42]. Hydrogen bonding and electro-
static interaction were the primary adsorption mechanisms for ciprofloxacin removal 
(272 mg/g) [42]. Additionally, the continuous removal of ofloxacin by GO-κ-car/ 
SA double network graphene beads was investigated in a fixed-bed operation. The 
study revealed that the developed adsorbent was reliable for practical applications
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as supported by the extended breakthrough time of 4 h and bed sorption capacity 
of 84.43 mg/g [41]. Notably, the GO-κ-car/SA double network beads demonstrated 
excellent mechanical properties and could withstand high-pressure operation as they 
did not show any sign of deformation and breakage during the fixed-bed operation. 

10 Other Structures 

Owing to the ease of modification of graphene materials, there are other config-
urations of 3D graphene that can be synthesized for pharmaceutical adsorption. 
Contrarily to aerogel, graphene xerogel can be formed through the sol–gel technique. 
However, the developed xerogel may experience shrinkage due to capillary collapse 
of liquid inside the pores of the hydrogel network during the drying stage [43]. As a 
result, graphene xerogel tends to be denser than aerogels and has a smaller surface 
area and a lower porosity. A carbon xerogel/graphene hybrid adsorbent was devel-
oped to adsorb metronidazole antibiotic. The addition of GO increased the specific 
surface area of the adsorbent from 648 to 816 m2/g as the GO content was increased 
from 0.62 to 1.87 g [44]. Furthermore, the metronidazole adsorption capacity was 
also increased from 116.86 to 172.59 mg/g as the GO content was increased [44]. The 
addition of GO was reported to promote π–π interactions between the adsorbent and 
metronidazole species along with other mechanisms such as electrostatic attraction 
and hydrogen bonding [44]. 

Fibrous structure is also another configuration of 3D graphene adsorbent. The 
3D graphene fibre can be prepared through electrospinning, crosslinking, and wet 
coating. A work was conducted to study the adsorption of trimethoprim by GO-
carboxymethylcellulose film coated on polyethylene terephthalate (PET) support 
[45]. The addition of GO film content demonstrated an increase in trimethoprim 
adsorption capacity from 2.15 to 39.43 mg/g when the GO film was increased by 20 
%(w/w) [45]. This was due to the increase in active sites availability at higher GO 
film content. However, the adsorption capacity was not significantly increase when 
the GO film content exceeded 20 % due probably to the aggregation of GO has led 
to a reduction in surface area and active sites for adsorption [45]. 

The fibrous structure can be applied in membrane operation to adsorb pharmaceu-
tical residues. For instance, a GO-polysulfone hollow fibre membrane (PSU-GO HFs) 
was developed to synergize ultrafiltration and adsorption mechanisms for enhanced 
ciprofloxacin removal [46]. The effect of GO loading on the development of PSU-GO 
HFs was investigated (Fig. 5) [46].

It was revealed that the optimum removal of ciprofloxacin was achieved at a 
loading of 3.5% GO, but loadings above 3.5% did not show any significant improve-
ments. This observation was due to the reduction in surface area caused by GO 
aggregation at higher GO loading [46]. Another highlight of this study is the pilot-
test investigation using 100 L tap water with 1 mg/L ciprofloxacin concentration. The 
initial ciprofloxacin removal was around 65% and decreased to 30% after treating 40
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Fig. 5 a PSU HFs and 
b filtration modules, with 
different amounts of GO (w/ 
w). From left to right: 
pristine PSU; PSU-GO 1%; 
PSU-GO 2.5%; PSU-GO 
3%; PSU-GO 3.5%; 
PSU-GO 5%. Adapted with 
permission [46]. Copyright 
(2022) Elsevier

L of ciprofloxacin-spiked tap water and the adsorption capacity was approximately 
110 mg/g [46]. 

11 Conclusion and Outlook 

3D graphene structures development for environmental pollution control has attracted 
great interest lately. The 3D hierarchical network of graphene has showcased supe-
rior adsorption capacities towards numerous pharmaceuticals. The construction of 
3D graphene has introduced additional adsorption functionalities from the chem-
ical additives while maintaining the intrinsic properties of the nanomaterial in the 
bulk structure, thus making it a favourable adsorbent. Presently, the most devel-
oped 3D graphene structures are aerogel, hydrogel, and spherical beads as they offer 
practical structures to remove pharmaceutical residues. The primary binding mech-
anisms involved in the adsorption of pharmaceuticals are π–π interaction, hydrogen 
bonding, and electrostatic interaction. 

The application of 3D graphene structure for industrial-scale removal of pharma-
ceutical has not been realized yet. The graphene structures previously discussed were 
mostly prepared at a laboratory scale and may not be sufficiently robust to withstand
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the harsh flow conditions of industrial wastewater treatment. To improve the mechan-
ical strength of 3D graphene, it is crucial to optimize the formulation of the graphene 
from the aspects of crosslinker choice, chemical functionalities, crosslinking condi-
tions, and post-treatment processes. Additionally, most of the studied pharmaceutical 
residues were under the classes of antibiotic and non-steroidal anti-inflammatory 
drugs, but studies on other classes of medicines such as antidepressant, hormones, 
and beta-blocker remain scarce. Therefore, comprehensive research on these drugs 
is necessary to understand the adsorption affinity of 3D graphene structures towards 
the persistent pharmaceutical pollutants. 

Moreover, the simultaneous adsorption of multi-pollutants, continuous adsorption 
via fixed-bed column, and pilot-scale adsorber design are still lacking in the litera-
ture. Hence, it is highly recommended to conduct such studies to increase the feasi-
bility of commercialization of 3D graphene structures for pharmaceutical wastewater 
treatment. In addition, most research works mainly focussed on the development 
and assessment of the 3D graphene structures in pharmaceuticals removal, but the 
sustainability of using these structures is unclear. As such, life cycle analysis, techno-
economic analysis, and density functional theory should be applied to determine the 
viability of 3D graphene structures in large-scale wastewater remediation. 
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3D Graphene for Metal-Ion Batteries 

Jin Kwei Koh and Chin Wei Lai 

Abstract A metal-ion battery is a rechargeable secondary battery. Lithium-ion was 
the first metal-ion battery introduced in the 1980s. Various metal-ion batteries have 
then emerged in the last few decades. However, each has limitations in terms of cost 
and availability. Several recent inventions employ three-dimensional (3D) graphene 
oxide to advance the electrochemical performance of metal-ion batteries. This chapter 
discusses the type of metal-ion batteries, followed by an overview of 3D graphene, 
including its fabrication method and structure. Various structures of 3D graphene 
material in metal-ion batteries are discussed, including foam, aerogels, microsphere, 
ball, vertical sheet, and others. Each structure of modified 3D graphene has been 
outlined with its detailed fabrication process. Additionally, the recent development 
regarding 3D graphene in metal-ion batteries is also discussed detailed. This review 
concludes that most studies exhibited good electrochemical performance using modi-
fied 3D graphene materials in a metal-ion battery. In the future, there is a need to seek 
alternatives for metal ions or graphene resources as they suffer from a few limitations, 
such as the depletion of metal ions and the cost and fabrication of graphene. 

Keywords 3D graphene · Metal-ion battery system · Electrochemical ·
Fabrication methods 

1 Introduction 

A metal-ion battery is a rechargeable battery with two electrodes (cathode and 
anode), a separator membrane, an electrolyte, and an external electronic circuit. 
There is various type of metal-ion batteries. The lithium-ion battery is the most 
common electrochemical technology and is convenient in numerous industries, such 
as communications, transportation, and others. The primary functioning mechanism 
of all metal-ion batteries is the discharge and charge process (Fig. 1). Energy is
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Fig. 1 Schematic of 
metal-ion battery structure 

generally stored in the form of electrons in the lithium ions within the anode for the 
discharge process. The anode initiates an oxidation process, which causes lithium 
ions to exit the anode and move to the cathode. The electrons that have been stored are 
released to produce the electric current. The charging mechanism can be explained 
as the electrons from the power source charging the battery attaching with the lithium 
ions in the cathode during the charging phase, during which the ions pass through 
the electrolyte and the separator to the anode [1, 2]. 

The concept of the lithium-ion battery was introduced in the late 1970s. Armand 
proposed a lithium-ion battery, using two different intercalation materials for anodes 
and cathodes. Meanwhile, the lithium-ion battery was named a “rocking-chair 
battery” because its charge–discharge mechanism shuttles the ions from one electrode 
to another. Subsequently, Lazzari and Scrosati demonstrated the concept of lithium-
ion batteries in 1980. The sodium-ion battery also was introduced in the 1980s. 
Over that decade, the research and development of metal-ion batteries were mainly 
focused on lithium-ion batteries. The lithium-ion battery was also commercialised by 
Sony in 1991, while sodium-ion batteries received less attention in the market. Due 
to the cost-efficiency of materials, other types of metal-ion batteries have emerged, 
such as aluminium and potassium-ion batteries [1–3]. Due to concerns about the effi-
ciency of battery technology, the charging and discharging capacity with the cycling 
performance are the main criteria to improve the metal-ion batteries. There have 
been many advancements in all metal-ion batteries, including existing lithium and 
sodium-ion batteries. The advancement of all metal-ion batteries is focused on modi-
fying electrodes using nanomaterial. Currently, 3D graphene has garnered attention 
in the electrochemical battery industry as its nanostructure contributes to the higher 
theoretical capacity, large surface area contact for charging and discharging process, 
and others. This chapter summarises the recent development of 3D graphene in the 
metal-ion battery and their achievement of electrochemical properties. This chapter 
then outlines the future challenges and opportunities of this 3D graphene in metal-ion 
batteries.
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2 Overview of the Types of Metal-Ion Battery 

Metal-ion battery is mainly made up of four basic functional components, which 
are the anode, cathode, electrolyte, and current collector. There are various types of 
metal-ion batteries, such as lithium-ion, magnesium-ion, aluminium-ion, sodium-
ion, potassium-ion, and others. The type of metal in the metal-ion battery can be 
classified based on the inclusion of alkaline metal, alkaline earth metal, or other 
transition metal. 

2.1 Alkaline Metal-Ion Battery 

According to the periodic table, lithium and sodium are the most frequently studied in 
the metal-ion battery systems. The lithium-ion battery is one of the most successful 
commercialised in the electrochemistry and power field. This is due to the high 
energy and power density supply in that system. It has been utilised in electric 
vehicles since the 1990s. Normally, lithium-ion acts as a cathode, while the anode is 
made of lithium metal. The lithium-ion battery has been used in various applications, 
such as electronic communications gadgets, transportation, and others in this era of 
technology. However, it has a short lifespan and there are safety concerns in the 
practical application of lithium-ion batteries [3–6]. 

Due to these concerns, abundant resources on Earth, such as sodium and potas-
sium, are emerging in battery systems, since they are alkali metals with similar 
physicochemical properties to lithium. Further, both are inexpensive and can be 
utilised in large-scale electric storage. However, both have large radii, which can 
influence metal-ion batteries’ discharge and charge capacity [7, 8]. 

2.2 Alkali Earth Metal 

Due to the high cost of lithium-based batteries, safety concerns, and the scarcity of 
lithium elements in nature, there is an urgent need to develop alternatives in the battery 
system. Hence, alkali earth metals also have been giving rise to battery research, such 
as magnesium and aluminium. For instance, magnesium ions in battery systems can 
be more economical and eco-friendly in electric vehicles. Magnesium can act as 
both an anode and cathode for the intercalation or deintercalation of magnesium 
ions. Hence, it is a potential candidate in the metal-ion battery system. 

An aluminium ion is another metal earth metal that can flow from anode to cathode 
in an electro-battery system. It can exchange three electrons for every ion and has 
three times the energy density of a lithium-ion battery system. It is a low-cost and 
high-abundance material, but it has operation issues at high temperatures [9].
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3 Overview of 3D Graphene Material with Its Fabrication 
Method and Structure in the Current Metal-Ion Battery 
Technology 

Graphene is known as a two-dimensional (2D) and was discovered in 2000. Normally, 
this material is called “graphene” and is rarely specifically named “2D graphene”. 
Graphene garners attention with the remarkable improvement of advanced science 
and technology to date. This is due to its unique structural configuration, which 
consists of a single layer of honeycomb configuration with sp2 hybridised carbon 
atoms. Its intrinsic features have been broadened in various research fields, providing 
insights into cutting-edge nanomaterials. 3D graphene materials are considered an 
advanced technology because the 3D features of graphene oxide are conducive to 
various applications. Theoretically, 3D graphene material is formed from unstacked 
2D graphene. Graphene material is conventionally synthesised via two distinct 
approaches, namely bottom-up and top-down approaches. Chemical vapour deposi-
tion (CVD), pyrolysis, and epitaxial growth are examples of bottom-up approaches, 
whereas chemical synthesis, chemical exfoliation, and mechanical exfoliation are 
examples of top-down approaches. 

CVD, synthesis of carbon, and other bottom-up approaches are unfavourable in 
the massive production of graphene due to several concerns, including cost, product 
purity, scalability, and yield. For instance, Table 1 shows CVD having low crys-
tallinity with controlled layers and sizes, which is convenient in graphene synthesis 
and boosts graphene-based energy devices’ performance. However, it is costly and 
available on a limited scale [10, 11]. However, liquid phase exfoliation and reduction 
of graphene oxide are favourable in the massive production of graphene, because of 
their cost-effectiveness and high scalability for bulk production [10, 12]. Technically, 
pristine graphite is used as starting material to undergo pre-treatment, such as thermal 
treatment, mechanical milling, or Hummers’ oxidation, followed by exfoliation by 
ultra-sonification. Besides, the pristine graphite also can undergo direct exfoliation in 
the liquid phase. After exfoliation, the treated and exfoliated sources are converted to 
reduced graphene oxide or graphene oxide-based compounds by chemical, thermal, 
and electrochemical reactions.

Although 2D graphene has outstanding performance with its extraordinary proper-
ties, the agglomeration effects of 2D graphene-based materials are the main problem 
of dispersive behaviour, which is caused by its morphology structure. Hence, 3D 
graphene materials have been advocated for nanotechnology emerging in the past 
few years. Although the fabrication of 3D graphene materials is almost similar to 
the fabrication of the graphene materials that is aforementioned, there is a difference 
in terms of crystallinity, purity, cost, and scalability between 2 and 3D graphene 
materials, as shown in Table 1 [13]. As electrical battery technology is sensitive to 
conductivity, the powder form is more favourable than bulk materials. Therefore, 
there are challenges faced in 3D graphene material synthesis. This is attributed to the 
high crystallinity in most approaches, such as micromechanical exfoliation, reduction 
of graphene oxide, and liquid phase exfoliation, which contribute to bulk material
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Table 1 The comparison of 2D graphene and 3D graphene in terms of crystallinity, purity, layer 
number controllability, cost aspect, and scalability for each process. Adapted with permission [13], 
copyright (2018), chemical society reviews 

Graphene 
types 

Method of 
fabrication 

Crystallinity Purity Layer number 
controllability 

Cost 
aspect 

Scalability 

2D Chemical vapour 
deposition 

Low High High High Medium 

Micromechanical 
exfoliation 

High High Medium Low Low 

3D Chemical vapour 
deposition 

Medium High High Medium High 

Reduction of 
graphene oxide 

High Low Low Low High 

Liquid phase 
exfoliation 

High Medium Low Low High

production. The fabrication of 3D graphene materials in powder form is thus more 
attractive in battery design [14]. 

3D graphene can be prepared using several methods with different morphology 
structures. In battery technology, the typical structural design of 3D graphene 
composite can be encapsulated in a ball, mixed, anchored, and layered form, 
according to Chang et al. [12]. In the following, the previous studies regarding the 
fabrication of 3D graphene material on the electrochemical battery are discussed in 
terms of the process, structure, precursors, template, and temperature required, as 
summarised in Table 2.

3.1 Cvd 

In 2006, CVD was launched. This is fabricated with a planar few-layer graphene 
structure. Up to now, there have been various studies on the fabrication of graphene 
via CVD. This process requires the precursor for the fabrication of the graphene 
material, which can be applied in various forms. Methane gas is the most common 
carbon source for the production of graphene materials [14–19]. For the growth 
of graphene, nickel is usually used as the template. The operation temperature is 
in the range of 790–1050 °C. The samples are always treated in a hydrogen or 
Argon atmosphere. Certain researchers have utilised CVD process initially for the 
synthesis of 2D graphene material and then further with other processes such as 
hydrothermal, calcination, annealing, and others. However, CVD also can be used to 
produce 3D graphene materials further. For instance, Guo et al. [15] and Son et al. 
[16] synthesised graphene foam and graphene balls using methane gas as a carbon 
source via CVD process. They also utilised 3D graphene material fabricated from 
CVD process, further hybridising with the functionalised materials in their metal
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battery studies, as explained in Table 2. This indicates the broader use of graphene-
based composite, promoting the integration of 3D graphene materials with other 
functionalised materials. A CVD-based process that is applied at high temperatures 
for the reduction and decomposition of atoms in the synthesis of nanomaterial is 
known as a thermal CVD. Ji et al. [14] produced a novel 3D graphene powder via 
thermal CVD. This study revealed that the specific surface area of powder substrate 
led to higher yield production. Therefore, the carbon black utilised in this study was 
34 nm, contributing to a kilogram yield of 3D graphene powder through thermal 
CVD. 

3.2 Hummer’s Method and Modified Hummer’s Method 

Hummer’s method is an older method that is a form of oxidative exfoliation. This 
method has been replaced by Brodie’s method, as it offers several advantages, such 
as safety concerns in Brodie’s method in the past. However, there is an environmental 
problem related to toxic waste removal associated with Nitrogen dioxide (NO2) and 
Dinitrogen tetroxide (N2O4) during the fabrication of graphite material via Hummer’s 
method. Therefore, several researchers have modified this method in various ways, 
such as the exclusion of the consumption of sodium nitrate (NaNO3), an incline 
of the potassium permanganate (KMnO4) usage, and others [20]. For instance, Li 
et al. [21] worked with the modified method by excluding NaNO3. However, Li 
et al. [22] reported the fabrication of graphene using a KMnO4: NaNO3 ratio of 
6:1 for modified Hummer’s method. Concerning 3D graphene-based battery tech-
nology, several studies have also reported on this modified method in the fabrication 
of graphene oxide. Therefore, the precursors of reduced graphene material and 3D 
graphene-based materials are initiated by this modified method before further under-
going other processes (hydrothermal, calcination, annealing, etc.) in the fabrication 
of 3D graphene-based materials. Related studies are shown in Table 2. 

3.3 Hydrothermal 

Hydrothermal process is generally utilised for the thermal reduction of graphene 
oxide which has been synthesised from the modified Hummer’s method or any initial 
pre-treatment. It emerged in the late nineteenth century. Several studies have been 
performed with this step for the reduction of graphene oxide in metal-ion battery 
technology. For instance, Choi et al. [23] and He et al. [18] performed a hydrothermal 
process at 155 °C for 12 h after CVD process, which involvedsulphur-based material 
in the hydrothermal process. Their finalised product is graphene foam hybridising 
with sulphur-based material. 

Further, several researchers have reported on the operation temperature of the 
hydrothermal process at 180 °C with various precursors with graphene material. The
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precursors depend on hybridised organic or inorganic material in the battery studies. 
For instance, Li et al. [22] fabricated a crystal antimony/graphene composite for a 
metal-ion battery. The hydrothermal process involved graphene oxide with potassium 
antimony tartrate at 180 °C for 24 h. Mo et al. [24] developed a holey 3D graphene 
cross-linked with mesoporous amorphous Iron (III) Phosphate (FePO4) nanoparti-
cles using graphene nanosheet, Ammonium Iron (II) Sulphate ((NH4)2Fe(SO4)2), 
Ammonium dihydrogen Phosphate (NH4H2PO4), Centrimonium Bromide (CTAB), 
n-hexane, and n-butanol at 180 °C for 10 h. Additionally, Li et al. [21] fabricated a 3D 
graphene-encapsulated nearly monodisperse Iron (II, III) Oxide (Fe3O4) composite 
using lysine and Iron(II) Sulphate Heptahydrate (FeSO4.7H2O) in the thermostatic 
oven at 180 °C for 12 h. Similarly, Liu et al. [25] also performed 12 h of hydrothermal 
process at 180 °C to fabricate 3D graphene hybridising with the ferric citrate. Liu 
et al. [26] synthesised a 3D graphene microsphere using the hydrothermal process 
at 200 °C for 12 h. Hence, the typical hydrothermal process is 180 °C or more than 
180 °C, according to Chen et al. [27]. Apparently, the period of the hydrothermal 
process is 10–24 h. However, Chen et al. [27] reported that the hydrothermal process 
for the fabrication of 3D graphene aerogels was at 75 °C for 4 h. They proposed this 
operating parameter to save on industrial production cost. 

3.4 Freeze-Drying 

Freeze-drying is a process of freezing a sample under a vacuum at a low temper-
ature for dehydration. The pore structure on the sample can be observed when the 
sublimation of the ice developed itself during vacuum freeze-drying, which was 
studied by Zeng et al. [28]. The result revealed that a macrospore structure was 
formed after freeze-drying at −50 °C. This method can maintain the integral struc-
ture for battery assembly, and the macropore can facilitate the mass transfer of the 
electrolyte channel. Li et al. [22] also performed a freeze-drying process at −50 °C 
for 72 h for the precipitated sample from the hydrothermal process, which obtained 
an antimony/graphene composite after further calcination. Mo et al. [24] performed 
a similar method for 48 h to synthesise mesoporous amorphous FePO4 nanoparti-
cles cross-linked with a 3D holey graphene framework. Similarly, Chen et al. [27] 
utilised this method to maintain the shape and size of graphene aerogels. Apparently, 
this method is always performed after the hydrothermal process and before further 
calcination. However, Liu et al. [25] performed this method before further annealing 
treatment for the synthesis of 3D graphene-Fe3O4. In short, freeze-drying is a step 
that maintains the structure and size of a sample.
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3.5 Calcination 

Calcination is a high-temperature process that happens normally in an inert atmo-
sphere. This method is used for the removal of the volatile component, oxidation of 
the organic or inorganic precursor, and crystallisation of the final product. Hence, it is 
always considered the last step in the synthesis of the crystal structure of nanomate-
rials; sometimes, it can be considered a purification process. In the fabrication of 3D 
graphene-based material for battery technology, several researchers have reported 
this step as the last step after undergoing several processes, including Hummer’s 
method, hydrothermal, freeze-drying, and others. For instance, Li et al. [22] prepared 
an Sb/graphene composite using potassium antimony tartrate and graphene oxide via 
the hydrothermal method, followed by high-temperature calcination at 850 °C for 
8 h. The operations are performed in an argon atmosphere. However, Mo et al. [24] 
spent 1 day in the calcination process at 400 °C to fabricate 3D holey graphene frame-
works cross-linked with encapsulated mesoporous amorphous FePO4 nanoparticles. 
Further, Li et al. [21] used a shorter calcination period of 2 h to fabricate 3D graphene-
encapsulated nearly monodisperse Fe3O4, performed at 600 °C. An oxidation process 
is involved in the calcination process, which can be observed in the study of Yuan 
et al. [29]. This study revealed that the oxidation of Ferum (III) ion into Ferum (II) 
and the transformation of pyrophosphate ion from phosphate ion, which cause the 
formation of reduced graphene oxide (rGO) confined iron-based mixed-polyanion 
compound Na4Fe3(PO4)2(P2O7). Its calcination process was performed at 900 °C for 
6 h in an air atmosphere. Apparently, the operation temperature is interrelated with 
the operation period. A higher calcination temperature requires a shorter period. 

3.6 Annealing 

Annealing is a process of sample heating at a high temperature and cooling down 
naturally. It is similar to calcination in heat treatment, but does not involve phase 
or chemical changes, such as oxidation and decomposition. This process minimises 
crystal defects, which can alter microstructure properties, such as hardness, ductility, 
and strength. Yu et al. [19] studied a graphene nanoribbon on the surface of 3D 
graphene. The last step of the product preparation process in this study is annealing 
in argon/hydrogen (80 sccm) at 600 °C for 2 h. Similarly, Liu et al. [25] experimen-
tally determined the finalised powder (hybrids of 3D Graphene with Iron (II, III) 
oxide, Fe3O4) obtained from hydrothermal with a freeze-drying process was heated 
at 500 °C for 2 h in the nitrogen atmosphere. Further, Chen et al. [27] also performed 
the annealing process as the last step for fabricating Tin Oxide-3D graphene aerogels 
(SnO2-GA). This study showed the formation of Sn–C–O bonds between Tin Oxide 
(SnO2) and reduced graphene sheets after annealing at 600 °C for 30 min under the 
nitrogen atmosphere. In short, annealing conditions are usually in the range of 500 
to 600 °C under an ambient atmosphere.
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3.7 Solvothermal 

The solvothermal process is a process similar to the hydrothermal process in terms 
of operation parameters, but its precursor is usually a non-aqueous solvent such as 
alcohol. For instance, Ma et al. [30] utilised alcohol suspension mixed with dilute 
alcohol and exfoliated graphene oxide suspension for soaking cleaned melamine 
foam, which was subsequently heated at 180 °C for 10 h. 

3.8 Pyrolysis 

Pyrolysis is a process that produces carbon components. Normally, this method 
requires heat energy to decompose the organic compounds. A few researchers have 
reported that the process of fabrication on 3D graphene material can be initiated 
by pyrolysis. For instance, Wang et al. [7] use sugar to produce porous monolithic 
graphene as the sugar consists of glucose, which is a carbon source for fabricating 
graphene materials. They used zinc as a template for pyrolysis in the tubular furnace 
at 1000 °C for 2 h in the atmosphere of ammonia/nitrogen. Additionally, Shi et al. 
[31] utilised thiourea and SiOx as a precursor in the pyrolysis process at 800 °C 
for 2 h for the fabrication of 3D wrinkled N,S co-doped multilayer graphene sheets 
embedded with SiOx microparticles. 

3.9 Facile Spray Drying 

Spray drying is a technique that is widely used in the food and chemical industry, 
owing to the simple setup and scale-up with low cost for massive production. In 
spray drying, the particle size can achieve nano or microstructure of bulk particles. 
For instance, one study showed that the reduced graphene oxide confined iron-based 
mixed-polyanion compound was obtained in 60 nm of particle size [29]. 

3.9.1 Ball Milling 

Ball milling is a liquid phase exfoliation of bulk materials into powder form. Yuan 
et al. [29] utilised this method at 300 rpm for 3 h in a planetary mill to obtain 
powder from bulk particles. The bulk particles are from reduced graphene oxide 
confined iron-based mixed-polyanion compound, which is obtained from spray 
drying. The ball mill method in this study involved the bulk particles, Sodium 
Carbonate (Na2CO3), Nickel (II) Oxide (NiO), and Manganese (III) Oxide (Mn2O3).
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3.9.2 Etching 

The etching step is the process that removes the intermediate substance by using acid 
or solvent. Guo et al. [15] designed a 3D graphene hollow structure using an etching 
step to remove the intermediate Magnesium oxide (MgO) and Zinc oxide (ZnO) that 
developed from CVD of graphene foam. Similarly, Yu et al. [19] induced the defect 
on the graphene foam into nanoribbon via plasma etching, using a power of 40 W 
for 5 to 20 min. 

4 Recent Research Regarding 3D Graphene in Metal-Ion 
Batteries—in Terms of Performance 

3D graphene material is considered a potential energy conservation material in 
various metal-ion battery systems. The previous section describes the process 
involved in the fabrication of 3D graphene materials in metal-ion batteries. Subse-
quently, this section further discusses the achievement of the recent research 
regarding 3D graphene material in the metal-ion battery system according to the 
type of battery, as summarised in Table 3.

4.1 Lithium-Ion Batteries 

Several researchers have investigated the improvement of a lithium-ion battery 
system by using graphene materials because it has high conductivity, chemical 
stability, low lithium reaction, and volume change during lithium intercalation. 
However, there are a few limitations of simple graphene applied in the lithium-ion 
battery system, such as the weak capacity of graphene in lithium adsorption and the 
interaction of lithium in the surface unit area. Therefore, Guo et al. [15] fabricated 
3D graphene materials by developing an enhanced defect derivative graphene and 
incorporating zinc oxide and magnesium hydroxide as the intermediate nanostruc-
ture layer. The result revealed an improvement in the electrochemical performance 
of graphene hollow structure from ∼382 mAh g−1 to ∼2204 mAh g−1 at 0.5 A g−1. 
Further, the initial electrochemical capacity in this study achieved 10,009 mAh g−1 

with 83% of retention at 4A g-1 for 500 cycles. The high-rate characterisation at a 
rate of 20 A g−1 was ∼330 mAh g−1. 

Cyclability and fast charging function are concerns in this study. Several 
researchers have modified the design of cathode and anode with various inventions. 
For instance, Son et al. [16] developed a graphene ball in popcorn structure (Fig. 2) 
applied as anode and coating on the cathode, demonstrating a high specific capacity 
of anode material (716.2 mAh g−1), and an incline of capacity at 0.33 Cycle by 
27.6% from 49.67 to 63.40 Ah. The commercial cell settling reached 800Wh L−1 in
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Fig. 2 Graphene ball in popcorn structure developed by Son et al. [16] in lithium-ion battery. 
Adapted from [16]. Copyright The Authors, some rights reserved; exclusive licensee springer nature 
limited. distributed under a creative commons attribution license 3.0 (CCB BY) 

this study. That study achieved 78.6% of high cyclability of capacity retention after 
500 cycles at 5 Columb (C) and 60 °C. 

Similarly, a vertical graphene sheet growth on carbon black in a lithium-
ion battery was studied by Ji et al. [14], who demonstrated a specific capacity 
of 150 mAh g−1 with an 88.9% retention at 1C even after 1000 cycles in a lithium iron 
phosphate (LiFePO4) electrode. Further, there is an achievement in 542.8 mAh with 
93.3% retention after 400 cycles at 0.2 C when the soft pack full cell was designed 
with 1.3 wt % of modified 3D graphene material assembled with an LiFePO4 and 
graphite electrode. Mo et al. [24] achieved a high-mass-loading electrode with high 
reversible capacity in a lithium-ion battery, at 156 mA h g−1 under 0.5 C using a 
3D holey graphene frameworks cross-linked with encapsulated mesoporous amor-
phous FePO4 nanoparticles. Further, this result also achieved ultra-high-rate capa-
bility (76 mA h g−1 under 50 C) and outstanding cycle stability (>95% reversible 
capacity retention over 500 cycles). 

A 3D graphene aerogel was modified with the nano-sized Tin Oxide (SnO2) 
to enhance the capacity and cyclic stability, which exhibited the synergistic effect 
between the flexible layer of graphene and nano SnO2 particles involved in the 
lithium-ion battery [27]. Similarly, Yuan et al. [8] developed an anchor 3D few-
layered molybdenum sulphide (MoS2) hybridised with graphene aerogels in the 
lithium-ion battery, which achieved 1526 mAh g−1 of specific capacities after 100 
cycles. This study revealed the notable electrochemical performance of 865 mAh g−1 

at 1 A g−1. Another researcher reported that 3D graphene could be encapsulated with 
monodisperse Fe3O4 nanoparticles for lithium-ion battery systems, which achieved 
1139 mAh g−1 of discharge capacity and 85% capacity retention at 400 mA g−1 

after 100 cycles. Further, this study also achieved good cycling and high capacity 
(665 mA h g−1) at 1000 mA g−1 after 200 cycles when a 3D graphene composite was 
applied to the electrode [21]. Additionally, Shi et al. [31] fabricated a novel silicon 
oxides (SiOx) hybridised into 3D wrinkled multilayer graphene sheets, contributing 
1150 mA h g−1 of reversible capacity after 500 cycles, along with high reversible
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capacity (151 mA h g−1) and superior energy density (501 W h kg−1) after 330 
cycles. 

4.2 Lithium Ion-Sulphur 

Although lithium-ion batteries have been improved for cathode 
materials, there is a limitation in the theoretical capacity of transition metal 
oxides cathode (150–170 mAh/g2) in commercial lithium-ion batteries. To improve 
the theoretical capacity of the cathode, sulphur has been introduced as a commercial 
cathode material. However, a few difficulties are related to the use of sulphur as 
commercial cathode material, such as polysulphide dissolution in the electrolyte, 
the poor electrical and ionic conductivity properties of sulphur, and the changes 
of charging with discharging volume. For instance, the polysulphide dissolution 
phenomenon is significantly found in 3D graphene materials involved in lithium-
sulphur battery, as investigated by Choi et al. [23]. Owing to the amelioration of 
tungsten oxide on the polysulphide and shuttling effect, this study also further 
investigated the coating of tungsten oxide on 3D graphene oxide. An improvement 
of the initial capacity with the cycling performance of Lithium/Sulphur has been 
demonstrated with the coating of tungsten oxide on 3D graphene after 500 cycles 
(1425 mAh/g with approximately 95% capacity retention) when compared to the 
initial discharge capacity with the cycling performance of lithium/sulphur with 
3D graphene after 200 cycles (~1300 mAh/g at 0.8 A/g with approximately ~80% 
capacity retention). 

Further, He et al. [18] developed a 3D graphene foam material with the hybridisa-
tion of cobalt sulphide and sulphur (Fig. 3) as a cathode in lithium-sulphur batteries, 
which achieved a higher areal capacity (10.9 mAhr/cm2) when applied over sulphur 
loading (10.4 mg/cm2) and sulphur content (86.9 wt%). Additionally, the strong 
chemical entrapment of sulphur in lithium-ion batteries system is promoted by the 
synergistic effect of 3D graphene materials and cobalt sulphide. 

Similarly, Ren et al. [17] fabricated a 3D graphene foam hybridised with carbon 
nanotube as the middle layer and MoS2 as the outer layer in an electrode for the

Cobalt 
sulphide and 
sulphur 

3D 
Graphene 
foam 

Fig. 3 3D graphene foam hybridised with cobalt sulphide in lithium ion-sulphur battery. Adapted 
with permission [18], copyright (2018), elsevier 
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(a) (b)                                (c) 

Carbon nanotubes 
Carbon nanotubes 

Molybdenum 

Fig. 4 a 3D graphene foam, b 3D graphene foam hybridised with carbon nanotube, and c 3D 
graphene foam hybridised with carbon nanotube and molybdenum sulphide. Adapted with 
permission [17], copyright (2018), elsevier 

improvement of lithium-ion battery, as shown in Fig. 4. Due to the high specific 
capacity of MoS2, high conductivity of carbon nanotubes, and large electrode/ 
electrolyte contact with short diffusion distance of lithium ions, the electrochem-
ical performance of this study achieved a specific capacity of 935 mAh g−1 at a 
current density of 0.1 A g−1, a high reversible capacity of 606 mAh g−1 after 200 
cycles at 0.2 A g−1 in the modified 3D graphene foam electrode. 

4.3 Aluminium Batteries 

Aluminium-ion batteries conventionally offer low discharge voltage and short cycle 
life. In order to achieve cutting edge of batteries performance with high power and 
energy density, safety, and long cycle life, Yu et al. [19] investigated the plasma 
etching of graphene nanoribbons on porous 3D graphene as a cathode in aluminium-
ion batteries. The study revealed that the low charge voltage was improved with a 
high capacity of freestanding and flexible hybridised graphene foam-based pouch 
cell: 123 mA hg−1 at 5000 mA g−1. It also demonstrated excellent cycling ability 
after 10 000 cycles, contributing to 80 s of fast charging and more than 3100 s of slow 
discharge rate in the aluminium-ion battery system. Liu et al. [26] also improved the 
aluminium-ion battery using a microsphere which is armoured graphene wrapped 
by a crystal carbon shell as illustrated in Fig. 5, which obtained a 99.1 mAh g−1 

of reversible specific capacity at 1000 mA g−1 and ~ 100% retention capacity at 
4000 mA g−1 after 10 000 cycles.

4.4 Potassium Batteries 

Due to the abundance of potassium elements and low electrode potential of 
potassium-ion/potassium atom (K+/K) couple, the electrochemical industry recently 
garnered attention on potassium-ion batteries. Although potassium-ion battery is
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Fig. 5 Microsphere of 3D 
graphene, showing graphene 
wrapped by a crystal carbon 
shell. Adapted with 
permission [26], copyright 
(2019), American chemical 
society

Graphene microsphere 

Carbon shell 

Armour 

inexpensive and has high energy density, its ionic radius is larger, which is unfea-
sible in its rapid transport and degradation of potassium storage. To mitigate this 
issue, a graphene material, with 279mAhg−1 of theoretical capacity, can be used as 
anode material for potassium-ion batteries because it has a larger surface of the inter-
layer, notable electron mobility, and mechanical properties. For the advancement of 
graphene materials, antimony can be used to incorporate graphene materials as its 
theoretical capacity is 660 mAh g−1. This can enhance the electrochemical properties 
of potassium-ion battery. For instance, a study revealed that the antimony/graphene 
with a crystal microstructure exhibited a high charge capacity (601.4 mAh g−1 at 
100 mA g−1), better cycle performance (345.3 mAh g−1 at 100 mA g−1 after 100 
cycles), and rate capability (255.9 mAh g−1 at 800 mA g−1) [22]. 

Further, Liu et al. [26] synthesised a microsphere of crystal carbon shell wrapped 
with a graphene sheet, which obtained an initial capacity with a Coulombic effi-
ciency (297.89 mAh g−1, 99%) after 1250 cycles. Wang et al. [32] fabricated a 
porous monolith of graphene as the binder-free anode, which contributed a 180 
mAh g−1 of capacity at a current density of 10 A g−1 and 4000 cycles of cycling 
capability at 1 A g−1. 

4.5 Sodium-Ion Battery 

Sodium-ion batteries have garnered attention in the electrochemical industry because 
their theoretical interlinkage and technical inheritance are similar to the lithium-ion 
battery, such as inert materials used in the electrode (graphite anodes). However, 
Silicon (Si) anode in sodium-ion battery demonstrated lower electrochemical perfor-
mance than Si anode in the lithium-ion battery. Hence, the anode in sodium-ion 
battery can be replaced by various materials such as Sodium Chromite (NaCrO2), 
Sodium Vanadium Phosphate (Na3V2(PO4)3), and Maricite (NaFePO4). Metal 
sulphides are alternatives to anode materials that may offer better electrochemical 
properties than monometallic sulphide. In the electrochemical industry, 3D graphene 
material is usually incorporated with the novel binary metal sulphide, which can 
demonstrate high mass capacity and remarkable cyclability. For instance, Zeng et al.
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Fig. 6 Disc shape of anode 
that consists of carbon 
nanotubes/graphene 3D 
porous network hybridised 
with binary metal sulphide 
(FeSb2S4). Adapted with 
permission [28], copyright 
(2021), elsevier 

3D porous 
network 
hybridised with 
binary metal 
sulphide 

Disc shape 

[28] developed a disc shape material that consists of high theoretical binary metal 
sulphide (Berthierite, FeSb2S4) hybridised in 3D graphene as an anode (Fig. 6), 
which achieved a mass capacity of 391.7 mAh g–1 under 0.1 A g–1, corresponding 
to 3.11 mAh cm–2 of area-capacity and 57.64 mAh cm–3 of volume-capacity. 

In addition, 3D graphene was introduced in carbon foam for an 
electrode in sodium-ion battery, reaching a reversible capability 
at 0.1 A g−1 (508.6 mAh g−1), superior rate performance at 5.0 A g−1 (113.3 
mAh g−1), and remarkable cycle stability at 1.0 A g−1 (329.3 mAh g−1 over 
1000 cycles), according to Ma et al. [30]. Yuan et al. [29] fabricated 3D graphene 
microsphere hybridised with Na4Fe3(PO4)2(P2O7) in sodium-ion batteries, which 
contributed reversible capacity (128 mAh g−1) at 0.1 C, superior rate capability 
(35 mAh g−1) at 200 C, and long cycling life (62.3% capacity retention over 6000 
cycles) at 10 C. Similarly, Yuan et al. [8] developed an anchor 3D few-layered 
MoS2 hybridised with graphene aerogels in the sodium-ion battery, which achieved 
850 mAh g−1 of specific capacities after 100 cycles. This study revealed notable 
electrochemical performance of 462 mAh g−1 at 1 A g−1. 

5 Conclusion, Challenges, and Future Prospects 

This chapter discussed the modified 3D graphene in the electrode for each metal-ion 
battery. Owing to the superior characteristic of graphene, several research studies 
have reported 3D graphene material applied in the metal-ion batteries by hybridising 
with additives such as metal oxide, carbon nanotube, sulphur-based materials, and 
others involved in metal-ion batteries. Various fabrication processes in graphene 
material and its 3D graphene material incorporation method are discussed in this 
chapter. After being incorporated with the modified 3D graphene oxide in metal-ion 
batteries, most studies reported good electrochemical properties in terms of capacity, 
discharge and charging capacity, cycling rate, and reversible capacity. Although 3D 
graphene material is a promising dopant in various applications, there are a few
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challenges in terms of economics. The main challenge in this study is the produc-
tion of 3D graphene, including the several processes involved in the synthesis of 
3D graphene. Subsequently, the cost of production increases. Further, the cost of 
graphene also depends on the purity and crystallinity of graphene. For 3D graphene 
material involved in metal-ion batteries, the other concerns include product cost and 
portability, and the battery design’s size since it is still not commercialised in the 
market. 

Although most metal-ion batteries performed good electrochemical properties 
using modified 3D graphene material for sustainable energy, the metal-ion resources 
could be depleted, especially lithium-ion. Further, there are the difficulties afore-
mentioned regarding the graphene material in the market. Owing to this issue, there 
are a few suggestions required to implement in the future as follows: 

(a) Recycle metal ions if possible. 
(b) Seek for alternatives of metal ion for the design of a dischargeable battery. 
(c) Continue investigation on alternatives for graphene material as it is costly. 
(d) Investigate sustainable resources for metal-ion batteries. 

In short, this review has provided the overview of types of metal-ion batteries, 
the fabrication of 3D graphene material, and the recent development of 3D graphene 
material involved in metal-ion batteries. 
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3D Graphene for Metal–Air Batteries 

Runwei Mo and Yuan An 

Abstract In recent years, metal–air batteries have attracted extensive research owing 
to their extremely high theoretical energy density. However, the bottleneck problem 
of current metal–air batteries is the slow kinetics of oxygen reduction reaction cata-
lysts. Recently, graphene has been widely used in metal–air batteries owing to its 
many active sites, excellent electrical conductivity, and large specific surface area. 
To meet the requirements of practical applications, three-dimensional (3D) graphene 
structures are prepared from two-dimensional graphene nanosheets through various 
assembly methods, which can tune their mechanical stability, electrochemical proper-
ties, and catalytic performance. 3D graphene can act as a catalyst carrier in metal–air 
batteries, which can not only improve its long-term stability and catalytic activity 
but also reduce the amount of active components. It is worth noting that the proper-
ties of 3D graphene can be further optimized by functionally modifying the surface 
of graphene. In this chapter, we describe the synthesis techniques of 3D graphene 
and summarize the properties and functional modifications of 3D graphene. Then 
we focus on the latest research progress and status of 3D graphene in metal–air 
batteries. Finally, future directions for enhancing the electrochemical properties of 
3D graphene-based metal–air batteries prospect. 

Keywords Graphene ·Metal–air battery · Structural design · Oxygen reduction 
reaction · Catalyst 

1 Introduction 

With the rapid development of society, the sustainable development of energy has 
an increasingly important impact on the survival and development of human beings. 
Due to the non-renewable nature of the traditional energy structure dominated by 
fossil fuels, it is necessary to urgently develop new energy conversion and storage
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systems with sustainable development. As a representative energy storage device 
in the field of new energy, secondary batteries are more and more widely used in 
mobile electronic equipment, electric vehicles, and other fields. Among them, metal– 
air batteries (MABs) have attracted extensive attention owing to their ultra-high 
theoretical energy density, which makes them promising candidates for vehicle power 
sources or large-scale energy storage stations [1–3]. 

As one of the representatives of high energy density energy storage and conversion 
systems, MABs use metals with negative electrode potential, such as zinc, iron, 
magnesium, aluminum, and mercury, and the gas in the air is used as the active 
material of the positive electrode. Generally speaking, the main components of MABs 
are divided into air cathode, metal anode, current collector, electrolyte with separator, 
and gas diffusion layer. Different from the fully closed system of metal–ion batteries, 
the cathode reactant in MABs is the gas component in the air, which leads to the 
characteristics of the semi-open system of the battery [4, 5]. It is worth noting that 
the current cathodes of MABs containing alkali metals are usually studied in the 
environment of pure O2, which is mainly attributed to the fact that various components 
in the air can easily make the reaction mechanism difficult to distinguish, and even 
some components can cause undesirable side reactions [6, 7]. 

MABs are classified in a number of different ways. According to the different types 
of electrolytes, MABs can be classified into four types: non-aqueous, aqueous, solid-
state, and mixed-mode. In addition, according to the different types of anode metals, 
MABs can also be divided into the following types: zinc––air batteries, lithium–air 
batteries, magnesium or aluminum–air batteries, sodium or potassium–air batteries, 
etc. It is worth noting that different kinds of MABs have their own unique advan-
tages. Compared with aqueous MABs, non-aqueous MABs tend to have the advan-
tages of higher discharge platforms, wider electrochemical windows, and higher 
energy densities. Compared with non-aqueous MABs, aqueous MABs generally 
have the advantages of lower fabrication costs, more environmental protection, and 
faster mass transfer rates. Furthermore, solid MABs tend to have a more pronounced 
advantage in preventing fire risks and liquid leakage compared to liquid electrolytes. 
Different kinds of MABs have similar problems, which are mainly attributed to their 
similar working principles and electrode reaction pairs. The main factors hindering 
the improvement of the electrochemical properties of MABs are the slow kinetics 
of the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). In 
order to solve the above problems, the development of cathode materials with large 
specific surface area, high electronic conductivity, sufficient active sites, and hier-
archical pore structure is an effective way to further enhance the electrochemical 
properties of MABs [8–10]. 

Recently, graphene has been widely used in MABs due to its many active sites, 
excellent electrical conductivity, and large specific surface area. As we all know, 
graphene was successfully prepared for the first time in 2004 and has attracted exten-
sive research interest in many fields owing to its outstanding chemical and physical 
properties [11–13]. More importantly, the electrochemical properties, mechanical 
stability, and catalytic performance can be regulated by functional modification of 
the graphene surface, such as porous structure design, heteroatom doping, and defect
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fabrication [14–20]. On the one hand, more active sites can be provided by the design 
of porous structures. On the other hand, the kinetics of ORR and OER can be enhanced 
by heteroatom doping and defect fabrication. In order to meet the requirements of 
practical applications, three-dimensional (3D) graphene structures are prepared from 
two-dimensional (2D) graphene nanosheets through various assembly methods. It 
is worth noting here that 3D graphene is considered an ideal cathode material for 
MABs due to its abundant defects, hierarchical pore structure, and selective doping 
of atoms. Equally important, 3D graphene has a unique three-dimensional connected 
conductive network structure, which can provide an efficient transport path for metal 
ions and gas molecules, low charge transfer resistance, and can be used for the storage 
space of solid discharge products on the air electrode side. In this chapter, the latest 
research results of 3D graphene as a key material in the field of MABs are summa-
rized. Based on an in-depth understanding of the reaction mechanism of ORR and 
OER, the synthesis strategies of 3D graphene are mainly introduced, and the prop-
erties and functional modifications of 3D graphene are summarized. In addition, the 
latest research results of 3D graphene as cathode materials in the field of MABs are 
summarized. Finally, future directions for enhancing the electrochemical properties 
of 3D graphene-based MABs prospect. 

2 Synthesis of 3D Graphene 

2.1 Chemical Reduction Self-Assembly Method 

Chemical reductive self-assembly is a common method for preparing 3D graphene-
based materials. The basic principle is that the raw graphene oxide (GO) is first 
reduced to reduced graphene oxide (rGO) by using a reducing agent (such as 
NaHSO3, sodium ascorbate, vitamin C, Na2S, etc.) under low-temperature heating 
conditions, and then its self-assembly is controlled to form a 3D graphene. Sheng et al. 
successfully prepared 3D graphene hydrogels by chemical reduction self-assembly 
method [21]. The specific steps are to use sodium ascorbate as the reducing agent 
and GO as the precursor. The homogeneous suspension was obtained by ultrasonic 
treatment first, and then the self-assembly process was carried out at a certain reaction 
temperature. The results showed that the optimum concentration of GO suspension 
was 2.0 mg·mL−1, and the optimum reaction temperature and time were 90 °C and 
1.5 h, respectively. The chemical reduction treatment reduces the oxygen-containing 
functional groups of GO and restores the conjugated structure. On the one hand, it 
leads to a large number of π–π bonding sites and strong mutual adsorption force on 
the rGO surface, and on the other hand, it enhances the hydrophobicity of the rGO 
sheet. The synergistic effect of the above two aspects promotes the self-assembly of 
rGO sheets to form 3D graphene hydrogels. The chemical reduction self-assembly 
method to prepare 3D graphene-based materials has the advantages of a simple 
process and no harsh preparation conditions such as high temperature and high
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pressure. The self-assembly process and morphology of the product rGO can be 
precisely regulated by controlling the concentration of the raw GO suspension, the 
amount of the reducing agent, the reaction time, and other process conditions. The 
three-dimensional graphene-based material prepared by this method has outstanding 
mechanical properties and electrical conductivity, but its surface oxygen-containing 
functional groups are difficult to be completely removed, resulting in its electrical 
conductivity failing to reach the theoretical value. 

2.2 Hydrothermal Reduction Self-Assembly Method 

The hydrothermal reduction self-assembly method is mainly used to prepare 3D 
graphene materials with a three-dimensional network structure. The preparation 
principle of this method is to first place a suspension of GO or rGO in a sealed 
autoclave. Then, by controlling the pressure, temperature, time, and concentration of 
reactants in the hydrothermal process, GO or rGO was self-assembled to form a three-
dimensional graphene material. Xu et al. successfully prepared three-dimensional 
graphene by hydrothermal reduction self-assembly method [22]. Specifically, the 
GO suspensions with concentrations of 0.5, 1.0, and 2.0 mg·mL−1 were heated to 
180 °C in the reactor and kept for 1 to 12 h. In this process, the hydrothermal reduc-
tion conditions, on the one hand, are the introduction of interlayer conjugated struc-
tures and high-density bonding (π-stacking) sites into the graphene sheets, thereby 
improving the π–π bonding force between graphene sheets and the structural stability 
of the product. On the other hand, the oxygen-containing functional groups on the 
GO sheets were reduced to exhibit hydrophobic properties. Under the synergistic 
effect of hydrophobicity and π–π bonds, the GO nanosheets self-assembled to form 
a 3D graphene hydrogel with a cross-linked structure. Its strength and conductivity 
increased with the increase of the concentration of the raw GO suspension and the 
reaction time. It is worth noting that the storage modulus of the material is as high 
as 490 kPa, and the corresponding conductivity is as high as 0.5 S·m−1. Overall, the 
process of preparing 3D graphene materials by hydrothermal reduction self-assembly 
is relatively simple. However, this method requires harsh preparation conditions such 
as high pressure, high temperature, and long incubation time and requires the concen-
tration of GO suspension to be higher than 2.0 mg·mL−1. More importantly, the 
self-assembly process of this method is realized by physical binding force, which is 
often prone to the problem of poor structural stability. 

2.3 Freeze-Drying Self-Assembly Method 

The basic principle of the freeze-drying self-assembly method is to freeze the GO 
suspension or rGO after self-assembly to promote the formation of solid organic 
molecules or the growth of ice crystals. Then, the ice or solid organic molecules
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are sublimated and escaped by vacuum drying, thereby obtaining three-dimensional 
graphene with a porous structure. Jung et al. successfully prepared 3D graphene mate-
rials with hierarchical pore structures by freeze-drying self-assembly method [23]. 
Specifically, a suspension of sheet-like graphene was first prepared by an electro-
chemical exfoliation method and then self-assembled to form a 3D graphene hydrogel 
by a sol–gel method. Finally, 3D graphene can be obtained by freeze-drying. The 
results show that the pore structure and size distribution of the product 3D graphene 
can be effectively controlled by adjusting the aspect ratio of the exfoliated graphene 
sheets and the temperature of the freeze-drying treatment. The three-dimensional 
graphene aerogel prepared by this method has the advantages of high porosity, 
low density, large specific surface area, and high electrical conductivity, which is 
beneficial to the high-speed diffusion of electrolyte ions and the rapid transport of 
electrons. 

In addition, this method can also be used to prepare 3D graphene-based compos-
ites. Xie et al. successfully prepared platinum or platinum–carbon-supported 3D 
graphene composites by freeze-drying self-assembly method [24]. Specifically, GO, 
carbon black, potassium tetrachloroplatinate, and ascorbic acid were used as raw 
materials, which were sequentially subjected to heat treatment at 90 °C for 3 h and 
rapid freeze-drying treatment to finally obtain 3D graphene-based composites. In 
the above-mentioned platinum–carbon/3D graphene composite formation process, 
the presence of carbon black effectively separates the clusters formed by graphene 
and platinum nanoparticles, thereby helping to improve platinum atom utilization 
and catalytic graphitization effect. In addition, the wrinkled graphene structure in 
the platinum–carbon/3D graphene composite increases the specific surface area and 
the density of active sites, which is beneficial to improve the electrocatalytic activity 
of platinum for reactions such as methanol oxidation. Although the freeze-drying 
self-assembly method has certain requirements in the vacuum environment, the 3D 
graphene-based materials prepared by this method generally have the characteristics 
of high porosity, high specific surface area, tunable pore size distribution, and high 
electrical conductivity. 

2.4 Template Self-Assembly Method 

Template self-assembly is an effective method to prepare 3D graphene materials with 
regular pore structures. For example, polystyrene colloid or silica colloid is used as 
the sacrificial template, and potassium hydroxide, hydrofluoric acid, or tetrahydro-
furan are used as the corresponding template etchant, respectively [25–28]. Huang 
et al. successfully synthesized 3D graphene foams with porous nanostructures using 
a template self-assembly method [25]. Specifically, silica nanoparticles with methyl 
groups were used as templates, which were sequentially soaked in GO suspension 
and heat-treated at 900 °C for 5 h under an argon atmosphere. Then, the 3D graphene 
material was collected by hydrofluoric acid etching treatment. Among them, silica 
nanoparticles modified by methyl groups with hydrophobic properties can not only
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serve as templates for the preparation of graphene foams but also interact with 
hydrophobic GO nanosheets. Therefore, the modified silica nanoparticles can inhibit 
the agglomeration of GO nanosheets and promote the formation of porous nanostruc-
tures. The research results show that the pore size range of the 3D graphene foams 
prepared by this method is 30–90 nm, and the pore density and specific surface area 
are as high as 4.3  cm3·g−1 and 851 m2·g−1, respectively. 

In addition, Kim et al. also successfully prepared 3D graphene foams using a 
similar method [27]. Specifically, GO-coated silica nanomaterials with a core–shell 
structure were prepared by utilizing the interaction between the amphiphilicity of 
GO and the hydrophobicity of methyl groups on the template surface. Then, the 
3D graphene foams with porous nanostructures were obtained by successive treat-
ments such as centrifugal collection, condensation, and hydrofluoric acid etching. 
The process of preparing 3D graphene materials using silica as a sacrificial template 
is relatively simple. It is worth noting that the pore structure, pore order, and pore size 
of the product can be effectively regulated by controlling the size of the template. 
However, the main disadvantage of this method is that the sacrificial template is 
difficult to be completely removed, and the prepared 3D graphene is prone to plastic 
cracking. 

2.5 3D Printing Method 

3D printing is an additive manufacturing method that prints raw materials into 
materials with specific shapes and sizes based on three-dimensional digital models 
[29]. Zhu et al. successfully synthesized 3D graphene-based composites through 3D 
printing. [30] Specifically, a mixed solution of 12.5 wt.% graphene nanosheets (GN), 
3.3 wt.% GO, 4.2 wt.% SiO2, and resorcinol–formaldehyde (R-F) were used as the 
printing ink, which was successively formed by direct writing, gelation, supercrit-
ical drying, carbonization, and etching to obtain GO/GN composite aerogels. It is 
worth noting that pre-soaking the printing ink in isooctane solution helps the ink to 
remain wet during the gelation and printing process, which avoids the deformation or 
cracking of the printing material during the freeze-drying process. The results show 
that the addition of SiO2 and GN can synergistically improve the yield strength and 
storage modulus of printing ink. The electrical resistance of the GO/GN composite 
aerogel prepared by this method is only 0.96 Ω·sq−1 and the specific surface area is 
as high as 418 m2·g−1. The results show that the material has the characteristics of 
a large specific surface area, low density, and high electrical conductivity and has 
application prospects in many fields. The direct writing molding method has the char-
acteristics of a wide selection of raw materials, low cost, high preparation efficiency, 
and good shape controllability of the product. However, there are problems such as 
strict requirements on the rheological properties of the ink and subsequent heat treat-
ment of the printing materials. The quality of printing ink (including core evaluation 
indicators such as rheological properties and solid content) is the key to determining 
the performance of direct-write molding products. By increasing the solid content
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of the ink, that is, the concentration of the GO suspension, not only the rheolog-
ical properties of the ink can be enhanced, but also the volume and shape changes 
of the printed material during post-processing can be effectively reduced. The 3D 
graphene-based composites prepared by direct writing generally have outstanding 
mechanical properties and electrical conductivity. 

3 Properties of 3D Graphene 

The 3D graphene prepared by the above various self-assembly methods exhibits 
excellent properties, including large surface area and pore volume, high electrical 
conductivity, low density, and good mechanical properties. Compared with 3D 
graphene assembled by physical bonding, 3D graphene assembled by chemical 
bonding exhibits better properties, such as higher electrical conductivity, lower 
contact resistance, and better mechanical stability. The analytical reason is that cross-
linking easily occurs between the functional groups on the edge and the GO surface 
during the self-assembly process through chemical bonding. In addition, the process 
of preparing 3D graphene by the self-assembly method is very versatile, and the 
microstructure and macrostructure can be regulated by changing the experimental 
conditions [31]. For example, the porosity and pore size of 3D graphene can be tuned 
by changing the size of the template. The number of graphene layers and the solu-
tion concentration also have a great influence on the density of 3D graphene. Higher 
graphene solution concentrations lead to an increase in the density of 3D graphene, 
which results in larger changes in the density, mechanical strength, and electrical 
conductivity of 3D graphene. 

The microstructure and properties of 3D graphene can be optimized by changing 
the preparation conditions. For example, in the process of preparing 3D graphene 
by freeze-drying self-assembly, the freezing temperature plays an important role 
in the microstructure and properties of 3D graphene [32]. The results show that 
when the freezing temperature is decreased from −10 to −170 °C, the pore wall 
thickness and pore diameter decrease by 4000 times and 80 times, respectively. The 
water absorption properties of 3D graphene largely depend on its average pore size. 
Generally, the water absorption property of 3D graphene requires its pore size to be 
less than 150 μm, while the waterproof property of 3D graphene requires its pore 
size to be larger than 300 μm. To achieve water absorption in the central region of 
3D graphene and water resistance in the edge region of 3D graphene, it is necessary 
to control the pore size between 150 and 300 μm. The regulation of the water-
absorbing and waterproof properties of 3D graphene can expand the application 
of graphene materials in other fields. Furthermore, the pore morphology is also 
greatly altered, enabling a transition from an anisotropic layered architecture to a 
homogeneous cellular architecture. By manipulating the 3D graphene microstructure, 
Young’s modulus was increased from 13.7 kPa to 204.4 kPa. In a word, the properties 
of 3D graphene can be adjusted in various ways, which can meet the requirements 
of graphene materials in different application fields.
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4 Functional Modifications 

It is well known that graphene generally exhibits poor catalytic activity, which 
is mainly attributed to its intrinsic structure. To effectively improve its catalytic 
activity, it is necessary to optimize the surface chemistry and atomic composition of 
graphene through functional modification. The electron density polarization at this 
carbon-heteroatom bond can be constructed by heteroatom doping of the graphene 
honeycomb lattice. More importantly, the sp2 bond state can be effectively recon-
structed by heteroatom doping treatment and the intrinsic electronic structure can be 
optimized, which is beneficial to provide more active sites [33]. On the one hand, 
functional modification of graphene can tune its interface and surface behavior. On 
the other hand, new functions can also be induced through the synergistic effect 
between multiple species. Therefore, functional modification plays an important 
role in optimizing the properties and functions of 3D graphene. 

4.1 Heteroatom Doping 

The electronic structure and properties of graphene can be optimized by doping its 
crystal structure with heteroatoms, which can effectively improve its electrochem-
ical activity. In recent years, researchers have carried out a series of research work 
on the heteroatom doping of 3D graphene, such as N, B, S, P, and other element 
doping [34–36]. In order to perform heteroatom doping in 3D graphene, the corre-
sponding precursors are usually introduced during the preparation of 3D graphene. 
For example, Mei et al. successfully prepared ultra-high-level P-doped 3D graphene 
materials. [34] The principle of this doping method is to sacrifice the heterostruc-
tured 2D black phosphorus on graphene to achieve P doping with a P content of 
4.84%. The whole preparation process is mainly divided into three parts, the first 
part is the liquid exfoliation of GO and black phosphorus bulk. The second part is 
the construction of 2D-2D BPN/GO heterostructures. The third part is the formation 
of ultra-high-level P-doped 3D graphene materials by sacrificing BPNs to GO under 
hydrothermal reaction conditions. It is worth noting that the reason for the prepa-
ration of high-level P-doped 3D graphene materials is the stable and abundant C-P 
bonds. 

In addition, to achieve the purpose of co-doping, it is necessary to introduce 
precursors containing a variety of different heteroatoms during the preparation of 
3D graphene [37]. The results show that the co-doping treatment of 3D graphene 
significantly improves its electrochemical performance, which is mainly attributed to 
the synergistic effect between different heteroatoms. Recently, Yu et al. successfully 
synthesized P and S co-doped 3D graphene using thioglycolic acid and phytic acid 
as heteroatom precursors [38]. Specifically, the researchers used HI chemical reduc-
tion to synthesize modified 3D graphene under hydrothermal reaction and freeze-
drying conditions. Then, co-doping of S and P was achieved in 3D graphene under



3D Graphene for Metal–Air Batteries 241

thermal treatment conditions. In addition to the above metal-free heteroatom co-
doping, researchers also successfully synthesized non-metal and metal co-doped 3D 
graphene using corresponding precursors [39]. Qiu et al. successfully achieved Ni 
and N co-doping in graphene [39]. The results showed that the loading of Ni was as 
high as 23 wt%, which was mainly attributed to the promotion of Ni doping by the 
pre-doping of N. 

4.2 Single Dispersion of Metal Atoms 

In order to achieve maximum atom utilization efficiency, single-atom catalysts in 
which metal atoms are dispersed on a substrate have attracted extensive attention in 
recent years [40]. 3D graphene is an ideal substrate for the synthesis of single-atom 
catalysts due to its unique three-dimensional continuous network structure. On the 
one hand, 3D graphene as a substrate can provide a large specific surface area to 
expose more active metal sites. On the other hand, 3D graphene as a substrate can 
provide heteroatom centers to anchor metal atoms. Mou et al. successfully synthe-
sized Ni-based single-atom catalysts on N-doped 3D graphene substrates using an 
impregnation-pyrolysis strategy [41]. In this synthetic strategy, 3D graphene was 
prepared using 3D porous melamine foam as a template. During the pyrolysis process, 
highly dispersed Ni single atoms were successfully loaded on N-doped 3D graphene 
substrates through the combined action of nitrogen anchoring and atomic trapping. 
Hu et al. also successfully loaded a single iron atom into 3D N,S co-doped graphene 
through a similar strategy [42]. Notably, the as-prepared 3D graphene-based single-
atom catalysts were used as electrode materials for Li-CO2 batteries, which exhibited 
excellent electrochemical performance. The results show that the potential gap of this 
electrode material is only 1.17 V under a current density of 100 mA g−1. More impor-
tantly, when the current density is increased to 1 A g−1, the charge–discharge cycles 
of the electrode material can still reach 200 times. The electrode material exhibits 
excellent electrochemical properties, which is mainly attributed to the synergistic 
effect between the presence of “Fe-N4” moieties in the 3D graphene substrate and 
the spin and charge redistribution generated by N,S co-doping. 

4.3 Compositing with Other Active Species 

Besides the two strategies mentioned above, constructing 3D graphene-based 
composites by combining the advantages of multiple components is another effective 
strategy to significantly enhance their performance. The 3D graphene has a hierar-
chical pore structure and good electrical conductivity, which makes it a support mate-
rial that can significantly improve electron mobility and ion diffusion rates. In recent 
years, researchers have carried out a lot of work on 3D graphene-based composites,
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such as polymers, metals, and their compounds, and MXenes [43–47]. Sun et al. inno-
vatively designed a two-step process to successfully synthesize 3D graphene/niobium 
pentoxide composites [43]. The research results show that the composite material 
exhibits excellent fast-charging characteristics. The reason for the analysis is that the 
hierarchical porous structure and 3D graphene network structure in this composite 
provide fast ion diffusion channels and electron transport channels, respectively. 
Zhong et al. innovatively designed a hydrazine hydrate vapor reduction strategy 
to successfully synthesize polyurethane/rGO composite foam [44]. The composite 
material exhibits the function of a micro switch, which realizes the regulation of 
the number and contact area of its equivalent circuit. An in-depth analysis of the 
reason for this revealed that the composite had a unique wrinkle and burr structure. 
The composite exhibits excellent performance as a flexible piezoresistive sensor, 
such as high sensitivity, fast response, wide sensitive pressure range, and excel-
lent durability. Chen et al. innovatively proposed a GO-assisted self-convergence 
method to successfully prepare the composite structure of Ti3C2Tx/3D graphene 
[45]. During the self-assembly process, GO was partially reduced by Ti3C2Tx, which 
facilitated the self-assembly of 2D graphene nanosheets to form a 3D connected 
network architecture. Furthermore, the interfacial interaction occurred between GO 
and Ti3C2Tx during the self-assembly process, which also facilitated the uniform 
loading of Ti3C2Tx in the 3D graphene structure. To further improve its perfor-
mance, 3D graphene can also be treated with heteroatom doping, which can exploit 
the synergistic effect between active species and heteroatoms. Recently, Zhou et al. 
successfully supported Pt nanoparticles on 3D nitrogen-doped graphene by electro-
chemical deposition. The composite exhibits excellent electrochemical performance, 
which is mainly attributed to the synergistic effect between Pt nanoparticles and 
nitrogen atoms [46]. 

5 Recent Developments in Metal–Air Batteries 

MABs play an important role in next-generation energy conversion and storage 
systems owing to their ultra-high theoretical energy density. For example, when 
lithium metal is used as the metal electrode, the energy density of the battery is even 
comparable to that of petroleum, and its theoretical energy density can be as high 
as 11,680 W h kg−1. The electrochemical properties of the air battery system with 
lithium metal as the metal electrode is largely dependent on the cathode material. 
After many charge–discharge cycles in this battery system, the cathode material is 
prone to the problem of accumulation of a large number of discharge by-products. 
This not only reduces the gas transport efficiency of the cathode material but also 
causes passivation of the electrode, which greatly reduces the electrochemical prop-
erties of the battery. In order to solve the above problems, it is urgent to develop suit-
able cathode materials, which are of great significance for the development of high-
performance lithium–air batteries. 3D graphene has the characteristics of hierarchical
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pore architecture, high electrical conductivity, large specific surface area, and inter-
connected network structure, which make it an ideal catalyst substrate for lithium–air 
batteries. In recent years, Wu et al. innovatively designed a 3D graphene-based N-
doped carbon nitride composite and tested it as a cathode material for lithium–air 
batteries. [48] The results show that the composite material exhibits excellent elec-
trochemical performance. In particular, the overpotential and reversible capacities of 
the composite are 430 mV and 8892 mA h g−1, respectively, under the test conditions 
of a current density of 1000 mA g−1. An in-depth analysis of the reasons found that 
there are mainly two factors. On the one hand, the introduction of N atoms in the 
composite increases the number of active sites, which is beneficial to promote the 
kinetic rate of the electrochemical reaction. On the other hand, the 3D graphene in 
the composite has a unique connected network structure, which provides sufficient 
reaction space for active substances. 

In addition to MABs based on organic electrolyte systems, MABs based on 
aqueous electrolyte systems have attracted widespread attention in recent years owing 
to their high safety and low cost. Among them, the air battery system based on the 
aqueous electrolyte with zinc metal as the metal electrode has the characteristics of 
high safety, high theoretical energy density (1086 W h kg−1), and low cost, which 
makes it a research hotspot in the field of MABs. After years of research, zinc– 
air battery technology has been greatly developed. However, Zinc–air batteries still 
have some key problems that need to be solved. For example, cathode materials still 
have disadvantages such as poor cycle stability and low catalytic activity. Designing 
single-atom catalysts in cathode materials through surface/interface engineering prin-
ciples is an effective strategy to solve the above problems. It is worth noting that 3D 
graphene can be used as an efficient support for single-atom catalysts owing to its 
large surface area and unique network structure. Fu et al. successfully fabricated 
a Ni–MnO/3D rGO composite using a hydrogel strategy and tested it as a cathode 
material in a zinc–air battery [49]. In this composite, Ni–MnO is uniformly dispersed 
in 3D rGO. The results show that the composite material exhibits outstanding elec-
trochemical performance. It is even close to commercial Pt/C in some metrics, such 
as the half-wave unit and onset of this composite are 0.78 V and 0.94 V, respectively. 
Through the innovative design of the composite structure, the composite material 
exhibits excellent electrochemical performance, which is mainly attributed to the 
good electrical conductivity, connected network structure, and stable active sites of 
the composite material. It is worth noting that other types of MABs have similar prob-
lems. Therefore, this strategy provides an efficient way to realize high-performance 
MABs. 

6 Conclusions and Perspectives 

As a new energy storage technology, MABs show high energy density and good 
application prospects. However, to realize the power of MABs, there are still a lot 
of scientific and technological problems that need to be solved urgently. Among
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them, the development of cost-effective oxygen reduction catalysts is particularly 
critical. In recent years, with the development of graphene application research, it 
has been found that 3D graphene can be used as an excellent oxygen reduction 
catalyst support. The doped graphene can be directly applied as an oxygen reduction 
catalyst and shows excellent catalytic activity for oxygen reduction. Therefore, 3D 
graphene-based oxygen reduction catalysts have become a research hotspot in this 
field and have received more and more attention from researchers. According to the 
research and development progress and status quo in 3D graphene-based oxygen 
reduction catalysts, this chapter divides them into three categories. The first category 
is the application of graphene as an oxygen reduction catalyst support. The second 
category is the direct application of doped graphene as an oxygen reduction catalyst. 
The third category is the formation of composite oxygen reduction catalysts by doped 
graphene and other types of catalysts. The following conclusions can be drawn from 
this chapter. 

(i) Due to the special pore structure, ultra-high specific surface area, and corrosion 
resistance of 3D graphene, it is applied as a support for noble metal catalysts 
or transition metal oxide catalysts. On the one hand, 3D graphene can improve 
its catalytic activity for oxygen reduction. On the other hand, it can effectively 
inhibit the agglomeration and dissolution of catalyst active substances and 
greatly improve their long-term stability. 

(ii) The heteroatom-doped graphene provides many “active centers” for the oxygen 
reduction catalytic reaction, thereby exhibiting good oxygen reduction catalytic 
activity and long-term stability. However, the catalytic mechanism of oxygen 
reduction in heteroatom-doped 3D graphene is still controversial and needs 
further research. 

(iii) Combining heteroatom-doped graphene with other catalysts can obtain oxygen 
reduction catalysts with better performance. The catalytic activity of this 
composite catalyst is much higher than that of its single component, which 
is attributed to the strong interaction between heteroatom-doped graphene and 
other types of catalysts. 

In recent years, a lot of research work has been carried out on the application of 3D 
graphene in MABs, and it has shown good prospects. However, research in this field 
is still at an early stage, and extensive and in-depth scientific work is still needed to 
realize the successful application of 3D graphene-based oxygen reduction catalysts 
in MABs. The author believes that the focus of future work can be summarized as 
the following aspects. 

(i) Mechanism research and exploration 

In order to design high-performance catalysts more rationally, it is necessary to 
further study and explore the catalytic mechanism of oxygen reduction of heteroatom-
doped graphene and the interaction mechanism of heteroatom-co-doped graphene 
and other types of oxygen reduction catalysts. More importantly, it will also help to 
deeply understand the catalytic behavior of oxygen reduction of the catalysts in this 
system.
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(ii) Material design and preparation 

In order to better construct the relationship between 3D graphene microstructure and 
electrochemical performance, it is necessary to control and optimize the structure, 
morphology, composition, and preparation process of 3D graphene-based oxygen 
reduction catalyst in detail. In addition, it is also beneficial to obtain more cost-
effective 3D graphene-based oxygen reduction catalysts. 

(iii) Scale production technology 

At present, the research on 3D graphene-based oxygen reduction catalysts is still 
in the laboratory stage. To ensure the repeatability and stability of the process and 
performance in the large-scale and batch preparation stages, a lot of work still needs 
to be done to develop the technology and process. 
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3D Graphene for Flexible Batteries 

Demet Ozer 

Abstract The rapid advancement and widespread usage of flexible electronic 
devices need the development of flexible batteries, which depend on the use of flexible 
electrodes. The special electrical conductivity, mechanical stability, and switchable 
surface characteristics of graphene make it a great choice. Flexible batteries have 
recently seen a dramatic increase in the use of electrodes made of graphene. This 
chapter examines the usage of 3D graphene electrodes (based on hydrogels, aero-
gels, sponges, and foams) in flexible lithium-ion, metal-air, and metal-ion batteries. 
It appears to have unique qualities like a three-dimensional structure, a large surface 
area, and high porosity that increase active sites, allow for the doping of active 
substances, increase the mobility and effectiveness of electrolytes, and boost effi-
ciency in both applications and devices. The challenges and expectations for the use 
and advancement of flexible batteries are addressed in the final stage. 

Keywords 3D graphene · Battery · Graphene composites · Flexible electrodes 

1 Introduction 

The necessity of “green” energy conversion/storage systems is increasing continu-
ously because of global warming, the rapid depletion of fossil fuels, and the rise in 
carbon dioxide emissions. In addition to its benefits, the rapidly changing and devel-
oping technology and the Internet of Things (IoT) creates the need for research and 
development about new generation energy systems. Flexible energy storage mate-
rials must be developed to accommodate flexible electronic devices such as wear-
able computers, touch screens, robotics, and portable medical equipment. Secondary 
batteries possess a high energy density and a long cycle life, making them appealing 
technologies. Since Sony first made lithium-ion batteries available for purchase in 
1991, they have dominated the market for portable gadgets like laptops, tablets, and 
smartphones. Personal clothes, tents, packaging, and other items can all be powered
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by flexible batteries with good deformability and impact resistance. Flexibility, great 
speed capability, better stability under deformations, and the ability to be customized 
to operating circumstances are all benefits of flexible batteries. The same parts found 
in conventional rigid batteries, such as cathode/anode electrodes and electrolytes, 
are also present in flexible batteries. To take advantage of high-performance flexible 
batteries, flexible electrode materials need to be developed and made commercially 
available. The electrodes specify the capacity, energy, and power density of batteries 
because they supply ions and electrons and conduct electricity. High mechanical 
flexibility, great electrical conductivity, and structural strength to endure repeated 
deformations are all qualities that a flexible battery electrode should possess [1]. 
Conducting polymers, carbon cloth (CC), carbon fibers, and nanomaterials (carbon 
nanotubes, graphenes, and MXenes) are the most often employed materials as an 
electrode for flexible batteries. 

The graphene-based materials are great alternatives choices for energy storage 
applications due to their high energy density, quick charging, and long-lasting perfor-
mance. Large surface area and high porosity are two distinguishing features of the 
3D structure, which enhance the active sites, improve the doping of active chemi-
cals, and promote accessibility and mobility of electrolytes as well as efficiency. This 
section examines the preparation of 3D graphene electrodes and their uses as flexible 
electrodes for a variety of flexible batteries, including metal-ion, lithium-sulfide, and 
metal-air batteries. The difficulties with flexible batteries are also discussed, along 
with a preview of upcoming research. 

2 Preparation of 3D Graphene Electrodes 

The use of graphene in electrochemical applications has become widespread because 
of its exceptional electrical conductivity, mechanical toughness, and lightweight. 
Graphene and derivatives (graphene oxide and reduced graphene oxide) outperform 
other electrodes in terms of weight, cost, and energy density without the use of 
extra parts like conductive carbons and binders, as well as external heavy metal 
current collectors. Electron transport can be facilitated by conductive graphene struc-
tures by altering the kinetics of electrochemical reactions. Graphene has a large 
surface area, making it perfect for active agent doping and active agent dispersion. 
This reduces the van der Waals forces between layers, prevents the formation of 
graphene clumps, and gives graphene sheets structural stability with open channels 
for surface and ion migration and charge. Elastic graphene layers might lessen active 
material volume fluctuations during alloying or transformation events, improving 
the electrodes’ integrity. The growing demand for flexible and portable electronic 
devices presents an incredible advantage for flexible graphene because of its strong 
mechanical resilience and conductivity [2]. 

Graphene is produced from graphite. It can be prepared as one-dimensional 
fibers and nanotubes, two-dimensional films and nanosheets, and three-dimensional 
networks as effective electrode material. The 1D graphene fibers can adapt to severe
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deformations in the length direction. The 2D films have excellent flexibility under 
different bending states without structural damage. The 3D offers special qualities 
including a wide surface area and high porosity that enhance the active sites, improve 
the doping of active chemicals, increase the accessibility and mobility of electrolytes, 
and improve the effectiveness of different applications and production tools. Agglom-
eration and subsequent deposition of graphene can be avoided by converting a 2D 
structure into a 3D one. The advantages of employing 3D graphene-based materials 
for energy storage purposes include: (1) Since the majority of the electrons in the 
honeycomb pattern are sp2 hybrid electrons, the remaining electrons in the p-orbit 
are well suited for forming strong bonds that are flexible enough to support electron 
transmission. (2) A 3D cross-linking channel for ion/molecule diffusion is created 
by sequential pores. (3) The enhanced adsorption/desorption capability encourages 
mass transfer. (4) It is more suitable for usage in energy storage systems because 
of its amazing versatility in terms of structural traits, hydrophilicity, and electrical 
conductivity. (5) Excellent mechanical and chemical stability may be found in very 
stable energy storage systems [3]. 

The two main categories of 3D graphene materials are shown in Fig. 1 as follows: 
(1) macroscopic materials (>100 m in one or more dimensions), such as macro 3D 
graphene monoliths (foams/sponges/aerogels), films, fibers, and spheres; and (2) 
microscopic materials (100 m in all dimensions). Depending on the applied synthesis 
technique, the type of 3D graphene can be altered. In general, self-assembly tech-
niques including reduction, cross-linking, sol–gel, and hydrothermal procedures, 
template techniques like template-directed chemical vapor deposition and assembly 
synthesis, laser casting, 3D printing, and electrothermal expansion have been used 
[4]. The 3D graphene hydrogel was prepared through the hydrothermal method using 
a Teflon autoclave at 180 °C for 12 h [5]. The obtained graphene hydrogel has high 
electrical conductivity (5 × 10–3 S/cm), strong mechanical strength, high thermal 
stability, high specific capacity (175 F/g at 10 mV/s scan rate), and is biocompatible. 
These characteristics make it useful in biotechnology and electrochemistry applica-
tions such as supercapacitors, tissue engineering, drug delivery, and biomaterials. The 
three-step sol–gel process was used to create the 3D aerogel graphene. In the first step, 
monolithic solids are prepared from single-layered graphene oxide suspensions, in 
the second step the obtained gels are dried in a supercritical environment, and finally, 
graphene aerogels are formed by thermal reduction. These graphene aerogels have 
two times higher electrical conductivity (87 S/m) compared to graphene with phys-
ical crosslinks alone. Graphene aerogels can be used effectively in energy storage, 
catalysis, and sensing applications due to their large surface areas (584 m2/g), pore 
volumes (2.96 cm3/g), and ultra-low densities (10 mg/cm3) [6]. Three-dimensional 
(3D) graphene foam (GF) was created by chemical vapor deposition (CVD) using 
nickel foam as a template. Poly-(dimethylsiloxane) (PDMS) was then infused into the 
3D GF. Investigation of the GF/PDMS composite’s electrical characteristics under 
bending stress revealed that the resistance of the material increased with the curvature 
of the bend. It is more adaptable and environmentally stable, and it may be used as 
a strain sensor with high sensitivity for crucial real-time monitoring applications for 
buildings like bridges, dams, and high-speed railroads [7]. By using the ice template
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Fig. 1 The types of 3D graphenes. Reprinted with permission [4], copyright (2020) American 
chemical society 

approach, which is often employed to create hierarchical microstructure for nanopar-
ticles, the flexible macroporous 3D graphene sponge was created. A macroporous 
graphene sponge was created after freeze-drying the as-formed ice crystals, which 
rebuilt the inner walls of the graphene hydrogel into a hierarch macroporous structure 
at a gradual cooling rate. A microbial fuel cell made with a graphene sponge as the 
anode material had a power density of 427.0 W.m−3, which was higher than an MFC 
made with carbon felt as the anode material [8]. 

3 Design of Flexible Batteries 

The development of flexible electronics, which can fit complex curved surfaces with 
superior fatigue resistance and safety, has gradually advanced the requirement for 
flexibility. Flexible batteries consist of three main components: substrates, elec-
trolytes, and electrodes (anode and cathode), along with a current collector and 
battery shell (Fig. 2a, b). Active materials are supported as they are utilized to create 
batteries by current collectors, which also serve as substrates for the collection 
and transit of electrons from active materials and external circuits. Because of their
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Fig. 2 a The representation of a flexible battery cell. Reproduced from [11], copyright 2016, 
springer nature, b schematic illustration of batteries

outstanding electrochemical durability against oxidation and reduction, low price, 
and exceptional electrical conductivity, Al and Cu are used as the cathode and anode 
current collectors in industrial Li-ion batteries, respectively. Additionally, enhanced 
current collector and electrode material adhesion as well as mechanical stability under 
deformation are required for flexible batteries. Battery performance degradation and 
thermal runaway are caused by the constant stretching of operational batteries, which 
leads to the failure of current collectors and active components. Flexible Cu and Al 
current collectors need to be made with a thickness that allows the tensile stress to be 
much lower than the yield stress and tensile breaking stress, or the metal foils need 
to be porous to lessen the stress. Flexibility improves with an increase in structural 
porosity. However, the current collectors’ electrical conductivity is harmed by the 
porous structure. Flexible current collectors based on Cu and Al foils must there-
fore appropriately consider mechanical stress, thickness, porosity, and conductivity 
to build superior flexible batteries [9]. The electrolyte, which functions as both an 
ionic conductor and an electronic insulator, is an essential component to maintain 
simple ion movement and little self-discharge. A suitable electrolyte is required to 
produce functional batteries. Liquid electrolytes are frequently used for flexible Li-
ion batteries because of their straightforward percolation, quick ion mobility, robust 
wetting ability, and stable solid electrolyte interphase features. Among the issues 
that need fixing are the safety issues with liquid electrolytes as well as the short-
ening of battery life brought on by the growth of lithium dendrites and electrolyte 
leaks. Alternative solid-state electrolytes to liquid electrolytes have recently shown 
promise as charge carriers when combined with lithium metal anodes to create flex-
ible batteries that are both safe and highly energetic. Inert components to facilitate 
high voltage cathode requests, low electrolyte leakage to prevent cell failure or fire, a 
large electrochemical window, strong Young’s modulus to prevent lithium dendrites, 
and straightforward cell modeling to reduce production costs have all benefited solid 
electrolytes. Separators are placed between the cathode and the anode and assist in 
the transport of ions. It also prevents electrons from migrating into internal circuits. 
The performance, dependability, and safety of batteries are primarily affected by 
the mesh structure, material structure, and processing technique of the separators.
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Typically, separators made of 20–40 µm thick mixes of polyethylene, polypropylene 
(PP), and other microporous polyolefin membranes are utilized. However, poly-
olefin membranes are notorious for having poor electrolyte wettability and low heat 
stability. Therefore, it’s critical to use separator materials in flexible batteries that 
have improved thermal stability, wettability, and fire resistance.

The other crucial part of flexible batteries is the electrodes (anodes and cathodes). 
It is substantial to enhance the properties of electrode materials like high specific 
capacity, better cycle life, mechanical stability, and rapid ion diffusion. Electrons are 
released during chemical processes between the anode and the cathode. The inter-
calation and deintercalation of the metal-ion take place between the anode and the 
cathode. Cell architecture is as important factor as electrode materials for developing 
a fully flexible battery. To increase the flexibility of the battery, each component must 
be portable, bendable, twistable, stretchable, ultrathin, and wearable [10]. The 3D 
graphene-based electrodes have successfully applied as both anode and cathode for 
various types of batteries like lithium-ion, sodium-ion, other ions, lithium-sulfide, 
and metal-air batteries. 

4 3D Graphene Electrodes for Flexible Metal-Ion Batteries 

Metal-ion batteries are applied as a reliable form of energy storage due to their 
high energy density, extended cycle life, and high energy conversion efficiency. The 
development of flexible rechargeable batteries is highlighted by the rising demand for 
flexible electronics of the future, including wearable electronics, portable electronics, 
and implanted biomedical technologies. The anode and cathode materials for 3D 
graphene-based electrodes have been effectively used in a majority of lithium-ion, 
sodium-ion, and other ion batteries. 

4.1 3D Graphene Electrodes for Flexible Lithium-Ion 
Batteries 

In mobile electronic devices like electric cars, laptop computers, and phones, lithium-
ion batteries are among the metal-ion batteries that work well. Due to its high energy 
density and operating voltage, the lithium-ion battery (LIB) is evolving into a crucial 
energy storage technology. Lithium-ion batteries are sold in solid squares or cylinders 
that are brittle when deformed. Active materials and collectors have poor adherence 
when metallic aluminum and copper foils are utilized as current stabilizers. The active 
components tend to slip out of the current collectors when the electrodes are repeat-
edly deformed, which causes irreversible reductions in the device’s energy density 
and cycle life. A good solution to these issues is flexible lithium-ion batteries with 
flexible electrodes. For instance, the hydrothermal approach was used after chemical
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vapor deposition to generate the 3D nitrogen-doped graphene foam containing encap-
sulated germanium quantum dots. The resultant electrode is extremely flexible and 
may be twisted in any direction without suffering any damage. The porous graphene 
foam facilitated the access of the electrolyte while suppressing the volume change of 
the germanium. It showed that flexible lithium-ion batteries could have a high specific 
capacity (1220 mAh g−1 at 1C), ultra-high speed performance (800 mAh g−1 at 40C), 
and a long life cycle (1000 cycles) [12]. Three-dimensional (3D) graphene foams 
(GF) were produced via chemical vapor deposition on nickel foam. After that, GF 
was covered in MoS2 nanosheets that resembled flowers thanks to a microwave-
assisted hydrothermal process. Due to its highly conductive network and linked 
channel, the flexible MoS2@GF electrode demonstrates exceptional electrochemical 
performance for lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs). At a 
current rate of 100 mA g−1, MoS2@GF’s specific capacity for LIBs can reach up to 
1400 mAh g−1, and after 100 cycles, the high specific capacity (1127 mAh g−1) can 
be attained at a rate of 250 mA g−1. Additionally, at a rate of 100 mA g, the obtained 
specific capacity for SIBs after 50 cycles is 290 mAh g−1. Fast electron transport, 
more effective electrolyte penetration, and shorter ion diffusion time for high conduc-
tivity, stable 3D structures are all credited with the flexible MoS2@GF electrode’s 
good performance [13]. Using ferrous sulfate as the iron supply and lysine as the 
precipitator, simple hydrothermal synthesis has been used to produce 3D graphene-
encapsulated, essentially monodisperse Fe3O4 composites. The 3D Fe3O4@rGO 
composite has consistent Fe3O4 particle size, according to SEM and TEM character-
izations. In addition to reducing volume changes and enhancing electric connection, 
the unique 3D graphene-encapsulated Fe3O4 structure can also prevent the aggre-
gation of Fe3O4 NPs during repeated charge/discharge cycles. The 3D Fe3O4@rGO 
exhibits good electrochemical characteristics when used as an anode in LIBs. Elec-
trochemical experiments show that the as-synthesized Fe3O4@rGO has an excellent 
rate capability and an improved discharge capacity (1139 mAh g−1 at 400 mA g−1 

after 100 charge/discharge cycles) [14]. By calcining a 3D graphene/metal–organic 
framework in one step with selenium powder under an Ar/H2 flow for two hours 
at 600 °C, Xu and colleagues created Fe7Se8@C core–shell nanoparticles enclosed 
within a 3D graphene aerogel composite as a flexible anode. In tests between 0.01 
and 3.00 V, the 3DG/Fe7Se8@C composite showed exceptional rate performance 
and a high reversible capacity of 884.1 mAh g−1 at 0.1 A g−1 after 120 cycles and 
815.2 mAh g−1 at 1 A g−1 after 250 cycles [15]. 

4.2 3D Graphene Electrodes for Flexible Sodium-Ion 
Batteries 

The need for alternatives has arisen as a result of the challenges that lithium-
ion batteries confront, particularly their inadequate energy/power density, safety
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concerns, durability, and particularly their limited supply, and expensive raw ingre-
dients (cobalt and lithium). Due to the extensive accessibility of natural sodium 
sources including Na2CO3, Na2SO4, and NaCl as well as their affordability, sodium-
ion batteries are of interest. The battery performance is influenced by low ion–solvent 
interaction energy and high Na+ diffusion rate. Additionally, as cobalt is not neces-
sary for the production of SIB cathodes, increasing the market share of SIB can lower 
the risk of cobalt supply for LIB [2]. 

A host must have lots of active sites for adsorption/chemisorption, large interlayer 
spacing, and long-range organized graphitic sheets for electron transport to store Na+. 
These elements combine to create a host that has a large capacity, rapid charging, and 
stable cycling. Graphite shows limited capacity, low-velocity capacity, and a short 
life cycle due to its inability to adapt to sodium addition. Besides, the large atomic 
radius of sodium ions causes low conductivity and structural instability in sodiation 
and desodiation. While graphene oxide with adjustable d-spacing and flaws perform 
better, pure graphene is not the best material for holding sodium. As efficient anode 
materials for SIBs, metal oxides, which have the benefit of large theoretical capacity, 
are of great interest. When SIBs are charged or discharged, their low conductivity and 
significant volumetric shift cause these materials to typically have low cycle stability 
and capacitance ratios. The use of graphene to support metal oxides is effective in 
SIBs. A novel flexible electrode for sodium-ion batteries has been created by Chen 
et al. utilizing hydrothermal and CVD techniques. It is composed of 2D arrays of 
ultrathin SnO nanoflakes supporting a 3D substrate made of graphene foam and 
carbon nanotubes as the anode (Fig. 3a–c). In contrast, the large surface area 3D GF/ 
CNTs@SnO electrode, high porosity, and strong permeability have improved the 
Na+ diffusion and charge transfer kinetics due to their ultra-fine shape (Fig. 3d–f) 
of well-separated SnO nanoflakes (Fig. 3g). Figure 3h, i, j, and l demonstrate how 
the final 3D GF/CNTs@SnO electrode outperformed the competition in terms of 
high-rate capability and cycle stability in SIBs. It is possible to see a decrease in 
the GF/CNTs@SnO electrode’s specific capacity from 584 to 390 mAh g−1 and an 
increment in the current density from 0.1 to 1 A g−1. It’s impressive that the higher 
speeds were able to achieve higher high-speed capabilities, providing 302 mAh g−1 

at 2 A g−1 and 170 mAh g−1 at 10 A g−1, respectively. After 600 charge/discharge 
cycles at 0.1 A g−1, the initial capacity of 584 mAh g−1 was reduced to 540 mAh g−1 

with only 91% retention. Two additional charge storage mechanisms in the 3D GF/ 
CNTs@SnO electrode include diffusion-controlled faradaic doping from the alloying 
reaction and capacitive additive from charge transfer with surface/subsurface atoms. 
A qualitative analysis of the capacitance effect against diffusion behavior is possible. 
The results demonstrate that the capacitive contribution makes up roughly 46% of 
the overall sodium load, as shown by the relationship between current I and scan 
rate (v) as determined by the CV curves (Fig. 3k). According to the Nyquist plots, 
the GF/CNTs/SnO electrode has a lower overall ohmic resistance of the solution 
and electrodes than the GF@SnO electrode (Fig. 3m). Furthermore, there is less 
charge transfer resistance. The good conductivity of CNTs arrays as a component 
of electron and ion transportation networks, which results in faster reaction kinetics 
and greater capacity, is primarily responsible for the fast charge transfer and low
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Fig. 3 Schematic representation of composite preparation a graphene foam; b GF/CNTs; c GF/ 
CNTs@SnO; d–f SEM images of composite; g Schematic illustration of the GF/CNTs@SnO 
electrode; h Charge/discharge curves at various current densities; ı Rate capability; j, l Low and 
high-rate cycle life; k at 3 mV s−1; m Nyquist plots of GF@SnO and GF/CNTs@SnO. Adapted 
with permission [16] copyright (2017) john wiley & sons
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resistance in GF/CNTs/SnO. Quantitative analysis showed that the ultrathin GF/ 
CNTs@SnO electrode’s extraordinarily quick Na+ kinetics considerably increased 
the surfactant sites. The high surface area, porosity, and superior permeability of GF/ 
CNT foam enable a 3D porous design for Na+ diffusion and transport. CNTs with an 
entangled 3D conductive structure are crucial for the dispersion of SnO nanoflakes 
[16].

Sun and colleagues developed the hydrothermal and freeze-drying method to 
prepare the 3D nitrogen-doped graphene (3DNG) frameworks doped Bi2S3 nanorods, 
which will serve as the anode material for a flexible sodium-ion battery. With 
a high reversible capacity (649 mAh g−1 at 62.5 mA g−1), and excellent dura-
bility, the Bi2S3/3DNG composites displayed remarkable Na storing behavior (307 
and 200 mAh g–1 after 100 cycles at 125 and 312.5 mA g–1, respectively) [17]. 
Na3V2O2(PO4)2F (NVOPF), with its high operating voltage and theoretical capacity, 
is a potential cathode material for sodium-ion batteries (SIBs). Its weak intrinsic 
electrical conductivity significantly impairs its electrochemical performance. To get 
around this, NVOPF is combined with very flexible graphene sheets using the spray 
drying technique. The highly electrically conductive graphene framework contains 
uniformly dispersed NVOPF nanocrystal particles. The durable NVOPF/rGO micro-
sphere composite performs admirably as a cathode for SIBs thanks to its high specific 
capacity (127.2 mAh g−1), long-term cycle stability (83.4% capacity retention at 
30 °C after 2000 cycles), and exceptional high-speed performance (70.3 mAh g−1 at 
100 °C). For enhanced energy storage applications, the electrochemical character-
istics of electrode materials seem to be improved by the graphene skeleton, which 
also functions as a high-throughput electronic conduction matrix [18]. 

4.3 3D Graphene Electrodes for Flexible Other Metal-Ion 
Batteries 

Similar to how there is an abundance of Na (2.3 wt%), there is also a plenty of K 
(1.5 wt%) in the Earth’s crust, and K raw materials like K2CO3 are widely available, 
which helps keep potassium-ion battery prices stable. Creating a 3D porous frame-
work is a successful way to improve surface adsorption/desorption of potassium-ion 
saving. The one-pot hydrothermal synthesis of N/P dual-doped 3D graphene aerogels 
with hierarchical pores increased interlayer distance and high doping level results 
in materials with exceptional potassium-ion battery electrochemical performance. 
The products that were produced with the help of potassium bis(fluoro sulfonyl)imide 
(KFSI) in an EC/DEC electrolyte showed good rate capability (185 mAh g−1 at 5 
A g−1) and high reversible capacity (507 mAh g−1 at 100 mA g−1 after 100 cycles) 
[19]. 

Multivalent metal ions technologies, like those utilizing Mg2+, Zn2+, Ca2+, and 
Al3+, are being researched more and more as low-cost alternatives to lithium-ion 
batteries in recent years. Zinc-ion batteries have drawn a lot of interest because of their
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advantages in two-electron redox, high level of security, and simplicity in scaling. 
Additionally, because of the sluggish diffusion of divalent cations at the cathode, the 
speed performance of the majority of ZIBs is still insufficient. To produce high-rate 
ZIBs, Fan et al. produced a flexible graphene-based ZIB. On flexible graphene foam, a 
fresh layer of zinc orthovanadate was created and employed as a cathode. The Zn array 
anode was also supported by porous graphene foam. Since no active material peeled 
off the graphene substrate after periodic bending, it was found that both the graphene-
based cathode and anode had exceptional mechanical stability and flexibility. An 
ultra-high-rate performance of 50C (discharge in 60 s) was demonstrated by the 
resulting flexible Zn-ion battery [20]. The cost-benefit of aluminum ion batteries 
outweighs the benefit of aluminum’s inherent abundance. Aluminum metal has a 
large volumetric and gravimetric capacity (2980 mAh g−1 and 8034 mAh mL−1). 
Aluminum is stable in air and may be used without the use of inert gases because of its 
outer oxide film. This improves the aluminum battery’s safety throughout production 
and use. As an illustration, the 3D graphene mesh network was successfully designed 
and built using the folded Ni mesh-aided CVD technique. Ni was electroplated onto 
the surface of the Ni mesh before it was folded and attached. With a capacity retention 
rate of 96.5% after 200 cycles, this 3D graphene mesh network offers a high capacity 
of 57 mAh g−1 in an Al-ion battery at an extremely high rate of 40C. The cathode of 
an ultrafast Al-ion battery that has a similar gravimetric capacity but a substantially 
higher volumetric capacity can be made using this high-density 3D graphene mesh 
network [21]. 

5 3D Graphene Electrodes for Flexible Lithium-Sulfur 
Batteries 

One of the best lithium-ion battery substitutes is lithium-sulfur technology. The most 
significant advantages include high theoretical specific capacities (1672 mAh g−1), 
high energy densities (2600 Wh kg−1), natural abundance of the sulfur cathode, low 
cost, and non-toxicity. In addition to the advantages, some disadvantages are still 
seeking solutions. One of these is sulfur’s low electrical conductivity. Another is that 
the reaction’s discharge products (Li2S or Li2S2) are essentially insulating, which 
can significantly raise the cell’s internal resistance. Volume expansion is another 
drawback. Li2S and sulfur have different densities, and when sulfur is changed into 
Li2S, the volume of the electrode rises by around 80%. When the electrode’s volume 
increases, the structural degradation of the electrode causes the capacity to drop off 
quickly, creating a risk for injury. The shuttle effect, which occurs when polysulfide 
generated during charge and discharge dissolves in the electrolyte, is the final draw-
back. The polysulfide formed at the cathode dissolves in the electrolyte, advances 
to the lithium anode with the help of the separator comes into direct contact with 
lithium, and results in irreversible side reactions that cause loss of active substance 
from the cell. Low active material consumption has negative effects on coulomb
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efficiency and cycle performance. The flexibility of the electrodes and leakage of 
electrolyte place further limitations on the design of flexible lithium-sulfur batteries. 
If the electrode cannot withstand mechanical deformation under bending and folding, 
the electrode surface may crack and break, creating a safety hazard. Novel materials 
for Li anodes, functionalized solid-state electrolytes, functionalized separators, and 
sulfur cathodes could be developed to address these shortcomings [22]. 

Flexible sulfur cathodes differ from conventional cathodes in that a portion of 
the cathode becomes independent, the amount of sulfur in the electrode’s total mass 
increases, increasing the battery’s energy density in turn, the cathode is resistant 
to volume widening during charging, and discharging, and the amount of sulfur 
is improved by using 3D structures. The 3D graphene-based materials have been 
obtained and successfully applied as cathode material for flexible lithium-sulfide 
batteries. The 3D graphene sponge with sulfur nanoparticles was prepared through the 
facile reduction method and freeze-drying. The resulting composite was applied as a 
cathode material and provided fast Li+ conduction, superior absorption, and effective 
electrochemical redox effects of sulfur with continuous conductivity, superior struc-
tural integrity, and flexibility. It has a high reversible capacity of 580 mA h g−1 over 
500 cycles with a high-capacity retention of 78.4% and a low decay rate of 0.043% per 
cycle [23]. Zhou and coworkers prepared 3D graphene foam which provides a highly 
electrically conductive network, robust mechanical support, and sufficient space for a 
high sulfur loading as a sulfur cathode host. Figure 4a depicts a schematic representa-
tion of the cathode’s synthesis. The process involved chemically depositing graphene 
on nickel (Ni) foam, coating the foam with poly(dimethylsiloxane), and then etching 
away the nickel and infiltrating it with a thoroughly mixed sulfur slurry. The PDMS/ 
GF is very flexible and may be bent in any direction without breaking (Fig. 4b, c). 
Even after being loaded with a significant amount of sulfur, the flexible S-PDMS/GF 
electrode maintains its flexibility while the linked graphene network is kept intact 
during electrode construction (Fig. 4d, e). The sulfur loading was improved by the 
graphene foam’s rich porosity, which allowed for significant amounts of sulfur to 
be accommodated. The structural variations between the flexible electrode based on 
GF and the electrode incorporating sulfur coating on an Al foil current collector 
are shown in Fig. 4g, h. The active components are principally supported by the 
current collector, which also offers a continuous conductive path. The foam struc-
ture produced interconnected conductive networks that aided in the rapid transport of 
ions and electrons. The flexible cathode’s mechanical stability was improved by the 
thin PDMS covering, which also reinforced the topology of the conducting network. 
A 20% elastic strain flexible cathode that was created kept its conductivity through 
22,000 bending tests. The electrodes exhibited no evidence of cracking after being 
bent. This demonstrates that the electrode is strong and flexible even when bent. After 
1000 cycles with a constant cycling mechanism and a deterioration rate of 0.07%, 
this flexible cathode showed a reversible capacity of 450 mAh/g at 3.5C (Fig. 4f–i) 
[24].
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Fig. 4 a The schematic illustration of the synthesis of the cathode; b, c Photographs of a PDMS/ 
GF; d, e Photographs of S-PDMS/GF electrode with sulfur; f Rate performance of S-PDMS/GF 
electrodes with various sulfur loadings and the electrode with sulfur deposited on an Al foil; g, 
h Comparison of a flexible electrode based on GF and an electrode design with sulfur coated on an 
Al foil; i Cycling performance and Coulombic efficiency of the S-PDMS/GF electrode. Adapted 
with permission of [24], copyright (2015) Elsevier
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6 3D Graphene Electrodes for Flexible Metal-Air Batteries 

For the future generation of EVs, metal-air batteries including lithium, zinc, magne-
sium, and aluminum show promise. They reduce the weight of the battery and increase 
the amount of space available for energy storage by using oxygen from the air as one 
of the battery’s primary reactants. The lithium-air battery exhibits the highest poten-
tial energy density among all these metal-air batteries. Despite this, the practical 
energy density of commercial lithium-air batteries is still insufficient for high-power 
applications, and they have short lives. Including other metal-air batteries like zinc-
air, aluminum-air, and magnesium-air batteries, the present lithium-air battery is 
not resistant to atmospheric moisture. Compared to magnesium-air, aluminum-air, 
and zinc-air batteries, it is more expensive to produce. While aluminum-air batteries 
cannot be recharged, lithium-air batteries have superior reversibility than zinc-air 
and magnesium-air batteries [25]. 

Electrodes made of graphene have recently been used as effective electrodes for 
metal-air batteries. To produce a moisture-resistant cathode for high-performance Li-
air batteries, Duan et al. developed a three-dimensional (3D) hydrophobic graphene 
membrane without the need for a binder. The 3D graphene membranes have a 
porous nature for effective oxygen and electrolyte ion diffusion, an interconnected 
graphene network for efficient charge transfer, a large specific surface area for high-
capacity storage of the insulating discharge product, and hydrophobic channels for 
O2/H2O selectivity. It promotes O2 ingress, delays moisture diffusion, and offers 
outstanding charge/discharge cycle stability under ambient settings. It has a maximal 
cathode capacity of over 5,700 mAh/g and great recharge cycle behavior (> 2,000 
cycles at 140 mAh/g and >100 cycles at 1,400 mAh/g), making it a strong Li-air 
membrane with exceptional performance. can make the batteries work. Unlike a 
standard lithium-ion battery cathode, the graphene membrane air cathode has a life-
time capacity of 100,000–300,000 mAh/g. Future mobile power supply might find the 
stable operation of Li-air batteries to be a desirable high energy density storage alter-
native thanks to their greatly improved single-charge capacities and lifetime capac-
ities comparable to Li-ion batteries. These batteries can offer much lower charging 
frequency and much longer battery life [26]. CeO2 microsphere doped 3D graphene 
foam was prepared by the hydrothermal method as a flexible cathode material for 
the lithium-air battery. The obtained cathode exhibits a high discharge capacity of 
roughly 3250 mAhg−1 at a current density of 200 mAg−1 with high flexibility and 
good reversibility due to the synergetic effect of hollow graphene foam and ceria 
microsphere [27]. For zinc-air batteries, Qiu and colleagues used chemical vapor 
deposition and chemical etching to create 3D nanoporous graphene with nitrogen 
and nickel. To build the battery, co-doped graphene is employed as a flexible and 
free-standing air–cathode, PVA gel serves as the electrolyte, and Zn foil serves as the 
anode. Due to the high bifunctional activities, electrical conductivity, and improved 
mass movement, the produced battery demonstrated 83.8 mW cm−2 power density 
after a 48-h testing period. It can continue to work reliably for a long time and even in 
a variety of bending situations [28]. In another study, the ultrathin Co3O4 nanosheet
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clusters embedded onto nitrogen-doped carbon nanotubes/3D graphene (NCNTs/3D 
graphene) composite on top of a nickel foam substrate were made using chemical 
vapor deposition (CVD) and heat treatments. When the obtained composite is applied 
as the cathode in an aluminum-air battery, it exhibits higher open circuit voltages, 
specific capacities, and maximum power densities than Co3O4/3D graphene and Pt/ 
C. It has a specific capacity of 482.80 mAh g−1 at a discharge current density of 
1.0 mA cm−2 and a maximum power density of 4.88 mW cm−2 [29]. 

7 Challenges and Perspectives for Future Research 

The environmental crisis is made worse by the increasing consumption of fossil fuels 
as a result of rising energy demand. Due to intense pressure from the energy and 
environmental sectors, researchers are looking for effective and renewable energy 
storage and transformation solutions. Flexible batteries as energy storage devices 
have a wide range of potential applications since they provide flexible displays, flex-
ible sensors, and other components a consistent and dependable power source. The 
flexible electrode plays a crucial role in flexible batteries by carrying out a variety 
of functions such as facilitating electron transport, providing interfaces for elec-
trode reactions, supporting battery architectures, and implementing flexible features. 
The flexible electrode material has a considerable impact on the energy density, 
rate performance, and flexibility of the battery. The development of flexible struc-
tures is essential for enhancing the mechanical characteristics of flexible batteries 
and broadening their scope of use. The advancement of flexible electronics and the 
expansion of its useful application fields will be aided by research on flexible battery 
electrodes. 

The flexible electrodes made of carbon-based materials have special benefits when 
they used in flexible batteries. (1) Carbon materials with pores and a large amount 
of surface area provide a strong and conductive cross-linked framework for strong 
adhesion of active materials. The carbon structure enhances electrochemical kinetics 
by allowing both ion and electron transport and can tolerate repetitive deformation. 
(2) The positive traits of carbon materials, such as their lightweight nature, low 
interface resistance, and abundance of active sites, tend to boost FLIBs’ energy 
density. (3) The excellent electrochemical stability of carbon materials enhances 
the electrodes for FLIBs’ speed capability and favorable cyclic reversibility. The 
excellent conductivity and electrochemical activity of the graphene-based electrodes 
have allowed them to be successfully used as anodes and cathodes. Aside from these 
benefits, 3D graphene also has a large theoretical specific surface area (approximately 
2630 m2/g), outstanding mechanical flexibility, strong electrical conductivity, high 
thermal conductivity, superb chemical stability, and minimal installation cost. As 
a conductive additive to enhance kinetics and as a buffer to support the structural 
integrity of electrodes, graphene is utilized actively in electrochemical reactions. 
Due to the low theoretical capacity, enormous initial irreversible capacity, and rapid
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capacity loss during the cycling of graphene-based anodes, the incorporation of high-
capacitance inorganic active materials atop the flexible graphene matrix is necessary. 

Given the advancements in structure design technology and materials synthesis 
engineering, FLIBs, which combine exceptional mechanical flexibility and electro-
chemical performance, will help to significantly advance energy storage technology 
in the future. Additionally, the development and commercialization of portable and 
flexible electronics will spread quickly. 
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Recent Development in 3D Graphene 
for Wearable and Flexible Batteries 

Wei Ni and Ling-Ying Shi 

Abstract 3D graphene-based flexible materials have attracted ever-increasing atten-
tion due to the fantastic intrinsic merits of graphene and its assemblies with high 
surface area, lightweight, superior electronic conductivity, and outstanding mechan-
ical properties. Thus, 3D graphene-based wearable and flexible materials have 
been extensively investigated for various promising applications including advanced 
energy storage and conversion. In this chapter, we conducted a focused review of 
the recent progress in the design, synthesis, and engineering of 3D graphene mate-
rials/architectures as well as their specific applications for advanced wearable and 
flexible batteries. The major challenges, strategies, and prospects are also discussed 
for further development of 3D graphene materials for wearable and flexible batteries 
toward ultimate practical application. 

Keywords 3D graphene · Batteries · Flexible ·Wearable 

1 Introduction 

Flexible and wearable electrochemical energy storage devices (EESDs) have 
attracted tremendous attention as promising adaptive power sources for the fast-
growing flexible and wearable smart electronic products market [1–3]. Carbon-based 
nanomaterials, especially graphene and its derivatives, have aroused intense interest 
as a vital component for flexible batteries for wearable electronics [4–7]. As a new 
generation of a special member of the graphene family, 3D graphene materials have 
been receiving considerable attention over the past decade [8]. Graphene-based 3D
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materials have exceptional conductivity, superior surface area, lightweight, favor-
able mechanical strength, and flexibility, as well as interconnected structures for 
high mass loading and superior charge transfer, thus for advanced flexible/wearable 
batteries with both high energy and power densities. 3D graphene materials have 
recently been exploited for potential applications including but not limited to flex-
ible and wearable IoT stretch sensors (e.g., for real-time armband muscle measure-
ment), (all-solid-state) electrochemical capacitors, alkali-metal–ion batteries, Li–S 
batteries, Zn–ion and Zn–air batteries, as well as other batteries (e.g., Ni–Fe batteries, 
Ni–Bi batteries). 

2 Structures, Properties, and Methods 

3D graphene may be classified into two distinct categories, i.e., macroscopic 3D 
graphene architecture and microscopic 3D graphene structure; although different 
from the appearance (e.g., adsorbent materials emphasizing more on macroscopic 
structure, compared to granular graphene materials emphasizing on microscopic 3D 
graphene structure to eliminate property changes), they are closely relative and are 
aiming at avoiding the restacking of 2D graphene layers in practical application 
[8]. 3D graphene materials inherit the astonishingly synergistic merits of 3D porous 
structures and exceptional intrinsic characteristics of graphene, thus endowing them 
with high specific surface area, large pore volume, enhanced mechanical strength, fast 
electron/ion transfer as ideal candidates for emerging wearable and flexible energy 
storage and conversion devices. 

Graphene plays a vital role of framework, substrate, or modifier in the classic 
composite/hybrid structures as electrodes for energy storage and conversion [9]. 
For 3D graphene, the framework structures are usually fabricated by hydrothermal/ 
chemical/electrochemical reduction, freeze drying [10, 11], 3D printing (or direct 
ink writing, DIW) [12–15], assembly, wet-spinning, (vacuum) filtration [16, 17], 
template-assisted chemical vapor deposition (CVD), or integrated techniques 
[18–20]. The as-prepared typical 3D graphene-based electrode materials for wear-
able or flexible batteries by these techniques include fiber-shaped rGO compos-
ites (rGO: reduced graphene oxide) [21], rGO/MnO2-rGO-CNT nanocomposite 
membrane (CNT: carbon nanotube) [16], rGO-wrapped CNT/rGO@MnO2 porous 
film [10], 3D porous MXene/rGO hybrid film [22], sandwich-structured graphene/ 
NASICON/graphene hybrid film [23], rGO/2D materials (e.g., MoS2) flexible free-
standing porous film [18], rGO/TMOs hybrid paper or film (e.g., NiO microflowers) 
[17], graphene-regulated carbon cloth [24], graphene-modified SiOC ceramic cloth 
[11], and graphene aerogel-based composite (e.g., with ultrasmall Co3O4, Bi2S3 
nanorods, MXene/Zn) [19, 20, 25]. 

It should be noted that some other carbonaceous materials including carbon 
nanotubes are often incorporated into graphene systems for microstructure adjust-
ment and performance improvement thereof [10, 26]. Some other carbon-based 
3D hierarchical electrodes such as carbon nanofiber/Na3V2(PO4)3 freestanding
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composite, polymer foam/sponge (e.g., melamine foam, MF)-derived flexible free-
standing graphene-like carbon foam/paper and its composites [27, 28], or 3D 
graphene-like porous carbon nanosheets pyrolyzed from hydrocarbons [29] are not 
mentioned in this specific chapter. 

3 Applications 

3D graphene can endow the electrodes with high electric/ionic conductivity, flex-
ible merits, and avoid using additional metal current collectors in the conventional 
battery design; also the lightweight 3D porous graphene framework with intercon-
nected channels lowers the percolation threshold compared to other conductive adhe-
sives (e.g., carbon black particles, 1D carbon nanotubes/nanofibers). In the following 
paragraphs, we highlighted the most promising rechargeable batteries based on 
3D graphene including alkali-metal–ion batteries (Li–ion, Na–ion batteries), Li–S 
batteries, Zn–ion batteries, Zn–air batteries, and other batteries. 

3.1 Li–Ion Batteries 

Li–ion batteries (LIBs) hold substantial promise for current and next-generation 
power devices; 3D graphene provides promising pathways for the development of 
high power/energy density LIBs via improving the ion/electron transfer, accommo-
dating the volume change and eliminating the conventional nonactive but heavy 
metal current collectors. For example, a flexible freestanding rGO-wrapped CNT/ 
rGO@MnO2 porous (GCMP) film with 3D multilevel conductive architecture as 
anode for LIBs demonstrates an increasing capacity of up to 1344 mAh g−1 at a 
constant current density of 2 A g−1 after 630 repeated cycles, as well as a supe-
rior rate performance and a prolonged cycling life (609 mAh g−1 at 7.5 A g−1 

after 1000 cycles) [10]. Compared to traditional vacuum filtration method [16], the 
as-prepared composite film electrode showed enhanced long-term cycling perfor-
mances; however, the relatively high average potential plateau (e.g., delithiation 
potential) as well as the lower initial capacity followed by gradual increase with acti-
vation may somewhat deteriorate the potential for practical application as advanced 
anode of high-performance LIBs. Cong et al. designed a soft-packed flexible LIBs 
by using ultrasmall Co3O4/ionic liquid-modified N-doped graphene aerogel (Co3O4-
GA-IL) [19]. The flexible freestanding 3D porous electrode material could deliver a 
superior capacity of 1304 mAh g−1 at a rate of 0.5C, with an outstanding capacity 
retention of 98.4% after long-term cycle (500 cycles, 0.003% capacity loss per cycle), 
as well as an enhanced rate capability of 715 mAh g−1 at 5C. The 3D graphene frame-
work with high conductivity and ultrasmall Co3O4 with shortened ion diffusion length 
synergistically improved the overall performance.
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MoS2 is a kind of classic 2D or layered material with significantly higher theoret-
ical capacity (670 mAh g−1) compared with commercial graphite, which simultane-
ously allows higher rate performance [18, 30]. For example, neuron-like few-layered 
MoS2 could be incorporated into the N-doped graphene foam (derived from a GO-
modified melamine sponge) to form a freestanding and binder-free anode for high-
performance LIBs [30]. The polymer sponge/graphene composite precursor-derived 
graphene foam showed enhanced mechanical performances and improved charge 
transfer properties, and thus are showing advantages as freestanding electrodes for 
flexible soft-package batteries (SPB). For the as-assembled SPB, the freestanding 
composite electrode demonstrated an excellent specific capacity of 713 mAh g−1 

at 0.5 A g−1 after 200 cycles with an average coulombic efficiency (CE) of 99.5%. 
It should also be mentioned that MoS2 usually has a relatively high lithium extrac-
tion potential (i.e., delithiation potential) compared with commercial graphite, thus 
resulting in a lower voltage output for a full cell, although the lithium dendrites are 
avoided and high-power LIBs can be achieved. 

Si-based materials possess much lower potential plateaus compared to conven-
tional transition-metal oxides (TMOs) and thus more suitable for application as anode 
materials for high-energy-density LIBs. Cai et al. fabricated a nano-Si encapsulated 
rGO hybrid film as binder-free anode for flexible high-energy-density LIBs [31]. The 
silicon nanoparticles are confined in multilayered rGO film via zinc-induced redox 
layer-by-layer assembly followed by freeze drying. With commercial LiCoO2 as 
cathode, the flexible full cell could deliver a high average voltage of 3.9 V (discharge) 
along with an initial coulombic efficiency (ICE) of 87.8% and around 97–100% after-
ward. The high reversible capacity of anode (667 mAh g−1 at 0.287 A g−1 and 713 
mAh g−1 at 0.2 A g−1, respectively, after 200 cycles) and low cut-off voltage (0– 
1.2 V) enhanced the energy density of flexible LIBs. Sang et al. fabricated a graphene-
modified SiOC ceramic fiber cloth (3D-GNS/SiOCf) for high-performance flexible 
LIBs [11]. The incorporation of graphene into the electrospun SiOC fibers enhances 
the electron transfer and assures the robust lithium storage. As a freestanding anode 
for LIBs, it demonstrated a high capacity of 924 mAh g−1 at 0.1 A g−1, a good 
rate capacity of 330 mAh g−1 at 2 A g−1, and an impressive cycle stability with 
stable capacity of 686 mAh g−1 at 0.5 A g−1 over 500 cycles. When configured with 
LiFePO4 cathode for full-cell test the 3D-GNS/SiOCf anode exhibited a good elec-
trochemical performance (with a high capacity of 703 mAh g−1 at 0.1 A g−1 after 
100 cycles, and acceptable rate capacities) along with favorable flexible features, 
which could shed light on the design and engineering of general electrospun flexible 
devices. However, for these flexible electrodes, the simultaneous realization of high 
strength, high active material loading, and high cycling stability is still a challenge 
for competitive real-world application. 

Mo et al. designed a 3D N-doped graphene composite foam comprised of 
Ge/graphene yolk–shell nanostructures (Ge-QD@NG/NGF) for high-performance 
flexible LIBs [32]. The N-doped graphene foam framework was first fabricated 
by a classic CVD method using a commercial porous nickel foam template and 
the common N,C-containing precursors (e.g., pyridine), followed by incorporating 
Ge quantum dots into the framework and removing the template. The interspace
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between yolks (quantum dots) and shell (N-doped graphene) could be tuned by the 
mediation of an etchable electroplating deposition layer (Fig. 1 a–e). As a highly 
conductive 3D interconnected porous N-doped graphene composite anode for LIBs, 
it demonstrated a superior specific capacity of 1220 mAh g−1 at 1C (here 1C = 
1600 mAh g−1), long-term cycle stability (with capacity retention of >96% from 
2 to 1000 cycle, and an average CE of ~99.7%), excellent rate performance (1001 
and 801 mAh g−1 at 10 and 40 C, respectively), and negligible overpotential and 
capacity loss (<2%) under bend state (Fig. 1f–h). The nickel foam-derived flexible 
3D graphene anode with incorporated alloying materials (e.g., Si, Ge, Sn) paves a 
way for the development of flexible high-specific-capacity electrode systems, espe-
cially for those active materials with huge volume expansion. However, it should be 
noted that these Ni or Cu foam-derived lightweight 3D graphene frameworks may 
show uncompetitive volumetric capacity due to their lower tap density.

For the 3D printable LIBs, the graphene nanoplatelets may serve as conductive 
components for the preparation of printable electrode filaments as primary mate-
rials of 3D-printed electrodes, i.e., the classic and low-cost fused filament fabrica-
tion (FFF) or DIW [12, 15]. However, the content of active materials is low in the 
polymer-based filaments and higher energy densities are required for competitive 
applications. Active conductive fillers such as functional graphene may be a new 
class of promising alternative nanomaterials for 3D-printed electrodes and the full 
cells thereof. Furthermore, the 3D printing technique may be exploited for advanced 
batteries in arbitrary geometry to fulfill a customized product design with integrated 
batteries, which could simultaneously serve as a structural component in the wearable 
electronic devices. 

3.2 Na-Ion Batteries 

The most significant advantage of Na–ion batteries (SIBs) comes from the abun-
dance of sodium in the Earth’s crust as well as the low cost compared to lithium. 
SIBs are emerging as one kind of the most cost-effective rechargeable batteries and 
are getting more competitive and poised for rapid growth as an alternative to LIBs. 
To date, most flexible SIBs are based on graphene and carbon nanotubes, some 
electrospun carbon nanofibers are also referred to. Fiber battery is another kind of 
the most promising wearable devices, featured by their flexibility and knittability/ 
weavability. However, the sluggish ion transport kinetics, owing to the limited inter-
facial intimacy and lowered conductivity of solid/gel-type electrolytes, have hindered 
their practical application. 3D graphene frameworks with interconnected tunnel could 
provide exclusive fast ion transport along with intrinsic electron conductivity. Wang 
et al. fabricated a wet-spun fibrous, 3D porous cathode comprised of 2D tungstate 
nanosheets and graphene nanosheets both with rigid and open lattice structures as well 
as molecular/atomic thickness and large lateral size (Fig. 2a–f) [21]. When configured 
with sodium or lithium metal fiber anode, the as-assembled fiber-shaped SIB and LIB
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Fig. 1 a Schematic illustration of the preparation process of 3D N-doped graphene foam with 
encapsulated Ge-quantum-dot@N-doped graphene yolk–shell (denoted as Ge-QD@NG/NGF/ 
PDMS) nanoarchitectures. PDMS: polydimethylsiloxane. b Photograph of the as-prepared flex-
ible Ge-QD@NG/NGF electrode (size of 7 × 4 cm), and  c–e the corresponding SEM and TEM 
images. f Galvanostatic charge–discharge (GCD) profiles in the potential window of 0.01–1.5 V 
(vs. Li/Li+) at 1C rate, and g the cycling performance and CE of the Ge-QD@NG/NGF/PDMS 
electrode, compared to Ge/NGF/PDMS and Ge/Cu electrodes (1C, 1000 cycles). h Schematic 
illustration showing the advantages of the NGF-based flexible electrode structure. Adapted from 
reference [32]. Copyright The Authors, some rights reserved; exclusive licensee Springer Nature. 
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons. 
org/licenses/by/4.0/

showed superior capacities (178 mAh g−1 for SIB and 206 mAh g−1 for LIB, respec-
tively), outstanding rate performance, long-term cycle stability (up to 1000 cycles), 
and excellent flexibility (up to 200 bending cycles). Besides the structural advan-
tages, the high-proportion pseudocapacitive charge storage contributes greatly to the 
enhanced capacities (Fig. 2g–i). The 3D graphene fiber-based electrodes provide 
new insight into the elegant engineering of fiber electrodes and the resultant fiber 
energy storage devices including fiber batteries; however, the strength of the fiber

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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electrodes and the batteries thereof as well as the safety of the alkali-metal-based 
batteries needs to be further enhanced for actual wearable applications. 

NASICON-type materials such as NaTi2(PO4)3 with open 3D framework as 
well as the high thermal stability and superior Na+ conductivity are another 
kind of promising anode materials for SIBs [33, 34]. NaTi2(PO4)3 can be 
combined with graphene to form flexible freestanding electrode, e.g., sandwich-like 
GN/NaTi2(PO4)3/GN film [23]. It can deliver a high specific capacity of 
137 mAh g−1 at a current density of 0.1 A g−1 and a high rate capacity of 93 mAh 
g−1 at 1 A g−1, as well as an excellent cycle stability with 92% capacity retention 
at 0.5 A g−1 after 1000 cycles. When configured with a typical cathode material, 
Na0.44MnO2, the full cell (voltage window of 4–2 V) demonstrated a high initial

Fig. 2 a and b Schematic illustration of the preparation procedure of fiber electrode from 2D 
tungstate nanosheets, and the ion transport inside the fiber electrode. c–e SEM images of the 
tungstate/rGO fiber at different magnifications, and f the corresponding cross-sectional HRTEM 
image (HRTEM: high-resolution transmission electron microscopy). g rate performance of the 
fiber battery at different current densities (0.052–0.520 mA), and h the cycle performance and 
corresponding CE at 0.520 mA. i contribution ratio of capacitive-controlled (red color) and diffusion-
controlled (black color) capacities at various scan rates. Adapted with permission [21], copyright 
(2020), the royal society of chemistry 
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capacity of 114 mAh g−1 (discharge at 0.1 mA g−1, based on anode mass) and a 
high ICE of 82.3%. However, it should be noted that these NASICON-type high 
potential negative electrode materials somewhat deteriorate the voltage output and 
energy density of the full cell compared to Na metal anode, although theoretically 
and ideally the Na metal and its hybrids/composites are most eagerly anticipated for 
flexible SIBs. 

Some other transition-metal chalcogenides (TMCs) were also applied as flexible 
anode materials for SIBs, e.g., graphene paper hybrids with CuS nanoflowers (flower-
like microspheres) [35] and SnSe nanosheets [36] fabricated by a facile vacuum filtra-
tion approach. However, for transition-metal sulfides (TMSs) the low ICE should be 
paid particular attention for appropriate solutions. Compared to sulfides, the selenides 
possess lower Na–ion insertion/extraction potential and enhanced conductivity [37], 
thus for a battery with higher output voltage and enhanced rate performance. The 
annealing and presodiation of GO or rGO are effective strategies to improve the ICE. 

3.3 Li–S Batteries 

Due to the high mechanical flexibility and superior charge transfer merits, 3D 
graphene with multiscale structures holds great promise for energy storage; by 
incorporation of lithium–sulfur batteries (LSBs) featured by high theoretical energy 
density (2600 Wh kg−1) and low cost, the 3D graphene-based flexible lithium–sulfur 
batteries (FLSBs) may demonstrate synergistic effects to overcome some of the crit-
ical obstacles faced by traditional LSBs and realize the simultaneous achievement 
of good flexibility, high energy density, and long cycle life [9, 38]. For example, 
Ni et al. designed a honeycomb-like graphene/sulfur composite film with multi-
scale sulfur particles confined in the ultrathin but robust freestanding electrode via a 
facile vacuum filtration method (Fig. 3a–c) [39]. The as-prepared flexible composite 
cathode of Li–S batteries shows an enhanced specific capacity of 823 mAh g−1 

at 0.5C after 100 cycles. The adoption of biosurfactant tuned the dimensions of 
the sulfur particles and increased the interfacial adhesion, thus for an enhance-
ment of the flexibility and strength of the thin freestanding electrode in addition to 
the increased utilization of sulfur. These freestanding/flexible graphene/sulfur cath-
odes can be further incorporated with specific multifunctional separators/interlayers 
(e.g., polysulfone-functionalized separators, boron nitride–graphene interlayers) or 
advanced Li-metal-hosting anodes (e.g., 3D nanostructured lithium cloth or other 
carbon-based lithium hosts [40] with the adoption of Li metal anode but suppressed 
formation of Li dendrites) for high-performance flexible Li–S batteries with high 
energy density, long cycle life, and enhanced safety (Fig. 3d) [41, 42].
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Fig. 3 a Schematic illustration of the synthesis procedure for the honeycomb-like S@rGO ultra-
thin nanocomposite membrane, and b and c the corresponding digital photo and SEM image of the 
upper surface of nanocomposite membrane. Adapted with permission [39], copyright (2016), the 
royal society of chemistry. d schematic illustration of a typical flexible soft-packed Li–S full cell, 
configured by lithium cloth anode, PSU-Celgard separator, and FBN/G interlayer protected free-
standing graphene/sulfur cathode. PSU: polysulfone; FBN: functionalized boron nitride nanosheets. 
Adapted with permission [41], copyright (2020), American chemical society 

The addition of graphene to other 3D matrices (e.g., MXene, cellulose nanofiber) 
can also improve the conductivity and enhance the immobilization/conversion of 
polysulfides. The incorporation of nanofillers such as cellulose nanocrystalline/ 
nanofiber could improve the mechanical properties [43]. For more information 
on graphene/sulfur nanocomposites as cathode/anode materials and separators/ 
interlayers for Li–S batteries, one may refer to some recent critical reviews [9, 42].
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3.4 Zn-Ion and Zn–Air Batteries 

Aqueous rechargeable Zn–ion batteries (ZIBs) with intrinsic safety and low cost have 
been revived due to the growing popular demand for wearable and portable elec-
tronics; however, the dendrite and low flexibility of zinc metal anode are hampering 
their practical application. 3D carbon frameworks, especially 3D graphene, are ideal 
materials for the construction of flexible freestanding anode as well as cathode [44]. 
Cao et al. fabricated a robust and dendrite-free electrodeposited Zn anode by in situ 
growth of 3D N-doped vertical graphene nanosheets on the carbon cloth (N-VG@CC, 
PECVD method) for uniform Zn nucleation (Fig. 4a–c) [24]. The N-containing 
groups (zincophilic) in the framework lowered the Zn nucleation overpotential due 
to the enhanced interaction between Zn2+ and N-VG, thus for uniform distribution 
of Zn nuclei; together with the synergistic effect of 3D graphene with homogenized 
electric distribution for optimized Zn deposition process, it suppressed the dendrite 
growth and significantly improved the Zn plating/stripping process (more reversible 
and higher CE) (Fig. 4d). When configured with elaborately fabricated cathode, 
MnO2@N-VG@CC (similar structure with anode), the flexible ZIBs (quasi-solid-
state) showed superior cycling performance with a high capacity retention of 80% 
over 300 cycles as well as excellent mechanical flexibility (Fig. 4e–g). The robust 3D 
graphene@CC framework could be a promising candidate for ultimate application 
of portable/wearable electronics [24, 45]. Some graphene-based aerogel hybrid with 
encapsulated Zn for foldable ZIB are also explored, these hybrid aerogels featured by 
abundant zincophilic micropores are showing even higher performances; however, 
additional current collector (e.g., Ti foil) is used, and further critical investigation is 
needed for real-world application as wearable/flexible batteries [25].

Rechargeable Zn–air batteries (ZABs) are another kind of promising energy 
storage device for flexible and wearable electronics, due to the high theoretical 
energy density (1086 Wh kg−1), cost-effectiveness, inherent safety, and environ-
mental friendliness [46]. 3D graphene with favorable honeycomb nanostructures 
(i.e., macroporous channels) could also be applied as efficient frameworks/skeletons 
of cathode in flexible/wearable rechargeable ZABs owing to the enhanced air/ 
electrolyte permeability and efficient air diffusion compared to carbon membrane 
or carbon cloth. For example, Wu et al. fabricated an iron-decorated carbon 
aerogel (FeP/Fe2O3@N,P-doped rGO/CNF, abbr. FeP/Fe2O3@NPCA; CNF: cellu-
lose nanofibril) with high ORR and OER catalysis activities (ORR, oxygen reduction 
reaction; OER, oxygen evolution reaction) via freeze-drying and pyrolysis (Fig. 5a– 
d) [46]. The as-obtained freestanding FeP/Fe2O3@NPCA air cathode for flexible 
solid-state ZAB (with classic alkaline PVA gel electrolyte) showed high mechanical 
stability (especially compressibility), an excellent specific capacity of 676 mAh g−1 

and energy density of 517 Wh kg−1 (at 20 mA cm−2), as well as small overpoten-
tial, distinct flexibility, and good cycling stability (Fig. 5e–g). It offers an alternative 
strategy for the design and preparation of competitive bifunctional air cathodes of 
ZABs. Some similar works by adhering/pressing the functional graphene (e.g., via 
CVD) to glassy carbon or carbon cloth also showed comparable performances [47].
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Fig. 4 SEM images of a and b the intermediate N-VG@CC at different magnifications and c the 
resultant Zn@N-VG@CC anode. d schematic illustration of Zn plating on CC and N-VG@CC elec-
trodes, showing the effect of N-VG on Zn deposition. e schematic illustration of the construction 
of the flexible quasi-solid-state ZIB. f GCD curves of the as-designed ZIB at various current densi-
ties, and g the corresponding Ragone plot, compared with other reported energy storage devices. 
Adapted with permission [24], Copyright (2021) Wiley–VCH GmbH

Some researches also referred to rGO/MXene-coated nickel foam as air cathodes for 
flexible ZABs.

3.5 Other Batteries 

Some other kinds of flexible or compressible quasi-solid-state batteries such as Ni– 
Fe batteries (QSS-NFB), Ni–Bi batteries have also been fabricated for flexible or 
compression-tolerant electronics. However, for these nickel-based aqueous batteries, 
self-discharge rate and power/energy density should be further improved. Kong 
et al. 3D-printed a series of freestanding electrodes with diverse structural config-
urations for Ni–Fe batteries [48]. The hierarchically porous rGO/CNTs composite 
electrodes were fabricated by the classic extrusion-based 3D printing technology, 
with embedded ultrathin Ni(OH)2 nanosheet array serving as cathode, and with holey
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Fig. 5 a Schematic illustration of the fabrication of FeP/Fe2O3@NPCA air cathode of Zn–air 
battery (ZAB). b–d SEM images of FeP/Fe2O3@NPCA at different magnifications. e and f Rate 
performance (discharge) of FeP/Fe2O3@NPCA-based ZAB and the corresponding discharge curves 
(galvanostatic) at varied current densities (with specific capacity normalized by consumed Zn mass). 
g Schematic illustration of the solid-state ZAB with FeP/Fe2O3@NPCA working as freestanding 
air cathode. Adapted with permission [46], Copyright (2020), WILEY–VCH Verlag GmbH & Co. 
KGaA, Weinheim

Fe2O3 nanorod array serving as anode, respectively (Fig. 6a). When configured as 
a full cell, the QSS-NFB showed an outstanding long-term cycling stability (with a 
capacity retention of 91.3% over 10,000 cycles), a superior energy density of 28.1 
mWh cm−3 (at a power density of 10.6 mW cm−3), as well as a high loading of 
active materials of over 130 mg cm−3 and favorable compressibility (up to 60%) 
(Fig. 6b–d). Wang et al. fabricated a fiber-shaped Ni–Bi battery via coaxial coating 
of CNT fibers with electrodeposited 3D honeycomb-like rGO. For the fibrous hier-
archical electrodes, NiO/Ni-containing electrode is working as cathode and the Bi 
metal-containing electrode as anode [49]. The fiber-shaped Ni–Bi battery (rGO/Ni/ 
NiO/CNT//rGO/Bi/CNT) could deliver a high capacity of 164 mAh g−1 at 5 A g−1, 
enhanced by the incorporation of graphene, i.e., 187% increase compared to orig-
inal Bi/CNT anode, as well as 115% increase by introducing rGO/NiO/Ni. Also it 
showed a high energy density of 43.4 Wh kg−1 (or 26.0 mWh cm−3) and a high power
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Fig. 6 a Schematic illustration of the preparation of rGO/CNTs@Ni(OH)2 cathode and rGO/ 
CNTs@α-Fe2O3 anode by 3D printing, and the corresponding configuration and compressibility of 
the as-prepared quasi-solid-state Ni–Fe battery (QSS-NFB). b cycle performance of the QSS-NFB 
at varied compression states at a constant current density of 200 mA cm−2, and  c the corresponding 
capacity retention of the QSS-NFB as a function of compression cycle number (inset: variation 
of electrical resistance with repeated compression up to 60% strain). d long-term cycling perfor-
mance of the 3D-printed QSS-NFB (10,000 cycles at 300 mA cm−2; insets: GCD curves for the 
initial 5 cycles and the last 5 cycles, respectively). Adapted with permission [48], copyright (2020) 
American chemical society
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density of 6.6 kW kg−1 (or 4.0 W cm−3), as well as an ultrahigh capacity retention 
of 96% after 10,000 cycles. Although the output voltage of Ni–Bi batteries is lower 
than that of Ni–Fe batteries, their high-rate performance demonstrates promising 
high-power applications. Some similar solid-state flexible/wearable batteries based 
on fiber-shaped electrodes are assembled to extend their practical application [50].

These abovementioned nickel-based batteries are beneficial addition to the family 
of flexible/wearable quasi-solid-state aqueous rechargeable batteries beyond alkali-
metal–ion batteries and multivalent metal–ion batteries, and are showing great 
promise for safe, low-cost, and even large-scale electrochemical energy storage 
systems. Moreover, some novel batteries such as flexible H2O2 microfluidic fuel 
cell and dye-sensitized solar cell are also of research interest. 

4 Challenges and Perspectives 

3D graphene with specific structures possesses great advantages of integral conduc-
tivity of the electrodes, and the inherently soft framework with high surface area 
ensures the overall structural stability, high active material loading, and compati-
bility for advanced flexible/wearable rechargeable batteries. However, the simulta-
neous combination of electrochemical, mechanical properties, and cost performance 
index (CPI or price–performance ratio) is challenging, which may eventually deter-
mine its practical application and industrialization in wearable and flexible energy 
storage field. 

(1) The microstructure control (e.g., for ordered structure) to rationally reduce 
the undesired defects could enhance the mechanical flexibility; some favor-
able defects may improve the electrochemical performances, thus, the physical/ 
chemical defects should be weighed in the balance and an optimized synergy is 
favored. 

(2) Carbon/graphite fibers and carbon cloth, as well as carbon nanotube foam, are 
versatile platforms for the fabrication of various robust flexible and wearable 
batteries, including rechargeable alkali-metal–ion batteries, Zn-ion and Zn– 
air batteries, Ni–Fe batteries, all-solid-state hybrid capacitors, etc. Some metal 
wires (such as stainless steel, copper) are often used as conductive backbone 
for flexible energy storage devices; however, these matrices/substrates may be 
relatively heavier and the reduced energy density limits its wide application. 

(3) For some composite electrodes, suspending or thickening agents such as 
nanofibrillated cellulose (NFC) may be introduced to assist the preparation and/ 
or performance of 3D graphene materials with enhanced structural uniformity 
and stability. 

(4) The incorporation of high-energy-density materials and functional materials 
with 3D graphene such as sulfur for flexible Li–S batteries and electrocatalysts 
for metal–air or metal–CO2 batteries is of great promise. Besides the promising
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cathode materials, 3D graphene can also serve as efficient anode materials or 
(multi)functional components in advanced flexible/wearable batteries. 

(5) More novel and compatible configuration designs of electrodes, electrolytes, 
and the energy storage devices should be explored for portable and wearable/ 
flexible electronics. And general and consistent standards should be established 
for the evaluation of these unconventional energy storage devices regarding to 
their mechanical and electrochemical properties. 
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Abstract Over the past decades, the supercapacitor (SC) has received great attention 
as a developing energy storage device due to its unique characteristic features of high-
power density and relatively high energy density. It is known that the properties of SC 
can be modified by tuning the electrode materials. Among those materials, graphene 
(GN) has great potential to transfer a higher amount of charge at a fast rate and 
store more energy in electrical double-layer capacitor-based supercapacitors. The 
properties of GN such as large specific area, porosity, higher specific capacitance, 
and higher electrical conductivity have led to novel routes for the modification of 
alternative materials. Although 2D structured GN was discovered earlier, it limited 
the performance of the devices due to the assembling of the sheets. As a result of the 
tremendous effort of many past studies, 3D-GN synthesized from the 2D-GN was able 
to overcome those limitations and become an effective electrode material compared 
to others. Some reports recorded that the strongness of 3D-GN is ten times greater 
than steel. Along with the changes in the morphological changes of the structure, 
some heterogeneous configurations of 3D-GN such as aerogel, sponge, film, fibers, 
foam, monolith, and spheres have been found for various purposes. This nanomaterial 
has already expanded in different fields including supercapacitors, batteries, fuel 
cells, sensors, flexible electronic devices, solar steam generation devices, catalysts , 
and absorbents. Although this material applies to various applications, this chapter 
focuses only on the contribution of 3D-GN to energy storage in SCs. Under this 
topic, various types of synthesis methods of 3D-GN with examples, the fundamental 
characteristics of three different SCs and the energy storage mechanism of each SC, 
and the electrochemical performances of both 3D-GN-based SCs and flexible SCs 
are discussed in detail. 
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1 Introduction 

With the development of cutting-edge technology, the burning of fossil fuels as 
the main source of energy is increasing at an unprecedented rate. However, it has 
been recorded so many problems such as ozone layer depletion resulting in global 
warming, water, and air pollution because of the industrial revolution and global-
ization. Therefore, a leading solution should be essential to reduce these kinds of 
threats. Though renewable energy sources such as solar, wind tidal, and water can 
be used as eco-friendly energy sources, some problems such as their availability 
being limited to a certain region, time, and climate are being recorded. So, an effi-
cient solution is essential to overcome these problems. Therefore, electrochemical 
energy storage devices (EESDs) are being invented to generate and store energy for 
future purposes. Depending on the utility, properties, processing costs, and long-
term usage, these devices can be in a wide range. Some examples of EESDs are 
supercapacitors (SCs), fossil fuels, capacitors, and batteries. Among those, SCs are 
considered promising candidates due to their unique properties such as higher super 
capacitance, high-power density, fast charge–discharge rate, and excellent stability. 
The main issue with that is lower energy density. Therefore, a lot of research is being 
done to improve energy density. 

The electrochemical performances of the devices mainly depend on two factors; 
electrode materials and the electrolyte, which are used for fabrication. Therefore, 
there should be much attention when selecting electrode materials that can be used for 
both energy transfer and storage. Among electrode materials, carbons have a greater 
potential in energy applications due to their surface characteristics. With the changes 
in the degrees of sp2 hybridization, different types of carbon nanomaterials resulted. 
Based on the arrangement of the layers and coordination number, those carbon nanos-
tructures can be classified as 0D (carbon dots), 1D (carbon nanotubes-CNT), 2D 
(graphene), and 3D (graphite) (Fig. 1). Zero-D materials, C60, are composed of 60 
carbon atoms with 12 pentagonal and 20 hexagonal rings. Two types of 1D carbons, 
single-walled and multi-walled carbon nanotubes (CNTs), were prepared by concen-
trically rolling one or more graphene (GN) sheets, respectively [1]. Some examples 
of each electrode material which are used for fabrication SCs are mentioned in Fig. 2. 

Fig. 1 Type of carbonaceous material based on layer arrangement. Adapted with permission [1], 
Copyright (2015), Springer Nature
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Fig. 2 Classification of nanostructured electrode materials used for fabrication of SCs 

GN, the first synthesized 2D material in the world was discovered by Andre Geim 
and Konstantin Novoselov in 2004 [2]. This was a brilliant innovation that led to 
the award of the Nobel Prize in 2010. Due to the arrangement of the sp2 carbon 
atoms, GN has the lowest thickness with a high surface area of ~2630 m2/g. When 
considering the morphological features of 2D graphene, it has remarkable properties 
of carrier mobility (over 200,000 cm2/V.s), high mechanical strength (Young modulus 
of ~1 TPa which is 300 times that of steel), excellent biocompatibility, high thermal 
conductivity (~5000 W/m.K), and magnetic properties. Although GN can act as an 
ideal electrode material for SCs, the material has some drawbacks. In that sense, due 
to the strong interlayer Van der Waals forces, GN sheets tend to assemble. Because of 
restacking, some properties such as lightness, porosity, and specific surface area are 
reduced, and this will end up in many defects. The problems arising in the synthesis 
of 2D-GN, and its structural limitations lead to an innovative new tunable structure 
with high properties. Thus, synthesizing a controllable design of 3D-GN from the 
2D-GN would be an excellent approach to avoid the aggregation of GN sheets [3]. 

With the advance of 3D-GN in 2009, the demand for the GN has increased in 
the fabrication of different devices like sensors, catalysts, SCs, and batteries. Due 
to its unique characteristics and high porosity, this material shows better functional 
performance. To modify this material, the geometry of the GN is changed by applying 
mechanical strains, chemical functionalization, complex treatments for GN folding, 
etc. Typically, due to the multilayered structure or the morphology of the substrate,
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the folded GN has a high thickness. This can be controlled by changing the shapes 
like capsules, flowers, boxes, rings, etc. (Fig. 3). Experimentally, those configurations 
can be obtained with the changes in the temperature. Some research has confirmed 
that geometry is a considerable factor that decides the properties of the 3D-GN. 
This has two different structures, graphene foam and vertically aligned graphene 
(VAGN). Among them, VAGN is the most functioning electrode material due to its 
higher mass-transfer capability and fast rate of reaction [4]. 

3D-GNs possess a high surface area due to the presence of uniformly distributed, 
active porous sites. By combining this material with other effective functional groups, 
the volume change of this material can be reduced. And functionalization with 
different atoms gives an ultrathin, graded structure. Through these alternations, the 
properties of GN such as flexibility and mechanical strength can be enhanced. Further, 
the long-range π–π conjugation and hybridization allow transferring more electrons 
and ions rapidly resulting in high conductivity. In addition to the porosity and design, 
some aspects including the techniques used to produce nanocomposites, the relation-
ship between GN and embedded atoms, and the arrangements of the sites within the 
material mainly affect the improvement of the electrochemical performances [5].

Fig. 3 Configuration of different 3D Graphene. Adapted with permission [3], Copyright (2020), 
American Chemical Society 
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2 3D Graphene: Synthesis and Functionalization 

2.1 Synthesis of 3D Graphene 

Over recent times, the demand for the 3D-GN has increased due to its unique elec-
trochemical properties. Although the experimental higher values of specific capaci-
tance, energy density, and conductivity bring good performance to the electrocatal-
ysis processes, this material shows the contribution to energy storage applications. 
This issue can be recovered by composing 3D-GN with relevant materials such 
as metal oxides, and inorganic or organic materials. Over time, several methods 
such as hydrothermal methods, chemical vapor deposition (CVD), 3D printing, and 
self-assembly have been discovered for the fabrication of 3D-GN. 

As a hydrothermal method, Li et al. produced 3D-GN monoliths from aqueous 
graphene oxide (GO) and hexane droplets [6]. In that sense, reduced GO was formed 
with the reduction of GO sheets, and they were bound around hexane droplets to 
produce 3D-GN which is called microporous graphene monolith (MGM). As a first 
step, an aqueous solution of GO and hexane were shaken to form MGMs. Then it 
was dipped in 80 °C de-ionized water to remove hexane. On the other hand, water 
was added to this to maintain the porosity of MGMs. Consequently, resulted from the 
product was freeze-dried and annealed at 40 °C under 100% moisture condition via 
the air-drying method (Fig. 4). The resulting 3D-GN is combined with the properties 
of pressure sensing, excellent electrical conductivity, low density, and high elasticity. 

Fig. 4 Schematic illustration of 3D Graphene synthesized via hydrothermal method. Adapted with 
permission [6], Copyright (2014), John Wiley and Sons
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In the synthesis of 3D-GN, the CVD process is the most popular technique that 
can be classified under a bottom-up method. The principle behind CVD is the trans-
formation of gaseous carbon precursors into thin layers via chemical reactions under 
heating conditions. The product obtained through this has better properties like higher 
specific area, good quality, and uniform and thin layer structure. Generally, a high 
temperature of 500 to 1000 °C was applied for CVD, and the other significant factor 
is the carbon precursor that determines the structure of the GN formed afterward. 
Among those, methane which has robustness and high stability is considered a good 
precursor which can form uniform layers of GN. Although methane works at temper-
atures above 900 °C, some high carbon-contained materials can be operated at lower 
temperatures. The CVD process occurs inside a tube furnace, and it happens by 
completing five steps. As a first step, the carbon precursor is transferred into the 
CVD chamber. Then, a vapor-based product is obtained after several chemical reac-
tions of gaseous carbon precursor. Later, the remaining carbon precursor with resulted 
carbon product is moved to the substrate via the process of surface adsorption. This is 
relatively the same as the latter after the decomposition and growth of the active sites 
are complete. Finally, the active material is formed with some physical actions of 
diffusion and collision. The most significant step in this CVD is to control the defects 
and the thickness of the obtained 3D-GN. Overall, a carbon precursor, a chamber, a 
substrate, and a heating system are needed to complete this process [5]. 

As a novel strategy, Zhu and his team produced graphene aerogels (GNA) through 
direct ink writing which is considered an extrusion-based 3D printing technique 
[7]. This 3D printed GN shows a high surface area, high compressibility, excellent 
conductivity, and lightweight. Herein, they faced two challenges in designing a print-
able GN-based ink and keeping the same intrinsic features of GN in the synthesized 
products. GO ink was prepared by applying both methods of addition of resorcinol 
and formaldehyde (R-F solution) with sodium carbonate as catalyst (sol–gel) and 
gelation to the highly concentrated GO suspension. Further, the viscosity of the 
ink can be increased with the concentration of GO solution resulting in good print-
ability. Finally, hydrophilic fumed silica powder was added to the GO to enhance 
the viscosity with the increment of the yield stress and elastic modulus of the ink. 
This gives a highly viscous, homogenous ink. In 3D printing, this ink is loaded into 
the syringe barrel, and the 3D patterned GN structure is printed layer-by-layer with 
the extrusion of ink from the nozzle. As Fig. 5a, a simple cubic structured 3D-GN 
was designed via this method. During the process of converting aerogels from 3D 
printed GO structure, supercritical or freeze-drying steps are applied to remove the 
GO gel to maintain the porosity of the final product. Moreover, they analyzed the 
properties by comparing sol–gel and gelation separately. It is stated that the sol–gel 
method gives a less crosslinked more open network compared with gelation (without 
treating the R-F solution) Fig. 5b.

Most studies significantly stated that self-assembly via GO is very applicable in the 
large-scale preparation of 3D-GNs. Herein, 2D-GO sheets are gathered by dissolving 
GO in a solvent. These are bounded uniformly with the balanced interaction of Van 
der Waals and electrostatic repulsions. After adding cross-linking agent, the gelation 
process starts with the changes in the pH in the solution and its effects on the breakage
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Fig. 5 a Steps in the 3D printing process of 3D-GNA. b Microstructure of 3D printed GNA (i) 
Optical image. SEM images of (ii) 3D-GNA and (iii) GNA without treating R-F. (iv) GNA after 
treating R-F. (v) GNAs at various thickness levels, (vi) honeycomb type 3D-GNA. Adapted with 
permission [7], Copyright (2015), Macmillan Publishers Limited. This is an open-access article 
distributed under the terms of the Creative Commons CC BY license

of the bonds. As a result of the chemical or physical assembling reactions, a 3D-GN 
network is formed, followed by the drying process which contributes to removing the 
excess water in this structure. For that, different types of drying methods, for instance, 
supercritical drying, freeze-drying, vacuum drying, and air-drying methods are used. 
In that process, the drying step is considered a significant factor that mainly affects 
the synthesis of porous materials [8, 9]. 

2.2 Functionalization of 3D Graphene 

To improve some features of the 3D-GN in different applications, some issues arise, 
including variation in pore structure, high cost, and difficulty in controlling the struc-
ture while synthesizing only 3D-GN materials. Hence, it is necessary to develop this 
material by composing it with various functional groups/elements to enhance its func-
tionality and manage the other expenses in large-scale production. Hetero atoms like 
nitrogen, boron, sulfur, and phosphorus doping can promote both interaction between 
inter-atoms, and the number of active sites and change the spreading pattern of the 
electron. After doping, this breaks the symmetrical structure of 3D-GN material and 
ended in a modified chemical design with improved conductivity properties.
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With the changes in the valence electron numbers, the insertion of the hetero 
atoms into the lattice affects the changes in the position of carbon atoms. When 
considering the effectiveness of the atoms, nitrogen is the most popular dopant 
element compared with others. This is because its atomic diameter is very similar to 
that of the carbon atom, and the higher negativity of nitrogen compared to carbon 
can persuade the polarizability of carbon within the web and change the electronic 
configuration. The most important point is this has been able to improve the elec-
tronic properties without disturbing the structure of the carbon. Most research has 
been conducted related to N doping in 3D graphene lattices. For instance, Qiao and 
his team produced N-doped 3D bubble-like porous GN using melamine (as an N 
source) and polystyrene (as a skeleton) for the energy storage application [10]. Typi-
cally, porous GN can transfer ions/electrons rapidly resulting in fast charge/discharge 
cycles. Herein, melamine can influence the n-doing level, and this might contribute 
to greater electrochemical performances. In contrast, Wang et al.found that N-doped 
graphene can promote the catalytic properties of noble metal particles [11]. Further, 
they concluded that N-doped 3D-GN is an excellent catalytic carrier that can enhance 
the rate of the reaction. Due to the inability to recycle those materials, the N-dopped 
metal nanocomposites are rarely used as catalysts. In another recent study carried out 
by Yang et al., 3D nitrogen-doped graphene aerogel from the combination of graphitic 
carbon nitride (as N source) and graphene oxide (as template) with a higher surface 
area (536 m2/g) and high photocatalytic performance was synthesized [12]. 

Apart from nitrogen, the atomic size and valency of boron are quite similar to that 
of carbon. When boron is incorporated with GN, it is considered a p-type dopant. 
Doping of this element can enhance the functionality of the 3D-GN. It has been 
proven by several recent pieces of research applied to various uses. For instance, 
boron-doped graphene aerogels via a simple hydrothermal method for the fabrication 
of electrodes in EESDs were synthesized by Li and his team [13]. Comparatively, 
boron can transfer more electrons than carbon, leading to high conductivity. Through 
this process, the capacitance of the devices can be improved instead of using a single 
3D-GN. 

Sulfur (S) and phosphorous (P) are also used as dopants with 3D-GN. Mostly, 
S-doped 3D-GN was used as both cathode and anode material for energy storage 
devices like metal-ion batteries, hybrid capacitors, etc. Due to the strong behavior of 
S in the GN structure, it is affected by the changes in carbon density while increasing 
the width of the band gap over N-doped GN. Li and co-workers discovered an S-doped 
3D-GN with S composites as cathode material for Li–S batteries [14]. The design 
of the porous 3D-GN tends to incorporate hetero atoms doping due to having an 
open structure. Only S-doped carbonaceous material does not have high conductivity. 
Therefore, S-contained composites like polysulfide are combined with this to enhance 
properties. Compared with highly demanding N and S dopants, the large-sized P 
can modify the structure of 3D-GN very easily. P-doping can be showed higher 
electrochemical performances due to the presence of active P=O bonds. As a recent 
innovation, Mei et al. synthesized P-doped 3D-GN material as an anode material for 
Li-based devices [15]. They concluded that high P-doping to GN can be achieved to 
meet the requirements of industrial-scale production of EESDs.
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Recently, doping of combined elements has become a very effective approach to 
achieve better performances of the EESDs. Xing-Quan et al. successfully designed a 
Co9S8- composed N, S, and P tertiary-doped 3D-GN electrode which has a catalytic 
property [16]. The composition of all the elements accelerates to the form of more 
sites and speeds up the reaction. Here, is just one example of the combination of 
the doping process discussed, many studies tend to explore it. Overall, the electro-
chemical and electronic performances of GN are increased through the technique 
of n-(electron) and p-(hole) doping into 3D-GN. This might be applicable in large-
scale manufacturing processes. With the type of integrated element, the activity of 
the functional groups in the GN lattice might be changed. So, the behavior of the 
groups, either electron donating or withdrawing should be paid attention to while 
selecting dopants for GN [17]. 

3 Fundamentals of Supercapacitors 

With the arising necessity for energy storage, different types of devices are invented 
based on their applications. Among those devices, SCs which are known as elec-
trochemical capacitors, ultracapacitors have attracted attention due to their unique 
properties. When compared to other devices like batteries, capacitors, and fuel cells, 
this exhibited intermediate electrochemical performances. Most of the research has 
significantly proven that SCs have high-power density, fast charge–discharge density, 
superior specific capacitance, long cyclic stability, etc. Comparatively, batteries have 
high energy density while capacitors show low energy density. The variation in energy 
density and power density in different EESDs are shown in the Ragone plot. This 
provides a clear comparison of those two properties (Fig. 6). By putting all the 
properties together, SCs are lightweight, safe, portable, and flexible devices [18].

In general, SC consists of two electrodes, an electrolyte, and a separator that is 
permeable to ions. On the hand, the electrode is a decisive factor in electrochem-
ical performance. Typically, a material that has high porosity and a high surface 
should be selected as an electrode. In SCs, energy storage occurs according to the 
charge–discharge (CD) principle at the interface of electrode and electrolyte. The CD 
process in SCs is relatively higher in speed. Based on the energy storage mechanism, 
there are three types of SCs such as electrical double-layer capacitors (EDLCs), 
pseudocapacitors (PCs), and hybrid capacitors (HCs) (Fig. 7).

3.1 Electrical Double-Layer Capacitors 

As mentioned earlier, EDLCs, which is called an electrostatic capacitor, is one type 
of SCs. The surface of the electrode contributes to both the generation and storage 
of energy. Electrochemically inactive carbon-derived materials such as carbon, 
graphene, carbon aerogels, carbon nanotube, etc., are used for the fabrication of
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Fig. 6 Ragone plot which describes the power-energy density variation. Adapted with permission 
[18], Copyright (2020) by authors. Licensee MDPI, Basel, Switzerland. This article is an open-
access article distributed under the terms and conditions of the Creative Commons Attribution (CC 
BY) license

Fig. 7 Classification of three different SCs like EDLC, PC, and HC. Adapted with permission [19], 
Copyright (2019), The Royal Society of Chemistry. This article is an open-access article distributed 
under the terms and conditions of the Creative Commons Attribution (CC BY) license

electrodes of EDLCs. These materials do not involve any chemical reactions for 
energy storage and physical charge gathering contributes to this. It happens due 
to the ion adsorption from the electrolyte and the surface dissociation. The charge 
stores with the formation of the double layer. This originates on the external surface 
of the electrode due to the electroneutrality created from excess or deficit charges 
loaded on the electrode and the oppositely charged ion in the electrolytes. Here, this
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Fig. 8 Schematic illustration of charge–discharge mechanism in EDLC. Adapted with permission 
[19], Copyright (2019), The Royal Society of Chemistry. This article is an open-access article 
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 

scenario occurs within the CD period. During the charging process, the electrons 
in the negative electrode move to the positive electrode via the exterior circuit after 
supplying current. With that, anions and cations in the electrolyte start to migrate to 
negative and positive charged electrodes, respectively. After that, the reverse process 
is continued as discharging (Fig. 8). Shortage or excess electrons move through the 
external load. There is no ion/charge exchange between electrodes and electrolytes. 
Because of this circumstance, this kept a constant ion concentration within the CD 
process. The accumulated ions in the double-layer interface decide the amount of 
capacitance of EDLCs. When considering this mechanism, the surface character-
istics of the electrode material are mainly affected by the electrochemical perfor-
mance of EDLCs. Although carbons have excellent properties, their high availability 
and low cost lead to the development of novel innovations through modifications 
[19, 20]. 

3.2 Pseudocapacitors 

PC, which is commonly known as redox or faradic capacitor, is also very popular 
as other SCs. The main difference between PCs compared to EDLC is that rapid, 
reversible redox reactions involve energy storage. Like EDLCs, energy stores with 
the formation of a double layer at the surface of the electrodes due to the CD process. 
Electrochemically active materials, which can provide redox reactions, for instance, 
transitional metal oxides/hydrides (TMOs/TMHs) and conducting polymers, are used 
for the fabrication of PCs. Herein, these materials exhibit three types of oxida-
tion–reduction reactions such as the faradaic reaction of TMOs/TMHs, reversible 
adsorption, and electrochemical doping-de-doping reactions in CPs. Through these 
reactions, both energy density and specific capacitance can be enhanced. Because
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the rate of faradaic reaction is slower than that of non-faradaic ones, PCs show lower 
power density and reduced cyclic stability compared to EDLCs [21]. 

3.3 Hybrid Capacitors 

With the modification of the electrode materials, each EDLC and PC show excellent 
unique electrochemical properties. As the best option to overcome the limitations 
related to each device, HC is made up of combining both devices. This illustrates 
an asymmetrical configuration because one electrode is made up of carbonaceous 
material, while the other one is composed of electrochemically active material. Based 
on the type of electrode materials, there are three categories of HC. The first group is 
based on composites of capacitive and pseudocapacitive materials. The other two are 
made with asymmetrical designs. One of them consists of an EDLC electrode and 
the other a PC electrode/battery-type electrode. The third one uses electrodes from 
PCs and rechargeable batteries. Here, non-faradaic electrodes provide high density 
and superior cyclic stability, while pseudocapacitive or battery-type ones have large 
energy densities. Therefore, it exhibits an improved electrochemical performance 
compared to the other SCs [22]. 

4 3D Graphene-Based Supercapacitors 

It is significantly discovered that the features of the electrode material play a decisive 
role in the electrochemical performances of the SCs. Some factors like functional 
groups, surface, structural, and morphological characteristics are mainly affected by 
the changes in the properties of the electrode materials. Therefore, most research 
tends to innovate novel strategies to modify the features of the electrode materials. 
It is known that electrode material that has high porosity, high surface area, good 
mass-transfer efficiency, and an effective pathway for ion diffusion leads to good 
conductivity resulting in excellent behaviors in SCs. Although GN is richer in some 
properties compared to others, this can be improved through several modifications 
at the structural level. For example, 2D-GN, which has a less porous structure with 
limited surface area, was improved through the synthesis of 3D-GN from it to achieve 
better performance. 

Mostly, GN-based carbon materials are used to fabricate the electrodes for EDLCs. 
In that sense, this shows the higher surface area in the range of 2630–3290 m2/g and 
high specific capacitance of 135–205 F/g in aqueous electrolyte compared to other 
electrode materials (CNT, active carbon) applied for EDLCs. Zang and his team 
synthesized 3D-GN hydrogel via the one-step hydrothermal method (GN-H) which 
contributes to reaching the optimum properties of EDLC [23]. In this work, this 
device exhibited a high capacitance of 200 F/g at a low current density (0.3 A/g). At 
a high discharge rate, its capacitance is reduced due to a large amount of remaining
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oxygenated groups in the hydrogel, and its relatively low conductivity. Therefore, 
they treated this material with hydrazine (Hz)/HI to increase the capacitance by 
removing the residue and improving the conductivity. Compared to HI-reduced GN-
H, Hz-reduced one shows better capacitive performances. This is because some 
nitrogen atoms were doped into GN-H while reducing with HZ and it enhances the 
wettability of the electrode that leads to excellent features. However, this showed 
higher stability, indicating capacitance retention of 92% over the 2000 cycles. These 
results were obtained because of the 3D microporous structures of GN-H. Overall, 
they observed that the power density and rate capability of this device are relatively 
higher than that of chemically treated GNs reported in previous research. 

Most research considerably reported that doping heteroatoms into the GN lattice 
was a great strategy to improve the properties of the SCs. This is because these 
elements can impact the functional group of the GN surface. As discussed in Sect. 2, 
B or N is the best element that has similar characteristics to carbon for the fabrication 
of electrodes for SCs [13] For energy storage purposes, more benefits can be achieved 
through heteroatom-doping. Some of them are, that the spaces between the layers 
and the surface structure accelerate the rapid ion exchange, the number of active sites 
on the surface increases with defects, and the stability between the electrode and the 
electrolyte is enhanced by heteroatoms [15]. 

For instance, Wu et al. synthesized solid-state SCs using 3D-GN and boron co-
doped monolithic GN aerogels (BN-GAs) [24]. As in Fig. 9, GO and ammonia 
boron trifluoride (NH3BF3) were used as precursors to synthesize BN-GAs through 
the combined processes of hydrothermal and freeze-drying. Here, GN behaves as 
the binder-free electrode, and polyvinyl alcohol (PVA)/H2SO4 was used as a gel  
electrolyte for the fabrication of SCs. Further, they produced nitrogen and boron-
doped graphene aerogel (N-GAs and B-GAs) using dicyandiamide and boric acid as 
nitrogen and boron source, respectively. This is done to distinguish the electrochem-
ical performance of the N-GAs, B-GAs, and BN-GAs. The size and shape of the 
GN aerogel monoliths can be adjusted with the changes in some factors including 
the concentration of GO, treated temperature, and time of the hydrothermal. They 
have experimentally found that BN-GAs showed higher specific capacitance, power 
density, and improved energy density with respect to N-GAs, and B-GAs.

Moreover, the preparation of nanomaterial by composting different elements gives 
better electrochemical performance rather than using a single type of electrode mate-
rial. As an example, for this strategy, Sahoo et al. developed an effective multi-
functional 3D-GN/Ag nanocomposite via the freeze-drying method for the fields of 
energy, catalysis, and medicine [25]. The main challenge in 3D-GN-based composite 
with noble metal elements processing is to improve its properties without harming the 
environment and keeping it cost-effective. Here, they synthesized the composite with 
different percentages (10, 20, and 40 wt. %) of Ag and in the presence of 0.625, 1.25, 
and 2.5 mg of AgNO3, respectively. Among those, the 3D-GN/Ag (40%) nanocom-
posite exhibited the highest electrochemical performance due to the presence of a 
high amount of Ag particles. For example, this has more active sites, surface area, 
fast faradaic rate, and excellent conductivity resulting in the highest specific capaci-
tance of 876 F/g at 1 A/g. And also, this showed great stability by giving capacitance
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Fig. 9 The fabrication process of BN co-doped GN-based solid-state supercapacitor, Adapted with 
permission [24], Copyright (2012), John Wiley and Sons

retention of 97% after 1000 cycles. Further, they observed that Ag nanoparticles with 
an average particle size of 36 nm were uniformly arranged on the surface of the GN 
sheets without any collision. Even with a higher weight percentage of Ag molecules 
(40%), they are strongly bound together, proving that there is no separation even 
upon sonication for 10 min. 

Recently, Kaner et al. used 3D-GN with covalently grafted aniline tetramer (TANI) 
material for the fabrication of a supercapacitor [26]. Here, they made this PANI/ 
TANI-GN composite material using TANI which is the fundamental construction 
block of PANI onto 3D-GN through the single-step hydrothermal self-assembly 
process. Initially, GO and 4-azido-tetrafluoro benzoyl tetra-aniline (ATFB-TANI) 
were used for the formation of 3D-GN and after the one-step process, ATFB-TANI 
grafted 3D-GN (ATgGN) was obtained as electrode material for SCs. Herein, the 
symmetric SC was prepared using two similar ATgGN electrodes divided by an 
ion-permeable separator and PVA/H2SO4/HQ gel electrolyte (Fig. 10a). In this 3D 
porous structure, both TANI and HQ are contributing to the faradaic processes leading 
to high super capacitance. The 3D porous ATgGN electrode materials used both 
mechanisms of ion adsorption–desorption (EDLC) and redox reaction to store more 
energy within this system. As demonstrated in Fig. 10b, c, this composite in HQ 
contained electrolyte shows excellent electrochemical performance compared to the 
regular electrolyte. According to Fig. 10d, the capacitance retention in PVA/H2SO4 

electrolyte exhibits a higher value (87%) compared to that of HQ-contained solution. 
This is because of the incompletion of HQ redox reactions. However, specific and 
areal the capacitance of HQ contained device illustrated a high rate of 94 mF/cm2 

at 0.5 mA/cm2 (Fig. 10e). The main challenge with PANI-based SC is poor cycling 
stability throughout the life cycle. But this synthesized composite material retained 
more than 85% of capacity after 30,000 charge–discharge cycles from this GN-TANI-
based SC. Further, this value was maintained at about 82% even after 100,000 cycles 
using a redox-active electrolyte for this device.
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Fig. 10 a Schematic illustration of ATgGN symmetric supercapacitor, Characterization of HQ 
containing electrolyte and non-contained electrolyte (PVA/ H2SO4) b CV analysis at different scan 
rates, c GCD analysis at different densities, Comparison of (d) Stability and e capacitance with the 
presence of HQ in the electrolyte, Adapted with permission [26], Copyright (2021), John Wiley 
and Sons 

5 3D Graphene-Based Flexible Supercapacitors 

With the differentiation of the applications, the synthesis of the electrode material 
is changed according to their purposes of usage. fabricating 3D graphene having 
both high surface area and porosity brings significant value in practical applica-
tions, especially for energy storage purposes. It can be found that most wearable 
electronic devices are made up of electrode materials having flexible, stretchable, 
and folding properties. Based on past reports, only single material cannot achieve 
high flexibility for reaching its desired application. Therefore, most of them are 
synthesized by composing chemically treated materials together. In that sense, it can
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be seen that most electrodes in flexible SCs are coming from chemically derives 
3D-GN-based composite materials. On the other hand, most current research has 
targeted the synthesis of 3D hybrid electrode materials for the fabrication of flex-
ible devices using transitional metals (TMs) and carbon-based materials. But their 
electrochemical performance is comparatively very low. This happened because of 
their low conductivity and faults in reversible reactions. Some techniques including 
composing TMs on carbon materials, doping TMs with conductive polymers, etc., are 
used to avoid these errors. Therefore, it is an important task in the selection of doping 
material to synthesize a composite electrode that shows excellent electrochemical 
performance with flexibility. Here, some practices for the novel innovations of those 
are briefly discussed in this section. 

As an example, Chen et al. developed a foam-typed macro-structured 3D-GN 
(GF) via the template-based CVD technique for the use of SCs [27]. Here, they 
followed the procedure where carbon was initiated into the nickel foam (NiF) through 
the decomposition of CH4 at high temperature and ambient pressure and then GN 
films were dropped on the NiF. By changing the type of nickel foam, the macro/ 
microstructure of GF can be adjusted and variations in the concentration of the CH4 

affect the surface area, density, and several layers of GF. The most significant fact is 
that this GF is composed of an internally connected flexible web of GN that acts as a 
carrier for the fast ion charge mobility resulting in high conductivity. As the final step, 
this GF was composed of poly (dimethyl siloxane) (PDMS) to gain high flexibility, 
twisting, and bending without breaking. The features of stretching and bending were 
tested using a homemade two-point bending device and a high-precision mechanical 
instrument. The structure of GF was not disturbed by incorporating PDMS and this 
was not affected by changes in the conductivity of GF. Because of the mechanical 
and electrical properties of this composite, this composite has great potential for 
application as a flexible conductor in EESDs. Even though conventional conductors 
like metallic foils provide better conductivity, those cannot apply for stretchable 
purposes. But this composite is the best combination for fabricating SCs with both 
high electrochemical performances and flexibility. 

In another instance, Yu et al. invented a laser-induced 3D-GN (LIG)-based flexible 
solid-state micro-supercapacitor having ultra-thickness of 320 μm [28]. Herein, they 
have been discovered that porous 3D-GN can be synthesized with the conversion of 
commercial polyimide (PI) by the IR laser method in CO2 air condition (Fig. 11a). 
The pores structure of this material proved a fast route for ion transportation. In 
electrochemical testing, LIG achieved a higher specific capacitance of 132.2 mF/cm2 

at 0.5 mA/cm2 which is comparatively higher than that of GN electrodes. Further, 
they were able to improve the specific capacitance of this electrode material up to 
2412.2 mF/cm2 at 0.5 mA/cm2 by composing it with pseudocapacitive polypyrrole 
(Ppy). This LIG/Ppy composite was prepared by the electrodeposition of Ppy on the 
porous 3D-LIG. The increased porosity of LIG allows more access to deposit more 
Ppy, leading to a higher loaded mass resulting in optimal properties (Fig. 11b). This 
composite, which achieved 325 μW/cm2 of power density and 134.4 μWh/cm2 of 
energy density, gives this device not only superior electrochemical performances, 
but also high flexibility.
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Fig. 11 a Preparation process of LIG/PPy electrode for the flexible solid-state supercapacitor 
b Pore structure of LIG, Adapted with permission [28], Copyright (2020), Elsevier 

Recently, Chen et al. developed a lightweight flexible solid-state SC using the 
composite of GN, Fe, and MnCo2O4 targeting wearable applications [29]. Here, 
Fe was doped into MnCo2O4 to obtain the metallic properties of the compounds by 
maintaining electron density in the electrodes. After doping, the electron transfer rate 
and processing speed of MnCo2O4 enhanced resulting in good cyclic performance. 
In that case, 3DGN-PPy with a high surface area was used as a substrate to build 
the composite of FeMnCo2O4 nanowires while avoiding the production of adhesives 
and additional current collectors. This combination provides both low-weight and 
stretch characteristics for conductors. As experimental details, they prepared the 3D-
GN on Ni foam via the CVD method. Then electrodeposition technique was used to 
deposit PPy on 3D-GN to synthesize the G-PPy composite. Later, through the process 
of the hydrothermal method, they made MnCo2O4 nanowire arrays. After doping 
Fe into that composite, it was grown on the substrate via a one-step hydrothermal 
method to finish the synthesis of the composite (Fig. 12). After all, symmetrical 
solid-state SC was fabricated by assembling 3DGN-PPy@MnCo2O4 electrodes. In 
this device, filter paper and PVA/KOH were used as a separator and gel electrolyte, 
respectively. However, 3D G-PPy@Fe- MnCo2O4-based SC exhibited 5136 mF/ 
cm2 at 2 mA/cm2 of specific capacitance with long-term durability. The stability 
of this device was shown to be about 94.7% of capacitance retention after 7000 
cycles. This study demonstrates that the 3D-GN can be applied to the production of 
wearable electronic devices by improving flexibility by changing the composition of 
the electrode materials.
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Fig. 12 Fabrication process of 3D G-PPy@Fe- MnCo2O4 electrode material for the flexible solid-
state supercapacitor. Adapted with permission [29], Copyright (2022), American Chemical Society 

6 Conclusion and Outlook 

The demand for the usage of 3D-GN is increased because it can prevent the aggrega-
tion of GN sheets. Hydrogels, aerogels, foams, and monoliths which are the different 
formations of 3D-GN are widely used materials in recent studies. Depending on the 
application and material formation, the synthesis methods of 3D-Gn are varied. 
Some examples of strategies can be summarized as CVD, hydrothermal method, 
3D printing, and self-assembly. Here, each method is briefly discussed with several 
examples in the above sections. Until today, there have been many findings on 3D-
GN-based SCs because of their chemical, morphological, and electrochemical perfor-
mances. The inherent features of 3D-GN including high surface area and porous 
structure that facilitate improved capacitance through fast ion transportation led to 
novel innovations. Considering all the properties, GN has become desired material 
for various applications not only for supercapacitors, but also in sensors, catalysts, 
adsorption of dyes and heavy metals, etc. Especially, the need for flexible GN-based 
SCs is enhanced in wearable electronic systems. In this review, the recent effort for 
the development of novel electrode materials by composing 3D-GN materials that 
are used for flexible SCs is discussed. It is noted that only 3D-GN does not have 
flexible properties, the composition of materials which has flexible, stretching, and 
bending properties can promote flexibility in 3D-GN. 

When considering the industrial and practical applications, several challenges 
need to be developed in large-scale production. One of these is that most experiments 
regarding these 3D-GN materials are done on the laboratory scale, and because of 
its fragility, it is difficult to manipulate this material in a friendly manner. However, 
this can be overcome by combining different highly flexible materials to improve
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mechanical properties. But it should be more careful while integrating additives into 
3D-GNs. Although some materials can improve the properties of 3D-GN, on the other 
hand, they can cause side effects to the primary materials. Therefore, it is necessary 
to study the characteristic features of each element before incorporating them into 
3D-GN materials. An added solution for that issue is to adjust the cross-linking status. 
Another problem regarding 3D-GN production is that the size of this material cannot 
be controlled as much as desired. This should be done after a thorough analysis 
of structural characteristics. For future innovations, various structured 3D-GNs like 
scrolls, honeycombs, corals, and nano sacks are still to be studied for supercapacitor 
application. 
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3D Graphene for Photovoltaics 

Alka Pareek and Sreekanth Mandati 

Abstract Three-dimensional graphene (3D-G) is among the most interesting and 
emerging materials of the carbon clan due to its exemplary properties like high 
surface area, remarkable electrical properties, and exceptional mechanical charac-
teristics that urged profound interest in various applications. Graphene sheets assem-
bled into an ordered and internally connected three-dimensional network are a great 
solution to the problem of aggregation or overlaying that limits the active surface 
area and distinct characteristics of sheets. Furthermore, these structures possess inter-
connected porosity, larger specific surface area, and more integrality providing short 
ion diffusion length and additional active sites. 3D-G structures are widely used in 
various applications like supercapacitors, batteries, fuel cells, gas storage, biosensors, 
solar cells, and so on. In photovoltaics (PVs), the graphene-based materials appear 
very promising for (1) making cost-effective, lightweight, and flexible devices, (2) 
obtaining a wide range absorption window from UV to far IR regions, (3) improving 
charge transfer kinetics, and (4) high catalytic activities. Moreover, the optoelec-
tronic and electrocatalytic activity of 3D-G structures can be altered through different 
ways of surface functionalization that expand the application in multiple PV devices 
like dye-sensitized, quantum dot-sensitized, and perovskite solar cells. This chapter 
highlights the recent research advancement and contribution of 3D-G structures and 
composites in PV applications while also discussing the limitations in achieving 
higher performance and directions for future development. 
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1 Introduction 

Solar PV technologies that deal with the conversion of sunlight directly into electricity 
are sustainable, clean, and zero-emission energy production processes. In 1954, the 
first Si solar cell in crystalline form was invented in Bell Labs, after which PV research 
has seen a rapid increase in the next few decades with extensive studies dedicated 
to developing various absorber materials [1]. A variety of device configurations and 
architectures with different solar cell layers have been studied and several of them 
have seen industrial production. Solar cells are broadly divided into three categories 
according to the type of material and configuration: (1) The first generation solar cells 
are referred to as monocrystalline and polycrystalline silicon-based cells. Presently, 
Si solar cell technology covers 90% of the PV market and is considered the most 
mature PV technology. They have witnessed the best commercial success among 
all PV technologies on account of their higher output efficiencies and longer panel 
lifetime [2]. However, Si technology is still limited to meeting the global energy 
demand owing to the sophisticated and high-cost fabrication processes. (2) Solar 
cells based on thin film technologies are second generation wherein the absorbers 
are CdTe, copper-based chalcopyrite like CIGS, and GaAs. These absorbers possess 
direct bandgap and are advantageous for effective absorption of light even with very 
few microns thickness as compared to the indirect bandgap Si. (3) Third generation 
solar cells are constructed with recent structures and devices that can decrease the 
overall cost of devices. They include dye- and quantum dot- sensitized solar cells 
(DSSC and QDSC), and organic and perovskite solar cells (OSC and PSC). Low 
cost, abundance, flexibility, and simple production methods have paved the path for 
fast development and a rapid rise in interest in these devices. The performance of 
these devices is largely dependent on material aspects like the composition of the 
absorber layer, efficient charge transport layers, counter electrode, contact layer, and 
passivation layer. Extensive efforts are being dedicated to improving each of these 
areas to unveil a highly efficient and stable PV device that could meet the global 
energy demand. 

Carbon-based materials and their numerous allotropes are among the most 
explored and indispensable parts of the current materials and energy industry. 
There are diverse nanostructures of carbon like zero-dimensional fullerenes, one-
dimensional carbon nanotubes, and two-dimensional graphene materials, that have 
gathered huge interest and possess fascinating electrical, mechanical, and optical 
properties [3]. Among them, graphene is one of the most studied and appreciated 
thinnest materials with an exceptionally large specific surface area of 2630 m2/g, 
electron mobility of 200 000 cm2/Vs, high strength (Young’s modulus of ~1 TPa), 
and thermal conductivity of 5000 W/mK. These properties make graphene apt for 
numerous applications like supercapacitors, batteries, fuel cells, gas storage, biosen-
sors, and solar cells [4]. Although, graphene in its conventional two-dimensional 
form has significantly contributed to the performance enhancement of various PV and 
battery devices, it tends to agglomerate quickly countering its outstanding properties.
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To combat this shortcoming, various strategies are employed to architect 2D layers 
into a 3D-G. The 3D-G architectures preserve most of the unique characteristics of 
individual layers without the issue of stacking. These architectures are basically non-
graphitic 3D structured graphene material constituting not more than ten layers. The 
relationship between different graphene structures and transformation from one struc-
ture to another can easily be visualized as shown in Fig. 1a. Based on the morphology 
and dimensions, 3D-G structures are broadly classified into two categories as depicted 
in Fig. 1b [5]: (1) macrostructures or monoliths, such structures possess dimensions 
greater than 100 µm, for example, 3D-G foams, aerogels, sponges, films, fibres, and 
milli-spheres; (2) microscopic materials having dimensions smaller than 100 µm like 
micro-sized or nano-sized powdered 3D structures. Although dimensions are impor-
tant in these structures, the type of connection between these graphene sheets is also 
crucial for the characteristics of 3D structures. Based on the type of connectivity, there 
are two types of structures: (1) Joint 3D structures in which individual graphene sheets 
are interlinked by weak Van der Waals forces; (2) Integrated graphene structures that 
possess strong chemical bonds among graphene sheets. Due to the strong chemical 
bonds, integrated structures display better electrical and mechanical properties. The 
precursor and synthesis methods of these structures are very essential in controlling 
the properties of these materials. For example, 3D-G architecture obtained from the 
hydrothermal method has depicted a very low conductivity of 0.5 S/m [6]. These 
structures are primarily produced using three types of precursors that include [3]: (1) 
direct assembly from rGO (reduced graphene oxide) sheets, (2) use of hydrocarbons, 
and (3) from inorganic chemicals such as CO, CS2, and CO2.

The exceptional properties of 3D-G like remarkably high transparency, high 
mobility, and superior electrical and thermal conductivity, have made it a great choice 
to be applied as counter electrodes, transparent electrodes, passivation/protective 
layer, and electron transport layer (ETL) or hole transport layer (HTL) in solar cells 
[7, 8]. Basically, these architectures are employed as conducting units to improve 
the charge transfer process in the solar cell and are required to possess long-term 
stability against moisture and air. It is pertinent to note that the conductivity of 3D-G 
plays an essential part in the successful establishment of these materials for power 
generation devices. The overall electrical conductivity is controlled by the quality of 
composing graphene sheets and the connection between them, which directly affects 
the charge transfer of electrons [9]. According to recent reports, conductivity of 3D-
G varies between 100 000 to 1 S/m [10, 3]. The conductivity is generally measured 
by four-probe or two-probe methods, but the values may differ based on the position 
of detecting electrodes owing to the anisotropy of macro-monoliths of 3D-G [11]. 
The conductivity is also dependent on the mass density of the material, for example, 
a material having high density generally exhibits higher overall conductivity, and 
therefore, materials like 3D-G sponges with low mass density exhibit poor conduc-
tivities (0.7–110 S/m) [10, 11]. In addition to the mass density, as discussed earlier, 
the synthesis methods or reduction of graphene also impact the conductivity of this 
material. For instance, 3D-G produced by the hydrothermal reduction method with 
an exceptional density of 1600 mg/cm3 has displayed limited conductivity (760 S/ 
m) [12].



308 A. Pareek and S. Mandati

Fig. 1 Schematic diagram showing a different types of graphene-related materials and their forma-
tion b variety of microscopic 3D-G (<100 µm dimension) and macroscopic 3D-G materials 
(>100 µm dimension). Adapted with permission [3], Copyright (2020), American Chemical Society

While we are discussing the potential of 3D-G electrodes in PVs, it may be noted 
that the optical properties also play a vital role along with conductivity. Despite 
being just an atomic-layer thick, the graphene monolayers show absorption from the 
visible to infrared range [13]. Moreover, absorption of these structures can be further 
improved by mechanical compression or the introduction of surface defects and 
chemical functional groups on the surface of rGO [14]. Structural modification can 
also alter absorption phenomena like bi-continuous or nanoporous structures have
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displayed enhanced light absorption for visible light [15]. With further optimiza-
tion of reduction degree, the 3D structure-based photodetector has shown 40 fold 
enhanced photon absorption than the single graphene layer that resulted in external 
quantum efficiency of 1.04 × 107% as compared to Si (6.5 × 105%) [15]. The 
preceding discussion emphasizes the scope of 3D-G structures in PV technologies. 
The output of PV devices is basically dependent on the open circuit potential and fill 
factor, which is correlated to the quasi-Fermi level splitting of the absorber. 3D-G 
with enhanced electrical and optical properties improves these two parameters, and 
hence boosts the overall performance of devices. In PV, 3D-G-based architectures 
are very appealing for making economic, lightweight, and flexible devices to obtain 
a wide range of absorption windows from UV to far IR region, to improve charge 
separation kinetics, and for high catalytic activity purposes. The optoelectronic and 
electrocatalytic characteristics of 3D-G could be suitably altered by surface func-
tionalization. Based on these aspects, the use of 3D-G in different types of solar 
cells is discussed while focusing on the limitations in improving the performance 
and further directions for enhancement. 

2  3D-G in DSSC  

DSSC is among the promising alternative PV systems that offer reasonably high 
conversion efficiency, ease of fabrication, and integration into surfaces, while being 
a low-cost and environmentally friendly technology [16]. Typical construction of 
DSSC consists of a dye-adsorbed metal-oxide electrode, counter electrode, and an 
iodide electrolyte as shown in Fig. 2a [17]. Each component performs a signifi-
cant part in improving the output performance of DSSC. Different types of dyes 
are explored such as black dye (N749), indoline, porphyrin, and phthalocyanine to 
enhance the optical properties of DSSC in the visible solar spectrum [18]. There 
have been numerous efforts to devise new photoanode to enhance the efficiency 
of existing metal-oxides like TiO2 and ZnO [19]. While improving the properties 
of the photoanode is the widely studied aspect, the potential of the counter elec-
trode to reduce the triiodide to iodide is also important for DSSC’s performance. 
Pt is so far the most explored material as a counter electrode as a result of its high 
conductivity, remarkable stability, and exceptional electrocatalytic properties for the 
reduction of triiodide, but its high cost hinders the commercialization of the devices 
[20]. Carbon-based materials with robust catalytic activity, high conductivity, and 
superior chemical stability are considered a convincing substitute for Pt. There is a 
wide range of carbon materials like graphite, graphene, CNTs, and 3D-G that are 
studied in DSSC as both an efficient photoanode as well as the counter electrode.

3D-G is the emerging and the most promising material owing to its very porous, 
conductive, and flexible interconnected framework that provides an interconnected 
highway system for electron transfer. It also possesses defects and more enriched 
edges that act as catalytic active sites [21]. Moreover, due to its remarkably high 
electrical conductivity, desirable optoelectronic properties, and exceptionally large



310 A. Pareek and S. Mandati

Fig. 2 a Schematic diagram showing the working principle of DSSC b Fabrication of N-doped 
graphene foam counter electrode (N-GF), c DSSC cell constituting N-GF as the counter electrode, 
and d electrolyte reduction on the counter electrode. Adapted with permission [17] and  [31], respec-
tively. Copyright (2012), WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright (2010), 
American Chemical Society

specific surface area, it is regarded as a convincing alternative for DSSC’s working 
and counter electrodes [22]. Wang et al. have synthesized honeycomb structured 
3D-G nanosheets that have exhibited a PCE of 7.8% which is equivalent to the 
DSSC with expensive platinum electrodes [23]. Tang et al. have adopted a chem-
ical vapour deposition process to synthesize 3D-G with the nickel foam rod as a 
template which is then used as a photoanode. The electrode has demonstrated an 
efficiency enhancement of 32.7% as compared to pure P25 which could be attributed 
to the reduced contact resistance between the junction of graphene sheets forming 
the efficient channel for carrier transport [24]. Flexible DSSCs fabricated on plastic 
substrates often experience losses due to poor electron diffusion rates that could 
be correlated to the implausible situation of high-temperature sintering. Hence, the 
output efficiency of such devices is reported to be below 6%. Zhi et al. have fabricated 
flexible DSSCs on plastic substrates with improved performance by constructing a 
3D-G decorated nanocrystalline TiO2 electrode. The impact of the efficient charge 
transfer process and large surface area in 3D-G-based DSSC has assisted in exhibiting 
output efficiency of 6.41% (56% greater than DSSC without 3D-G). Yang et al. have 
synthesized Pt-free counter electrode by attaching Fe2O3 nanoparticles onto 3D-G 
frameworks, wherein Fe2O3 acts as a highly active site, and the 3D-G provides an 
internally connected electron transfer mechanism. The resulting system has demon-
strated an improved PCE of 7.45% as compared to platinum electrodes (7.29%) [21]. 
He et al. have studied the effect of ZIF-8 and three-dimensional graphene network 
co-deposited TiO2 electrode as photoanode in DSSC that has demonstrated superior 
PCE of 8.77% with 5 wt.% ZIF-8 loading. The combination of the large BET surface 
area of ZIF-8 and fast charge transport of 3D-G enhances the amount of dye loading 
and produces a high output current [25]. In a similar kind of study, Tang et al. have 
demonstrated RGO and 3D-G network co-deposited structures, wherein the 3D-G
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provides a fast charge transport network for electrons, while RGO nanosheets further 
accelerate the carrier transport at the interface between the graphene basal plane and 
TiO2 [26]. Sun et al. have fabricated RGO and 3D-G-based two-layer constructed 
electrodes that have depicted a PCE of 8.87% as compared to the pristine P25-based 
DSSCs [27]. 

Chang et al. have fabricated a unique architecture of graphene nanosheets deco-
rated with graphene foam that has shown a PCE of 7.70%. In this study, the group 
has explored the effect of big size graphene nanosheets and smaller size graphene 
quantum dots, produced by the reduction of GO using heat and laser, respectively. 
They have found that the quantum dots with a size of 100 nm or less provide a 
greater number of electroactive sites and edges and offer low charge transfer resis-
tance. These novel structures utilize a fast electron transfer system using a graphene 
framework and smooth charge injection between the graphene nanosheets and the 
substrate [28]. In the quest for developing hierarchical structures, Yu et al. have 
contributed to synthesizing N-doped rGO to form a three-dimensional N-doped holey 
rGO framework (NHGF). The NHGF in the form of compressed paper possesses 
sufficient mechanical strength to be installed as free-standing counter electrodes and 
rGO nanosheets in 3D framework are interconnected and interlocked together to 
avoid restacking [29]. Zhu et al. have synthesized CuS nanocrystals modified 3D-G 
frameworks by in situ hydrothermal process and reported PCE of 7.07%. Figure 2b 
shows the complete process of electrode formation in DSSC using different methods. 
The 3D-G electrode in DSSC and a schematic diagram illustrating the reduction of 
triiodide electrolyte are shown in Fig. 2c, d. To further explore composite structures 
of 3D-G, Sun et al. have constructed 3D porous rGO/CoS containing spherical hier-
archical (CSHPS-G) architectures as an effective counter electrode in DSSC by a 
simple hydrothermal method [30]. 

The porous structure of nanostructured electrode ensures a proficient electrolyte 
diffusion system and provides plenty of electrocatalytic sites. Consequently, CSHPS-
G-based DSSC shows a remarkable PCE of 5.41% which is better than platinum-
based DSSC. Roh et al. have fabricated 3D crumpled graphene (3D CGR)/GR sheets-
based DSSC that has demonstrated a PCE of 7.2%, which is 56% greater than the 
conventional DSSC [32]. Lee et al. have studied 3D nano-foam graphene (3D-NFG) 
synthesized by CVD, where pyrolyzed carbonized-C and the nickel nano-frame are 
employed as carbon sources [33]. The study proves that the benefits of high surface 
area and electrical conductivity of 3D-NFG can be utilized to substitute expensive 
platinum as a counter electrode in DSSC. The 3D-NFG-based DSSC has exhibited a 
PCE of 5.2%. In one of the creative works, Wei et al. have reported 3D cauliflower-
fungus-like graphene (3D CFG) from CO2 and have employed it as an electrode in 
DSSC [34]. 3D-CFG-based DSSC has manifested maximum conversion efficiency 
of 8.1%, which is tenfold higher than the regular graphene counter electrode prepared 
through the graphite chemical exfoliation process (0.7%). The same group has also 
reported 3D crape myrtle flower-like graphene counter electrodes synthesized by the 
reaction of carbon dioxide and Na, and have obtained a high PCE of 10.1% [35]. 

Most of the studies discussed herein focus on the modification of working elec-
trodes (generally TiO2) with 3D-G where the dye adsorption capacity, charge transfer,
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and separation mechanisms depend on the properties of the working electrode. 
Loeblein et al. have utilized 3D-G as an independent working electrode by modi-
fying it as an oxidized 3D-G (o-3D). By functionalizing oxygen groups over 3D-
G, a bandgap of 0.2 eV is induced and a desirable electronic band structure is 
formed that could facilitate the interactions between p-p electron donors and accep-
tors, and induce the attraction between positive dye ions and negative adsorbents. 
[22]. Figure 3a shows the construction of DSSC with p-doped 3D-G nano-networks 
(3D-GN) as an electrode [36]. A comparative study is carried out between 3D-GN 
and platinum counter electrodes using photocurrent–voltage curves as depicted in 
Fig. 3b. The electrochemical impedance spectroscopy (EIS) and IPCE measurements 
are demonstrated in Fig. 3c and d, respectively. The 3D-GN nanostructure electrodes 
have exhibited a PCE of 8.46% as compared to Pt-based DSSC (6.01%) which is 
also evident from the IV and IPCE measurements. This detailed discussion on the 
reports constituting numerous studies clearly projects excellent performance of 3D-
G-related materials as electrodes due to their large surface area and efficient charge 
transfer process. 

Fig. 3 a Schematic diagram showing DSSC with 3D-G electrode, PV performance of DSSC 
including b J–V, c EIS curves and d IPCE spectra using 3D graphene and platinum counter elec-
trodes under the illumination of AM 1.5. Adapted with permission [36], Copyright (2014), The 
Royal Society of Chemistry
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3 3D-G in QDSCs 

QDSCs are the emerging third generation solar cells that are studied extensively 
owing to unique characteristics of quantum dots like easy tunability of band gap by 
altering size or composition, considerably high molar attenuation coefficient, large 
intrinsic dipole moments, and stability against photons, heat, and water as opposed 
to dye molecules and lead halide perovskite [37]. Moreover, the concept of multiple 
exciton generation provides the insights that QDSCs could break the Shockley– 
Quessier efficiency limit of 32.9% established for mono-junction solar cells. The 
concept of QDSC is like DSSC where a wide bandgap semiconductor is sensitized 
with a low bandgap material to harvest the light and produce charge carriers, though in 
QDSC, dye is replaced by quantum dots. Generally, QDSC consists of a quantum dot 
sensitized photoanode and counter electrode immersed in the electrolyte as displayed 
in Fig. 4a. The light absorption, charge carrier generation, and transfer processes are 
stepwise explained in Fig. 4b. When light is incident on the photoanode, quantum 
dots absorb it and produce electron in conduction band and hole in the valence band, 
respectively. Due to the favourable band edge alignment, the electrons from quantum 
dots are transferred to the conduction band of metal oxide (1) and then to counter 
electrode (2) via an external circuit, whereas holes travel from the valence band of 
quantum dots to electrolyte (3) where reduction of sulphides takes place (4). This 
leads to the efficient separation of charge carriers avoiding the charge recombination 
losses ((5) and (6)). The most employed metal-oxides in QDSC include TiO2, ZnO,  
SnO2, etc., while the most explored sensitizing quantum dots are Cd, Pb or multi-
layer chalcogenides. The performance of QDSC is limited by the losses due to the 
characteristic nature of electron transport throughout the quantum dots network [38]. 
The electron transfer in the network of quantum dots is through the hopping of elec-
trons between orbitals of adjacent quantum dots, which is defined as a random walk. 
This process affects the electron collection at the photoanode as the electron must 
complete multiple hopping steps to reach the current-collecting substrate without 
unwanted processes like recombination or trapped-state termination. Not only the 
electron transfer kinetics is hindered, but also with an increase in quantum dots thick-
ness or layering, quantum dots near metal oxide lack access to electrolytes, and hence 
regeneration of quantum dots is hindered. Utilizing graphene-related compounds 
improves this charge transfer phenomenon between different layers and provides 
efficient interface engineering by acting like an electron funnel.

In some reports, it has been established that incorporating graphene in quantum 
dots improved the collection and transport of photogenerated charge carriers. 3D-G 
possesses the potential to further improve the efficiency of these working electrodes 
by offering an efficient electron transfer mechanism through an interconnected elec-
tron transfer highway system, the presence of enriched edges and defects acting as 
electroactive sites, and a large surface area for electrolyte diffusion. Lightcap et al. 
constructed a unique structure of 3D QD-sensitized graphene photoelectrodes that 
provide a substantial solution to overcome the problem associated with a random walk 
and limited conductivity of quantum dot sensitizers [38]. In addition, the photocurrent
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Fig. 4 Schematic diagram showing a typical construction of QDSSC b charge transfer processes 
in a QDSSC. Adapted with permission [39], Copyright (2016), Elsevier Ltd

response is improved by 150% as compared to QDSC without graphene. Tavakoli 
et al. have studied 3D-G networks (3DGNs)-based transparent electrodes to improve 
the output of lead sulphide-based QDSC [40]. The study has demonstrated that 3DGN 
electrodes improve the electron transfer process which leads to a 30% improvement 
in efficiency in comparison to the conventional DSSC. There are few reports where 
3D-G is utilized as an efficient counter electrode owing to its extraordinary conduc-
tivity and large surface area. Zhu et al. have synthesized CuS nanocrystals loaded 
with 3D-G framework (GF) as a counter electrode in QDSC [41]. It is demon-
strated that QDSC with GF counter electrode displays a PCE of 5.04% as compared 
to those of the traditional counter electrodes like platinum (3.18%), CuS (3.75%), 
and 2D graphene–CuS electrode (4.17%). The electron transport in 2D and 3D GF 
are explained in Fig. 5a, b. The GF–CuS electrode possessing an interconnected 
3D conductive network structure facilitates the electron transfer via. “multi-channel 
transport pathways” and uniformly distributed copper sulphide nanoparticles provide 
numerous electrocatalytic sites, enhancing the electrical and catalytic properties of 
the composite electrode, as depicted in Fig. 5b. Superior performance of 3D-G-CuS-
based counter electrodes as compared to platinum is quite evident by I-V plots in 
Fig. 5c. However, despite possessing the excellent potential to contribute to the signif-
icant improvement in the efficiency of QDSCs, as discussed already, the studies are 
yet limited and thus paves the way for researchers to explore this excellent material 
extensively to further enhance the performance of QDSCs.

3D-G in other solar cells 

Research on perovskite solar cells (PSCs) is growing enormously and garnering atten-
tion due to their outstanding performance and cost-effective easy solution process-
ability. PSCs have achieved higher performance in terms of conversion efficiency 
above 25% on par with monocrystalline, heterojunction Si [5], and higher than 
CIGS and CdTe solar cells (26.1, 26.7, 23.4, and 22.1%, respectively) in a quick
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Fig. 5 Schematic diagram showing transfer of the electrons in a 2D graphene sheets, b 3D-G-CuS 
counter electrode for electrolyte reduction in QDSSC, and c I-V plots comparing the performance 
of various counter electrodes. Adapted with permission [41], Copyright (2016), Elsevier Ltd

time [42]. A typical PSC consists of three major layers classified based on their 
specific roles that control the performance and stability of devices like perovskite 
absorbers, ETLs, and HTLs. The hurdles in the commercialization of PSCs include 
instability of absorber and HTLs and the use of costly noble metal-based counter 
electrodes. It is reported that metal-free counter electrodes could contribute to the 
stability of PSCs [43]. Moreover, cost-effective counter electrodes also support in 
realization of achieving the ideal levelized cost of energy (LCOE) of PSC less than 
5 US cents kWh−1 [5]. Carbon-based electrodes are a viable option to replace these 
costly metal-based counter electrodes as they are cheap, abundant, possess high 
chemical/electrochemical stability, large surface area, better electrical conductivity, 
and are eco-friendly. Recently, 3D-G is gaining attention as an efficient electrode 
material in PSC owing to its high surface area, remarkable electrical conductivity, 
and stability. 

Wei et al. have studied the synthesis of a 3D honeycomb resembling graphene 
(3DHG) by a simple reaction of K and CO2. They have utilized 3DHG as a counter 
electrode in PSC without any hole transport material (HTM) and have recorded a 
PCE of 10.06%. This study has embarked on a novel journey of material synthesis 
using chemistry related to potassium to produce electricity from solar light [44]. 
Similarly, Pandey et al. have fabricated 3D-G nanosheets (GNs) using plastic and 
have employed them in PSC without HTL. They have used a two-step pyrolysis 
technique in which a mesh of nickel (99.99%) is used as the template to synthesize 
3D GNs without using any kind of acid in reaction. Figure 6a shows the cyclic 
voltammetry curves of 3D-GN which is used to determine the HOMO–LUMO of 3D-
GN and compare with pristine graphene material (Fig. 6b). The device has resulted in 
a PCE of 12.40% as compared to the conventional device (11.04%) due to improved 
conductivity and lowered recombination process [5]. The reduced recombination is 
achieved owing to the fast charge transfer process as shown by bang edge positions 
in Fig. 6c where a desirable HOMO position of the 3D-GN can easily promote faster 
transfer of holes. Saheed et al. fabricated 3D-G foams that have improved the charge 
transport in ZnO ETL in PSCs. The 3D/ZnO architecture has not only improved PCE 
to 10.9% with respect to ZnO (4.2%), but has even enhanced the open circuit potential
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Fig. 6 A CV plots of 3DG nanosheets derived from waste, b HOMO–LUMO levels of 3DGNs 
and conventional graphene, and c band edge positions of 3DGN employed PSC. Adapted from 
reference [5]. Copyright The Authors, some rights reserved; exclusive licensee [The Royal Society 
of Chemistry 2021]. Distributed under a Creative Commons Attribution License 3.0 (CC BY) https:/ 
/creativecommons.org/licenses/by/3.0/

of the device by two-fold. The improvement in the performance is attributed to the 
electron transporting highway system that leads to effective charge separation within 
the 3D-G framework [45]. 3D-G electrodes are also studied in other PV devices like 
CdTe solar cells. Bi et al. have carried out large-scale fabrication of 3D-G upon 
nickel foams using ambient pressure chemical vapour deposition (APCVD). The 
highly conductive films with a sheet resistance of ≈0.45 Ω/▢ and a conductivity of 
ca 600 S/cm are explored in CdTe-based devices that have dramatically enhanced the 
PCE to 9.1% [46]. The above discussion clearly validates the fact that there are very 
few reports exploring 3D-G electrodes in PSC and other solar cells, and additional 
research efforts are required in order to utilize and realize the full potential of 3DG 
electrodes in PSC, CdTe, Si, organic, and other emerging solar cells. 

https://creativecommons.org/licenses/by/3.0/
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4 Conclusions 

The present chapter discusses the latest developments in the application of 3DG 
and its functional composites in PVs. These materials boost the PV performance 
of devices owing to their unique physical and chemical characteristics and remark-
able properties like high carrier mobility, low resistivity, transmittance, and two-
dimensional networks. There are pathbreaking evolutions happening in the field of 
3DG synthesis, formation of composites, and its employment in various constituents 
of next generation solar cells. 3DG is being used as electrode material in liquid 
junction cells like DSSC and QDSC as well as solid junctions like organic PVs and 
PSCs, because of its minimal mass density, high specific surface area, remarkable 
electrocatalytic activity, stability, and excellent mechanical properties coupled with 
outstanding electrical and optical properties. Presently, most of the 3DG electrodes 
are used in conjunction with other semiconducting electrodes due to the absence 
of bandgap in these materials. Therefore, it is highly desirable to induce a bandgap 
in 3DG materials by implying some chemical modifications. Efforts should also 
be concentrated on developing 3DG-based functional and composite materials that 
could improve the interfacial charge transfer process across the electrode and elec-
trolyte. This can be a significant step in replacing platinum as counter electrodes in 
QDSC since platinum causes a poisoning effect with polysulphide electrode. Defects 
in 3DG are favourable for catalytic properties but in some devices, controlled defects 
or high purity could be very beneficial. Achieving such purity depends on the method 
of reduction of GO explored in order to form 3DG structures. Utilizing CVD-based 
3DG looks more promising for maintaining purity, innate 3D charge transport system, 
and superior electrical conductivity. Owing to these advantages, more studies should 
be concentrated on improving the CVD-3DG synthesis technique and making it 
industrially viable. 

Moreover, attempts could be targeted to modify synthesis techniques in order to 
achieve precise control of surface properties like pore size and thickness. 3DG with 
a large pore size in the range from one hundred to several hundred micrometres 
decreases its mechanical properties, therefore, meso- or microporous features are 
highly desirable. In addition, there are only a few reports on the application of 3DG 
electrodes in PSC and other solid junction solar cells. There is wide scope to test this 
material and check its feasibility as a working or counter electrode, ETL or HTL, 
and passivation layers to enhance the performance and stability. Further, efforts are 
required in the field of interfacial engineering as it is very beneficial to control inter-
facial voltage drop and leakage current which plays an important part in enhancing 
the efficiency of PV devices. There is still huge scope to discover novel 3DG-based 
architectures that can be incorporated into numerous devices like multijunction or 
tandem solar cells to improve the output performance of these devices. 
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3D Graphene for Fuel Cells 
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Abstract Materials science technology and research are advancing all the time 
which has a direct impact on the large contribution of carbon-based materials. Carbon 
can be present in various allotropes including zero-dimensional Carbon-60 (0D C60) 
and one-dimensional (1D) carbon nanotubes, two-dimensional (2D) graphene mate-
rials, and many more with unique and excellent properties. However, the function 
of 2D graphene still needs to be improved to meet the needs of various applica-
tions such as electrochemical catalysis, environmental remediation, energy storage, 
and conversion. Modifications on 2D graphene have been done at various levels to 
obtain a material with more efficient properties, which is in the allotrope of three-
dimensional (3D) graphene. This chapter focuses on the application of 3D graphene 
materials in fuel cell applications starting with the introduction of fuel cells, classifi-
cation, and synthesis methods for 3D graphene. Then, the current study on aerogel, 
hydrogel, and foam-based graphene material for fuel cell application is discussed. 
Next, the challenge and future perspective as well as the conclusion are given to be 
a reference for the reader. 

Keywords 3D Graphene · Aerogel · Hydrogel · Foam · Fuel cell 

1 Introduction 

A device called a fuel cell transforms the chemical energy from a fuel into electrical 
energy by engaging in a chemical reaction with an oxidizing agent. It operates simi-
larly to a battery but requires a continuous source of fuel and air to sustain the reaction 
and produce electricity [1]. Fuel cells are highly efficient and emit very little pollu-
tion, making them a promising technology for use in clean energy systems, including
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transportation and power generation [2]. Fuel cells have been a significant aspect of 
research due to their crucial role in various fields such as portable, stationary, trans-
portation, engineering tissue, and medical. Despite rapid growth, some challenges 
need to be addressed to keep fuel cells making a positive impact, such as reducing 
costs and improving component durability. The most crucial component in a fuel 
cell in Fig. 1 illustrates a membrane electrode assembly (MEA), which includes a 
membrane and an electrocatalyst. The anode and cathode are key parts in determining 
the chemical reaction, and catalyst poisoning can occur due to ineffective oxidation. 
The reaction is also influenced by various factors like fuel concentration and process 
conditions [3]. 

The conventional catalyst commonly used in fuel cells is platinum supported 
by carbon black, known as Vulcan XC-72. This type of catalyst requires a large 
quantity of platinum which can lead to increased costs and stability problems, such 
as poisoning and sintering. There is a need for research to develop more affordable 
and efficient catalysts [4]. In order to attain optimal electrochemical performance, 
the catalyst layer should be manufactured. High reaction rates are achieved through 
a good catalyst’s facilitation of electron, proton, and reactant transfers. It is vital 
for this to happen that the catalyst layer’s structure and composition are optimized. 
Despite these promising characteristics and enhanced functionality, carbon-based 
nanostructured materials have been gaining favor as electrocatalysts [5].

Fig. 1 Schematic of fuel cell component. Adapted with permission [14], copyright (2017), Elsevier 
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Paraknowitsch et al. [6] have conducted research on the use of advanced doped 
carbon-based catalysts in energy applications, including fuel cells. Examples of these 
materials include carbon and graphene in the structure of aerogels, xerogels, cryogels, 
hydrogels, and foam. The first carbon aerogels were created in the 1930s using the 
supercritical drying technique introduced by Kistler [7]. Additionally, the sol–gel 
polycondensation process of organic monomers such as resorcinol and formalde-
hyde can produce organic gels that can be transformed into carbon aerogels through 
carbonization, as demonstrated by the Pakalas method. 

3D graphene-based materials have become highly popular for their various appli-
cations, such as in electrochemistry, fuel cells, photocatalysis, microelectronics, 
supercapacitors, oil clean-up sorbents, and lithium-ion batteries [8]. This is due to 
its unique properties, such as its high porosity, low thermal conductivity, large active 
surface area, and controlled pore size. It can be formed into different shapes, such 
as monoliths, thin films, and pellets. The structure of 3D graphene-based materials 
such as aerogel is composed of interconnected nano-sized particles, and it can be 
made with different textures like micropore, mesopore, and macropore [9]. As seen 
in Fig. 2, aerogel exists in a state between liquid and gas, and its texture can be 
fine-tuned to produce optimal catalyst support for fuel cell applications. 

Recent research has shown that the gel made of 3D graphene can lower the mass 
transfer rate in the catalyst layer due to its distinctive pore structure. The surface 
chemistry of the 3D graphene-based materials gel can be altered through various 
methods, such as modifying the precursor used in the organic gel production stage 
or applying gas or liquid treatments during the final stages of gel production. These 
methods allow for the introduction of functional groups on the 3D graphene-based

Fig. 2 The figure of “density” versus “enthalpy of the system” shows the distribution and transition 
of various states of matter. Adapted with permission [15], Copyright (2013) by the authors; licensee 
MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution License 
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materials support surface, which is crucial in preparing metal-supported catalysts 
and determining the loading, dispersion, oxidation conditions, and stability of the 
metal phase [8]. 

In the modern chemical industry, solid catalysts have gained prominence and 3D 
graphene-based materials structures have emerged as promising materials for hetero-
geneous catalysis and catalyst support. Kistler was the first researcher to explore 
the potential of aerogel as a catalyst, followed by further studies by researchers 
such as Baiker, Pajonk, Teichner, and other groups [10–13]. The development of 3D 
graphene-based materials for fuel cell applications, such as aerogel, hydrogel, and 
foam, is the main topic of this chapter. It also discusses the synthesis of catalysts 
and catalyst supports, as well as the materials’ potential in fuel cells in terms of 
electrochemistry and power density. This chapter also nalyses how the design and 
operational parameters of fuel cells affect activity. 

2 3D Graphene Based Aerogel Application in Fuel Cell 

Nowadays, the use of nanomaterials produced by aerogel is of great importance in 
decreasing the reliance of fuel cells on pricey noble metals such as platinum and 
palladium that are used in the anode and cathode catalyst layers. The ultimate aim is 
to decrease the overall cost of the fuel cell system and boost its commercialization 
in the markets of both China and the United States. Aerogels’ special qualities have 
the potential to increase fuel cells’ effectiveness. The Proton Exchange Membrane 
Fuel Cell (PEMFC) stack is a widely utilized technology in various fields such as 
automotive, domestic, military, and small-scale applications. In order to function 
optimally, the PEMFC stack requires a certain amount of platinum, with a minimum 
requirement of 0.2 g per kilowatt, and a cell voltage of 0.65 V. 

Despite this, the current PEMFC system needs to use a lot of platinum catalysts 
in order to achieve the desired power density of 1 kilowatt, ranging from 0.85 to 
1.2 g per kilowatt. As a result, reaching the minimum level of platinum usage, which 
is five times less than what is currently being used, will be difficult for large-scale 
applications [4]. An intriguing fact is that graphene-based aerogel has the ability to 
stabilize on a leaf, and this material is noted for being exceptionally lightweight. 
Due to its appealing qualities like electrical conductivity, high mechanical strength, 
adsorption capacity, and thermal resistance, graphene aerogel has been reserved for a 
variety of applications as a special material. It also licenses names and shows to boost 
the characteristics and performance of catalysts in fuel cell applications. Recently, 
Guan and his co-worker [16] fabricated a new membrane electrode assembly (MEA), 
which involves placing a layer of graphene aerogel (GA) between the carbon powder 
microporous layer and the catalytic layer, has been developed to improve the output 
of direct methanol fuel cell (DMFC) at high methanol concentrations. This approach 
has been found to enhance the performance of DMFC significantly. 

The maximal power density of the new MEA, which is 234% greater than that of 
the standard electrode, is reported in this study to be 27.4 mWcm−2 in an environment
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of 8 M methanol. According to the electrochemical impedance spectroscopy (EIS) 
test results, the novel MEA’s internal resistance is not increased by the addition of GA, 
and the mass transfer resistance is noticeably lower at high concentrations. Çögenli 
et al. [17] work on graphene with carbon black heteroatoms Platinum nanoparticles 
supported by an aerogel hybrid served as Pt nanoparticles supported by three different 
hybrid carbons (50:50)—Pt/GA-C (Platinum/carbon black and graphene aerogel), 
Pt/NGA-C (Platinum/carbon black and nitrogen-doped graphene aerogel), and Pt/ 
BGA-C (Platinum/carbon black and boron-doped graphene aerogel)—were used as 
electrocatalysts for the oxidation of methanol and formic acid that were made using 
the modified Hummers technique, hydrothermal procedure of the support materials, 
and microwave irradiation. In terms of methanol and formic acid oxidation, the Pt/ 
BGA-C catalyst had the maximum catalytic activity. 

Other than that, Guo and his colleague [18] performed the electrocatalyst support 
for methanol oxidation using nitrogen-doped graphene aerogel microspheres. This 
supported catalyst was produced by freeze-drying, thermal annealing, and elec-
trospraying pyrrole and an oxidizing agent into a graphene oxide dispersion. The 
reported results show that Pt/N-doped graphene aerogel bulk (Pt/rGNAB), and Pt/N-
doped graphene aerogel millimeter spheres (Pt/rGNAS) show that anode electrocata-
lysts achieve higher mass activity performance compared to Pt/C of 840.11 mA mg−1 

for the electrooxidation of methanol. The Pt/rGNAMs additionally exhibit enhanced 
long-term electrocatalytic stability. Additionally, Sahoo et al. [19] consider 3D 
graphene supported by Palladium (Pd) as a possible electrocatalyst for alkaline direct 
methanol fuel cells. This study describes a straightforward, inexpensive, and envi-
ronmentally friendly Pd supported on 3D graphene aerogel (Pd/GA) using a single 
freeze-casting process. According to this research, the Pd/GA catalyst outperforms 
standard Pd/carbon black (Vulcan XC-72R) with the same loading (20%) of Pd in 
electrocatalysis and exhibits abnormally high toxin tolerance and stability. 

Interestingly in 2018, Selim Çögenli et al. [20] research on platinum nanoparticles 
for formic acid electrooxidation supported by graphene aerogel. Different support 
materials, such as commercial carbon black (C), produced graphene aerogel (GA), 
and their hybrids (GA/C), were used in this investigation. According to the research, 
commercially produced carbon-supported catalysts for the oxidation of formic acid 
did not perform as well as synthetic GA-supported catalysts did. Direct pathway 
dominated the electrooxidation of formic acid, and Pt/GA and Pt/GA/C(2) catalysts 
demonstrated improved tolerance against the CO poisoning effect. Since the study 
by Kwok and his team [21], graphene and carbon nanotube composites were used as 
catalyst supports for Ru at Pt catalyst to produce a high porosity anode for a flow-
through direct methanol microfluidic fuel cell (MFC) application. The porosity size 
of the electrode and the size of the nanoparticles synthesized were in the range of 
5 nm and 10 m, respectively. The conductivity had been enhanced due to the well-
connected nature of the graphene sheets owing to the existence of carbon nanotubes 
(CNT). 

In the presence of 1 M methanol and 1 M KOH, a catalyst with a maximum specific 
power of 13.1 mWmg−1 attained its highest performance in comparison to earlier 
research. Tsang et al. [22] studied a nickel foam plate covered with a bimetallic Pd/
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Pt loaded GA that is free of a binder. The Pd/Pt/GA/NFP electrode is then put to 
the test in alkaline direct ethanol fuel cell (DEFC) applications, with the highest 
maximum power density achieved being 3.6 mWcm−2 at room temperature and a 
Pd/Pt ratio of 1:1. Besides, Zhou et al. [23], polyvinyl alcohol (PVA), which serves 
as an organic binder to be employed as an ultrafine Pt nanoparticle catalytic support, 
was used in the freeze-drying procedure to create 3D graphene/carbon nanotube 
(GRCNTs) aerogels. The good ant poisoning capability, high activity, and exceptional 
durability of this manufactured catalyst were indisputable great qualities. In addition, 
Kwok et al. [24] have successfully anchored the platinum nanoparticles on GA with 
a diameter of 1.5 nm for use in a direct methanol microfluidic fuel cell. Pt/GO 
aerogel has some reimbursements over commercial Pt/C electrodes, including a 358% 
increase in specific power, greater catalytic activity, and electroactive surface area. 
In applications involving direct glucose fuel cells (DGFC), Tsang and his team [22] 
search for alternate ways to generate binder-free electrocatalytic electrodes. Then, 
various Pd/Pt ratios on nickel foam plates without a binder were achieved by utilizing 
GA as catalyst support (1:2.32, 1:1.62, and 1:0.98). This innovative PdPt/GO/nickel 
form plate (NFP) composite was created using an environmentally friendly one-step 
mild reduction technique. The best performance was 1.25 mWcm−2 of maximal 
power density under ideal conditions (0.5 M glucose/3 M KOH as the anodic fuel 
and Pd1Pt0.98/GA/NFP as the catalyst). 

Krittayavathananon and Sawangphruk [25] have successfully improved the perfor-
mance of the Pd catalyst due to the high porosity of the graphene oxide aerogel paper 
support. They also conducted another study as a control and comparison, namely Pd 
coated on 3 other types of carbon materials including bare carbon fiber (CFP), and 
CFP modified with either 2D graphene oxide (GO) and 2D rGO nanosheets. It turns 
out that Pd supported RGO aerogel has higher performance than others. Based on 
the high porosity of 3D rGO support, the direct ethylene glycol fuel cell performs 
best when the catalyst is Pd/3D rGO aerogel. This Pd/3D rGO aerogel was capable 
of delivering a high anodic current density of 267.8 mAcm−2 at 3000 rpm. The 
distribution of pores and the shape of aerogel and aerogel composite are shown in 
Fig. 3.

Zhao et al. [26] used three straightforward combination techniques, including 
template removal process thermal treatment, and hydrothermal self-assembly to 
create 3D porous nitrogen-doped GA (3D NGA). The current-produced catalyst 
performs much better than Pt/G and Pt/3D-GA catalysts, especially when it comes 
to the electrooxidation of methanol. It has a high electrochemical active surface area 
(ECSA) of 90.7 m2g−1, good stability, and greater catalytic activity. This exceptional 
performance was due to the well-connected 3D porous structure, high N doping level, 
and uniform Pt NP dispersion. Instead of that, Öztuna and his team [27] studied a 
supercritical deposition technique to create extremely tiny, thin, pyramidal meso-
porous graphene aerogel (GA) supported Pt nanoparticles (scCO2). The conversion 
temperature (400 °C to 800 °C) and the typical particle size were the variables exam-
ined in this study (1.2 to 2.9 nm). The supercritical deposition (SCD) technique 
allows for the preservation of the original textural characteristics of GA even after 
the deposition of Pt nanoparticles. According to Fig. 4, the Pt/GA produced has a
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Fig. 3 SEM images at varying magnifications show the 3D rGO aerogel coated on CFP a, c and 
the Pd electrodeposition on the top layer of the 3D rGO/CFP b, d. Additionally, N2 adsorption/ 
desorption isotherms of the 3D rGO aerogel and 2D rGO sheets restacked (e), as well as the pore 
size distribution of these materials (f), are also presented. Adapted with permission [25], Copyright 
(2016), Elsevier

maximum mass activity of 30.6 mAmg−1 Pt, which is significant when compared to 
the mass activity of the Pt/GA electrocatalyst produced using the traditional method. 
This makes the conversion temperature of 600 °C the most suitable. Furthermore, 
Huang and his collaborator [28] were employing 3D-GA as the support for the Pt 
catalyst, and Pt was subsequently added to 3D-GA using a straightforward process 
called the one-step co-reduction approach. The electrocatalyst of Pt/GA performed
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Fig. 4 Pt/GA, graphene aerogel morphology and electrochemistry behavior. Adapted with permis-
sion [27], Copyright (2017), Elsevier 

well in terms of durability and electrocatalytic activity due to GA’s unique 3D archi-
tecture structure, effective Pt deployment in GA spaces, and efficient interactions 
between Pt nanoparticles and GA. 

Zhao et al. [29] used the quick and environmentally friendly hydrothermal 
technique in order to create a platinum, carbon, and graphene aerogel (Pt/C/GA) 
combined to form a highly stable hybrid electrocatalyst. The unusual 3D graphene 
framework structure of this electrocatalyst played a major role in its ability to accom-
plish substantial methanol electrooxidation without losing electrocatalytic activity. 
The Pt/C/GA is also more stable than Pt/C, whose mass activity remained relatively 
stable after 200 cycles of testing. Methanol electrooxidation’s performance needs to 
be increased. Duan and team [30] synthesized graphene oxide aerogel (GOA) as a 
substitute for platinum as a catalyst. Pt/GOA has a large active surface area, which 
contributes to its excellent mass transfer process efficiency. In this research, a number 
of parameters that affected GA structures were found. One of them is the process 
used to make aerogel. The second is the temperature and time for drying the aerogel. 
The size of the pore, pore dispersion, and the networking established are all observed 
to be influenced by all of these factors and last is the usage of precursor materials. 

3 3D Graphene-Based Hydrogel Application in Fuel Cell 

Recently, Moradian and his team [31] studied the anode for effective microbial fuel 
cells powered by xylose using yeast-induced production of graphene hydrogels, as 
illustrated in Fig. 5. Yeast-based MFCs were developed employing an autonomously
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self-modified 3D reduced graphene oxide (rGO) hydrogel anode, which has a two-
fold improvement in bioelectricity and biohydrogen production from xylose. Addi-
tional investigation revealed that the underlying reason for the enhancement of MFC 
performance was the 3D rGO hydrogel’s ability to draw in more yeast cells and 
minimize the interfacial charge transfer resistance.

Additionally, Chen and his colleague [32] introduced an anode for microbial 
fuel cells that were constructed using a suggested 3D composite hydrogel made of 
reduced graphene oxide and polyacrylamide (rGO/PAM) and connected to a current 
collector graphite brush (GB). The in situ polymerization of acrylamide in a graphene 
oxide dispersion was used to create the rGO/PAM, which was then reduced with 
ascorbic acid. The resulting macro-porous scaffold had a high surface area and was 
biocompatible, which facilitated mass diffusion of the culture medium, microbial 
colonization, and electron mediators. The findings of this work show that at the 
stable stage of power generation, the maximal power density, and volumetric power 
density of the GB/rGO/PAM anode are impressively high 758 mWm−2 and 53 Wm−3, 
respectively. The orientated rGO/PAM (O-rGO/PAM) with higher conductivity can 
significantly increase the greatest power density of MFCs and reach 782 mWm−2. 

Apparently, Kumar and his team [33] are emphasizing research on Carbona-
ceous nanocomposite hydrogels in their approach to the suspension polymerization 
Method used in anodes in microbial fuel cells (MFCs). In comparison to the empty 
hydrogel, (Poly N-Isopropylacrylamide) (PNIPAM) hydrogels loaded with electri-
cally conductive carbonaceous nanoparticles have much greater MFC efficiency. 
Carbon nanotubes (CNTs) and graphene oxide (GO) are evenly dispersed throughout 
the PNIPAM matrix, as seen in the obtained morphological images. Remarkably, this 
work discovered that the synthesized PNIPAM-GO-CNT composite showed supe-
rior MFC performances with a durability of more than 300 h thanks to the combined 
efforts of high electrical conductivity and strong active carbon support. Hydrogel 
based structure material has several advantages that can potentially be used in MFC 
applications including low cost, a simple technique of manufacture, environmental 
friendliness, and outstanding electrocatalytic activity. 

4 3D Graphene-Based Foam in Fuel Cell 

In energy conversion and storage devices like fuel cells, oxygen evolution and reduc-
tion reactions (OER, ORR) are two vital electrochemical processes. Due to the slow 
nature of OER and ORR, commercial ruthenium and platinum-fabricated electrocat-
alysts as electrode materials are commonly employed to accelerate the reaction rates. 
However, the practical feasibility of these electrochemical applications is hampered 
by high noble metal cost, unavailability, and inadequate durability. Hence, signif-
icant efforts are being made to develop economic and sustainable electrocatalysts 
that replace costly noble metals in renewable energy technologies. Two-dimensional 
nanomaterials, specifically 2D graphene, are most commonly used in fuel cells owing 
to their remarkable electrical, optical, and mechanical properties. Strong interactions
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Fig. 5 a photograph of a bare CF electrode, while b, c CF electrodes with GO adsorption and 
yeast-induced bio-rGO/CF hydrogel, respectively. SEM images of d, e show the bare CF electrode, 
and f, g bio-rGO/CF electrode after discharge in MFC, with yeast cells indicated by red arrows 
and rGO nanosheets indicated by blue arrows which different magnifications used in the SEM 
images and h performance of yeast-induced formation of graphene hydrogels in MFC. Adapted 
with permission [31], Copyright (2022), Elsevier
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between graphene sheets, aggregation, and stacking lower graphene nanosheets’ 
conductivity and specific surface area. 

One of the most efficient approaches to solving these drawbacks is to develop 
three-dimensional (3D) nanostructures. Graphene foam (GF) with a 3D structure, 
interconnected macropores, and high surface area has been effectively designed using 
different approaches [34]. These superior qualities make 3D graphene foam a poten-
tially useful catalyst in fuel cells. Heteroatoms (like S, P, and N) and transition metals 
(like Ni, Co, and Fe) supported on 3D graphene foam appropriately are better alter-
natives to Ru/Pt-based electrocatalysts owing to their availability, cheap cost, and 
high stability. Highly efficient electrocatalysts, such as those that catalyze both the 
ORR and OER, hold great promise as a potential replacement for fossil fuels in the 
generation of usable energy in the future. The expensive noble metal electrocatalysts 
are consistently replaced by developing economic nanohybrid materials. 

In Jeong et al. [35] studies, CoFe nanoparticles, and an N-doped carbon shell 
were integrated on three-dimensional (3D) mesoporous N-doped graphene foam 
(CoFe@N–C/MNGF). This CoFe@N–C/MNGF nanohybrid has shown excellent 
electron transfer efficiency with better OER activity in alkaline electrolytes and a 
lower overpotential of 330 mV. Due to high ORR activity (stability, electron transfer, 
catalytic activity, etc.), it may be a good replacement for noble-metal-based ORR 
materials in alkaline fuel cells as the cathode electrode. In an alkaline electrolyte, 
the nanohybrid displays a potential of 0.87 V and a low Tafel plot of 71.7 mV dec-1 
at 5 mA cm−2, with an estimated electron transfer number (n) of 2.1–3.61 at 0.15 
to 0.35 V. The findings of this research provide novel perspectives on developing a 
low-cost, bi-functional electrocatalyst that does not require expensive noble metal 
catalysts. In Li et al. [36] study, 3D reduced graphene oxide (rGO) was synthesized 
and fabricated with Co nanosheets and Au nanoparticles for the electrooxidation of 
sodium borohydride (NaBH4) in an alkaline medium. The as-prepared 3D rGO foam 
shows a good current collector, and the composite material CoAu/rGO foam is used in 
a direct borohydride-hydrogen peroxide fuel cell (DBHPFC), as the anode electrode. 
The structural features of 3D rGO foam provide low electrochemical impedance, 
large electrochemical surface area (390 m2 g−1), and high efficiency for NaBH4 

oxidation. The electrode kinetics of CoAu/rGO foam suggests 6.9 electron transfer 
and first-order kinetics for the oxidation of NaBH4. 

Optimizing the efficiency of polymer electrolyte membrane fuel cells requires 
combining a gas diffusion layer with a flow field. This is accomplished by combining 
the gas diffusion layer with the flow field to reduce the thickness of the membrane 
electrode assembly (MEA) and reactant pathway, hence decreasing electron-mass 
transport resistance. In Park et al’s. [37] study, graphene foam serves as a flow field 
as well as a gas diffusion layer as part of a unified MEA. A reduction in thick-
ness of 82% allows for an increase in the projected volume power density. When 
compared to a conventional MEA, the unified membrane electrode performs better in 
the area of high current density due to a larger pressure drop, which is also confirmed 
by structural and design simulation data analysis. As a three-dimensional material 
consisting of interconnecting macropores, graphene foam combines the benefits of 
graphene with the morphological features of metal foam. The enhanced porosity
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of metal foams has led to their development as a flow field since it can be used to 
disperse reactants evenly over a large surface area and drain off any water that is 
generated during the process. However, these metal foams are highly susceptible to 
the corrosion process, which limits their practical applications during the working of 
polymer-electrolyte-membrane fuel cells. 3D graphene foam has been employed as 
a flow field to analyze its characteristic features toward the mass transfer of substrate 
and products [38]. The efficiency of 3D graphene foam has been enhanced at high 
current densities owing to its improved mass transfer properties in a single-cell test. 
The detailed electrochemical analysis, including the simulation, oxygen gain, and 
electrochemical impedance results, reveals that the 3D graphene foam-based elec-
trode assembly offers lower mass transport resistance than conventional electrode 
assembly. These improved results displayed by 3D graphene foam are assumed due 
to the 3D graphene foam and interconnected macropores. 

During the electrooxidation of NaBH4, the catalytic efficiency and the use of 
NaBH4 are of paramount importance. Ultra-thin CoNi nanosheets fabricated with 
innovative 3D reduced graphene oxide foam are developed as an effective anode 
catalyst to enhance the efficiency of NaBH4 oxidation in Li et al.’s [39] study. The 
electrooxidation of NaBH4 has been studied by developing ultrathin transition metal 
nanosheets on a 3D rGO anode catalyst (CoNi-NS/rGO foam). CoNi-NS fabricated 
on 3D rGO foam has been employed in a three-electrode system to determine its 
potential in an alkaline medium toward the oxidation of NaBH4. The as-prepared 
CoNi-NS/rGO foam exhibits low electrochemical impedance, high electrochemical 
surface area, and low activation energy (8.29 kJ·mol−1). The oxidation of NaBH4 
on the fabricated electrode follows first-order kinetics, as confirmed by LSV studies. 
The as-prepared catalyst has been used in DBHPFC, and the results suggest excellent 
efficiency toward NaBH4 oxidation. Zhou et al. have synthesized transition metal-
fabricated hierarchical porous N-doped graphene foams (HPGFs) that are supported 
by silica nanoparticles [40]. The transition metal and silica NPs provide excess 
surface active sites and high surface area (918.7 m2 g−1). The ORR catalytic activity 
of HPGFs is tuned by employing different nitrogen precursors (urea, melamine, and 
cyanamide). HPGF displays better ORR activity than commercial Pt/C electrode 
materials. Furthermore, HPGF shows enhanced electrochemical performance in an 
acidic medium when compared to an alkaline medium. HPGF exhibits long-term 
stability (5000 cycles) and high resistance to methanol in both acidic and alkaline 
solutions. The HPGF-1 electrocatalyst has been integrated into the zinc-air battery 
for electrochemical energy conversion systems. 

Platinum ruthenium (PtRu) NPs were successfully deposited on 3D graphene foam 
(PtRu/3D GF) to develop a hierarchical novel composite material in Kung et al. [41]. 
This PtRu/3D GF has been used as a nanocatalyst for methanol and ethanol oxida-
tion. PtRu/3D GF has displayed better electrochemical efficiency toward oxidation of 
methanol and ethanol, along with high resistance to CO poisoning than PtRu, PtRu/ 
C, and PtRu/graphene (commercial graphene). The methanol and ethanol oxidation 
is nearly doubled by PtRu/3D GF than PtRu/graphene, which is assumed due to 
the reduced crystal size of PtRu (3.5 nm) and enhanced surface area (186.2 m2 g−1) 
provided by 3D graphene foam. A facile, economic, and single-step pyrolysis method
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is used in Shi et al. [42] study to prepare 3D FeNi-functionalized N, P doped graphene 
foam (FeNi@NP-GF) electrocatalyst for DMFCs. The FeNi@NP-GF exhibits high 
limiting current density and positive half-wave potential as compared to its precur-
sors, which is due to the combined interaction of Fe/Ni-Nx with Fe/Ni and N groups 
and high surface active sites of 3D graphene foam. It also exhibits significant resis-
tance in an alkaline medium for methanol crossover and a four-electron transfer mech-
anism. In addition, FeNi@NP-GF served as a reliable platform for Pt nanoparticles 
(NPs). The as-synthesized electrocatalyst showed excellent activity, for methanol 
electrooxidation in an acid medium. 

The superior features of metal oxide nanostructures make them a competitive 
material for energy storage, conversion, and other green energy applications. In 
Kumar et al. [43] work, an asymmetric supercapacitor with a cathode electrode 
made of ZnO@stainless steel (SS) nano cauliflower and an anode electrode made 
of reduced graphene oxide (rGO) on nickel (Ni) has been successfully developed 
(rGO@Ni/ZnO@SS). ZnO thin film electrode is produced by reactive DC magnetron 
sputtering, and the rGO electrode by electrodeposition. In addition, the kinetics of 
thin film electrodes were studied in an alkaline electrolyte solution and the capaci-
tance performance of this unique supercapacitor, rGO@Ni/ZnO@SS, exceeds that 
of conventional nanostructured metal oxides. The as-prepared ASCs show enhanced 
capacitance values (0–1.4 V), excellent electrochemical efficiency, and extended 
stability (89.5% after 5000 cycles). The ASC performs better than the previously 
reported ASCs, with an energy density of 23 Whkg−1 and an optimal power density 
of 156 Wkg−1 in alkaline aqueous electrolyte solutions. Because of their high perfor-
mance, there is tremendous potential for using nanostructured rGO@Ni/ZnO@SS 
in portable electronic devices. 

The hydrogen evolution process (HER) in alkaline electrolytes has seen the 
development of several catalysts, although its conversion efficiency has remained 
poor. Niobium disulfide (NbS2) heterostructures and graphene foam were grown 
on nickel foam to develop a mixed-dimensional structure (NbS2-Gr-NF) success-
fully synthesized by Aslam et al. [44] as shown in Fig. 6. The strong syner-
gistic interaction between NbS2-Gr and NF activates the NbS2 surface active sites, 
enhances the surface area, and improves conductivity. As a consequence, NbS2-
Gr-NF heterostructures result in a high current density of 500 mA cm−2 at a low 
overpotential of 306 mV in 1 M KOH solution, and the current density is further 
increased upto 914 mA cm−2 by an insignificant increase in overpotential (32 mV). 
Fast reaction kinetics, where the Volmer step is primarily responsible for controlling 
the reaction, have been confirmed by a Tafel value of 72 mV dec-1 for the prepared 
heterostructure. NbS2-Gr-NF is promising for water-splitting, particularly in alka-
line electrolytes, because of their ability to achieve high current density at a rapid 
pace while maintaining high stability.
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Fig. 6 SEM pictures of a NF, b NbS2 deposited on NF, c graphene foam deposited on NF, d NbS2-
Gr-NF, and e a schematic showing the growth of graphene foam on nickel foam and the movement 
of carbon atoms within nickel. Adapted with permission [44], copyright (2021), Elsevier
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5 Challenges and Future Perspectives 

The use of 3D graphene-based materials such as aerogel structures has expanded into 
a variety of applications due to their unique chemical properties and their ability to 
form wet gels. The high pore volume and high surface area contribute to its versatility, 
making it one of the lightest and most adaptable materials. While thermal insulation 
remains the most widely used application, 3Dgraphene-based materials have also 
been utilized in fields such as electrochemistry (supercapacitors, fuel cells), as a 
carrier of catalysts and active agents, as filling materials, and in tissue engineering. 
In the fuel cell industry, 3D graphene-based materials have shown great potential as 
a catalyst or as part of a catalyst due to their high pore volume, high surface area, 
well-connected structure, and flexibility, performing better than commercial catalyst 
support like Pt/C. There are still many aspects that can be explored for the properties 
of 3D graphene-based materials to increase their potential and development in various 
applications including: 

1. Flexibility in design. The flexibility of 3D graphene-based materials design such 
as aerogel is another advantage in its development. The 3D graphene-based 
aerogel structure can be easily modified and optimized to meet the desired 
specifications. For example, the surface area and pore size can be adjusted to 
meet the needs of the application. In fuel cell applications, the properties of 3D 
graphene-based materials structures can be tailored to maximize electrocatalytic 
performance. 

2. Cost-effectiveness. Despite being a relatively new material, 3D graphene-based 
materials structures are cost-effective compared to traditional materials. For 
example, the cost of producing 3D-graphene-based materials structures for fuel 
cell applications is relatively low compared to other materials such as platinum. 
This makes 3D graphene-based materials a potential alternative to traditional 
catalysts, making them more accessible for commercial use. 

3. Green synthesis. 3D graphene-based materials structures can be synthesized 
using environmentally friendly methods, which is an important factor in the 
development of sustainable technology. For example, the 3D graphene-based 
materials aerogel can be synthesized using a sol–gel process using natural mate-
rials such as resorcinol and formaldehyde. This green synthesis method makes 
aerogel an attractive option for environmentally conscious consumers. 

4. Additionally, the low cost of these raw materials compared to other materials used 
in the catalyst industry makes 3D graphene-based materials a more attractive 
option for catalyst support. The availability of raw materials also allows for 
the large-scale production of 3D graphene-based materials, making them more 
accessible for various applications. 

The 3D graphene-based materials structure still faces a few obstacles that limit 
its application possibilities and delay commercialization, including the following: 

i. Cost and high production time. The production time of 3D graphene-based 
materials is still long and the cost is still high compared to other materials.
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This is because the production process is still not efficient and requires high 
energy consumption. To achieve commercial success, it is important to find 
more efficient and cost-effective production methods. 

ii. Handling and storage. Handling and storage of 3D graphene-based materials 
such as aerogel is also a challenge due to its lightweight and brittle nature. This 
requires special handling and storage facilities, which can increase the cost of 
aerogel use. 

iii. Commercialization. Finally, the commercialization of 3D graphene-based mate-
rials is still limited due to limited applications and a lack of understanding of the 
properties and capabilities of 3D graphene-based materials among industries. 
This requires further research and development to explore the full potential of 
3D graphene-based materials and to increase their commercialization in various 
fields. 

In summary, further steps need to be taken to fully realize the potential of 3D 
graphene-based materials and their commercialization. This includes exploring alter-
native raw materials for 3D graphene-based materials production, innovating produc-
tion methods to increase efficiency and scale, and standardizing 3D graphene-based 
materials characterization techniques. By addressing these challenges, the potential 
for 3D graphene-based materials in various applications can be further realized. 

6 Conclusions 

In conclusion, 3D graphene-based materials have a lot of potential to be used in 
various applications due to their high pore volume, high surface area, and lightweight 
properties. However, there are still challenges that need to be addressed such as 
the production process, regulation in characterization methods, and transforma-
tion from lab-scale to industrial-scale production. Further studies are needed to 
explore the diverse raw materials for 3D graphene-based materials fabrication, hybrid 
composite potentials, and regulations for comparison and standardization. With 
more research and development, 3D graphene-based materials have the potential 
to continue to penetrate new application areas in the future, particularly in the fields 
of environmental and electrochemistry. 
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3D Graphene as Electrocatalysts 
for Water Splitting 
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Abstract Considering the rapidly growing Earth pollution and energy crisis in the 
last several decades, the development of renewable energy sources has been at the 
forefront of research trends. Hydrogen production and storage through electrochem-
ical water splitting holds great promise for the future green energy system. From the 
commercial side of the spectrum, higher reaction kinetics is required for these devices 
to meet industry demands. Graphene with a 3D hierarchical network has represented 
a great progress in water electrolysis both as an electrocatalyst and a support for 
other active materials owing to its distinctive properties such as large surface area, 
chemical robustness, and exceptional conductivity. This chapter provides a compre-
hensive review of the latest advances in 3D graphene-based electrocatalysts for water 
splitting techniques. In this regard, the electrocatalytic activity and performance of 
pristine graphene are discussed in the first place followed by the introduction of 
some design strategies to improve its efficiency. Then, various hybrid structures are 
profiled highlighting the role of 3D graphene as a great support. Finally, the future 
outlook and main challenges of this emerging field are discussed in the last section 
to offer an approach for further investigations. 
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1 Introduction 

Due to the limited resources and environmental issues associated with fossil fuels, 
enormous efforts have been devoted to developing a renewable alternative. Molec-
ular hydrogen (H2), with its higher gravimetric energy capacities and pollution-free 
nature, is deemed to be an attractive candidate to fulfill modern society’s demands. 
However, for a complete replacement of traditional fuels, economical and scalable 
hydrogen production is highly crucial. In stark contrast, industrial hydrogens evolu-
tion methods like steam reforming and coal gasification produce gigantic amounts 
of greenhouse gases contributing to global warming and air pollution [1]. 

Among various possible green approaches for hydrogen production, electrochem-
ical water splitting is regarded to be a promising option since it only needs water 
as raw material, which is totally abundant and renewable and leaves no hazardous 
by-product. This method basically relies on a series of electrochemical reactions [2]: 
oxygen and hydrogen evolution reactions (HER and OER). Despite all the intriguing 
features of this method, the sluggish kinetics of the reactions hinders its widespread 
application. In this manner, the implementation of a high efficiency electrocatalyst is 
of significant importance. Precious Pt-group metals (PGM) have always represented 
great electrocatalytic behavior. Nevertheless, the scarcity and high cost of noble 
metals bound their practical usage for mass H2 production. In recent years, massive 
research is going on in the development of cost-effective and more abundant elec-
trocatalysts such as carbon-based nanostructures and transition metal compounds to 
replace PGMs. 

The glamorous and charismatic properties of graphene such as its large specific 
surface area, high intrinsic conductivity, and great durability in an aqueous envi-
ronment have paved the way for efficient and economical hydrogen production [3]. 
Graphene has a multifunctional structure and not only can be utilized as an elec-
trocatalyst, but it can provide a proper support for other active materials. However, 
the considerable van der Waals force between its layers leads to the aggregation of 
graphene sheets. This phenomenon extremely reduces the accessibility of active sites 
and blocks electron transfer and gas diffusion to a high extent [4]. Therefore, it is 
necessary to overcome this challenge to realize the commercialization of graphene-
based electrocatalysts. The construction of a three-dimensional (3D) network out of 
graphene sheets is a facile and novel solution to this problem. 3D graphene inherits 
the outstanding features of graphene and its hierarchical network and porous structure 
even make it a more reliable catalyst and support. The various interconnected pores in 
this framework expose more active sites to the reactants and simultaneously promote 
the diffusion of gas products. By precisely taking advantage of the aforementioned 
merits, 3D graphene-based materials can further optimize the electrocatalytic water 
splitting technique [5].
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Regardless of all opportunities that 3D graphene provides, bare graphene has 
poor catalytic activity due to its zero-bandgap property and falls short of scalable fuel 
production [6]. In this regard, multitudes of strategies have been introduced to address 
this inferior performance. Chemical heteroatom doping of its lattice structure can 
highly improve its catalytic capability by manipulating the electronic structure. From 
another point of view, 3D graphene can be a fantastic support, and the hybridization 
of graphene sheets with other earth-abundant catalysts is a more practical and feasible 
route. 

This chapter reviews recent progress made by 3D graphene as an electrocata-
lyst for water splitting process. First, the electrochemical water splitting mecha-
nism and the functional properties of 3D graphene for the electrolysis reactions are 
explained. Then, the mostly utilized strategies to improve the catalytic activity of 
graphene are discussed including heteroatom doping of graphene and fabrication of 
various hybrid structures. Although substantial progress has been made inspired by 
the mentioned benefits, such investigations are still in their infancy and 3D graphene 
hybrids cannot yet compete with their Pt-based counterparts. Accordingly, chal-
lenges for the commercialization of 3D graphene-based electrocatalysts and future 
perspectives for their widespread applications are summarized in the last section. 

2 Electrochemical Water Splitting Mechanism 

Electrochemical water splitting is an eco-friendly and facile approach to store elec-
trical energy as a chemical fuel. This conversion process involves a couple of elec-
trochemical redox reactions. These reactions take place in an electrochemical cell 
consisting of (1) working electrodes, (2) electrolyte, and (3) external power supply as 
illustrated in Fig. 1a [7]. After the application of an external voltage to the electrodes, 
water molecules split into gaseous H2 and O2 on cathode and anode, respectively. 
The reaction mechanisms on each electrode in different media are as follows [8]:

Overall water splitting reaction: 

H2O → H2 + 0.52 

In acidic medium: 

2H+ + 2e− → H2(cathode) 

H2O → 2H+ + 0.5O2 + 2e−(anode) 

In neutral and alkaline medium: 

H2O + 2e− → 2OH−(cathode)
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Fig. 1 a Schematic representation of an electrochemical water splitting cell. Adapted with permis-
sion [16]. Copyright (2018) American Chemical Society. b OER mechanism (Blue and red lines 
represent acidic and alkaline media, respectively). Adapted with permission [17]. Copyright (2017) 
Royal Society of Chemistry

2OH− → H2O + 0.5O2 + 2e−(anode) 

In acidic medium, a proton obtains an electron to produce a Hads in the Volmer 
step (X + H+ → X-Hads, X is an active site), and after that, there are two possible 
reactions for HER resulting in two different mechanisms. The second step can be 
either Heyrovsky (X-Hads + H+ +e− → X + H2) or Tafel (X–H2 + X–H2 → 2X + 
H2) reaction depending on the coverage of Hads. However, in alkaline conditions, the 
aforementioned reactions will be X + H2O + e− → X-Hads + OH−, X-Hads + H2O 
+ e− → X + H2 + OH−, and X–Hads + X–Hads → 2X + H2, respectively [9]. In 
comparison, HER is quite faster in acidic medium and consumes less energy since 
there is no need for water molecules dissociation. In contrast to hydrogen production, 
the OER mechanism in both acidic and alkaline media is so complicated and involves 
many factors. Many research groups have investigated OER mechanism in different 
media and the most widely accepted one is shown in Fig. 1b; however, the precise 
OER mechanism is still an ongoing issue. 

The Gibbs free energy of the overall water splitting reaction is ~237 kJ/mol [10]. 
Therefore, the minimum required voltage for a continuous water electrolysis under 
standard conditions (25 °C and 1 atm) is ~1.23 V. Practically, greater applied poten-
tials are needed to overcome ohmic potential drop and other overpotentials associated 
with this process to produce hydrogen with an acceptable rate. Consequently, it is 
essential to coat electrodes with stable and active electrocatalysts to lower the overpo-
tentials and accelerate the slow kinetics of both decomposition reactions. Although 
accelerating the HER on cathode is the major goal of water electrolysis, it is so 
important to develop efficient electrocatalysts for OER as it is the rate controlling 
reaction in most cases. The slow kinetics of OER arises from its multi-step proce-
dure, which highly degrades the total performance of the cell. To date, IrO2 [11] and 
RuO2 [12] are known to be the two most efficient and stable catalysts to lower the 
high overpotential for oxygen evolution.
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To promote an energy-saving and affordable water splitting process, electrocat-
alysts should possess certain characteristics regardless of the electrolyte medium. 
Factors including free energy of hydrogen adsorption (ΔGH), Tafel slope, Faradic 
efficiency, turnover frequency (TOF), and overpotential are some of the functional 
criteria for material selection. ΔGH of an electrocatalyst is its most decisive prop-
erty indicating whether an electrocatalyst is qualified or not [13]. While a high 
binding energy between H atoms and catalyst surface is critical for the adsorption 
step (Volmer), a weak bonding is more favorable for electrochemical (Heyrovsky) 
and chemical (Tafel) desorption reactions. Taking this trade-off into account, a near-
zero ΔGH is considered to be the most ideal and this is the reason why Pt is the best 
electrocatalyst for HER under acidic circumstances [14]. Furthermore, the exchange 
current density is also another important property of electrocatalysts, and the rela-
tion between these two parameters is determined by the famous volcano diagram 
represented in Fig. 2, which is a great tool for estimating the catalytic performance 
of different materials. In addition to all these thermodynamic and kinetic factors, an 
electrocatalyst should also have a high mass transport ability, conductivity, number 
of active sites with suitable electron density, abundance, and stability in electrolyte 
to serve as a promising candidate. 

It is well established that PGM-based electrocatalysts have always been the front 
runners for water splitting catalysis. However, these materials also have some prob-
lems, i.e., heavy anodic potential oxidizes RuO2 to RuO4 and reduces its active sites 
[15]. More importantly, their limited natural reserve and high cost hamper their prac-
tical and commercial applications. Therefore, it is urgent to develop earth-abundant 
and cost-effective substitutions with performance comparable to that of PGMs. In

Fig. 2 Volcano diagram for HER exhibiting the relation between exchange current density andΔGH 
at U = 0 V. The solid line is a prediction depicted by a kinetic model and the dashed line represents 
the metals which usually form oxides at U = 0 V. The open circles are for (111) surface data and 
the filled circles are polycrystalline. Adapted with permission [18]. Copyright (2010) American 
Chemical Society 
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this regard, transition metal compounds such as chalcogenides, nitrides, carbides, 
and phosphides as well as carbon-based materials have been introduced, though 
their efficiency still lags behind that of noble metals. 

3 Properties of 3D Graphene for Electrocatalytic Water 
Splitting 

Outstanding physicochemical properties and conductivity of carbon materials have 
made them great candidates for PGM replacement [19]. Compared with transition 
metal compounds, carbon-based electrocatalysts introduce less pollution to the envi-
ronment and are indeed less expensive making them superior options for mass produc-
tion. The 2D member of this large family, graphene, has drawn much more researcher 
interests due to its extraordinary characteristics [3]. Theoretically, the specific surface 
area of graphene is incredibly high (2630 m2/g), which facilitates the diffusion of 
electrolytes to the active sites and the release of reaction products. In addition, being a 
zero-bandgap semimetal endows graphene with a high electrical conductivity, which 
extremely increases reactions kinetics. Moreover, graphene is chemically stable and 
preserves its integrity even under harsh media. Finally, high thermal and mechanical 
stability of graphene can also be some interesting features for industrial applications. 

Despite all these distinctive merits, ideal graphene is electrochemically inert and 
exhibits low catalytic performance [6]. The poor catalytic activity of a high-quality 
graphene originates from its special electronic structure and lack of any dangling 
bonds on its surface. Inspired by this limitation, diverse modification methods have 
been implemented to regulate the electronic structure and increase its chemical 
activity. Chemical doping by different elements and the introduction of defects to 
graphene lattice can effectively improve its performance since they can serve as active 
sites. On top of that, graphene can also be a fantastic support for the dispersion of 
other active materials. 

In addition to inherent poor catalytic activity, graphene-based electrocatalysts 
cannot overcome the van der Waals forces between adjacent layers and tend to restack 
[20]. As a consequence, the number of active sites remarkably drops and all of the 
intriguing properties of graphene vanish, simultaneously. The development of a 3D 
framework out of graphene nanosheets can be a brilliant solution to alleviate this 
obstacle as it surpasses the reaggregation of graphene sheets and provides a suitable 
platform for the growth of other active materials. Another attractive feature of 3D 
graphene is that the interconnected pores in this structure surprisingly increase the 
surface area and available active sites compared with its 2D counterpart resulting 
in a much faster diffusion and HER rate. Additionally, this hierarchical network 
offers more pathways for electron transfer and lowers the overpotential for gas 
evolution reactions [4]. Coexistence of the advantages that this 3D scaffold brings 
along with functional inherent properties of graphene makes 3D graphene a reliable 
electrocatalyst for water electrolysis process.
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4 3D Graphene as an Electrocatalyst for Water Splitting 

In the past few years, numerous research have been focused on developing a novel 
method to trigger the intrinsic electrocatalytic capability of graphene. Chemical 
doping with heteroatoms, surface engineering, defect’s introduction, and function-
alization are some of the most feasible approaches to tailor the electronic properties 
of graphene sheets. However, heteroatom doping by non-metals has gained more 
attention in the case of 3D graphene. 

4.1 Heteroatom Doping by Non-metals 

Among all recommended techniques for boosting the weak catalytic activity of pris-
tine graphene, heteroatom doping by non-metals is realized to be more practical 
[21]. The introduction of dopants to the graphene lattice furnishes abundant active 
sites to this structure and activates adjacent C atoms. In more detail, the foreign 
atoms effectively modulate the local electronic structure and contribute to charge 
redistribution in this hierarchical network, thus, promoting electrocatalytic perfor-
mance. Electronegativity difference with carbon is the reason behind this activity 
improvement, and accordingly, elements including N, S, P, B, O, and Cl have been 
studied more frequently [4, 6, 22–24]. A schematic representation of various doping 
configurations of some common elements is demonstrated in Fig. 3. 

When N is added to graphene planes, its lone electron pairs highly distort the 
planner structure by the formation of sp2 and sp3 hybridization. Additionally, high 
electronegativity of nitrogen leads to a noticeable polarization effect. Shen et al.

Fig. 3 A schematic representation of various doping configurations; from top and left: pyrrolic N, 
pyridinic N, graphitic N, B-2C-O, B-3C, B-C-2O, P-3C(-O), P-2C(-2O), th-S, S-2O, py-O, C–O–C, 
C–OH, C=O, g-C, z–C, and a-C. (C: Green/Gray, N: Blue, B: Pink, P: Purple, S: Gold, O: Red, and 
H: White). Adapted with permission [27]. Copyright (2016) Nature Publishing Group 
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[25] synthesized a 3D Ti3C2Tx/N-doped graphene (NG) hydrogel through a co-
assembly approach using NH3.H2O as a nitrogen source for graphene doping. A 
complex N 1 s spectrum in X-ray photoelectron spectroscopy results confirmed the 
presence of pyridinic, pyrrolic, and graphitic nitrogen in graphene sheets, and the 
catalytic activity of the first two provided so many active sites for HER. The sample 
containing 35% of MXene phase exhibited the lowest onset potential of 354 mV 
and overpotential of 474 mV to produce 10 mA/cm2 in comparison with undoped 
graphene, bare samples, and the ones with different Ti3C2Tx contents. The poor 
performance of blank 3D graphene and bare Ti3C2Tx was ascribed to the inadequacy 
of active sites, while the introduction of nitrogen solved this issue. In the case of 
phosphorous, electronegativity is not the key factor, and the larger size of P atoms 
as well as its extra orbitals can impose distortion to the lattice and lead to a higher 
catalytic activity. However, boron and carbon have almost similar electronegativity 
and size and a modest change in bond length is responsible for catalytic performance 
enhancement. 

Compared with other dopants, nitrogen has drawn much more attention for both 
HER and OER, though it is not still comparable with noble and transition metals. This 
inferior performance is mostly attributed to a nonidealΔGH and weak binding energy 
between hydrogen atoms and the catalyst surface. An elaborate strategy to further 
optimize ΔGH of 3D graphene is dual or even multiatom doping. In such a case, 
a synergistic effect is induced in the procedure, which greatly improves the overall 
efficiency. Ito et al. [26] fabricated a nitrogen and sulfur codoped 3D nanoporous 
graphene catalyst through chemical vapor deposition method based on Ni template 
using pyridine and thiophene as N and S sources, respectively. Undoped, single-
doped, and dual-doped samples were all synthesized under various temperatures 
for comparison and their HER polarization curves are illustrated in Fig. 4a. From 
samples prepared at 800 °C, it can easily be comprehended that HER activity has 
drastically increased after doping and a gradual decrease in onset potential is evident 
from undoped, N-doped, S-doped to N and S-doped graphene. Thus, doped samples 
exhibited a better electrocatalytic activity and the codoped catalyst had a superior 
performance, hence, showed the lowest Tafel slope of 105 mV/dec. In all, the best 
HER activity belonged to the codoped sample prepared in 500 °C with a Tafel slope 
of 80.5 mV.dec−1 and overpotential of 0.28 V at 10 mA/cm2 comparable to that of 
chalcogenide catalysts. Furthermore, the electrochemical impedance spectroscopy 
(EIS) results indicated that the resistance of samples decreased after doping and it 
reached a minimum after doping with both N and S. As a result, the enhanced catalytic 
activity of doped samples could be attributed to this phenomenon. Reaction pathway 
of different samples achieved by density functional theory (DFT) calculations is 
shown in Fig.  4b. These results disclosed that ΔGH of undoped graphene is positive, 
which means that adsorption of Hads on its surface is not very favorable, while it 
is negative in the case of single-doped samples making it difficult for hydrogen 
desorption. However, N and S-doped graphene had the smallest value (0.12 eV) near 
to that of Pt. Therefore, the combination of positive and negative active sites created 
by N and S dopants, respectively, guaranteed fast electron transfer for HER.
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Fig. 4 a Cyclic voltammetry (CV) curves of the undoped and doped samples prepared at different 
temperatures, b Reaction pathways of undoped and doped samples achieved by DFT calculations. 
The inset shows a codoped graphene structure with a sulfur (yellow), nitrogen (blue), and hydrogen 
atom (white). Adapted with permission [26]. Copyright (2015) Wiley–VCH 

In a nutshell, heteroatom doping of 3D graphene has undeniably opened a new 
door toward efficient metal-free catalysts for water electrolysis. Engineering the 
electronic structure of graphene to improve its catalytic activity and ΔGH by non-
metallic dopants has become an accepted method in recent decades. However, it is 
worth noting that although distortion of the ideal structure of graphene and tailoring 
its intrinsic characteristics are beneficial for catalytic activity, other exceptional prop-
erties of graphene, especially conductivity, degrade in exchange. Subsequently, an 
optimum dopant concentration should be employed for water splitting purpose. 

5 3D Graphene as Electrocatalysts Support 

Contrary to all the progress made by chemical doping in 3D graphene-based catalysts, 
they are not still among commercial candidates due to their unsatisfactory perfor-
mance and high cost of the doping process. However, as it is already mentioned, 
graphene has got great potentials to be a support for other active materials. In this case, 
the high conductivity of graphene can contribute to the hybrid structure to dramati-
cally increase the electron transfer kinetics. Meanwhile, the synergistic interaction of 
introduced materials with graphene modulates the electronic structure of active sites 
increasing their catalytic activity. Furthermore, graphene highly increases the number 
of exposed active sites by complete dispersion and controlling the morphology of 
the active material. Interestingly enough, these hybrid structures are greatly more 
durable in comparison with bare ones since graphene hinders their aggregation and 
bleaching after immersion in the electrolyte.
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5.1 3D Graphene/Metals 

It is well established that metal-based catalysts have always been the front runner 
for water electrolysis and their limited resources are the major bottleneck for their 
commercialization. A promising strategy to lower the metal consumption is to inte-
grate them into a suitable support like 3D graphene [4]. A uniform dispersion of 
metal nanoparticles on the porous structure of graphene increases their exposed 
active sites and they definitely outperform due to the fascinating properties of 3D 
graphene mentioned in Sect. 2. From the stability point of view, graphene encapsu-
lates dispersed nanoparticles and hinders their direct contact with electrolyte resulting 
in a more durable catalyst. Finally, metal particles regulate the electron density of 
graphene and make graphene itself catalytically more active. In the context, two 
bifunctional electrocatalysts based on Co-CoO/3D hierarchical porous graphene (Co-
CoO/3DHPG) and Ni-NiO/3DHPG were investigated for HER and OER using cobalt 
nitrate and nickel acetate as Co and Ni sources, respectively [28]. The onset poten-
tial of Co-CoO/3DHPG, Ni-NiO/3DHPG, and 3DHPG electrodes obtained from the 
linear sweep voltammetry (LSV) plots were −0.26, −0.18, and -0.33 VRHE, respec-
tively, and the order of electrocatalytic activity was calculated to be Ni-NiO/3DHPG 
> Co-CoO/3DHPG > 3DHPG. Expectedly, overpotentials of samples at 10 mA/cm2 

for Co-CoO/3DHPG, Ni-NiO/3DHPG, and 3DHPG were −0.402, −0.31, and − 
0.45 VRHE, respectively, and Tafel slopes were 65, 85, and 225 mV. Obviously, the 
presence of metal nanoparticles enhanced the catalytic performance of 3D graphene 
and Ni element was a better option for HER, while Co particles were more preferred 
for OER. It is worth noting that high electron density at the metal/oxide and graphene 
interface was advantageous for water splitting. 

Hybrid structures of multiple metals alloys anchored on 3D graphene substrates 
have also been investigated for further improvements compared with single metals. In 
this respect, Zhong et al. [29] investigated the coupling of Pt3Ni alloy nanoparticles 
with 3D N-doped graphene (Pt3Ni/3DNG) for HER in alkaline media (1 M KOH). 
The transmission electron microscopy (TEM) image of Pt3Ni/3DNG structure is 
illustrated in Fig. 5a. LSV curves in Figure 5b indicated that the Pt3Ni/3DNG elec-
trode produced the highest current density compared with Pt/3DG, Pt3Ni/3DG, and 
even benchmark 40 wt.% Pt/C electrocatalysts. Importantly, Pt3Ni/3DNG sample 
exhibited a very limited HER performance loss after 10,000 cycles in the alka-
line electrolyte. This significant difference between catalytic performance of Pt3Ni/ 
3DNG and its non-alloy Pt/3DNG counterpart and other catalysts was attributed to 
the generation of a tensile strain and a ligand effect on active sites, which promoted the 
dissociation of water molecules and adsorption of Hads species, respectively. Note-
worthily, doping graphene before the introduction of single metal atoms or alloys 
can significantly improve the coordination of these catalysts and it was completely 
proved in the mentioned investigation.
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Fig. 5 a TEM image of Pt3Ni/3DNG structure, b LSV polarization curves of Pt3Ni/3DNG, Pt3Ni/ 
3DG, Pt/3DG, and commercial JM 40%Pt/C (with IR compensation). Adapted with permission 
[29]. Copyright (2022) Elsevier 

5.2 3D Graphene/Dichalcogenides 

Among countless electrocatalysts suggested for noble metals substitution, transi-
tion metal dichalcogenides (TMDCs) are the most likely candidates [30]. Their high 
catalytic activity and stability along with the economical synthesis process have 
attracted much attention in energy conversion and storage applications. In this regard, 
transition metal oxides, sulfides, and selenides have been studied more recently due 
to their high active sites and defects. Their inferior performance to that of PGMs 
arises from their low electrical conductivity, morphology transformation during catal-
ysis, and high aggregation tendency [31]. Implementing a suitable support like 3D 
graphene for TMDCs increases not only their durability, but also electrocatalytic 
activity. It has been reported that graphene significantly prevents TMDCs from disso-
lution and aggregation while its high conductivity compensates that of TMDCs to 
some extent. The extremely high active sites and strong synergistic effect inherent in 
3D graphene/TMDCs hybrid structures ensure a stable and efficient water electrolysis 
[4]. 

Among different kinds of TMDCs, sulfides, especially MoS2, have represented 
adequate exciting breakthroughs. The binding energy between S atoms on the active 
edge sites and H+ is so strong, providing a high HER rate. Furthermore, heteroatom 
doping is usually employed to improve catalytic activity of graphene; as a result, it 
can be a great way to develop a better support as well. Taking this approach, MoS2/ 
3D N-doped reduced graphene oxide (N-rGO) hydrogels were prepared as HER 
electrocatalysts by vertical integration of MoS2 sheets to graphene planes [32]. N 
atoms in the graphene lattice served as nucleation sites for the vertical growth of 
MoS2 sheets. A schematic representation of this process is shown in Fig. 6.

Figure 6 MoS2/N-rGO had the lowest onset potential of 119 mV while N-rGO 
electrode exhibited negligible HER activity. Overpotential of this hybrid structure 
was 188 mV to approach 10 mA/cm2, while it was a lot higher for pure MoS2



352 F. Khodabandeh and M. R. Golobostanfard

Fig. 6 Schematic representation of the synthesis process of MoS2/N-rGO electrocatalyst. Adapted 
with permission [32]. Copyright (2017) Elsevier

(270 mV), confirming the superior performance of MoS2/N-rGO to the non-hybrid 
electrodes. The incorporation of N atoms was also useful for the stability of elec-
trodes and increased it for 1000 cycles (comparing MoS2/N-rGO and MoS2/rGO). 
In addition to MoS2, other transition metal sulfides like WS2 [33, 34] and CoS2 [35] 
have also been supported on 3D graphene substrate and represented promoted elec-
trocatalytic activities. Unlike sulfides, selenide and oxide compounds have rarely 
been studied. 

Noticeably, hybrid structures based on two chalcogenides composed of two 
different metal elements can increase the number of active sites and accelerate the 
electron transfer rate. Recently, Kuang et al. [36] investigated interactions between 
MoS2-NiS2 nanoparticles and 3D N-doped graphene foam (NGF) and the perfor-
mance of the electrode based on them toward water splitting reactions. The over-
potential (172 mV) of this structure to obtain 10 mA/cm2 was a lot lower than 
those of MoS2/NGF, NiS2/NGF, and bare NGF electrodes which was attributed to 
the synergistic effect between graphene and the bimetallic sulfides and the resultant 
abundant active sites. Moreover, the EIS results demonstrated a reduced semicircle in 
low frequency for MoS2-NiS2/NGF/nickel foam indicating the accelerated interfa-
cial reaction and charge-transfer kinetics. Luckily, MoS2-NiS2/NGF hybrid structure 
exhibited acceptable OER activity in alkaline medium as well making it a bifunc-
tional electrocatalyst for complete water electrolysis reactions. A two-electrode cell 
employing MoS2-NiS2/NGF as both electrodes needed 1.64 V to deliver 10 mA/cm2 

current density which is quite comparable to that of commercial noble metals and it 
was highly stable.
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5.3 3D Graphene/Phosphides 

Hydrogenase-like catalytic mechanism of transition metal phosphides is consider-
ably advantageous for water splitting reactions. However, challenges like their low 
stability in electrolyte and poor electron transfer hamper further applications. In this 
vein, 3D graphene as a support can enhance their electron transfer capability while 
providing a large specific surface area to disperse them. Phosphides including Co2P 
[37], FeP [38], and Ni2P/Ni5P4 [39] have extensively been studied for this purpose. 

5.4 Others 

Although great progress has been made toward the electrocatalytic performance of 
compounds discussed in the above sections, developing robust and efficient novel 
catalysts for water splitting reactions is still an urgent demand. A plethora of different 
compounds, especially nitrides [40], carbides [41], layered double hydroxides [42], 
etc. have represented great potentials when integrated with 3D graphene. In addition 
to metallic compounds, polymeric catalysts have also received enormous attentions 
in recent years. However, low conductivity and poor stability of these materials 
are thoroughly detrimental to electrocatalytic operations. Coupling active polymers 
with highly conductive and stable 3D graphene has paved the way for their practical 
use. Graphitic carbon nitride (g-C3N4) is a relatively stable polymer and its low-
cost synthesis process along with tunable chemical structure make it a fascinating 
option in this field. Electrochemical performance of Cu2P/g-C3N4 nanocomposite 
merged with 3D graphene was assessed in 1 M H2SO4 [43]. This electrode disclosed 
a very low onset potential of 5 mV in comparison with bare graphene. Investigations 
revealed that the nitrogen functionalities of g-C3N4 served as active sites and the 
protonated phosphate groups of Cu3P contributed to electron transfer between g-
C3N4 and the support. Pure Cu3P or g-C3N4-based electrocatalysts delivered poor 
cathodic current densities confirming the role of the graphene network for electron 
and mass transfer. 

6 Self-Supported 3D Graphene Electrodes 

Although the implementation of 3D graphene instead of 2D sheets extremely 
increased surface area and number of active sites, deposition of this structure on 2D 
substrates like F-doped tin oxide and glassy carbon electrode greatly restricts this 
advantage. From another respect, if a polymeric binder is used for better adhesion of 
graphene powder to substrate, diffusion of gas products is blocked and conductivity 
reduces significantly. Replacing 2D substrates with 3D frameworks such as carbon 
cloth (CC) and metal foams leads to the formation of self-supported free-standing
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electrodes with superior performance. Zhang et al. [44] integrated MoS2 nanosheets 
with vertical graphene-coated CC (MDNS/VG/CC) and assessed its HER perfor-
mance in comparison with CC, VG/CC, and MDNS/CC. The fabrication process 
of MDNS/VG/CC sample and its final microstructure is demonstrated in Fig. 7a– 
d. The MDNS/VG/CC electrode possessed the lowest onset potential (50 mV) and 
overpotential (78 mV). Furthermore, it produced 95 mA/cm2 at 300 mV, which was 
4 and 2 times higher than that of VG/CC and MDNS/CC electrodes, respectively. In 
addition, EIS results indicated a significant decrease in charge-transfer resistance of 
MDNS/VG/CC to 5.0 Ω from 85, 50, and 130 Ω for VG/CC, MDNS/CC, and CC, 
respectively. This improvement in HER activity for MDNS/VG/CC was attributed 
to the high conductivity of graphene, hence, faster electron transfer kinetics between 
MoS2 edges and the support. Ni foam has always been regarded as a great support for 
other active materials and graphene sheets due to its high surface area and conduc-
tivity. Riyajuddin et al. [45] supported superhydrophilic Ni2P − CuP2 on Ni foam-
graphene-carbon nanotubes heterostructure (NGCNC) through an electrochemical 
process shown in Fig. 7e. Impressively, NGCNC showed outstanding HER perfor-
mance with an ultralow overpotential of 12 mV at 10 mA/cm2 comparable with Ni 
− Pt/C (10 mV). Chronopotentiometry measurement at 100, 200, and 500 mA/cm2 

for 10 days disclosed a negligible (3%) fluctuation in potential, which indicates the 
superstability of NGCNC in acidic media. TOF values of NGCNC reached 1, 2, 
and 3 s−1 at low overpotentials of 100, 141, and 174 mV, respectively, illustrating 
its exceptional electrochemical HER activity. The superior performance of NGCNC 
electrode was attributed to the in-situ growth of graphene and bimetallic phosphides 
on Ni foam which prevented the use of any binder and formation of multiphases 
minimizing the series resistance.

7 Conclusion and Outlook 

The development of an active, robust, and earth-abundant electrocatalyst for 
hydrogen fuel production is still known to be the most critical challenge for the 
industrialization of water electrolysis technique. Benefiting from its unique physical 
and chemical features, 3D graphene has been regarded as a promising candidate to 
address this issue. In this chapter, the inherent catalytic activity of graphene was 
estimated with emphasis on some practical modifications like heteroatom doping 
of the structure. As pristine graphene suffers poor catalytic activity and chemical 
doping results are not yet desirable, performances of several heterostructures were 
also reviewed in brief in which 3D graphene is mainly utilized as a support. However, 
there are still numerous issues to be dealt with in the way of practical applications 
and mass production and some of them are as follows. 

Current methods employed for 3D graphene synthesis, either template-based or 
not, are not at all capable of large-scale applications. The exploitation of economical 
and less complicated strategies with more controllable synthesis conditions is consid-
ered essential to achieve products with desired properties, porosity, and morphology.
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Fig. 7 a Schematic representation of the fabrication process of MDNS/VG/CC electrode, Low and 
high magnification SEM images of b VG/CC, c, d MDNS/VG/CC. Adapted with permission [44]. 
Copyright (2015) Elsevier. (e) Schematic illustration of the synthesis steps of NGCNC electrode. 
Adapted with permission [45]. Copyright (2021) American Chemical Society

Furthermore, doping is an efficient route to increase catalytic activity and stability of 
graphene even for hybrid structures, but it is too difficult to control the dopant content 
and existing methods are mostly expensive. Therefore, it is of great importance to 
attempt various methods to realize a controllable doping process. 

Stability of the hybrid structures in harsh media is another long-standing obstacle 
for the scientific community. Although graphene plays a crucial role in increasing
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the durability of the whole structure, they still cannot compete with commercial elec-
trocatalysts. Designing more stable composites applicable in less harsh electrolytes 
is considered necessary. On top of these, new research direction and enhancement 
strategies are needed rather than doping and compositing to regulate the electronic 
structure of graphene while maintaining its own properties to improve catalytic 
performance. 

One of the most important reasons behind the poor performance of 3D graphene-
based electrocatalysts is definitely the lack of information about the catalysis mecha-
nism and active sites on the atomic scale and the blind design of catalysts. Moreover, 
DFT calculations are so simple and limited to the three steps mentioned in Sect. 2, 
which cannot provide sufficient information of more complex reaction intermediates 
formed on reaction sites. Development of more precise theoretical models toward the 
water spitting system and in-situ detecting technologies for characterization of the 
real reaction environment can provide a deep understanding of the whole process. 
Consequently, a more rational design of graphene-based electrocatalysts with faster 
reaction kinetics and higher stabilities becomes possible. 

Acidic media accelerate HER kinetics while an alkaline environment is more 
favorable for OER; thus, bifunctional electrocatalysts which can be utilized for both 
reactions are more preferred options for future applications. In this regard, searching 
for electrodes that can catalyze the water splitting reactions in neutral pH values 
is a more preferred solution due to the stability issues. However, graphene-based 
bifunctional electrocatalysts are not yet efficient enough for widespread hydrogen 
production and require much more optimizations. 

In total, bearing in mind all the fascinating opportunities that 3D graphene provides 
along with the challenges discussed above, one can make sure that this structure is 
an ideal choice for renewable electrochemical energy conversion and is worth much 
more investigations to march forward. In this connection, massive theoretical studies 
and experimental works should be devoted to the existing and future problems. In 
this unstoppable trend for the construction of the most efficient electrocatalyst for 
commercial water splitting, 3D graphene is undeniably a realistic candidate. 
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Abstract Hydrogen production by photoelectrochemical (PEC) water splitting has 
attracted considerable interest because it is a promising clean source of energy for 
improving the earth’s climate in the future. Owing to the excellent properties of 
graphene, the use of graphene in photocatalysis for green hydrogen production has 
attracted remarkable interest. 3D graphene, which can act as a co-catalyst and transfer 
agent to enhance photocatalytic hydrogen production, is a potential component for 
PEC electrodes due to its substantial surface area, fast electron transfer, high electron 
conductivity, low mass density, mechanical stability, interconnected and hierarchical 
structure. The use of 3D-graphene-based photocatalysts in PEC water-splitting appli-
cations is highlighted and discussed in this chapter. Various strategies and approaches 
for the synthesis of 3D graphene are also presented. Efforts have been made in the 
incorporation of 3D graphene with metal oxides, transition-metal dichalcogenides 
(TMDCs), or other semiconductor materials wherein the synergistic effect between 
these materials can suppress the recombination of photogenerated electron–hole pairs 
to enhance PEC water-splitting performance considerably. This chapter presents an 
inclusive review of the photocatalytic characteristics and current development of 3D 
graphene-based photocatalysts for water-splitting applications. 

Keywords 3D graphene · Photocatalysts · Photoelectrochemical water splitting ·
Hydrogen production 

1 Introduction 

Graphene, the thinnest material, is an independent carbon material. It has a highly 
crystalline structure that is composed of a monolayer of carbon atoms packed tightly 
into a two-dimensional (2D) honeycomb lattice via sp2-hybridized carbon–carbon 
bonds in a hexagonal arrangement, thus forming a strong and unique long-range 
π-conjugation structure. Graphene has extraordinary physicochemical properties
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that include high theoretical specific surface area (2630 m2/g), ultrahigh intrinsic 
carrier mobility (≈200 000 cm2/V/s), high mechanical strength (breaking strength 
of 42 N/m), outstanding high Young’s modulus (≈1 TPa), good thermal conductivity 
(3000–5000 W/m/K), excellent optical transparency (≈97.7%), and strong chemical 
stability, all of which assist in attenuating the effect of wide band gaps and the 
recombination of electron–hole pairs in photocatalysts [1–4]. 

Graphene has highly attractive physical properties. Many studies on 2D materials 
have been conducted because of graphene’s excellent properties. In 2004, Novoselov 
and Geim discovered the first 2D graphene sheets, which are the building blocks of 
graphite [5]. In the last decade, numerous 2D structures of π-conjugated carbon-
based materials, such as graphene, graphene oxide (GO), reduced GO (rGO), and 
graphene/carbon quantum dots, have been introduced as efficient, attractive, and valu-
able substrates/templates/supports for catalysts and semiconducting nanomaterials. 
Additionally, many studies have reported that graphene can enhance the photocat-
alytic efficiency of photoelectrochemical (PEC) water splitting due to its unique 2D 
conjugated structure and electronic properties. However, producing high-quality 2D 
graphene, especially single-layer and free-defect graphene, on a large scale is diffi-
cult because it tends to aggregate and restack, thus decreasing its specific surface 
area, causing the loss of its distinct properties, and consequently resulting in poor 
photocatalytic performance [1, 2, 4, 6]. 

One effective solution to overcome these problems is the assembly of 2D layers 
of graphene into three-dimensional (3D) structures known as 3D graphene. Inter-
estingly, interconnected 3D graphene structures retain the outstanding properties of 
2D graphene and are free from aggregation or restacking. Therefore, their photocat-
alytic properties can be enhanced by increasing light adsorption, providing additional 
accessible active sites, and improving charge transport [1, 2, 4]. 3D graphene is also 
known as foams, sponges, aerogels, or hydrogels. Surface area, electrical conduc-
tivity, thermal properties, and mechanical stability are determined by synthesis 
methods, which include the hydrothermal, chemical vapor deposition (CVD), and 
self-assembly methods (Fig. 1). Understanding the important factors that influence 
the properties and nucleation and growth mechanism of 3D structures is required 
particularly when tuning the functionalization of 3D graphene structures [2].

3D graphene is suitable for application in PEC water hydrogen production due 
to its main properties, such as its porous structure, large surface area, outstanding 
mechanical properties, and rapid electron transport. The incorporation of 3D 
graphene with metal oxides, transition-metal dichalcogenides (TMDCs), and other 
semiconductor materials has been explored to improve photocatalytic properties for 
water splitting. Photocatalysts/photoelectrodes that can employ a wide solar spec-
trum, suppress the recombination of photogenerated electron–hole pairs, and improve 
system stability are expected to be obtained through these combinations. Thus, recent 
advancements in this effort are addressed in the last part of this book chapter.



3D Graphene as a Photocatalyst for Water Splitting 361

Fig. 1 Structures, properties, and synthesis methods related to 3D graphene

2 Properties of 3D Graphene 

3D graphene structures can be classified into two types: (1) microscopic structures 
(less than 100 μm in all dimensions), which are typically in the form of macroscopi-
cally sized powders with 3D structures on the micrometer or nanometer scale and (2) 
macroscopic or macrostructures (more than 100 μm in all dimensions), such as macro 
3D graphene monoliths, film, fibers, and millispheres [1, 2]. Graphene walls should 
be composed of not more than 10 layers of graphene and must preserve the basic prop-
erties of graphene. 3D graphene structures can be divided into two types depending 
on the form of connections: (1) joint 3D graphene, wherein several single-layer 
graphene sheets/cells are interknitted primarily through van der Waal’s forces, and 
(2) integrated 3D graphene, in which chemical bonds continuously connect carbon 
atoms. Between these two structures, integrated 3D graphene structures exhibit excel-
lent conductivity and mechanical robustness [2]. 3D graphene structures provide a 
solution to the challenge posed by graphene sheet aggregation and restacking. Such 
a solution is important for ion transfer in water splitting. 3D graphene not only has 
the intrinsic properties of graphene sheets, but it also has a variety of advantages, 
including very small mass density, high specific surface area and porosity, an inter-
connected and hierarchical structure, and excellent mechanical stability that allows 
for increased access to active sites by providing additional pathways for rapid mass 
and electron transport kinetics in photocatalysis. Given its ability to create new func-
tionalities through cross-interactions, 3D graphene has been referred to as a bridge 
connecting the nano- and macroworlds. Considering its above distinguishing proper-
ties, 3D graphene has great potential for photocatalytic water-splitting applications 
[1, 4].
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2.1 Surface Area 

The number of nanosized (typically 1–100 nm) pores and the thickness of 
the graphene wall [2, 7] are important factors determining the surface area 
of 3D graphene. Several parameters, such as reaction time, temperature, and inlet gas 
flow rate, can be controlled to adjust the wall thickness and specific surface area of 
graphene [4, 7–13]. The template, substrate, scaffold, or catalyst used also influences 
the properties of 3D graphene [4, 14]. Generally, 3D graphene has a density of less 
than 0.1 g/cm, a surface area of 500–1000 m2/g, and pore sizes ranging from several 
micrometers to several nanometers [2]. Min et al. prepared 3D graphene by using 
a conventional nickel foam template with a specific surface area of approximately 
145 m2/g and a density of 0.073 g/cm3 [7]. Even after annealing at 1500 °C, the 
specific surface area of 3D graphene increased from 336.5 m2/g to 440.8 m2/g. A 
high proportion of mesopores were found in a narrow range of 3 nm to 5 nm with 
a peak pore diameter of approximately 3.8 nm (Fig. 2a, b) [11]. Meanwhile, the 
hierarchical interconnected structure of 3D graphene prepared by a 3D printed silica 
sacrificial template has obtained a higher BET surface area (994.2 m2/g) as shown in 
Fig. 2c) [9]. Following template etching, 3D graphene maintained a porous structure 
with a large area. Freeze–drying is crucial for maintaining the structure of 3D porous 
graphene without considerable aggregation [7, 12, 13]. Shen et al. discovered that 
from a theoretical perspective, the graphene sheet size determines the microstructure 
and density of 3D graphene. Reducing the graphene sheet size to 2 nm facilitated 
the stacking and action as building blocks of 3D graphene with a density and pore 
value of 1.49 g/cm3 and 5–10 nm, respectively. The graphene sheet became stag-
gered and bent as its size increased, resulting in its low density [15]. Consequently, 
protecting the structure of 3D graphene photocatalysts from restacking, aggregation, 
staggering, or bending is essential to acquire a high surface area that increases the 
exposure of active sites for water-splitting reactions. However, obtaining graphene 
sheets with a uniform thickness remains challenging.

2.2 Electrical Conductivity 

3D graphene has excellent electrical conductivity due to its porous interconnected 
structure and high-quality graphene walls. The electrical conductivity of 3D graphene 
can be measured by using a two-or four-probe method and generally ranges from 
2 S/cm to 1600 S/cm [2, 9, 11, 16–18]. 3D graphene has an electrical conduc-
tivity of approximately 2.39 S/cm due to its highly continuous structure that 
comprises few- and multilayered graphene [9]. Figure 3a shows that even when 
synthesized from powder templates, 3D graphene has a good electrical conductivity 
of 13.84 S/cm [18]. Furthermore, a conductivity of 17.5 S/cm was obtained with more 
than five layers of graphene with wrinkled and folded morphologies [7]. The bulk 
electrical conductivities of 3D graphene increased from 14.4 S/m to 53.7 S/m with
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Fig. 2 FESEM image of 3D graphene (aerogel) a before and b after annealing. Adapted with 
permission [11], Copyright (2017), Scientific Reports. c Comparison of the BET surface areas 
of the silica template and 3D graphene (foam). Adapted with permission [9], Copyright (2020), 
American Chemical Society

the increase in bulk density and increased to 53.5–157.3 S/m after annealing (Fig. 3b) 
[11]. Xia et al. applied 3D microporous copper as a catalyst to grow graphene. The 
resulting 3D graphene had a high density and strong structure without any support, 
allowing for a high conductivity of approximately 1600 S/cm with a resistance 
of ~2.6Ω (Fig. 3c) [16]. However, cross-linking agents with the function of strength-
ening the porous structure must be carefully selected to maintain the electrical 
conductivity of 3D graphene [1]. 

Fig. 3 a Current–voltage curve of 3D graphene (foam). Adapted with permission from [18], copy-
right (2016), American Chemical Society. b Electrical conductivities of 3D graphene (aerogel) 
before and after annealing. Adapted with permission [11], Copyright (2017), Scientific Reports. 
c Current–voltage measurement of 3D graphene. Adapted with permission [16], Copyright (2017), 
Journal of Physical Chemistry C
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Fig. 4 a Thermal conductivities of 3D graphene (aerogel) before and after annealing. Adapted 
with permission [11], Copyright (2017), Scientific Reports. b Density and thermal conductivity 
measurements of 3D graphene (foam) (as 3D-C). Adapted with permission [20], Copyright (2017), 
American Chemical Society 

2.3 Thermal Properties 

Effective thermal conductivity is (κ) is calculated as κ = Ksample × L/A, where 
L is the sample length, and A is the sample cross-sectional area. It is mainly 
influenced by two morphological factors: (1) primary structure, namely, building 
blocks, and (2) secondary structure, namely, assembled building blocks [19]. As 
shown in Fig. 4a, Cheng et al. discovered that 3D graphene had a thermal conduc-
tivity of 0.0281–0.0390 W/m/K after losing approximately 15% of its weight, and 
its thermal conductivity slightly increased to 0.0363–0.0667 W/m/K after being 
annealed at high temperatures (1500 °C) [11]. Moreover, 3D graphene with a density 
of 5 mg/cm3 had a thermal conductivity of 1.2 W/m/K. As its density increased, 
its thermal conductivity increased to 86 ± 10 W/m/K (Fig. 4b) [20]. This finding 
demonstrated that in 3D graphene, thermal conductivity is directly proportional to 
mass density and could be improved without increasing graphene wall thickness 
[21]. Another approach for increasing mass density is to compress 3D graphene 
materials, which also can enhance the intrinsic thermal properties of 3D graphene 
as a photocatalyst [19]. In addition, the etchant solution used in substrate/template/ 
support removal and the reaction temperature could affect the thermal conductivity 
of 3D graphene by reducing defects and defect-induced phonon scattering [2]. Never-
theless, 3D graphene exhibits hydrophobic properties, particularly after being etched 
away from the substrate/template/support. 

2.4 Mechanical Stability 

3D graphene photocatalysts can be obtained after the optimization of processing 
parameters that affect microscopic geometry and mass density. Interestingly, 3D 
graphene retains its freestanding structure after being etched from its template or
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supported substrate (regardless of thickness) due to the superior mechanical strength 
of graphene [2, 4]. A theoretical study by Li et al. demonstrated that triangle-like 3D 
graphene structures (only sp2–sp2 carbon bond, armchair, and zigzag) are strongly 
dependent on structural size. The in-plane Young’s moduli (x and y directions) of the 
sp2–sp2 carbon bond, armchair, and zigzag can reach 505.20–578.51, 504–583.46, 
and 640.22–744.32 GPa, respectively [22]. 3D graphene is likely stable because 
multilayered graphene is highly crystallized and carbon shells are connected by a 
2D graphene layer structure. 3D graphene with a density of 18 mg/cm3 had Young’s 
modulus of approximately 239.7 kPa, and its stress remained nearly constant at 
55% compression strain for different loops, reflecting its flexibility and elasticity 
[9]. Moreover, Young’s modulus and yield strength of 3D graphene rose to 1.02– 
17.29 and 0.08–1.05 MPa, respectively, after annealing [11]. Sha et al. reported 
that 3D graphene had remarkably similar morphologies before and after loading 
with weights, emphasizing its structural resiliency (Fig. 5) [18]. Hence, the porous 
structure of 3D graphene as a photocatalyst is crucial in providing intimate structural 
interconnectivities, a pathway for electron/phonon transport, high surface area, and 
strong mechanical properties. 

Fig. 5 Digital photos of 3D graphene (foam) before and after weight loading. Adapted with 
permission [18], Copyright (2016), American Chemical Society
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2.5 Other Properties 

Given its zero-band gap and strong Dirac fermion interactions with electromagnetic 
radiation, graphene has superior optical properties and thus can absorb photons from 
the visible to infrared spectrum. Xu et al. reported that 3D graphene has no response 
in the visible spectrum [23]. Its optical properties vary depending on the growth 
reaction temperature [24]. Furthermore, its in-plane pores provide numerous edge 
defects, resulting in additional active sites and efficient transport pathways. The 
substrate/template/support used, the hydrocarbon precursor, and the annealing and 
growth duration all have an effect on the in-plane properties of 3D graphene. 

3 Methods for 3D Graphene Synthesis 

Functionalized 3D graphene-based materials can be successfully self-assembled by 
using graphene and its functionalized derivatives and typical 2D structures as the 
building blocks. The usefulness of graphene in technologies is anticipated to increase 
as 3D graphene frameworks are developed [25]. 3D graphene foams (GFs) provide a 
number of benefits, including an expansive surface area, improved catalytic perfor-
mance, reduced thermal conductivity, and moderate electronic conductivity [26]. 
A variety of terms, including “sponge”, “foam”, “aerogel”, “hydrogel”, “network”, 
“bead”, and “monolith”, have been used to define 3D graphene-based structures. The 
manufacture of 3D graphene utilizes a variety of templates, including polystyrene 
spheres, nickel foam, and copper foam [27]. Direct synthesis from carbon sources 
and solution-based synthesis methods, such as CVD and hydrothermal synthesis, 
can be used to create 3D porous graphene [27]. The direct fabrication method can 
provide the appropriate quality for the development of pore density, size, and distribu-
tion in 3D structures. Nevertheless, it has high production costs. The solution-based 
manufacturing process offers some advantages, including elemental functionaliza-
tion, possible scalability, improved production efficiency, and cheap manufacturing 
costs, despite resulting in the dispersion of pore structure [28]. The template-based 
synthesis of the 3D porous network typically involves three processes: (1) precursors 
of the reaction are incorporated into the template, (2) the solid form is continuously 
grown in and on the surface of the template, and (3) a 3D porous structure is created 
by removing the template in a variety of ways [27]. Both synthesis methods are 
discussed in subsequent sections.
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3.1 Hydrothermal Method 

An aqueous solution that is being utilized as a reaction system is heated and pres-
surized in a particular closed reaction vessel to create a high-temperature and high-
pressure reaction environment. In this process, a chemical that is weakly soluble 
or insoluble under normal conditions is dissolved and then recrystallized [29]. For 
example, Men et al. used the hydrothermal method to fabricate free-standing rGO 
foam for photocurrent generation and photocatalytic activity. Morphologically, the 
produced rGO/nickel foam had a porous structure. After the template was removed, 
the rGO foam demonstrated an interpenetrating 3D porous structure. The pore 
size of the rGO foam was in the order of approximately hundreds of microme-
ters, which was comparable with that of nickel foam (Fig. 6a, b) [13]. Zhou et al. 
synthesized a covalent 3D graphene network via the hydrothermal method by using 
an aromatic diamine, such as 2,2,-dimethyl-4,4,-biphenyldiamine (DMPDA), 4,4,-
diaminodiphenylmethane (MDA), and benzidine, as a cross-linker to functionalize 
GO at ambient temperature. The treatment of stiff benzidine molecules with 2D 
GO flakes prevented face-to-face stacking because the surface of GO-benzidine was 
rougher and more porous than that of GO. GO-benzidine had a smaller surface area 
than GO-DMPDA and GO-MDA but 5.4 times higher photocatalytic activity than 
noncovalent 3D graphene. This finding showed that the particular surface area of 
3D graphene did not have a significant effect on the production of hydrogen in the 
form of H2 during photocatalysis [4, 30]. Meanwhile, GO hydrogels were fabri-
cated by using a hydrothermal technique with exfoliated GO, which can be obtained 
through a modified Hummer method [31]. Graphene hydrogels can be turned into 
graphene aerogels by eliminating water through freeze–drying [32, 33]. The 3D 
porous network structure of graphene aerogel was clearly defined and connected by 
many micrometers of interconnected pores. A 3D graphene-based geometric frame-
work with embedded nanoparticles had been shown to improve interface contact, 
reduce nanoparticle aggregation and dissolution, and increase stability and PEC 
performance [33]. 

Fig. 6 SEM images a rGO/nickel foam and b free-standing rGO foam. Adapted with permission 
[13], Copyright (2016), Elsevier
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3.2 CVD 

CVD is the process of depositing nanomaterial in the form of a thin film from vapor 
species onto substrates through chemical reactions [34]. CVD has been widely used 
and is the current method for the molecular synthesis of graphene because it can 
produce graphene with high surface areas. In the CVD method, a thin metal substrate 
is placed into a furnace and heated to high temperatures (900 °C–1000 °C) under 
a low vacuum. Hydrogen gas and carbon from methane gas must flow through the 
chamber to ignite a reaction between methane and the surface of the metal film, such 
as copper, nickel, or cobalt film [35]. Chen et al. synthesized 3D GF on a nickel 
foam substrate by using the CVD method at 1000 ◦C under ambient pressure. Then, 
the nickel foam was etched away by using 3 M hydrochloric acid to produce free-
standing GF. Ripples and wrinkles develop on the graphene films as a result of the 
differing thermal expansion coefficients of nickel and graphene. The wrinkling and 
ripples in composite materials produced when a GF is combined with a polymer 
are expected to promote mechanical interlocking between polymer chains, which 
improves adhesion. This effect is similar to the effect of the wrinkles in chemically 
produced graphene sheets. However, the building blocks of monolayer GF tend to 
collapse and break when copper foams are used as a template due to their inability to 
withstand the liquid capillary force exerted by acetone evaporation [36]. Meanwhile, 
Cai et al. synthesized a 3D GF to enhance the photocatalytic activity of ZnO. The 
morphological structure of 3D GF showed that additional ZnO nanorod nucleation 
sites were provided by the oxygen-containing functional groups of 3D graphene; thus 
ZnO nanorods were dispersed randomly and were well-separated from one another 
on 3D GF [37]. Flower-like 3D porous graphene (FG) can also be synthesized by 
using transformer-coupled plasma-enhanced CVD in a chamber wherein methane 
and argon had been introduced as precursors. The graphene framework features a 
densely packed and consistently dispersed flower-like structure as shown in Fig. 7a, 
b. The fold width was typically 200 nm. FG displays porous structures that might 
make it an ideal photocatalyst support material. The photocurrent performance of 
ZnS was approximately 4.4 times higher than that of bare ZnS after the addition 
of FG. Thus, FG can perform as an electron acceptor that can enhance separation 
and reduce the recombination of the photogenerated charge carriers of the ZnS/FG 
composite, permitting additional charge carriers to generate reactive species [38].

3.3 Self-Assembly Method 

Self-assembly is one of the natural methods for building complex living structures in 
the nano-, micro-, and macro dimensions. Self-assembly has been widely acknowl-
edged as a “bottom-up” nanotechnology approach. This method generates exten-
sive molecular structures from molecules sustainably. The top-down chemical and 
mechanical exfoliation processes of natural graphite are used to create nano- and
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Fig. 7 FESEM images a FG b enlarged image of FG. Adapted with permission [38], Copyright 
(2017), Elsevier

microscale graphene sheets that can be employed as building blocks in self-assembly 
[39]. 3D structures of graphene can be self-assembled through π−π interactions with 
ecofriendly phenolic acids. The hydrogels derived from assembling graphene into 3D 
frameworks were approximately 20 mm in height and 15 mm in diameter. After water 
removal through freeze–drying, the ultralight aerogels revealed consistently intercon-
nected micrometer pores. This 3D graphene material has a variety of uses due to its 
unique mix of superhydrophobicity, high porosity, outstanding electrical conduc-
tivity, and exceptional mechanical properties [40]. L-cysteine also can be utilized as 
a template and reducing agent in the self-assembly of 3D graphene materials [41]. 
Graphene aerogel has a hierarchical pore structure with pore sizes ranging from a few 
hundred nanometers to micrometers. Thin graphene nanosheets serve as the building 
blocks for pore walls, and their overlapping helps create 3D porous networks. Interest-
ingly, 3D graphene generated through self-assembly exhibits exceptional mechanical 
strength and thermal stability despite its low density. 

4 Current Progress in Water-Splitting Applications 

The incorporation of 3D graphene with metal oxides, transition-metal dichalco-
genides (TMDCs), and other semiconductor materials is certainly an efficient 
approach for increasing utilization effectiveness and photocatalytic hydrogen evolu-
tion reaction (HER) performance because it enhances 3D graphene’s ability as a 
co-catalyst to absorb incident light and provide numerous channels for gas diffu-
sion, ion transfer, and electron transport. Yoon et al. used the hydrothermal method 
to synthesize 3D graphene inverse opal (GIO) nanostructures with α-Fe2O3. GIO  
was directly grown on a glass surface under low-temperature conditions, yielding 
3D conducting networks for electron movement and photon-trapping effects. The 
activity of α-Fe2O3/GIO was 1.4 times higher than that of bare α-Fe2O3, indicating
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that the close proximity of the conducting electrode to the active components in the α-
Fe2O3/GIO composite materials reduced electron–hole recombination and promoted 
quick electron transport [42]. 

Recently, Men et al. prepared free-standing ZnO/3D GF to study its photocat-
alytic performance in the energy field. ZnO nanorods acted as the active material 
that can most effectively optimize dimensions and interfaces. Meanwhile, the 3D 
self-supporting and hierarchical porous graphene structure served as the conductive 
substrate that would allow the solution to travel through itself. The photocurrent 
performance of ZnO/rGO foam was higher than that of rGO itself due to the simul-
taneous enhancement in light harvesting and charge transfer of ZnO/rGO foam [13]. 
Lu et al. fabricated TiO2 nanoparticles on 3D graphene by using a hot electron 
mechanism. The H2 generation efficiencies of TiO2/3DG were 4.46 and 17.72 times 
greater than those of pure 3DG and TiO2, respectively, due to the high synergetic 
effects between TiO2 and 3DG [43]. 

3D graphene also can be incorporated with dual photoactive nanomaterials to 
further improve its photocatalytic HER performance. For example, Han et al. synthe-
sized 3D-like ternary TiO2/MoS2/graphene aerogel via the hydrothermal reaction 
to enhance photocatalytic activities. The photocurrent activity of the TiO2/MoS2/ 
graphene aerogel was 6 times higher than that of the pure TiO2, implying that the good 
synergetic effect between the three composite materials and 3D graphene aerogel/ 
MoS2 nanosheets played a key role in enhancing active adsorption sites and photocat-
alytic reaction centers [44]. Shah et al. reported that the photocurrent density of 3D 
graphene on Ni foam incorporated with ZnO through the combination of CVD and 
the hydrothermal method was approximately 8.06 higher than that of the photocata-
lyst without graphene on Ni foam. This significant increase was due to the important 
role of 3D graphene as a co-catalyst for electron and hole transport in ZnO [45]. 
Various types of 3D graphene materials synthesized through different methods with 
their corresponding photocatalytic activities in PEC water splitting are summarized 
in Table 1.

Numerous studies have reported that pure metal oxide photocatalysts have poor 
PEC performances due to their rapid photogenerated electron–hole pair recombi-
nation. Loading graphene as a co-catalyst is an efficient approach for reducing the 
recombination of electron–hole pairs, which corresponds to the increased efficiency 
of PEC water splitting. The current trend in designing novel materials for photo-
catalysis is the incorporation of 3D graphene with materials, such as metal oxides 
and TMDCs and other semiconductor materials. Catalysts on 3D self-supported 
photoelectrodes have improved diffusion kinetics and a larger contact area with 
the electrolyte, resulting in their significantly superior performance compared with 
their planar counterparts and conventional 2D photoelectrodes. The combination 
of TMDCs with graphene enhances the features of the materials, such as stability, 
charge separation, and transport capabilities, which can improve the total photocat-
alytic PEC hydrogen generation. Additionally, the performance of the photocatalytic 
process can be improved by simplifying charge transfer between materials by using 
3D porous graphene structures. Although several synthetic techniques can be applied, 
the physicochemical characteristics of the produced graphene materials differ greatly.
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Table 1 Fabrication methods and photocatalytic activities of several 3D graphene-based composite 
materials 

Type of 3D 
graphene 

Composite 
materials 

Fabrication 
method 

Photocurrent 
density (mA/cm2) 

Hydrogen 
production rate 
(mmol/g/h) 

References 

GIO α-Fe2O3 Hydrothermal 1.62 at 1.5 V 
versus RHE 

– [42] 

Graphene 
aerogel 

TiO2/MoS2 Hydrothermal 37.45 at + 0.6 V – [44] 

3D 
graphene 

Silicon CVD 37.6 at + 0.16 V – [46] 

3D 
graphene 

ZnO CVD and 
Hydrothermal 

108.2 at 0–1.0 V 
versus Ag/AgCl 

– [45] 

GF ZnO Hydrothermal 0.041 at 0 V 
versus Ag/AgCl 

– [13] 

GF TiO2 Hot/free 
electron 
mechanism 

– 1.205 [43] 

Graphene 
aerogel 

N-doped Hydrothermal – 0.013 [47] 

Graphene 
aerogel 

Cu Gas exfoliation – 4.87 [48]

The highest photocurrent density and hydrogen production rate of 3D graphene for 
pyramid-like graphene/p-Si Schottky junctions were approximately 37.6 mA/cm2 

and 11.60 mmol/g/h, respectively, at + 0.16 V. [45] Consequently, graphene-based 
3D materials not only act as supports to increase the photoelectrocatalytic perfor-
mance of composite materials, but also build a small skeleton framework that results 
in an increased surface area and hence a superior photoelectrocatalytic performance. 

5 Summary 

Graphene is an attractive material for photocatalysis applications. It is particularly 
attractive as a co-catalyst and transfer agent that can assist in reducing the effect of the 
wide band gaps of semiconducting materials and the recombination of electron–hole 
pairs in photocatalysts owing to its excellent intrinsic properties. Interconnected 3D 
graphene structures are a promising solution to the restacking or aggregation issues 
of 2D graphene in photocatalysis applications while still preserving the outstanding 
properties of 2D graphene. 3D graphene can exist in the form of foams, sponges, 
aerogels, or hydrogels. The current research trend in designing novel materials for 
photocatalysis is the incorporation of 3D graphene with metal oxides, TMDCs, and
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other semiconductor materials. The use of 3D graphene-based materials as a co-
catalyst and catalyst support to enhance the performance of PEC water splitting can be 
ascribed to their large surface areas, porosity, effective transport, and improved reac-
tion site accessibility. Many efforts have been made to synthesize 3D graphene-based 
photocatalysts for PEC water-splitting applications, and the number of researchers 
involved in this area has considerably increased. The properties, synthesis methods, 
and current progress in the water-splitting applications of 3D graphene-based photo-
catalysts reported to date were discussed thoroughly in this chapter. Nevertheless, the 
performance and stability of the photocatalyst still need further exploration. Thus, 
the design of 3D graphene-based photocatalysts with high photoelectrochemical effi-
ciency and good stability is needed to realize the use of 3D graphene in practical 
PEC water-splitting applications. 
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3D Graphene for Flexible Electronics 

Arpana Agrawal 

Abstract Three-dimensional graphene structures are nowadays grabbing enormous 
research interest due to their porous structures exhibiting high conductivity, high 
specific surface area, and low density, hence making them excellent materials for 
flexible electronic applications including flexible wearable sensors, flexible elec-
trodes for metal–ion batteries, supercapacitors, human body compatible e-skins, etc. 
Accordingly, the present chapter provides an overview of various three-dimensional 
graphene architectures (foams, hydrogels, aerogels, sponges, and films). A brief 
discussion of the various preparation methods has also been presented. A few exam-
ples of the applications of three-dimensional graphene structures for flexible elec-
tronics, particularly for flexible sensor-based applications (strain/pressure sensors, 
electronic skins, etc.) and flexible energy storage device applications (flexible super-
capacitors, metal-based batteries such as lithium–ion, lithium–sulfur, etc.) have been 
highlighted critically. Finally, the concluding remarks and perspectives are presented. 

Keywords 3D graphene structures · Porous structures · Flexible electronics ·
Supercapacitors · Sensors 

1 Introduction 

2D graphene is an exceptional material because of its several fascinating properties 
and is a planar sheet (one-atom-thick) where carbon atoms with sp2 hybridization 
are bounded with each other in a honeycomb lattice. Apart from 2D graphene layers, 
3D graphene structures are nowadays attracting immense research interest. Such 
structures can be termed as sponges/foams/aerogels and exhibit excellent porosity, 
encouraging conductivity, high specific surface area and hence are considered as 
promising materials for various electronic device applications. Owing to the highly
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Fig. 1 Various 3D graphene 
structures along with their 
flexible electronic 
applications 

porous structure of 3D graphene structures with excellent conductivity and encour-
aging compatibility with various polymeric materials possessing high elasticity, they 
are one of the potential candidates, particularly for flexible electronics including flex-
ible electrodes, conductors, metal–ion batteries, metal–air batteries, wearable and 
flexible sensors, etc. Figure 1 pictorially shows the various 3D graphene structures 
along with their flexible electronic applications. 

So far, various 3D graphene architectures have been reported including graphene 
spheres, graphene networks (foams, hydrogels, aerogels, sponges) and films, etc., and 
can be fabricated via a number of techniques such as self-assembly method, template-
assisted method, electro-spinning/spraying, chemical vapor deposition (CVD), etc. 
In the spray assembly method, 3D graphene structures were prepared via gela-
tion of graphene oxide dispersion which then undergo a reduction process to form 
reduced graphene oxide, whereas, in the template-assisted method, 3D templates of 
polystyrene or SiO2 were utilized which can be easily removed from the 3D graphene 
structure. Electro-spinning/spraying facilitates the formation of 3D graphene struc-
tures in the form of fibers, spheres, or beads with diameters ranging from a few 
micrometers to nanometers and CVD allows straightforward deposition of 3D 
graphene architectures. Chen et al. [1] reported the growth of highly flexible and 
conducting 3D graphene networks employing CVD approach. Shehzad et al. [2] 
presented a critical review of various 3D macrostructures of 2D nanomaterials. An 
extensive review of the CVD growth of 3D graphene foam was also presented by 
Banciu et al. [3], along with their fascinating properties and various energy appli-
cations. Another review in this area deals with the preparation and morphological 
studies of various 3D graphene composites along with their numerous applications 
[4]. Li and Shi [5] also described various 3D graphene structures. Wu et al. [6] also  
reported a highly compressive 3D graphene sponge possessing near-zero Poisson’s 
ratio. Hu et al. [7] discussed the growth of highly compressible and lightweight
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graphene aerogels. Li et al. [8] discussed the preparation method of a compressible 
3D graphene sponge. Han et al. [9] reported a method to strengthen 3D graphene 
sponges using an ammonia solution. 

It is worth mentioning here that in contrast to 2D graphene materials which exhibit 
outstanding mechanical strength, 3D graphene structures are usually reported to 
possess poor mechanical properties and hence are unfit for flexible device applica-
tions in as it is formed. The performance of flexible electronic devices fabricated from 
these structures in pristine form would get deteriorated after various deformable situ-
ations. However, to utilize 3D graphene structures for flexible electronics, they are 
combined with several polymeric materials. The very first report on flexible conduc-
tors based on template-assisted chemical vapor-deposited 3D graphene foam is with 
polydimethylsiloxane (PDMS). Wang et al. [10] have also reported the preparation of 
a 3D graphene-polymer-based composite. The preparation of 3D graphene/polymer 
composite not only provides flexibility and stretchability but also helps in improving 
their conductivity, and hence there is a utility for flexible electronics. Another fasci-
nating property of 3D graphene structures is their ability to prepare composites via 
doping with other materials which adds further dimensions to the utility. 

Accordingly, the present chapter provides an overview of various 3D graphene 
architectures (foams, hydrogels, aerogels, sponges, films) along with a few exam-
ples of their applications for flexible electronics, particularly for flexible sensor-
based applications (strain/pressure sensors, electronic skins, etc.) and flexible energy 
storage device applications (flexible supercapacitors, metal–ion batteries such as 
lithium–ion battery, lithium–sulfur battery, sodium–ion battery, etc.). 

2 3D Graphene for Flexible Electronic Applications 

Several researchers have discussed the applications of 3D graphene structures 
including foams, sponges, aerogels, nanowalls, etc. for flexible electronics, partic-
ularly for sensor applications (flexible pressure/strain sensors/electronic skin) of 
energy storage applications (flexible capacitor/supercapacitors/fuel cells/metal–ion 
batteries), etc. This section will focus on a few applications of 3D graphene-based 
structures, particularly for sensor applications and energy storage applications. 

2.1 3D Graphene for Sensor Applications 

3D graphene-based structures have extensively been employed for sensor applica-
tions. Samad et al. [11] reported sensor applications of graphene foam composite 
having to regulate the sensitivity. 3D interconnecting structures of reduced graphene/ 
polyimide nanocomposite-based flexible strain sensor applications with excellent 
elasticity, flexibility, and mechanical strength were reported by Qin et al. [12]. An 
et al. [13] fabricated a flexible wearable sensor utilizing graphene aerogel which was
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prepared via micro-extrusion printing technology using an ink obtained by dissolving 
graphene oxide in water. The prepared ink was loaded in a syringe and then patterned 
on the PET substrate which then undergoes a vacuum freeze-drying process to obtain 
GO aerogel followed by chemical reduction to produce reduced graphene oxide 
aerogel. Finally, to prepare a graphene aerogel-based wearable sensor, the aerogel 
allows electrodes to be glued to it and is packaged with PDMS. It should be noted 
here that the morphology of graphene aerogels strongly depends on the concentration 
of the graphene oxide inks and the fabricated sensor facilitates 3D multi-recognition 
and multi-deformation responses with excellent performances. 

Fabrication of wearable and flexible pressure and strain sensors utilizing graphene 
porous structures is also reported by Pang et al. [14]. Highly compressible composite 
of graphene/thermoplastic polyurethane foam possessing high conductivity is also 
reported to be useful for piezoresistive sensing applications [15]. Facilely grown 
3D graphene foam composite was employed to fabricate strain sensors [16]. Flex-
ible sensors with self-healing properties were also reported to be fabricated using 
composite material composed of 3D graphene and polyborosiloxane (PBS) polymer 
where PBS acts as the self-healing material [17]. This sensor has an excellent capacity 
of sensing pressure and flexion angle and can automatically heal for 6–8 cycles. 
However, the fabricated sensor is unsuitable under harsh environmental conditions 
because of the poor mechanical strength of PBS polymer. Li et al. [18] have also  
reported the applications of reduced graphene oxide/polyurethane composite for 
healable flexible electronics. 

An efficient lightweight, wearable, sensitive, and squeezable piezoresistive sensor 
was fabricated by Sengupta et al. [19], employing graphene-PDMS composite foam. 
To prepare this sensor, initially, the PDMS foam was prepared as a base material then 
the graphene nanoflakes were loaded in it. For this, a conductive graphene suspen-
sion was prepared by suspending graphene nanoflakes in N, N-dimethylformamide 
(DMF) solution which undergoes sonication followed by dipping of porous PDMS 
sponges in it for 1 h. This leads to the formation of graphene-coated PDMS sponges 
which then dried in oven at 60 °C for 1 h. The same steps continue for six cycles 
to prepare porous graphene-PDMS composite foam. Figure 2a shows the overall 
fabrication process of graphene-PDMS composite foam. Finally, to fabricate the 
sensor with all the electrical connections, conductive silver epoxy was coated on the 
sides of the prepared composite foam (Fig. 2b). The squeezability and lightweight 
of the developed sensor were demonstrated in Fig. 2c and d, respectively. Figure 2e 
and f shows the scanning electron microscopy images of the PDMS foam before 
loading and after loading of graphene nanoflakes, respectively, which clearly shows 
the penetration of graphene nanoflakes within the PDMS foam.

In order to examine the applicability of the developed graphene-PDMS-based 
sensor for flexible and wearable device applications, they have examined the 
developed sensor under several strain-loading circumstances. In their experimental 
setup as shown in Fig. 3a, the squeezable graphene-PDMS foam-based sensor was 
compressed using pistons doubling as electrodes which are connected to a Wheat-
stone bridge and hence the data is acquainted. The response of the sensor was obtained 
at different compressive stain loadings varying from 10 to 50% and the change in
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Fig. 2 a Schematic illustration of the overall fabrication process of graphene-PDMS composite 
foam. b Electrical connections to fabricate the sensor for signal acquisition. c, d Demonstration of 
squeezability (c) and lightweight (d) of the developed sensor. e, f SEM images of the PDMS foam 
before loading (e) and after loading (f) of graphene nanoflakes. Adapted with permission [19]. Copy-
right (2019) Copyright The Authors, some rights reserved; exclusive licensee ACS Publications. 
Distributed under a Creative Commons Non-Commercial No Derivative Works (CC-BY-NC-ND) 
Attribution License
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the normalized resistance as a function of time is obtained as represented in Fig. 3b. 
They have further examined the applications of the developed sensor for real-time 
human foot pressure monitoring where the developed sensor was attached to the shoe 
sole at intense and low-pressure points of the foot mainly the toe ball, heels, and foot 
arch, respectively, as illustrated in Fig. 3c. The real-time response of the sensor while 
walking is then recorded as shown in Fig. 3d. The response of the sensor during the 
movements of the index finger and wrist was also examined (Fig. 3e, f), which clearly 
shows the feasibility of the developed sensor for flexible wearable health monitoring 
devices.

The same group has also designed piezoelectric 3D graphene-PDMS foam-based 
pressure sensors for smart gloves applications for Internet of things-enabled wear-
able pressure monitoring devices [20]. The photographs of the developed pressure 
sensor attached to a nitrile glove are represented in Fig. 4a where four identical 3D 
graphene-PDMS foam-based pressure sensors were attached to the thumb, index 
finger, middle finger, and ring finger. To cover and protect the attached sensors from 
foreign elements, another nitrile layer was employed (Fig. 4a). Finally, these gloves 
were used to hold a paper cup and the response in terms of resistance change was 
recorded. However, to convert this resistance change into voltage signals, a voltage 
divider is also connected to the sensor. Figure 4b depicts the sensor response obtained 
while holding a paper cup in terms of the voltage signal, suggesting its utility for 
wearable smart gloves as pressure-sensing devices.

Yang et al. [21] reported the fabrication of extremely flexible, stretchable, skin-
compatible, and highly sensitive electronic nose utilizing 3D graphene microstruc-
tured nanowalls and PDMS substrate. Graphene nanowalls were grown onto a silicon 
substrate employing a plasma-enhanced CVD method using methane and hydrogen 
gases. Finally, the grown nanowall structures were loaded with PDMS polymer 
followed by solidification in a vacuum oven. Thereafter, the graphene nanowalls were 
transferred to PDMS substrate via a peeling off approach. Finally, to prepare elec-
trodes for graphene nanowalls-PDMS-based e-skin, silver paste was polished on the 
edges of the grown structure. They have also examined the applications of the devel-
oped e-skin in the bending motion of joints of the human body including knee joints, 
elbow, fingers, eye movements, and voice sensations. It was found that the devel-
oped graphene nanowalls-PDMS-based e-skin shows excellent sensitivity toward 
stretching and bending motions with a gauge factor ~65.9 under 100% stretching 
conditions. 

2.2 3D Graphene for Energy Storage Applications 

In addition to sensor applications, 3D graphene structures are widely employed for 
energy storage applications. Several energy storage devices including supercapac-
itors, fuel cells, or metal–ion batteries particularly lithium–ion batteries have been 
reported to be fabricated from 3D graphene structures. Electrodes prepared from
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Fig. 3 a Schematic depiction of the experimental setup for performing the piezoresistivity measure-
ments. b The response of the sensor in terms of change in the normalized resistance as a function of 
time at different compressive stain loadings varying from 10 to 50%. c Attachment of the developed 
sensor on the shoe sole at intense and low-pressure points of the foot, mainly toe ball, heels, and foot 
arch. d The real-time response of the sensor while walking for the demonstration of real-time human 
foot pressure monitoring. Response of the developed sensor in terms of voltage signals during the 
movements of the index finger (e) and  wrist (f). Adapted with permission [19]. Copyright (2019) 
Copyright The Authors, some rights reserved; exclusive licensee ACS Publications. Distributed 
under a Creative Commons Non-Commercial No Derivative Works (CC-BY-NC-ND) Attribution 
License
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Fig. 4 a The photographs of four identical pressure sensors attached on a nitrile glove at fingertip 
regions with another nitrile layer to shield the attached sensors from foreign elements. b Sensor 
response obtained while holding a paper cup in terms of voltage signal. Adapted with permis-
sion [20]. Copyright (2022) Copyright The Authors, some rights reserved; exclusive licensee IOP 
Publishing. Distributed under a Creative Commons Attribution License 4.0

3D graphene were reported to be employed for fabricating high-performance pseu-
docapacitors and supercapacitors. Wang et al. [22] utilized electrodes made up of 
3D graphene nickel oxide nanoflakes for pseudocapacitors while Dong et al. [23] 
employed electrodes of 3D graphene cobalt oxide for supercapacitors. Xu et al. 
[24] have reported the fabrication of highly flexible solid-state supercapacitors. 
Herein, the electrolyte was a mixture of polyvinyl alcohol (PVA) and sulfuric acid 
(H2SO4) and the electrode was made up of graphene hydrogel film having a thick-
ness of 120 µm. The fabricated supercapacitor exhibits excellent performance with 
gravimetric capacitance ~186 Fg−1 at 1 Ag−1. Flexible supercapacitors were also 
fabricated by Zheng et al. [25], employing hybrid aerogels composed of cellulose 
nanofibril, reduced graphene oxide, and carbon nanotubes. Highly flexible and effi-
cient solid-state supercapacitors are also reported to be fabricated from nanoporous 
graphene films [26]. Fabrication of high-rate capability electrodes for supercapac-
itors made up of a composite material comprising of nanostructured 3D graphene 
and Ni3S2 was also demonstrated [27]. He et al. [28] also demonstrated flexible and 
ultralight supercapacitor electrodes obtained from graphene/MnO2 composite. 

Apart from supercapacitors, 3D graphene structures-based composites serving as 
either anodes or cathodes are extremely utilized for metal-based batteries (lithium– 
ion batteries or lithium–sulfur batteries, sodium–ion batteries, etc.). Generally silicon 
(Si)-based anodes were employed for lithium–ion batteries. However, one of the 
major drawbacks of using Si anodes is their extended volume variations while 
lithiation. To circumvent this drawback, Phadatare et al. [29] have prepared a Si-
nanographite aerogel anode where an aerogel fabrication approach was employed to 
grow Si nanoparticles on nanographite flakes. The prepared electrode exhibits excel-
lent cycle stability with a specific capacity of 455 mAhg−1 at 100 mAg−1. Ji et al.  
[30] have also employed 3D conductive networks serving as an anode for fabricating 
lithium–ion batteries which comprises a Si/graphene composite grown on ultrathin 
graphene foam. A critical review was presented by Zhang et al. [31], demonstrating
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the potentiality of 3D nanoarchitecture as anode materials for various lithium or 
sodium storage applications. TiO2/graphene composite was also reported to exhibit 
high photocatalysis activity with excellent stability and capability [32]. Herein, to 
prepare the composite, TiO2 nanocrystals were hydrothermally grown on graphene 
aerogels (001). Wei et al. [33] have also examined the utility of Fe3O4 nanospheres 
encapsulated in 3D graphene foam for encouraging lithium storage applications. 

Mo et al. [34] have reported the fabrication of a highly flexible, sensitive, and 
efficient lithium–ion battery with long cycling capacity for flexible electronic appli-
cations using a 3D porous structured nitrogen-incorporated graphene foam (NGF) 
encapsulated with germanium quantum dots (QD)/nitrogen-incorporated graphene 
(NG) yolk–shell nanostructure (Ge-QD@ NG/NGF). This porous structure facilitates 
the large volumetric expansion of germanium due to the presence of internal void 
spaces and easy access to electrolytes because of the open channels. The template-
assisted technique was employed to prepare the desired 3D graphene composite struc-
ture. Figure 5a schematically illustrates the overall growth process of Ge-QD@NG/ 
NGF/PDMS yolk–shell nanoarchitecture. Here, 3D interconnected porous Ni foam 
was used as the template to grow N-doped graphene via the CVD method which then 
undergoes a hydrothermal process in presence of GeCl4 to prepare GeO2-decorated 
N-doped graphene on Ni foam. The obtained product was then undergoing electro-
less Ni deposition to form N-doped graphene with GeO2@Ni on Ni foam  which  
again undergoes a CVD process followed by Ar/H2 annealing. This process leads to 
the preparation of N-doped graphene with Ge quantum dot@Ni@N-doped graphene 
on Ni foam. Thereafter, Ni etching was done to prepare yolk–shell nanoarchitecture 
and finally coated with PDMS to prepare the end product mainly Ge-QD@NG/NGF/ 
PDMS yolk–shell electrode.

The electrochemical performances of the fabricated lithium–ion battery 
employing Ge-QD@NG/NGF/PDMS were examined by obtaining the galvanos-
tatic charging–discharging and cycling response of the battery. Figure 5b depicts the 
galvanostatic charging–discharging behavior of the battery containing Ge-QD@NG/ 
NGF yolk–shell nanoarchitecture for several cycles at 1 C which clearly shows a 
discharge and charge capacity of 1,597 mAhg−1 and 1,220 mAhg−1, respectively, 
for the first cycle. Figure 5c shows the cycling response of Ge/Cu electrode, Ge/NGF/ 
PDMS electrode, and prepared Ge-QD@NG/NGF/PDMS yolk–shell electrode for 
1000 cycles at 1 C. In pristine Ge/Cu electrode, fast capacity fading was observed 
which is mainly attributed to the greater size of the Ge nanoparticles resulting in 
pitiable strain relaxation, while in the case of Ge/NGF/PDMS electrode, added space 
was available to load the electrode material resulting in the formation of the intercon-
nected conductive network. However, in contrast to both these electrodes, encour-
aging cycle stability was observed in the prepared Ge-QD@NG/NGF/PDMS yolk– 
shell electrode. Figure 5d schematically represents the assembled electrochemical 
cell comprising of lithium foil, Ge-QD@NG/NGF/PDMS yolk–shell nanoarchitec-
ture as electrodes, and the experimental setup for in situ Raman measurements. In situ 
Raman experiment was performed using laser light (operating wavelength = 532 nm) 
for the working electrochemical cell before and during the lithiation process and the 
obtained results were shown in Fig. 5e. It was found that the first-order Raman band
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Fig. 5 a Pictorial demonstration of the overall growth process of Ge-QD@NG/NGF/PDMS yolk– 
shell-based nanoarchitecture. b Galvanostatic charging–discharging behavior of the fabricated 
battery containing Ge-QD@NG/NGF yolk–shell nanoarchitecture electrode for several cycles at 1 
C. c Cycling response of Ge/Cu electrode, Ge/NGF/PDMS electrode and prepared Ge-QD@NG/ 
NGF/PDMS yolk–shell electrode for 1000 cycles at 1 C. d Schematic representation of the assem-
bled electrochemical cell comprising of lithium foil, Ge-QD@NG/NGF/PDMS yolk–shell nanoar-
chitecture as electrodes and separator along with the experimental setup for in situ Raman measure-
ments. e In situ Raman spectra obtained using 532 nm laser light for the working electrochemical 
cell before and during lithiation process. Design of the traditional electrode (Ge/Cu) (f) and  the flex-
ible 3D N-doped graphene-based electrode (g). Adapted with permission [34]. Copyright (2017) 
Copyright The Authors, some rights reserved; exclusive licensee Nature Publishing. Distributed 
under a Creative Commons Attribution License 4.0 (CC BY)

appeared at 296 cm−1 for the fabricated battery before the start of lithiation along with 
a few other Raman peaks appearing due to the electrolyte or the packaging material. 
The difference between the design of the traditional electrode and the flexible 3D 
N-doped graphene-based electrode is also shown in Fig. 5f, g. 

The same group has also reported the construction of lithium–ion batteries using 
Ge nanoparticles encapsulated in a 3D double-walled ultrathin graphite tube serving 
as a potential anode [35]. The superior electrochemical performance was observed 
with cycle stability up to 1000 cycles, a specific capacity of 1338 mAhg−1, and 
a rate performance of 752 mAhg−1 at 40 C. It should be noted that other than 
PDMS, polyaniline (PANI) polymer was also reported to be a compatible polymer
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for 3D graphene structures. Zhang et al. [36] discussed the fabrication of lithium– 
ion batteries using electrodes comprising of SnO2@PANI core–shell nanorod arrays 
grown on graphite foam. For this, initially, the SnO2 nanorod arrays were grown 
on graphite foam which was then uniformly coated with a PANI layer to prepare 
SnO2@PANI core–shell structure and hence the electrode. This prepared electrode 
shows enhanced electrochemical responses. 

Cathode prepared from sulfur/3D network-structured graphene foam was also 
reported to be employed for the fabrication of lithium–sulfur batteries [37]. This 
cathode was synthesized by sulfur solution infiltration approach where sulfur was 
loaded on a 3D graphene structure. Herein, initially, the 3D network graphene 
structure was prepared via the CVD method employing template-assisted approach 
without using any binder. Ni foam was used as the sacrificial template and can be 
easily etched away after growth. The fabricated lithium–sulfur battery containing 
sulfur/3D network-structured graphene foam as cathode exhibits excellent electro-
chemical stability. Ji et al. [38] have reported the use of lithium iron phosphate-loaded 
3D network of ultrathin graphite foam as a potential, economic, and compatible 
cathode material for fabricating lithium–ion batteries. This battery possesses high 
current density and a specific capacity of 1280 mAg−1 and 70 mAhg−1, respectively. 
Lithium–sulfur batteries exhibiting excellent electrochemical properties were also 
fabricated using 3D Li2S/graphene serving as a potential cathode [39]. Chang et al. 
[40] demonstrated the utility of 3D graphene-based N-incorporated carbon compos-
ites as efficient anode materials for sodium–ion batteries. Another report on the 
utility of composite electrodes made up of N-incorporated graphene on graphite foam 
serving as anode material for lithium–ion batteries was presented where an encour-
aging specific capacity of 1687 mAhg−1 was observed [41]. 3D N-incorporated 
graphene foam was also reported to be synthesized by the green synthesis method 
and can be employed for electrochemical applications [42]. 

3D graphene structures are also employed for the purpose of detection devices 
mainly photodetectors. Li et al. [43] reported the utility of 3D graphene foam for 
fabricating photodetectors working from ultraviolet to microwave region. Highly 
sensitive photodetectors constructed from flexible 3D graphene/organic-based hybrid 
material were also reported for photodetection purposes in the visible to mid-infrared 
regime [45]. For the fabrication of an ultraviolet photodetector, Boruah et al. [44] 
have demonstrated the applications of ZnO nanowires grown on 3D graphene foam. 

Overall, 3D graphene structures are one of the important classes of materials for 
flexible device applications owing to their various fascinating characteristics such 
as ultrathin, lightweight compatibility with various polymers that help in enhancing 
their flexibility, and ability to combine with other materials to synthesize compos-
ites. All these properties suggests their potential as electrode materials for energy 
storage applications including batteries, supercapacitors, lightweight sensors, and 
photodetectors.
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3 Conclusion 

In conclusion, an overview of various 3D graphene architectures mainly foams, 
hydrogels, aerogels, sponges, and films are provided. Various growth techniques 
employed to prepare these 3D graphene structures are also briefly discussed. Various 
flexible devices fabricated by utilizing such 3D graphene structures are critically 
highlighted with a particular focus on flexible sensor-based applications and flex-
ible energy storage device applications including flexible supercapacitors, metal–ion 
batteries such as lithium–ion battery, etc. However, further work is still required to 
apprehend the commercialization of such flexible devices obtained from 3D struc-
tures because of the lack of standardization of the growth technique and/or fabrication 
technique. Constant efforts along with scientific innovations in this field will certainly 
lead to the fabrication of highly efficient flexible electronic devices. 
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3D Graphene for Capacitive 
De-ionization of Water 

Sara Madani and Cavus Falamaki 

Abstract Herein we consider the use of 3D graphene structures in the so-called 
capacitive de-ionization (CDI) process of water. The topic is hot and the need for such 
structures is explained by presenting a brief description of CDI technology including 
the latest configurations and discussing the most important and recent steps taken so 
far to use 3D graphene as an electrode material. The advantages and disadvantages 
of using 3D structures as electrode materials to be implemented in the CDI process 
of water are discussed. The state of art related to 3D graphene-only electrodes, 3D 
graphene composites with carbonaceous materials, and 3D graphene composites 
with non-carbonaceous materials are discussed in detail. The future perspective is 
briefly addressed and considers the use of 3D printing, pseudocapacitive layered 
materials and introduces 3D graphene/3D non-graphene structures. The use of new 
3D graphene materials in the field of CDI is constantly increasing. Accordingly, this 
chapter can serve as a motivational tool to encourage researchers to focus on the 
development of new 3D graphene-based materials for CDI electrodes to combat the 
increasing scarcity of drinking water worldwide. 

Keywords 3D graphene · Capacitive de-ionization ·Water desalination ·
Hierarchical pore structure · Graphene-based electrode 

1 Why CDI? 

Water scarcity is becoming a crucial problem for humanity in recent decades [1]. 
Therefore, desalination technologies have been intensively developed as desirable 
solutions in recent years. Currently, thermal desalination technologies including 
multi-stage flash distillation (MSF), multi-effect distillation (MED), mechanical 
vapor compression (MVC), and multi-effect solar stills (MESS), and membrane-
based technologies such as reverse osmosis (RO) and electrodialysis (ED) have been
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widely developed. However, these established techniques suffer from high costs, poor 
efficiency, and pollution, and require large amounts of energy in the form of thermal 
and/or electrical energy [2]. To reduce energy consumption, several new technolo-
gies such as forward osmosis (FO) [3], membrane distillation (MD) [4], reverse 
electrodialysis (RED) [5], and capacitive de-ionization (CDI) [6] have evolved and 
may soon approach full commercialization. CDI is known as an environmentally 
friendly desalination technology with lower energy consumption and lower capital 
costs compared to traditional desalination methods. The use of high-pressure pumps 
and membranes is not required, and no secondary waste is generated during the 
process in these systems. In addition, a wide range of applications from water soft-
ening and water desalination to selective ion removal has been established for CDI 
systems [6]. 

2 CDI Technology in Brief 

In 1960, Blair and Murphy first explored the idea of electrochemical desalination of 
water [7]. The pioneering work of CDI was continued by Murphy and Caudle [8] in  
the mid-1960s. In 1971, the theory of ion transport in porous carbon electrodes in 
CDI and ion storage based on the capacitor mechanism was introduced [9]. In 1996, 
Farmer et al. improved the performance of a carbon aerogel electrode CDI device 
[10]. After introduction of this first 3D carbonaceous structure as electrode material, 
CDI process development underwent an unprecedented accelerated rapid growth. 

Basically, the term capacitive de-ionization denotes two main functions: The term 
capacitive is used to indicate that charged ions are adsorbed by water and stored on 
the inner surface of porous electrodes, while de-ionization causes the removal of 
cations and anions from the water. In fact, CDI is an electrochemically controlled 
technique for removing salt from salt water. In a basic design (Fig. 1), salt water 
flows between a pair of large surface area electrodes and simultaneously a small 
potential difference (<2 V) is applied across them. The potential window should not 
exceed the water splitting potential point [11]. Charged ions are pulled toward the 
electrode with contrary polarity during a charge cycle, while they are expelled to 
the secondary stream during a discharge cycle when application of voltage to the 
electrodes is discontinued or reversed.

Two important types of CDI have been studied extensively: symmetric and asym-
metric. The most common CDI configuration is flow-through CDI (Fig. 2a), first 
proposed by Blair et al. [7]. Later, this configuration was widely used in a variety of 
research and works. In another configuration, referred to as osmotic CDI, the feed 
current flows directly through the osmotic electrodes. This configuration was first 
reported in 1970 by Johnson et al. (Fig. 2b) [12]. This type of CDI was used to 
study key performance parameters and showed more rapid cell charging compared 
to flow-through CDI. In 2012, two battery electrodes for desalination in a desalina-
tion battery were presented as a novel CDI design (Fig. 2c). Although a desalination 
battery is a desirable configuration for high salinity water desalination, this type of
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Fig. 1 Schematic diagram 
of a traditional CDI system

CDI suffers from instability due to Faraday reactions. A novel CDI design is the flow 
electrode CDI (Fig. 2d), which may offer compact, low-resistance systems using 
slurry or flow electrodes [13]. Carbon suspensions were used as a novel suspension 
electrode in the CDI system (Fig. 2e) for desalination of brackish and sea water [14]. 
Asymmetric CDI has been subject of emerging research in recent years due to its 
better performance compared to symmetric CDI.

Materials with different potential of zero charge (PZC), surface functional 
groups, surface charges [12, 15, 16], electrode thicknesses [17], and even different 
ion removal mechanisms [18] can increase desalination performance and system 
capacity. One of the most popular asymmetric configurations is membrane-
assisted capacitive de-ionization (MCDI), which is a combination of ion-exchange 
membranes with classic forms of CDI (flow-by, flow-through) configurations [19]. 
Anion and cation exchange membranes were applied to the anode and cathode elec-
trodes, respectively. Covalently attached groups allow easy access of the ions to the 
counter-electrode while repelling co-ions. Ion-exchange membranes can be installed 
free-standing [19] or ion-selective groups can be grafted directly onto porous elec-
trodes [20]. When the co-ions are expelled from the electrodes, they must not move 
toward the spacer channel. Thus, co-ions remain on the electrode side and accu-
mulate in higher concentrations in the macropores. Charge neutrality in macropores
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A Flow-through CDI 

B Osmosis CDI 

D Flow-electrode CDI 

C Desalination battery 

E Suspension-electrode CDI 

I Hybrid CDI 

Fig. 2 a Various CDI configurations (A to E). b Various CDI configurations (F to K). c Legend

also requires the accumulation of counter-ions. This eventually improves the charging 
efficiency. 

The remarkably fast recovery of the electrodes due to the application of a reverse 
voltage in the regeneration cycle is another advantage of MCDI over CDI. Finally, 
membranes prevent the electrode from disintegrating in the long term [21]. Inverted-
CDI (i-CDI) as another modified CDI guarantees the desalination stability and effi-
ciency of the CDI over time. Unlike traditional CDI, ion adsorption and desorption
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F Flow-through MCDI 

G Ion-selective flow-through CDI 

J Flow-electrode MCDI 

H Inverted CDI 

K Asymmetric flow-electrode CDI 

Fig. 2 (continued)

occur during the discharge and charge time of i-CDI, respectively [15]. A combi-
nation of faradic and capacitive electrodes in a CDI structure is called hybrid-CDI 
(HCDI) [18]. Hybrid systems exhibit a higher sorption capacity for ion removal than 
a typical CDI system. Flowing suspension carbon was used as the electrode material 
in a membrane CDI to desalinate water with high salinity. In another similar configu-
ration, activated carbon suspension is used in combination with metal oxide to create 
an asymmetric structure to increase the voltage window. Consequently, SAC with 
this configuration is much higher than that of a typical flow electrode CDI.
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Fig. 2 (continued)

2.1 Electrode Material: A Key Component 

Electrode material is a key component in CDI configuration, and affects ion sorption 
capacity, de-ionization rate, and system reliability. An ideal CDI electrode material 
possesses high electrical conductivity and surface area, and proper wettability that 
benefits from continuous electron transfer pathways, rich active sites, and fast ion 
transport pathways to form an efficient electrochemical double layer [23, 24]. 

Therefore, abundant accessible surface areas and hierarchical pore morphology 
are key properties for the electrode materials. In addition, good electrode candi-
dates are inexpensive, scalable, and easy-to-process materials [25]. Members of the
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carbon family of materials as ideal CDI electrode materials are conductive with 
easily tunable properties that exhibit excellent chemical/electrochemical stability and 
diverse morphology. So far, activated carbon, ordered mesoporous carbon, carbon 
nanotubes, carbon nanofibers, carbon aerogels, carbon nanospheres, and graphene 
and their composites have been widely used as electrode material in CDI systems 
[26–28]. Graphene as the newest class of carbon material with exceptional character-
istics such as high theoretical surface area of 2630 m2 g−1, high carrier mobility up to 
10 000 m2 V−1 s−1, substantially high conductivity (7200 S m−1), high electron and 
thermal mobility, tunable surface properties and morphology, and excellent physical 
and chemical properties has attracted the attention of researchers for large-scale CDI 
applications [22, 29]. 

Graphene is the two-dimensional layer of carbon atoms with hexagonal crystalline 
arrangement, which has created promising perspectives in a variety of applications 
due to its unique physicochemical properties. The history of using graphene in CDI 
systems dates back to 2009 when Li et al. used reduced graphene oxide as the elec-
trode material in a CDI for the first time [30]. They hypothesized that corrugated 
sheets of reduced graphene oxide (RGO) create a porous structure to facilitate ion 
storage. Although the obtained electrosorption capacity superseded that of activated 
carbon (AC) in the similar experimental conditions, the salt adsorption capacity 
(SAC) value for reduced graphene oxide was not satisfactory. The low specific 
surface area (14.2 m2g−1) due to the aggregation of the graphene nanosheets was 
the main cause resulting in low electrosorption capacity. The same group performed 
another study and increased the specific surface area of RGO nanoflakes from 222 to 
254 m2 g−1, while the achieved NaCl removal capacity remained at about 1.35 mg g–1 

under the same experimental conditions [31]. 
One of the possible solutions to increase the electrosorption capacity was to 

propose a novel reduction method such as solar irradiation and/or thermal shock 
reduction. For example, in the solar irradiance reduction method, the sunlight focused 
on graphene oxide (GO) causes a sudden temperature rise that decomposes GO into 
RGO, CO2, and marginal H2O. The pressurized CO2 promoted exfoliation of the 
graphene, resulting in a structural transition from a dense structure to a fluffy/fuzzy 
structure. The folded and crumpled structure of the obtained RGO creates a large 
surface area that can generate up to a high SAC of 22.4 mg g−1 in a 5844 mg L−1 

NaCl solution at 1 V [32]. The SAC growth of RGO electrodes has been mainly 
attributed to microstructure modification such as in-plane porous structures or curve 
morphology and surface functional groups like oxygenates. However, creation of 3D 
porous graphene structure and surface modification of graphene are considered as 
more promising solutions, which are discussed in the following section.
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3 3D Structures in Water Treatment: Advantages 
and Challenges 

In general, low-dimensional nanomaterials show enormous potential for water treat-
ment; however, these material agglomerates not only cause a loss of activity in water, 
but their recovery is difficult and expensive. In addition, nanomaterials potentially 
remaining in drinking water cause many health concerns. 3D macrostructures made 
from low-dimensional nanomaterials inherit the special properties of their corre-
sponding nanoscale building blocks. Unlike nanomaterials themselves, 3D structures 
can be easily recovered and recycled without using membrane separation techniques. 
Thus, these material classes improve the application of low-dimensional nanomate-
rials and make the treatment process more economical to carry out. The likelihood of 
release (leaching) of nanomaterials in the water treatment process decreases signif-
icantly, eliminating health concerns related to treated water consumption. Instead 
of using expensive and environmentally harmful processes such as thermal treat-
ment or chemical washing, environmentally friendly regeneration techniques can be 
used. It also gives the treatment system a good opportunity to design the flow units 
in a continuous mode of operation. Last but not least, a 3D structure of graphene 
resembles a scaffold, and other functional groups or nanomaterials can be grafted 
onto these unique structures to build macro-sized multifunctional nanocomposites 
to simultaneously separate different contaminants. Therefore, making a 3D structure 
from low-dimensional material is very important. These multifunctional nanocom-
posites can be synthesized by mixing other nanomaterial with the precursor or by 
accommodating it on graphene’s 3D structural surface. While the fabrication of low-
dimensional material is a tedious, time-consuming process that makes its large-scale 
application problematic, the fabrication of 3D graphene-based macrostructures (3D 
GBMs) is simple and inexpensive. 

The cause of graphene sheet aggregation and restacking lies in interplanar van 
der Waals forces and strong π–π interactions of the basal planes of graphene sheets. 
In a CDI system, the physisorption process is responsible for NaCl electrosorp-
tion on graphene electrodes. Two key strategies can be considered to prevent graph 
restacking; as already mentioned, the first and main solution is to fabricate a 3D 
porous structure to promote accessibility to separate graphene layers and increase 
the surface area in the system meaningfully, and the second way is to apply spacer 
material such as carbon nanotube (CNT) and mesoporous carbon between layers of 
graphene, which is not our focus.



3D Graphene for Capacitive De-ionization of Water 397

3.1 3D Graphene-Based Electrodes 

Till now, different methods have been adopted to manufacture 3D structures of 
graphene as a CDI electrode, such as aerogels, hydrogels, foams, scaffolds, and 
sponges. Depending on the GO synthesis method and 3D structure, GO concentra-
tion, pH of the GO suspension, reduction method, pre-treatments or post-treatments, 
chemicals used in the production stages, treatment time, and temperature, the struc-
tures produced differ in specific surface area and pore size distribution, porosity, 
internal structure, wettability, and electrical and mechanical properties. Hence, we 
will observe different reported results for the application of different 3D structures 
of graphene in CDI systems under the same test conditions. 

Graphene hydrogel as one of these 3D structures is a jelly-like macroporous mate-
rial. Water is trapped within the pores of graphene hydrogels (GHs) and they have 
hydrophilic nature. GO as a starting material is used to produce GH using chemical 
reduction or cross-linking processes. Graphene aerogels (GAs) have been produced 
through controlled dehydration of GHs without appreciable volume shrinkage or by 
chemical vapor deposition on 3D porous scaffolds. GAs and GHs fulfill ideal CDI 
electrode properties such as high specific surface area and conductivity, appropriate 
hydrophilicity, and connected porous structure. GAs and GHs benefit from a hierar-
chical pore structure which can play different key roles in the electrosorption process. 
They can be easily adapted to the required electrode architecture based on synthesis 
methods and their parameters. Macropores/mesopores are mainly responsible for 
providing efficient pathways to transport ions, while mesopores resemble storage 
reservoirs for adsorbed ions. Furthermore, micropores in this structure provide high 
surface area ions for EDL formation. Wang and co-workers used GAs as the elec-
trode material in a CDI and achieved a SAC of 5.39 mg g−1 at 2.0 V and an initial 
NaCl concentration of 105 μS cm−1 [33]. 

Graphene oxide layers undergo self-assembly provided their concentration is 
higher than a critical value that leads to the formation of liquid crystals as a result of 
nematic phase separation [34]. Therefore, the GO concentration is crucial to deter-
mine the morphology of the hydrogel. Drying the hydrogel in direct contact with 
air disintegrates the 3D structure due to capillary forces. Drying methods such as 
freeze-drying or supercritical drying are commonly used to remove water from the 
hydrogel, and the aerogel produced does not show any significant reduction in volume 
or collapse of the internal structure. As ice crystals grow, RGO layers are pushed to 
align along the moving freezing front, creating a well-organized cellular structure 
through the freezing process. Interconnected layers of GA create a highly compress-
ible/elastic structure (in one or all directions) called sponges or graphene foams. 
Polyurethane-templated technique was used to fabricate a spongy graphene with a 
specific surface area of 305 m2 g−1 in 2014, whose SAC was 4.95 mg g−1 in 1 mL 
of aqueous NaCl at 1.5 V [35]. 

In another study, a graphene sponge was fabricated by directly freeze-drying the 
GO suspension and then annealing it in a nitrogen atmosphere [36]. The reported 
SAC for this electrode material was about 14.9 mg g−1 at 1.2 V in 500 mg L−1
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NaCl solution, ca. 3.2 times the capacity of pristine graphene (4.64 mg g−1). Such a 
high capacitance value is obtained not only for a relatively large specific surface area 
(356.0 m2 g−1), but also because of the accessible 3D cross-linked porous structure 
(pore volume of 1.51 cm3 g−1 versus 0.83 cm3 g−1for pristine graphene) and low 
charge transfer resistance. Because the EDLs are formed at the electrode surface, a 
higher quantity of charges is adsorbed eventually leading to a superb capacitance. 
Therefore, effectively increasing the surface area has been known as one of the 
solutions to improve the CDI operation. 

KOH activation is considered a traditional method to increase the surface area of 
activated carbon (AC), CNT, and carbon nanofibers. Zhuo et al. applied the KOH-
activated graphene electrode with a 3D porous structure in a CDI system, which 
possess an unusual specific surface area of 3513 m2 g−1 and an electrical conductivity 
of 104 S m−1 [37]. The thermal shock in the first step of the fabrication process leads 
to the decomposition of most of the oxygenate groups, generating pressurized gas 
in a very short time that promotes exfoliation of the graphene sheets (Fig. 3). This 
process was followed by a KOH treatment to etch the graphene layers and form 
in-plane micropores. The ion removal capacity of this electrode was 11.86 mg g−1 at 
2 V in  70  mg  L−1 NaCl solution, which is much better than that of activated carbon, 
CNT- and RGO-based electrodes under the same experimental conditions until then 
(2015). In addition, the de-ionization rate for activated graphene is much higher than 
for RGO. The de-ionization process with the KOH-activated graphene is completed 
in less than 20 min, while the same process for RGO takes almost 50 min.

On the other hand, the etching process creates a lot of surface (or edge) carbon, 
which has a much larger specific capacity than that of the graphene basal plane, 
resulting in a significant increase in the overall electrosorption capacity. The inter-
connected structure forms a conductive percolated network that guarantees rapid 
electrosorption and good mechanical robustness. In 2015, another research group 
constructed a 3D graphene architecture with nanopores using an H2O2-induced 
chemical etching process of the graphene ground plane [38]. Graphene carbon 
atoms were etched and then enlarged into nanopores with H2O2. The 3D holey 
graphene hydrogel was a connected highly porous 3D architecture of huge surface 
area due to numerous in-plane pores (NP-3DG). This electrode showed a large SAC 
of 17.1 mg g−1 at 1.6 V in 500 mg L−1 NaCl solution. NP-3DG showed a much 
higher salt removal capacity (15 mg g−1) than that of 3D graphene (3DG) struc-
ture (8.3 mg g−1) under the same experimental conditions (1.4 V and 500 mg L−1). 
3D holey graphene contained in-plane macropores and nanopores, which provided 
ions with larger available surface area (3DG structure having a specific surface area 
of 247 m2 g−1) and efficient pathways for ion transport. In fact, the interconnected 
macropores of the graphene matrix improve demineralization process by storing ions 
to decrease the diffusion paths from the outer electrolyte to the inner surface. 

Increasing the voltage increases the driving force on ions, causing more micro-
pores to participate in improving the SAC of the electrode. For this reason, some 
studies report high SAC values, however, when actually evaluating and comparing 
the results of different studies, voltage and other experimental parameters such as 
initial concentration should be taken into account. The voltage should not be too
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Fig. 3 SEM images of a, b KOH-activated graphene and c, d reduced graphene oxide. Adapted 
with permission from [37]. Copyright (2023) Elsevier

high to exceed the hydrolysis voltage. In a study, a high-hole graphene framework 
(HGF) was successfully applied as the CDI electrode material using lyophilization 
and heat treatment at 200 °C [39]. The reported SACs of HGF were 8.0, 16.9, and 
even 29.6 mg g−1 in different NaCl concentrations of 80, 270, and 572 mg L−1, 
respectively. Such values are substantially larger than those reported for other carbon-
based materials at 2.0 V. A higher NaCl concentration increased the ions transporta-
tion rate within the pores and decreased overlaying phenomena of EDL, therefore 
the cell SAC improved with increasing NaCl concentration under the same experi-
mental conditions (constant applied voltage). However, in another study, scientists 
obtained the high NaCl level of 9.13 mg g−1 at 2.0 V in an ultra-low salt concen-
tration of 50 mg L−1 NaCl solution using surface microporous graphene (SMG) 
[40]. This shows that structural manipulation of the graphene surface without using 
heteroatoms or pseudocapacitive material can be an essential tool to increase the 
system performance even in very low concentration. The excellent CDI performance 
at such a low salt concentration is due to the rich active sites with short ion transport 
distance in the surface micropore structure. 

The existence of an original 3D structure incorporated in a hierarchical hole 
system in HGF is a major factor enhancing CDI performance. The 3D graphene 
with hierarchical porous structure (3DHGR) has been fabricated as an effective CDI 
electrode material [41]. These electrodes were fabricated using a template-controlled
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process in combination with the in situ defect etching process (oxometalate etching). 
3DHGR consists of 3D graphene entities containing many micro-mesopores over 
the associated macroporous walls. 3DHGR has been reported to have a large SAC of 
14.7mg g−1 in 500 ppm NaCl solution at 1.2 V and good regeneration performance in 
repeated charge–discharge cycles and a speedier salt adsorption rate compared to 3D 
graphene under the same conditions. Although macropores in 3DHGR impose a short 
diffusion path by screening ions, micro- and mesopores play the key role in providing 
accessible surfaces and adsorption sites and facilitating ion transport in macroporous 
3D graphene. The charge efficiency (Λ) is one of the main parameters for determining 
the proportion of salt take up to charge transfer. The calculated charging efficiency 
of 3DHGR is 0.63. This is significantly larger compared to 3DGR (0.28). 

In 2018, Ma et al. compared the performance of RGO hydrogel and graphene 
aerogel in the CDI system, achieving exceptional electrosorption capacities of 49.34 
and 45.88 mg g−1 (at an initial concentration of 500 mg L−1 and a voltage of 2.0 V) 
for GH and GA, respectively [42]. The specific surface area of GH and its average 
pore size are higher than that of GA. The hydrophilicity and electrical conductivity of 
GH are higher than that of GA, however, the function of water is a cornerstone of the 
performance dissimilarities. The SAC of GH is 49.34 mg g−1, larger than that of GA 
(45.88 mg g−1) at 2.0 V with an initial NaCl concentration of 500 mg L−1. Water has 
the function of supporting and transferring: water can reduce graphene rearrangement 
(supports) and facilitate ion transport from the inner pores to the outside. Many of 
the techniques mentioned above involve templating processes, which are somewhat 
complex and time-consuming. In addition, the desalination performance needs to be 
improved to be economical and practical. 

One of the simple ways to fabricate a 3D hierarchically porous graphene is a 
merging of H2O2-assisted hydrothermal and microwave processes [43]. An ultrahigh 
CDI capacitance of 21.58 mg g−1 in a 500 ppm NaCl solution at 1.4 V was obtained 
with this unique hierarchically porous 3D graphene (GO-Mw-Hyd). The charging 
efficiency of the system is 0.73, which is excellent compared to GO (Λ = 0.41) and 
AC (Λ = 0.37). 

3.2 3D Graphene Composite with Carbonaceous Material 

Researchers have constructed various carbonaceous composites using 3D graphene 
macrostructures in association with other carbon family members such as AC, carbon 
nanotubes (CNT), and carbon spheres to create the large specific surface area with 
porous structure and improve demineralization operation. CNTs are used to play 
the role of spacer material when used with GO to prevent the agglomeration of 
GR layers. Several successful studies have been conducted with GR and CNT. One 
of them was an analogy between the CDI operation of 3D graphene hydrogel in 
combination with single-walled CNT (SWCNT) and multi-walled CNT (MWCNT) 
as electrode materials [44]. This research showed that SWCNTs/RGO hydrogel had 
a larger specific surface area of 308.37 m2 g−1 (lower internal resistance) and a larger
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SAC of 48.73 mg g−1 compared to MWCNTs/RGO with a capacity of 39.53 mg g−1 

at 2 V in a 300 mg L−1 NaCl solution. 
In 2020, microwave-irradiated graphene oxide (mwGO) 3D-CDI electrode mate-

rials with CNT deposited on RVC by the dip-coating method were constructed and 
evaluated [45]. The optimized composition (9-CNT/mwGO/RVC) showed 100% 
cycling stability and the amount of water produced per day for this electrode rose 
by a factor of 1.67 in comparison with CNT/RVC in a full desalination process. 
The maximum electrosorption capacity in 500 mg L−1 NaCl feed concentration 
was 10.84 mg g−1 for this optimal electrode, while this value is 65% of the theoret-
ically calculated highest value (16.59 mg g−1) of this composition. In another case 
study, a 3D graphene network embellished with microporous carbon spheres (3DGF-
MCS) showed a maximum SAC of 19.8 mg g−1 at 1.2 V in a NaCl concentration 
of 100 mg L−1 [46]. Hybrid aerogel electrodes composed of graphene and nitrogen-
doped multi-walled carbon nanotubes (Gr-MWCNT) (N-Gr-MWCNT) were fabri-
cated using a facile hydrothermal synthesis method [47]. The large SAC of 20.1– 
22.5 mg g−1 at 1.8 V in 0.5 g L−1 NaCl solution was attributed to an interconnected 
network of graphene sheets with hierarchical porosity, uniform structure, outstanding 
electrical conductivity, large specific surface area, and high wettability. 

Graphene composite carbon aerogels (GCCAs) have been synthesized under 
ambient pressure drying methods as electrode material for a CDI system [48]. 
Rational design of pore structure and highly conductive network resulted in a high 
SAC of 26.9 mg g−1 and 18.9 mg g−1 in NaCl solutions with concentrations of 
500 mg L−1 and 250 mg L−1, respectively. 

3.3 3D Graphene Composites with Non-carbonaceous 
Material 

In CDI, ion storage occurs by two main phenomena: capacitive ion storage and pseu-
docapacitive ion storage. Based on these mechanisms, the electrode material should 
be developed to achieve a proper de-ionization performance. Although carbonaceous 
electrodes have shown a gradual improvement in adsorption capacity, they are still 
not completely amenable to commercialization. Redox and faradic active interca-
lation materials have emerged as the latest class of proposed materials to search 
for better electrode materials capable of surpassing the electrosorption capacity 
of EDL-powered electrodes with fast electrosorption/desorption properties. So far, 
many pseudocapacitive materials from metal oxides and conducting polymers to 
heteroatoms such as nitrogen and phosphorus have been extensively used in combi-
nation with graphene in the 3D structures to significantly increase the performance 
of CDI due to their synergistic effects. Metal oxide nanoparticles such as TiO2, 
MnO2, ZnO2, Fe3O4, and Co3O4 can inhibit the association of RGO sheets, and their 
proper physicochemical characteristics like high hydrophilicity enhance electrode 
wettability.
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In 2013, Tang et al. applied a flexible technique to construct 3D graphene aerogel/ 
metal oxide using various metal oxide nanoparticles (TiO2, CeO2, Fe2O3, and 
Mn3O4) [49]. The properties of low toxicity, good stability, low cost, easy anchoring 
in the carbon structure, and large dielectric constant for containing a higher amount 
of electric charges make TiO2 a desirable candidate for the graphene/metal oxide 
nanocomposite. They could achieve the high capacity of 15.1 mg g−1 at 1.2 V 
(500 ml g−1 NaCl solution) for graphene aerogel/TiO2, which is 1.5 and 12.6 times 
the capacity of GA and AC, respectively. For a NaCl concentration of 6000 mg L−1, 
the CDI adsorption was 24.2 mg g−1 for the same electrode, representing the 1.6-
and 7.3-fold that of GA (15.4 mg g−1) and AC (3.3 mg g−1). Among the transition 
metal oxides, MnO2 has a high theoretical specific capacity (1,400 F g−1), natural 
occurrence, and environmental friendliness, making it a potential candidate for modi-
fication of carbon-based composite electrodes. Conductive polymers are known as 
another important class of CDI electrode materials that improve CDI performance. 
Polyaniline (PANI), polypyrrole (PPy), and polyvinyl alcohol (PVA) are widely 
utilized in graphene composites because of their high electrical conductivity and 
acceptable chemical stability, ease of synthesis process, and being economical. On 
the other hand, the incorporation of polymers can reduce restacking of graphene 
sheets. In a research study, a three-dimensional electrode with a hierarchically porous 
structure was fabricated using RGOs, polypyrrole, and MnO2 (RGO-PPy-Mn) [27]. 
This electrode exhibited a large specific surface area and specific capacity, which 
was the result of inserting two active materials (PPy and MnO2) into the graphene 
network. The RGO-PPy-Mn hydrogels have a distinct porous network that opti-
mizes ion diffusion in the electrode network. The high electrosorption capacity of 
18.4 mg g−1 for RGO-PPy-Mn can be attributed to the synergistic effect of these 
components’ capacitive properties and improved ion transport. Increased electro-
chemical capacity and excellent SAC show that the RGO-PPy-Mn electrode is fully 
suitable for CDI embracing both high performance and low energy consumption. 

In another research, carbonization of GO-MF composites leads to 3D-RGO-
melamine–formaldehyde (3D-RGO-MF) composites synthesized via electrostatic 
attraction between GO and MF nanoparticles [50]. Hierarchical porous structure 
of this composite (specific surface area of 352 m2 g−1) with high nitrogen doping 
level of 10.86% gives an extraordinarily high value of the electrosorption capacity 
of 21.93 mg g−1 at a potential of 2.0 V in NaCl solution. Low internal resistance and 
high reversibility prove that the 3D-RGO-MF electrodes can be a proper contender 
for high-performance CDI. In addition, a study showed that GO/PPy on a copper– 
nickel foam (CNF) could remove Rhodamine B (RhB) with a unique capacity of 
270.3 mg g−1 and a rate of 3.762 mg g−1 min−1. 

Ensuring high electrical conductivity and hydrophilicity at the same time is a 
challenge that needs to be considered to achieve high-performance CDI. On the one 
hand, the surface functional groups of GO sheets should be removed as much as 
possible during a reduction process to preserve the conjugated structure of graphene 
sheets and increase conductivity. On the other hand, the elimination of the oxygenate 
groups leads to a decrease in hydrophilicity, which is essential in the capacitive de-
ionization of salt water. Doping heteroatoms such as nitrogen into graphitic networks
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is considered to be one of the most effective methods to address the problem and 
fabricate n-type conductive materials of enhanced conductivity. In this way, the ions 
can straightforwardly be adsorbed by the electrode materials, and the salt uptake rate 
is accelerated. Nitrogen-doped graphene is usually produced by thermal conversion 
of various nitrogen precursors, plasma and flame, and hydrothermal treatment. 

In 2015, a simple and economical strategy to produce nitrogen-doped sponge 
graphene (NGS) on a large scale was proposed [51]. GO was simply freeze-dried 
and annealed in an NH3 atmosphere instead of the template method or hydrothermal 
technique. The prepared NGS showed an ultrahigh SAC of 21.0 mg g−1 at 1.5 V in a 
NaCl solution of about 500 mg L−1, which is about 1.4 and 4.6 times that of graphene 
sponge (GS) (14.6 mg g−1) and PG (4.5 mg g−1), respectively. An increased specific 
surface area (526.7 m2 g−1) and increased pore volume (3.13 cm3 g−1) provide 
short ion diffusion paths and more accessible spaces for receiving and storing ions. 
In addition, pseudocapacitance is increased by doping with nitrogen. Doping also 
increases the electrical conductivity of graphene, and increases the wettability of 
the electrode–electrolyte interface. This can reduce the internal resistance of the 
electrodes and lead to promoting the electrosorption performance of NGS. 

An easy and inexpensive method has been used to first synthesize 3D interca-
lated graphene sheet-sphere nanocomposite architectures (Fig. 4) [52]. Since 3D 
graphene nanospheres between graphene layers prevent stacking of graphene layers, 
this structure guarantees a high specific surface area, a well-defined/favorable pore 
size distribution, and high conductivity. An outstanding electrosorption capacity of 
22.09 mg g−1 is obtained in a 500 mg L−1 NaCl solution at 1.2 V using graphene 
oxide and [Ni2(EDTA)] as precursors in a rational assembly of a 3D structure. The salt 
removal percentage was about 90% and the electrodes show excellent de-ionization 
stability and regeneration performance. This unique structure was fabricated using 
a two-step process of direct thermal conversion of GO and the Ni+2 coordination 
complex and acid etching without using additional templates, catalysts, or CVD 
processes. This work presents a promising scalable method to fabricate efficient CDI 
electrode materials for brackish and seawater desalination.

4 Future Perspective 

3D graphene is establishing itself as a fundamental pillar in the architecture of CDI 
systems. Development of advanced 3D structures embracing all the desired char-
acteristics like high SAC, low energy consumption, and high charging efficiency at 
the same time remains a tricky challenge. Some new researches are oriented toward 
the use of 3D printing [53], doping with heteroatoms [54], using pseudocapacitive 
layered transition metal sulfides (like MoS2) [54] and nitrides (MXenes) [55], and 
combining 3D graphene structures with other non-graphene 3D structures (like 3D 
Prussian Blue) [56].
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Fig. 4 Schematic of fabrication process of 3D multi-layered mesoporous GR sheet-sphere-like 
microstructure. Adapted with permission from [52]. Copyright (2023) Royal Society of Chemistry
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The Evolution of 3D Graphene and Its 
Derivatives for Theranostic Applications 

Aditya Srivastava, Akshit Rajukumar Prajapati, Sunil Venkanna Pogu, 
and Aravind Kumar Rengan 

Abstract Beginning with the humble pencil, graphene has evolved to play a vital 
role in nanomedicine, particularly in the early detection of abnormalities and effec-
tive treatments thereof. Graphene and its derivatives have recently attracted much 
interest in various fields, including biomedicine, due to their exceptional physical 
and electrochemical properties. Owing to the high customizability, tuneability, and 
potential to functionalize using multiple biomolecules, the prospect of graphene to 
realize theranostic applications holds great promise for the advancement of modern 
healthcare. Theranostic applications like biosensing, drug delivery, “hybrid theranos-
tics”, etc., benefit significantly from the said functionalization. This is because they 
enhance graphene’s solubility, stability, and loading capacity, among other properties. 
Recent applications also include multi-modal imaging and imaging-guided therapy, 
particularly in the case of Cancer. In this chapter, various aspects of 3D graphene-
based theranostic modules, including fabrication and functionalization techniques, 
have been discussed, along with multiple applications and advantages. The recent 
advancements and challenges faced therein have also been elaborated upon. 

Keywords 3D graphene · Graphene · Theranostics · Bioimaging · Graphene 
oxide · Reduced graphene oxide · Quantum dots · Drug delivery · Photothermal 
therapy · Photodynamic therapy 

1 Introduction 

In the case of materials sciences, almost all innovations and advances are the culmi-
nation of the merger between pre-existing technologies. The same is true for ther-
anostics, a field that extensively applies both materials science and biomedicine. 
Despite the inherent complexity, theranostics is now one of the foremost strategies 
for multifunctional nano-engineered systems, more so because of the incessant need
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for novel theranostic modalities to facilitate fast and accurate diagnosis of complex 
diseases. Theranostic modalities are rapid, cost-effective, and minimally invasive, 
hence advantageous over traditional diagnosis strategies that are slow, tedious, and 
costly. The said theranostic modalities must be not only extremely sensitive but also 
highly specific to distinguish between diseases exhibiting similar biomarkers and 
pathophysiology. These may also prove pivotal to the success of surgical interventions 
by enabling accurate pre-surgical guidance imaging and post-surgical confirmation 
of the absence of cancers. 

Ever since the discovery of graphene in 2002 and the subsequent Nobel Prize 
awarded for the same in 2010, various attempts have been made to determine the full 
extent of the potential of graphene and derivatives thereof (alone or modified with 
nanoparticles) in various advanced fields like quantum physics; nanoelectronics; and, 
obviously, biomedicine [1]. Due to the versatility of its structure, it has rightfully been 
called the “mother of all carbon materials”, as it is the prime component of numerous 
carbon allotropes [2], and complex structures like carbon nanotubes (both single-
layered and multi-layered), graphene oxide (GO), reduced graphene oxide (rGO), 
etc., and more carbon-based materials like “nanoribbons” [3] can be synthesized 
from it. An added advantage is the ease of fabrication and cost-effectiveness of 
these materials. Furthermore, a plethora of inorganic nanostructures can be cultivated 
from nanographene due to its remarkable surface properties, giving rise to various 
functional nanocomposites with equally impressive unique properties. Hence, it can 
be said that graphene has the potential to be the precursor for multiple theranostic 
modalities, some of which can also be multifunctional. In addition, various cargoes 
like drugs, nucleic acids, biomolecules, chromophores, fluorescent probes, etc. can 
be easily loaded onto graphene and its derivatives. 

1.1 Strengths of Graphene 

Graphene can be defined as a 2D monolayered, honeycomb-latticed nano-sheet of 
sp2 hybridized carbons, having high intrinsic mobility. This unique arrangement 
confers some supreme properties to graphene, making it a novel, promising thera-
nostic modality. Graphene nanostructures can be detected rapidly even at very low 
sensitization, and the sensing is highly specific and precise [4]. Recently, graphene 
nanostructures have even been employed in the diagnosis of COVID-19 [1]. Some 
of the most prominent features of graphene have been enumerated as follows: 

1. Ultra-high Surface Area: Single-layered graphene sheets have an extremely 
high surface area because of the exposure of each atom, thereby providing 
free bonds for efficacious molecular loading and biological conjugation. This 
also opens graphene to functionalization, allowing the modifications to improve 
biocompatibility, enabling biosensing and cargo delivery. 

2. High Aromaticity: Graphene has an abundance of delocalized π electrons, which 
significantly increase its aromaticity while also enabling functionalization and, in
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turn, loading of various cargoes like drugs, genes, biomolecules, and even thera-
peutic cells. Higher aromaticity in rGOs makes them better at photosensitization 
than GOs. 

3. Oxygen-containing Functional Groups: Most GOs and rGOs have an abun-
dance of defects and functional groups enriched with oxygen. This improves the 
overall stability in a physiological sense and improves biological functionaliza-
tion. Oxygen-rich functional groups also have an enhancing effect on the solu-
bility of GOs. Graphene derivatives can easily be functionalized using polymeric 
agents like PEG, chitosan, and even biomolecules like peptides and antibodies. 

4. NIR and Fluorescent Optical Properties: Graphene and its derivatives show 
impeccable inherent optical properties, both as fluorescent activity and NIR 
range excitation. This makes them highly suited for biosensing, bioimaging, 
and photothermal and photodynamic applications at both in vitro and in vivo 
levels [5]. The excitation and emission characteristics can also be tailored during 
synthesis [6]. The most common agents that can find use in fluorescence imaging 
are carbon nanotubes and quantum dots. 

5. Biocompatibility and Toxicity: Graphene (and derivatives thereof) shows high 
biocompatibility and low toxicity but only after surface and size modifications, 
as seen in a few in vivo studies [7], wherein the ADME characteristics of 
nanographene were studied. 

Apart from these properties, graphene also shows many intrinsic properties like 
high conductivity; high sensitivity; selectiveness; intrinsic mobility [1]; and other 
structural, optical, and electromagnetic properties surpassing other carbon and plas-
monic nanomaterials. Some structures have also been known to show photoacoustic 
properties, enabling their usage in ultrasound-based therapies. Several attempts have 
been made to enhance the passivation, solubility, and biocompatibility of graphene. 

2 Classification and Fabrication of Common 
Graphene-Based Theranostic Modalities 

Several nanomaterials can be incorporated with graphene to create various nanosys-
tems, which can find use in a plethora of biomedical applications, and there are 
numerous ways to obtain them. Classic examples of synthetic techniques include 
exfoliation (both chemical and mechanical), GO reduction, chemical vapor deposi-
tion (CVD), and organic synthesis. Despite the persistent lack of consensus when it 
comes to the classification of graphene-based theranostic modalities, some attempts 
have been made by a few. A broad classification of the said modalities has been 
shown in Fig. 1.

The synthesis of some common graphene-derivative theranostic materials has 
been discussed as follows.



412 A. Srivastava et al.

Fig.1 Overview of the classification of graphene-based theranostic modalities

2.1 Graphene-Based Metallic Nanocomposites 

Metal nanoparticles are incorporated into graphene during synthesis to create inno-
vative nanocomposites and other hybrid materials. This enables the possibility of 
nano-structuring remarkable nanoscale building blocks for new materials based on 
graphene derivatives. While there are many ways to manufacture graphene, most of 
them pose many stacking-related issues, which emerge from the consecutive layers 
having intermediate Van der Waals interactions, resulting in a loss of many valu-
able properties, and decreased utility. This problem can easily be rectified by func-
tionalizing or modifying surface characteristics. These “stacking interactions” can 
efficiently be culled using metal or metal oxide nanosystems [8].
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A vast variety of fabrication techniques are applicable in the synthesis of graphene-
based metal nanocomposites, including bonding interactions (covalent or otherwise), 
growth methods (hydrothermal or solvothermal), reduction, microwave irradiation, 
and electrochemical deposition. It goes unsaid that each of these methods has its 
own set of advantages and disadvantages, and the choice of fabrication method can 
crucially affect the quality of the product obtained. 

2.2 Graphene-Based Quantum Dots 

“Graphene quantum dots”, or GQDs, are fundamentally composed of triangular, zero-
dimension (less than 10nm) forms of graphene. Drug delivery and theranostics benefit 
from GQDs because of their robust quantum confinement and edge effects. If their 
diameter is smaller than 30 nm, graphene balls produced from tens of graphene layers 
can also be considered GQDs. GQDs are an attractive replacement for semiconductor 
QDs, which are based on heavy metals. Compared to heavy metals, GQDs have been 
proven to be far more stable, easy to prepare, and benign to the environment. It is 
also possible to tailor GQDs for specific uses. 

Carbon and hydrogen make up the bulk of the molecules in GQDs. GQDs can take 
on a variety of shapes, including spherical, oval, hexagonal, and even pyramidal ones. 
Carbonyl, carboxyl, hydroxyl, and epoxy groups, as well as the essential elements 
(C, O, and H) found in graphene, can be introduced to the surface of GQDs. To create 
GQDs having desired shapes, sizes, and homogeneity, attempts are being made to 
develop various simple and environment-friendly methods. 

2.2.1 Top-Down Approaches 

In these methods, GQDs are formed by partitioning larger GO sheets into smaller 
ones and rearrangement. Typical examples of such methods are chemical ablation 
and exfoliation, electron beam lithography, acidic and hydrothermal exfoliation, 
oxidation, laser ablation, etc. 

2.2.2 Bottom-Up Approaches 

In bottom-up methods, GQDs are built from organic molecular building blocks. 
Examples of such strategies are carbonization of organic precursors, solution chem-
istry, comprehensive utilization strategy, solvothermal synthesis, ultrasonic method, 
irradiation method, etc.
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2.3 Graphene-Based Polymeric Nanocomposites 

Nanomedicine has advanced leaps and bounds with the advent of novel modal-
ities like polymeric nanocomposites, graphene included. A multiphase solid 
polymer nanocomposite has one phase with dimensions less than 100 nm. Poly-
meric nanocomposites contain therapeutic components in a polymer matrix. These 
nanocomposites can be made from cellulose and derivatives thereof, PET, polyamides 
and imides, polyethylene, and polycarbonates. In certain plastics, graphene can also 
be employed as a nanofiller [9]. Polymeric nanocomposites’ physicochemical qual-
ities depend on the polymer graphene layer distribution in the polymer matrix, and 
the interfacial connectivity. In its purest state, graphene does not produce composites 
with complete consistency. Chitosan coating on GO reduced hemolysis and increased 
erythrocyte compatibility [10]. 

The molecular weight, polarity, and hydrophobicity of the component mate-
rial may affect the preparation procedure. Numerous technologies have produced 
polymer/graphite composites. Polymers are combined with graphite and intercalated 
between graphite layers. 

Standard methods to synthesize polymeric nanocomposites of graphene include 
the non-covalent dispersion method, intercalation (solution-based or melting-based), 
in situ polymerization, in situ emulsion polymerization, and compounding. 

2.4 Graphene-Based Liposomal Nanocomposites 

To emulate the fluid mosaic structure and cell membrane features, liposomes have 
emerged as bio-inspired nano-platforms. Phospholipid-GO hybrids have only been 
described in a small number of investigations, including some that reported GO func-
tionalized with a phospholipid monolayer, and studied its interactions with negatively 
charged, positively charged, and neutral liposomes. When compared to neutral or 
cationic liposomes, it was discovered that negatively charged liposomes were more 
stable in an aqueous solution [11]. 

Sonicating graphite in a liposomal suspension is one of the simplest methods used 
to create graphene-based liposomes. This is achieved due to the resultant nanoscale 
sheets of graphene being produced by sonication, which are then sandwiched between 
alkyl chains of phospholipids. 

2.5 Graphene-Based Carbon Nanotubes (CNTs) 
and CNT-Hybrids 

1D carbon nanotubes (CNTs), like 2D graphene, have inspired theoretical and prac-
tical research due to their large surface area and biological versatility. CNTs are
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certainly bigger in size and are structurally durable, but structural disruptions often 
tend to reduce their electric conductivity. Graphene-carbon nanotube hybrid films 
overcome this limitation, as graphene inhibits CNTs from clumping while carbon 
nanotubes prevent graphene sheets from restacking, making the hybrid stable. Among 
carbon nanostructures, graphene-CNT has the maximum edge density per unit area. 
Single-walled or multi-walled CNT hybrids have a certain number of carbon layers 
based on their diameter and catalyst size. Single-walled CNTs are usually cylin-
drical and 2–5 nm wide, whereas multi-walled CNTs are cylinders made of several 
graphene layers with a diameter between 2 and 100 nm [12]. 

Numerous methods like ultrasonication, chemical vapor deposition (CVD), 
layering-based assembly, or even self-assembly can be used to create graphene-CNT 
hybrid nanomaterials. 

2.6 Graphene Nanocrystal Hybrids 

The term “nanocrystal” refers to any substance composed of a crystalline lattice while 
being in the nanoscale range in at least one dimension. Graphene or its derivatives 
can be conjugated, integrated physically, or bonded chemically to form nanocrystal 
hybrids having the best of both worlds, i.e., the favorable characteristics of both parent 
substances. Nanocrystals (NCs) adorn a core made of graphene, creating a hybrid 
material with remarkable properties. Semiconducting nanocrystals can be made by 
using materials having singular or multi-crystalline arrangements of atoms. This 
particular arrangement confers various properties like broadened absorption bands, 
and efficacy in signal transduction and conversion, which result in enhanced photo-
physical, photochemical, and biological properties. Graphene-nanocrystal hybrids 
are now being studied for their potential in theranostics and targeted delivery. 

Methods such as a direct method, oxidation method, in situ method, assembly 
method, and solution phase synthesis can be used to synthesize nanocrystals. 

2.7 Graphene-Based Biosensors 

Graphene and its derivative materials are especially advantageous as biosensors, 
owing to the transduction of various optical, thermal, and electrochemical signals 
enabled by them. Thus, many graphene-based biosensors can be fabricated based on 
the desired applicability and method of detection, with electrochemical biosensors 
being used more frequently than optical biosensors [1]. Apart from cancer thera-
nostics, graphene-based biosensors are also being explored for other diseases like 
Diabetes mellitus [13]. 

Direct coating is the most frequent method for making biosensors because it 
is simple, cost-effective, and requires no special equipment [1]. In this method, 
electrodes can be directly coated, as the name suggests, using a graphene-rich gel



416 A. Srivastava et al.

or solution. Methods like blade coating, drip coating, spin coating, or drop-casting 
can be chosen for this purpose, based on the desired effects. Other parameters like 
surface area, film thickness, and homogeneity also play a key role in defining the 
properties of the product. Despite being highly convenient, some have pointed toward 
the wastefulness and time-consuming nature of this method [14]. 

Of late, 3D printers have introduced printing-based fabrication technologies. 
Printing techniques are desirable because of large-scale fabrication, cost-savings, 
and low processing temperature requirements, among other favorable factors, which 
facilitate the convenient incorporation of materials such as graphene. Various 3D 
printing methods like ink-jet or nozzle-jet printing, laser scribing, or screen printing 
can be employed. 

Growing nanoparticles on electrodes is another biosensor fabrication process. 
This approach gained popularity due to adjustable manufacturing factors, which 
include time-related, thermal, pH, barometric, and concentration-based parameters. 
This method uses thermal, hydrothermal, and chemical degradation and anodization 
to accelerate nanomaterial development on electrode surfaces [1]. Due to restricted 
direct growth to the electrode surface, these approaches are given limited attention 
for fabricating graphene-based biosensors. 

3 Novel Graphene-Based Nanocomposites 

Recent years have seen the rise of many hybrid modalities, wherein the most advan-
tageous properties of two or more systems (one of them being graphene based) have 
been combined to obtain superior properties. The utility of these systems is certainly 
not limited to theranostic applications but also tissue engineering and other such 
fields. 

Hydrogels are desirable due to their properties like high moldability and water 
content. Add to that the structural reinforcement and other properties of graphene, 
and we get superior hybrid hydrogels that compensate for the lack of biocompatibility 
of graphene. These hybrid gels can act as scaffolds, model ECMs, with applicability 
in wound healing purposes, and even as drug delivery models, among various other 
applications [15]. 

Nowadays, a novel concept called “Organic dots” or “O-dots” has started gaining 
momentum. O-dots are basically graphene and other carbon derivatives that are 
dependent on other moieties like oxygen, hydrogen, and nitrogen for their optical 
properties [6]. Owing to their minuscule sizes, O-dots have been known to be highly 
photostable even after extended exposure to radiation. A variety of O-dots-based 
hybrid nanosystems find use in cancer theranostics. 

The shortcomings of traditional magnetic nanoparticles (MNPs) manifesting as a 
lack of biocompatibility and overall low biofunctionalization can also be corrected 
using graphene-based nanosystems. Carbon-based magnetic nanosystems have been 
widely explored recently owing to their various interesting properties and potential 
for synergistic and image-guided therapy. Hybrid graphene-MNPs combine the best
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properties of both graphene and magnetic nanosystems, enabling utility in various 
domains like biosensing, MRI, hyperthermia, etc. Other novel materials like graphene 
nano-diamonds are also being explored [16]. 

4 Biocompatibility 

The composition of graphene is mainly the carbon element, which is also a major 
component of body biomolecules that reduces the chances of tissue toxicity and 
its related complications. Multiple literature have reported the biocompatibility of 
graphene materials using various in vitro and in vivo analyses. For example, Jian-
feng Li et al. bioprinted gelatine-supported alginate 3D scaffold coated with ascorbic 
acid-reduced graphene oxide to evaluate its adhesion property and cytocompatibility 
toward human adipose stem cells (ADSCs). It was found that reduced graphene oxide 
displayed superior cytocompatibility and supported the proliferation and differen-
tiation of ADSCs (Fig. 2), which can be useful in autologous implant generation 
[17]. Similarly, Lee et al. reported the biocompatibility of graphene quantum dots 
(GQDs) against hepatocytes using a cell viability assay. It was found that GQDs-
treated hepatocytes displayed no variation in cell viability for 48 h of treatment, 
and the extracellular aminotransferase, lactate dehydrogenase, and intracellular reac-
tive oxygen species concentration also remained similar to the untreated cells [18]. 
In another study, graphene-coated polyimide electrodes were fabricated and their 
biocompatibility as a retinal implant was evaluated, and it was found that graphene-
coated electrodes were more biocompatible as compared to uncoated electrodes. 
Through the histopathological studies, it was observed that graphene-coated elec-
trodes attracted or activated less number of microglial cells compared to uncoated 
polyimide electrodes [19]. Another recent study has shown the enhanced biocom-
patibility of composite scaffolds with GOs, besides improvement in mechanical 
properties for the development of bone scaffolds [20].

5 Theranostic Applications of 3D Graphene 

Graphene and its derivatives have recently garnered much attention in the scien-
tific community due to its unique physical and chemical properties, including high 
mechanical strength, thermal stability, and electrical conductivity. These proper-
ties make graphene a promising material for various applications in electronics, 
energy, and biomedical fields. In recent years, 3D graphene-based nanostructures 
have emerged as a new class of materials that combine the advantages of graphene 
with those of 3D structures, making them ideal for use in theranostics. Theranostics, 
a rapidly growing field, refers to the development of multifunctional materials that 
can be used for both diagnosis and therapy of diseases, particularly cancer. Most of 
these applications can broadly be classified as follows.
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Fig. 2 Cell viability and adhesion on the 3D RGO/Alg scaffolds. Fluorescence microscope images 
of live/dead ADSC staining on 3D RGO/Alg scaffolds from a rear view, b top view, and c cross-
sectional view following 7-day culture. Adapted with permission [17], Frontiers in Bioengineering 
and Biotechnology

5.1 Imaging-Based Theranostics 

There are various imaging modalities that stand to benefit from the inclusion of 
graphene-based imaging agents. This is because of the excellent optical properties 
of graphene, which make it highly suitable for imaging in vivo. MRI contrast imaging 
is a widely used modality for cancer diagnosis and uses contrast agents to enhance the 
visibility of tumors. Multiple studies have shown the potency of nanographene enti-
ties in MRI imaging, and even in synergy with photodynamic activity [21]. Photoa-
coustic imaging (PAI) is a newer imaging modality that combines light and sound 
to generate images of biological tissues. Graphene-based nanostructures show high 
photoacoustic activity, thereby facilitating efficient imaging. A recent study shows the 
use of gallium-modified graphene nanobodies for photoacoustic and photothermal 
activities [22]. The proposed nanosystem could convert more than 42% of the incident 
light into heat. 

Fluorescence imaging is a powerful tool for in vivo imaging, and can be used to 
visualize biological tissues and cells. Graphene-based modalities have the potential 
to further the progress of fluorescence imaging in cancer theranostics owing to the 
enhanced binding of fluorescent probes, as demonstrated in recent attempts [23]. 
Safe and efficiently targeted imaging of tumors has also been demonstrated recently 
using GO-based QDs [24]. 

X-ray CT imaging is a widely used diagnostic tool that uses X-rays to generate 
images of internal tissues and organs. 3D graphene-based nanostructures have the 
potential to act as contrast agents for X-ray CT imaging due to their high X-ray 
absorption properties, as shown in recent research [25]. Anjusha et al. showed the 
efficacy of amino acid-conjugated graphene nanosystems in simultaneous X-ray
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CT imaging and PDT [26]. Certain multi-modal imaging platforms involving other 
techniques like Positron Emission Tomography imaging have also been developed. 

5.2 Therapy-Enabling Applications 

In recent years, various therapeutic applications of 3D graphene-based nanostruc-
tures have been investigated, including photothermal therapy, photodynamic therapy, 
hyperthermia therapy, chemotherapy, radiation therapy, immunotherapy, and gene 
therapy. Photothermal therapy is a method in which 3D graphene-based nanostruc-
tures are utilized as photothermal converters to convert light energy into heat, thereby 
destroying cancer cells. Quite literally, a vast number of graphene-based PTT agents 
have been shown to have a high therapeutic index in cancer therapy. Examples of such 
systems include both particulate and hydrogel-based PTT modalities [27, 28]. On 
the other hand, photodynamic therapy is a method in which a photosensitizer is acti-
vated by light to produce reactive oxygen species that can destroy cancer cells. The 
potential of graphene nanostructures to facilitate the same has been verified experi-
mentally [29]. Along similar lines, hyperthermia therapy is a method in which heat 
is used to destroy cancer cells, which can also be enabled by various graphene-based 
nanosystems. 

Chemotherapy is a method in which drugs are used to destroy cancer cells. 3D 
graphene-based nanostructures can be used to improve the efficacy of chemotherapy 
drugs by increasing drug accumulation in cancer cells. This also coincides with 
drug-delivery-related applications. 

Radiation therapy is a method in which high-energy radiation is used to destroy 
cancer cells. A recent study shows the implementation of the same in facilitating 
terahertz wave ablation using a graphene-based antennary nanosystem [30]. 

Immunotherapy is a method in which the immune system is activated to fight 
cancer cells. Graphene-based nanostructures can be used to improve immunotherapy 
efficacy by enhancing antigen presentation and T-cell activation [31]. On the other 
hand, gene therapy is a method in which genes are introduced into cells to treat 
cancer. 3D graphene-based nanostructures can be used as gene delivery vehicles to 
improve gene transfection efficiency and therapeutic efficacy [32]. 

5.3 Application in Drug Delivery 

The surface characteristics of graphene enable high tunability and surface engi-
neering, which can be harnessed to facilitate the delivery of drugs and other active 
agents. Targeted drug delivery refers to the delivery of drugs specifically to the site of 
disease, such as a tumor, with the aim of maximizing therapeutic efficacy and mini-
mizing side effects. 3D graphene-based nanostructures have been functionalized with 
targeting ligands such as antibodies, peptides, and small molecules to enhance their
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specificity for cancer cells. For example, a recent study utilized a 3D graphene-
based nanostructure functionalized with folic acid to target and deliver doxoru-
bicin to cancer cells [33]. The nanostructure showed improved therapeutic efficacy 
and reduced systemic toxicity compared to free doxorubicin while simultaneously 
enabling imaging as well. 

Similarly, imaging-guided drug delivery involves the use of imaging techniques 
to monitor the distribution and efficacy of the therapeutic agents in real time. 3D 
graphene-based nanostructures can be conjugated with imaging agents such as fluo-
rescent dyes, radionuclides, and near-infrared dyes to enable non-invasive imaging. 
Such nanosystems can be used as highly efficient delivery systems, while also 
providing the advantages of imaging. 

Graphene-based nanomaterials are also highly applicable in developing various 
diagnosing point-of-care devices as graphene itself is a good electrical signal 
conductor. Concerning this, Tutku Beduk et al. developed a rapid point-of-care device 
based on the laser-scribed graphene technique. This device detects the change in elec-
trical signal on the binding of the virus on antibody-coated gold nanostructures [34]. 
Similarly, Zahra et al. fabricated an aptamer-based biosensor using 3D graphene 
hydrogel and gold nanoparticles composites for diagnosing breast cancer markers’ 
carcinoembryonic antigen (CEA) and cancer antigen 15–3 [35]. 

The excellent biocompatibility property of graphene-based material makes it suit-
able for disease diagnosis, drug delivery, and as a coating material for implants and 
3D scaffolds (Fig. 3). In a study reported by Maria Romero et al., graphene oxide 
nanocomposites coated with PEG-folic acid, Indocyanine green, and Rhodamine 
B were synthesized. These nanocomposites were preferentially accumulated at tumor 
region visualized using in vivo imaging techniques, and under NIR light irradiation, 
nanocomposites displayed significant rise in temperature which aided in reducing the 
tumor size [36]. Graphene oxide displays an antimicrobial property and coating these 
on implants or surgical instruments can reduce the chances of microbial infection 
occurring during the post-surgical period. Similar to these contexts, Sofia Melo et al. 
fabricated poly caprolactone 3D scaffold with or without incorporating graphene 
oxide. 3D scaffold with graphene oxide displayed more bactericidal effect against S. 
epidermidis and E. coli and allowed adhesion of human cells [37]. Similarly, another 
study reported that incorporating graphene oxide in polylactic acid-based scaffolds 
had increased its cytocompatibility and mechanical properties [38].

6 Challenges and Shortcomings 

According to recent market trends, 3D graphene theranostic systems have high 
commercialization potential, with immense growth rates by 2023. However, their 
commercialization certainly warrants the resolution of challenges that hinder their 
full use [1]. Scaling and mass-producing graphene-based theranostic systems are 
tedious and demand dedicated and skilled personnel for any significant pharmaco-
logical enterprise, which seems to be the prime cause for the lack of a clinically
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Fig. 3 Theranostic applications of 3D graphene

significant product. The synthesis parameters, although minimalistic and thoroughly 
explored, have a lot of anomalies and non-standardized protocols which in turn 
lead to batch inconsistency [39]. Most recent research studies lack significant data 
about various parameters like the size and stability of various systems. There are 
various parameters that affect the biocompatibility, including timing of intervention, 
release profiles, and even concentrations [40]. Size-toxicity relations are still not 
fully understood, worsening the situation even further. Thus, a crucial optimization 
of the said parameters needs to be done to establish and standardize protocols, only 
after which the up-scaling and industrialization of therapeutic modalities are possible 
[41]. This is not limited to synthesis alone—surface engineering and functionaliza-
tion approaches are still daunting for many [6]. This is further problematic because 
the surface properties have a significant role in culling magnetic interactions and 
preventing aggregation of nanosystems. 

Perhaps the most challenging aspect of most graphene-based systems seems to 
be that of toxicity and biocompatibility. Many of the recently published articles 
have shown the potential of these systems in vitro, but fall short of results on 
actual histological or in vivo levels [39]. Furthermore, such systems are also known 
to frequently elicit inflammatory responses [16]. Many experts in this field have 
reported weak fluorescence and photon yield [3] and false positives due to errant 
or unintended surface characteristics [1], worsened by other disadvantages like low 
solubility [42]. Magnetic nanoparticles have also been known to give false results,
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especially in viability tests like the MTT assay [41]. Recently, significant questions 
have been raised about the bioresponsiveness and rapid clearance of these systems 
and the effect of exposure routes on immune response and toxicity [43]. Some studies 
go even further, showing that these systems may be teratogenic or even foeticidal [44]. 
Incidences of disruption of membranes have also been reported in some cases [45]. 
Traditional in vivo approaches to screen for toxicity and other issues are limited by 
financial and time-related confinements [46]. All these issues necessitate resolution 
before these modalities can be put to clinical use without endangering the well-being 
of the patient. Approaches like biomicrofluidics and stealth functionalization [47] can 
be used as possible ways to achieve adequate biosafety. A recent study has shown the 
amelioration of graphene toxicity using Ginsenoside Rg3 in a therapeutic approach 
against liver and breast cancer cell lines [48]. Furthermore, in silico algorithms with 
good predictability are also being developed, which can provide another layer of 
validation for the development of new theranostic modalities [46]. 

7 Conclusion and Future Prospects 

In recent years, graphene and its derivatives have been used as prime components to 
develop multiple theranostic modalities [49]. Various methods have been discov-
ered for synthesizing the said systems, including both top-down and bottom-up 
approaches. The many remarkable properties of these modalities make them rather 
versatile and applicable in a diverse array of applications ranging from sensing and 
diagnosis, to drug delivery and photosensitization-based therapies [50]. Various novel 
systems like radio-labeled graphene and graphene nanoribbons have been proposed, 
with great therapeutic potential. Other modalities like sonodynamic therapy [43] 
and photoacoustic imaging [3] have also emerged as novel non-invasive theranostic 
strategies. Graphene-based theranostic systems are superior because of the inherent 
superior properties which enable tuneability and customization. 

Despite the remarkable advantages and versatility associated with graphene-
derived systems, there are various drawbacks that hinder their full usage potential 
and bench-to-bedside translation. Most of these hindrances are due to batch incon-
sistencies, dicey biocompatibility, and an overall inadequacy of clinically significant 
research in this direction. However, this is being rectified by the numerous research 
groups who are working on developing novel modalities and improving the existing 
ones. Upconversion [42, 43], 3D-bioprinting, and green synthesis are only a few of 
the new avenues being explored, apart from existing areas like synergistic therapy, 
radiotherapy, and even photoacoustic and sonodynamic therapy. As most market 
trends reveal, redressal of the drawbacks is well underway, and the day is not far 
when graphene-based theranostic modalities will emerge with commercial success.
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Toxicity, Stability, Recycling, and Risk 
Assessments 

Raunak K. Tamrakar, Kanchan Upadhyay, Judith Gomes, and Sunil Kumar 

Abstract As the production of graphene has increased and its range of uses has 
expanded, worries about the possible harmful effects that its derivative nanoparticles 
and materials may have on human health have come to the fore. Numerous studies 
have demonstrated that graphene, in whatever shape it takes, affects a wide range of 
living things. Prokaryotic bacteria, viruses, plants, micro- and macro-invertebrates, 
mammalian and human cells, and whole creatures in vivo are some of these organ-
isms. However, there is frequently a great deal of disagreement, if not outright 
controversy, regarding the results of the studies that have been carried out. As a 
result, we present in this paper a critical analysis of the most recent reports that have 
been gathered in the area of the biocompatibility and toxicology of materials related 
to graphene. Our objective is to provide information on the most current develop-
ments, new trends, and potential career opportunities in this area. Graphene exposure 
scenarios like inhalation through the respiratory system, ingestion through the diges-
tive tract, administration via the parenteral route, and topical exposure through the 
skin are examined in the context of the experiment results using a variety of in vitro 
and in vivo model systems. 

Keywords Graphene ·Graphene derivatives ·Health · Environment · Cytotoxicity 

1 Introduction 

Carbonaceous nanomaterials are being used in an increasing number of applications, 
thoroughly evaluating the risks associated with them and identifying strategies to 
reduce those risks of the utmost importance from the standpoint of human health and 
safety. Since the announcement of the Nobel Prize in this field in 2010, graphene 
has been at the forefront of 2D representatives and as such deserves a special level 
of merit and scrutiny. In many publications, graphene toxicity has been explored in
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terms of various issues including synthesis method, environmental exposure, tissue 
engineering, biological applications, its physiochemical behavior, a new system for 
nano-drug delivery, and its use in the advanced treatment or as a theranostic tool [1]. 

The toxicity study of the 3D graphene material has not been studied in detail; 
however, new experimental evidence shows that our current understanding of the 
biocompatibility, toxicity, and potential applications of graphene-based nanomate-
rials is still lacking clarity and, at times, even controversy. This is due in large part to 
the wide variety of graphene forms currently on hand, but it is also attributable 
to differences in experimental setups and approaches between research centers. 
Graphene is a 2D carbon nanomaterial consisting of a single layer, and it is char-
acterized by the formation of strong covalent bonds between its constituent carbon 
atoms in sp2 hexagonal networks [2]. These hexagonal networks are the building 
blocks of 3D graphite, while 2D carbon nanotubes are created by rolling up sheets. 
Graphene materials have different dimensions and are interconnected with each other 
as described in Fig. 1. When comparing the edge effects and surface chemistries of 
these materials, we will find that they are vastly distinct. It is the edges and defects 
in graphene that facilitate bio-interactions, but the hydrophilic surface of graphene 
oxide makes it a stable dispersion in water [3]. We have attempted to provide a more 
thorough overview of the most recent developments in this field here in order to 
cast light on the cutting-edge trends and future prospects in the field of graphene-
related biocompatibility and toxicology. Graphene and its derivatives are being used 
more frequently in advanced structures and technologies for applications in elec-
tronics, catalysis, computing, and health care. In this situation, one must consider 
the potentially harmful effects of graphene materials on the environment and human 
health when released from the devices at the end of their useful lives, with a focus 
primarily on the assessment of potential risks connected to the individual components 
and implemented materials of the devices themselves. The idea behind a number of 
novel drug delivery methods is that the drug will come into direct touch with human 
cells either after topical application or after systemic administration. The identifica-
tion and characterization of the potential hazards are anticipated to make use of the 
maximum physicochemical characterization of the questioned nanomaterial, which 
includes physicochemical factors.

However, there are numerous safety concerns surrounding graphene materials. 
Although the potential toxicity of GBMs has been brought to light, there are only a 
small number of toxicity studies available, and the threat they pose to human health 
is largely unexplored. Workplace exposure to GBMs appears to pose the greatest 
threat to human health at this time, while their uses are still in the testing phase. 
Humans are most likely to be exposed to GBMs during industrial or small-scale 
production and waste discharge through inhalation, cutaneous, and ocular routes due 
to the proximity of the respiratory tract, skin, and eyes to the work environment. It 
is also possible to ingest GBMs through secondary inhalation and accidental oral 
ingestion. 

A thorough description and classification for 3D graphene architectures have 
not yet been established, despite the rapid development of 3D graphene materials 
over the past 10 years and the exploration of many new synthesis techniques and
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Fig. 1 Relationships among graphene, 2D graphene materials, 3D graphene materials, and graphite. 
Reproduced with permission [1], Copyright 2020, American Chemical Society

application fields. It’s true despite the fact that both of those things have been tried. 
Furthermore, there were clear differences in the features of 3D graphene materials 
made with various methods, leading to a wide range of performances when applied 
to various contexts. The formation mechanism for each 3D graphene family and the 
key steps that influence the properties of the 3D architectures must all be thoroughly 
understood in order to fine-tune the functionalization of a 3D graphene structure 
and maximize its performance for specific applications. Several excellent reviews of 
methods for producing large, three-dimensional graphene monoliths were published 
in the early years of the field (one type of 3D graphene materials). The most recent, 
relevant studies have primarily focused on 3D graphene-based composite materials 
for a variety of applications. Further research into the 3D graphene family is still 
needed [4]. 

The safe and effective management of nanoparticles is a topic that must be revis-
ited frequently to ensure that any risks to respiratory health are mitigated or elimi-
nated. As graphene nanomaterials continue to gain in popularity, it’s important that 
information about potential risks and how to mitigate them is regularly updated and 
made accessible. And this is even though studies are being run on the topic. In this 
chapter, we assess the potential for mitigating the risks associated with graphene-
based materials, and we look at ways to do so, such as by making use of graphene’s 
physicochemical properties, surface modifications, and potential catabolic degra-
dation pathways. Finally, we offer an in-depth evaluation of recent developments 
in health care, diagnostics, and novel therapeutic approaches that are enabled by 
graphene.
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2 Toxicity and Exposure Route of Graphene-Based 
Nanoparticles 

Different exposure methods or routes of administration allow GFNs to enter the 
body or cells, where they can cause toxicity both in vivo and in vitro (Fig. 2). The 
degree of GFN toxicity may depend on factors such as the administration route, the 
route of entry, the tissue distribution and excretion, and the pattern of cell uptake [4]. 
Therefore, it may be useful to clarify them in order to better comprehend the rules 
governing the emergence and evolution of GFNs’ toxicity. 

For the most comprehensive toxicological information, bio-persistence and accu-
mulation patterns of nanomaterials as well as the effects of acute and chronic long-
term exposure need to be fully investigated. In light of the aforementioned factors, 
we assess the most current information on the toxicity of graphene. 

2.1 Respiratory Exposure 

One of the most probable exposure routes is through the respiratory system (inhala-
tion), with potential applications in both industrial manufacturing settings and in the 
event that graphene is unintentionally exposed to people through the environment. 
Han et al. [5] investigated the effects of a single 6-h nasal inhalation method at doses 
of 0.46 and 3.76 mg/m3 on the lungs of Sprague–Dawley rats. Following graphene 
exposure, there were no appreciable changes in body weight, food intake, or organ 
weight during the 2-week recovery interval. The findings of the study demonstrate

Fig. 2 Exposure route of graphene materials. Adapted from [4]. Copyright © 2021 Asmaa 
Rhazouani et al. This is an open-access article distributed under the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited 
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that even at concentrations that are relatively high in comparison to the possible real-
istic environmental equivalent, graphene oxide’s pulmonary toxicity is low following 
either a single dose or a series of doses over an extended period of time. 

In order to investigate the potential pro-inflammatory effects of graphene 
nanoplatelets and their accumulation in the mediastinal lymph nodes of rats, a 
different intratracheal instillation paradigm and the context of variable surface func-
tionalization of nanomaterials by carboxylic acid groups were used. Even though it 
was discovered that all particle types had dose-dependent, unidirectional impacts, 
only the positively charged graphene nanoplatelets significantly increased neutrophil 
counts after 24 h. In other words, the acute pro-inflammatory effect that was noticed 
was not sustained, and cell counts had already returned to normal by the end of the 
first week. No matter how the surface charge was modified, nanomaterial eventually 
built up in the local lymph nodes [6]. It is clear that there is an urgent need for 
researchers in the field to agree on a long-awaited unified approach to dose-exposure 
calculations in nanotoxicology studies, including those involving animals. This is 
because different authors in the aforementioned studies estimated exposure dose in 
different ways. 

2.2 Oral Exposure 

In Sprague–Dawley rats, the effects of oral graphene oxide doses varying from 10 to 
40 mg/kg have been studied [7]. The findings demonstrated that superoxide dismu-
tase, catalase, and glutathione peroxidase activities increased in the kidneys of rats 
in a dose-dependent manner and that the accumulation of hydrogen peroxide and 
lipid hydroperoxide was also substantially elevated. All in all, these results provide 
strong evidence for oxidative stress’s role in inducing nephrotoxicity in experimental 
animals, calling for more thorough research into the topic. The authors suggest that 
reduced graphene oxide exposure may have an influence on the activity of serum 
superoxide dismutase, which may explain the transient changes in the animals’ 
behavior observed after ingestion of the compound. In contrast, there is hardly any 
evidence that a person’s explorer, anxious, learner, or memory behaviors alter [8]. 
However, it is difficult to extrapolate from these reports the conceivable exposure 
doses for humans in the workplace or through consumer products. 

This is the first major study to determine the effects of administering multi-
layered pristine graphene intragastrically to mice on a daily basis for 4 weeks. It 
was surprising to learn, in light of the review’s discussion of graphene’s antibacterial 
properties, that exposure to the material increased the diversity of gut microbiota and 
shifted the microbial community in favor of G-bacteria. This may be due to the fact 
that different microorganisms are more or less sensitive to oxidative stress and have 
varying degrees of membrane stability after coming into contact with graphene. 
Antibiotic-resistant genes in the gut microbiota of mice were found to be signifi-
cantly more numerous and diverse after exposure to graphene. The results of this 
study should be considered in the development of new graphene-based drugs for oral
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administration, and similar groundbreaking discoveries are likely to be made in the 
near future. 

2.3 Cutaneous Exposure 

The literature is growing in favor of the utilization of graphene nanomaterials in 
cutting-edge applications for various skin-related issues which include wearable 
skin sensors, diagnostic devices, and transdermal patches for medicine delivery, 
tissue engineering, and regenerative systems [9]. While it is common knowledge that 
carbonaceous nanomaterials are associated with an elevated risk of skin illnesses. 
Surprisingly little research has been done into the impacts of graphene on dermal toxi-
city and the functional state of its cellular components in vivo. Out of all the studies 
only one has reported that the antibacterial cotton textiles infused with graphene oxide 
were found to be over 90% effective against bacteria even after being washed 100 
times without causing irritation to rabbit skin [10]. The impacts of graphene and its 
derivatives, such as PEGylated graphene oxide/polypropylene fumarate nanocom-
posites, on dermal fibroblasts, an important cellular component of the skin, have 
only been studied in vitro so far. In both studies, graphene was determined to be safe 
for fibroblasts. However, Wang et al. [11] discovered that graphene oxide actually 
inhibits the adhesion, cytotoxicity, and apoptosis of human fibroblasts at concentra-
tions higher than 50 g/mL. More research is required because this exposure scenario 
is still largely unexplored, particularly in light of the conflicting experimental data 
that are presently available. 

2.4 Intravenous Exposure 

Graphene oxide’s acute and chronic dose-dependent toxicity in mice following 
systemic intravenous administration was previously reported by Wang et al. In animal 
studies, no acute or chronic toxicity was observed at doses up to 0.25 mg/animal. At a 
higher dose of 0.4 mg/animal graphene accumulated inside the organs due to insuffi-
cient clearance, causing chronic toxicity manifestations like lung granuloma forma-
tion [11]. There was no accumulation of unmodified, pristine few-layered graphene 
in the brain, heart, or testes after 3 months of monitoring in a study using similar high 
doses (20 mg/kg). Regardless of the surface chemistry, the accumulation of graphene 
materials in the organs caused significant cellular and organ damage, as evidenced by 
the development of necrotic and fibrotic foci and dysfunction in glomerular filtration. 

Recently, comparable outcomes were seen after injecting graphene oxide func-
tionalized with poly sodium 4-styrene sulfonate into the veins. This injected graphene 
material shows persistent accumulation for 6 months inside the internal organs liver, 
lungs, etc. and results in chronic specific organ inflammation. By using a novel 
administration method, intraperitoneal parenteral, Kurantowicz et al. investigated
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the biodistribution of several carbonaceous nanomaterials. The connective tissue of 
the epidermis, muscles, and peritoneum of the abdominal cavity, as well as the injec-
tion location, all contained significant aggregates of the nanomaterials [12]. Despite 
the significance of these findings from a mechanistic and experimental standpoint, 
this route of administration is unlikely to be used in humans. 

3 Biological Fate of Graphene Materials 

A number of variables, including administration methods, physicochemical charac-
teristics, particle agglomeration, and surface coating, have a major influence on 
the biological fate including biodistribution, biotransformation, and excretion of 
graphene materials. The effect of graphene materials on different organs has been 
shown in Fig. 3. After giving mice GO intravenously, Zhang et al. [13] found that 
the substance was securely retained in a number of organs, including the lungs, liver, 
spleen, and bone marrow. GO caused pulmonary edema in rodents when administered 
intravenously at a dose of 10 mg/kg body weight [13]. Due to its increased chem-
ical reactivity, GO can be biotransformed to significantly alter its physicochemical 
properties [14]. Qi and coworkers demonstrated that GO could undergo a substantial 
physicochemical transformation in Gamble’s solution and artificial lysosomal fluid, 
both of which mimic human lung fluids (ALF). The carbonyl and epoxy groups in 
GO were converted to phenolic groups after being treated with lung fluids, resulting 
in a smaller molecule. This alteration got rid of macrophages, which slowed down 
the endocytosis of GO. In addition, the changes occurring in Gamble’s solution 
lessened GO’s interaction with cells and allowed for its precipitation. But modifi-
cations to the ALF improved the adhesion of large sheet-like GO aggregates to the 
plasma membrane in the absence of cell uptake [15]. Biotransformation of GO in 
blood plasma has been shown to affect toxicity, according to other studies. Analyses 
of metabolic pathways revealed that biotransformation mitigated oxidative stress 
caused by GO by primarily modifying fatty acid metabolism and decreasing galac-
tose metabolism. New research has shown that the interaction of GO particles with 
the digestive fluids and the acidic pH of the stomach causes them to aggregate. 
Oral absorption of GO does not result in biotransformation, as no structural changes 
or degradation have been observed [16]. In different organs, GO is eliminated in 
different ways. Difficult to clear from the lungs, GO triggers inflammation, cell infil-
tration, granuloma formation, and pulmonary edema. Following the bile duct from 
the duodenum, GO nanoparticles are excreted from the body via the hepatobiliary 
pathway in the liver [17]. The functional derivatives of GO polyethylene glycol tend 
to build up in the liver, while the spleen can be eliminated gradually, most likely via 
the kidneys and fecal excretion. Although the precise mechanisms by which GO is 
excreted in vivo remain unclear, it appears that the kidneys and the intestines play a 
significant role in its elimination. There have been a number of conflicting findings 
about where and how much of this nanomaterial is excreted so far.
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Fig. 3 Toxic effect of graphene oxide in different organs. Adapted from [4]. Copyright © 2021 
Asmaa Rhazouani et al. This is an open-access article distributed under the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited 

Sasidharan et al. prepared FLG and two of its derivatives (carboxylated FLG-
COOH and PEGylated FLG-PEG) to investigate the biodistribution of these 
compounds over a 24-h period (lateral dimension: 100,200 nm, thickness: 0.8 nm) 
[18]. FLG-COOH accumulated more in the lungs than FLG-PEG did anywhere else 
over the period of 24 h, whereas FLG-PEG accumulated in the lungs first and then 
moved on to the liver and spleen. To assess their biodistribution in both small and 
large GO sheets, researchers in another study intravenously injected mice with 125I-
labeled GO sheets for 180 min. It was discovered that small GO had a longer blood 
circulation period than large GO. While only a trace amount of small GO sheets were 
identified in the lungs and spleen, they accumulated mainly in the liver (with a peak 
at 5 min and a gradual decline through 180 min) rapidly disappearing from these 
organs [19]. 

All told, these studies have helped researchers better understand the fate of 
different GBMs after being administered in different ways. Several different GBMs 
have been shown to overcome normal physiological barriers and spread to distant 
secondary organs. However, it is still too soon to draw definitive conclusions with 
respect to relationships between physicochemical features and the biodistribution 
patterns of GBMs due to the paucity of published data and the lack of systematic 
investigations. What happens to GBMs over time at the site where they tend to 
accumulate is also crucial. To generate such information, however, is not simple; it 
necessitates labeled materials that can be followed and measured quantitatively over
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extended periods of time, even as GBMs undergo biotransformation or degradation 
within the body. 

4 Toxicity Mechanism 

One of the key elements significantly affecting the biocompatibility of nanomate-
rials, independent of their ex-synthesis composition, is biocorona formation upon 
contact with the biological milieu, which contains a broad range of biomolecules, 
including a profusion of proteins. Since the word was first coined nearly 10 years ago, 
numerous reports have established the significance of the phrase “protein corona” 
for the functional behavior of nanoparticles and their ensuing effects at the cellular 
and organismal levels [20]. 

However, a nanoparticle core containing a coat of surface functionalized 
substances can also significantly affect the biocorona’s dynamic makeup. It was 
discovered that one instance of a surface change that improves biocompatibility 
in vitro and in vivo involves the functionalization of GO with PAA (poly acrylic 
acid). When compared to the pristine or PEGylated graphene oxide nanomaterials, 
this surface modification significantly decreased the cytotoxicity and other significant 
biological and pathological changes in the internal organs of mice that are typically 
induced by graphene oxides. According to the authors’ hypotheses, differences in 
the amount of platelet depletion in blood, the formation of thrombi during short-term 
exposure, and the known pro-inflammatory effects following long-term exposure are 
caused by the different protein corona compositions, particularly immunoglobulin 
G, which form on the surface of nanoparticles and regulate their interactions with 
cell membranes and cellular uptake [21]. These findings are in line with research 
suggesting that covering graphene oxide with a protein like BSA can lessen the cyto-
toxicity of the material by preventing it from penetrating cell membranes. Due to 
a reduction in accessible surface area and unfavorable steric effects, the interaction 
between the graphene surface and the phospholipids in the cell membrane is reduced 
in order to achieve this [22]. Similar to this, it was discovered using a simulation-
based molecular dynamics method that graphene oxide strongly binds to proteins 
via pi-pi stacking interactions with aromatic protein residues. This raised the theo-
retical possibility of reduced cytotoxicity of reduced graphene oxide nanosheets and 
graphene oxide after coating with major high abundance blood proteins, a finding 
that has since been experimentally verified [23]. 

However, it is still debatable and uncertain exactly how the biocorona’s compo-
sition affects the toxicity of graphene. In light of this, the possibility of reducing the 
toxicity of these biological secretions was complexed with graphene, which resulted 
in modified nanoplatelets.
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4.1 Risk Assessment Methods 

Risks and uncertainties related to the commercialization of graphene-enabled prod-
ucts (GEP) need to be evaluated thoroughly on a macro-, micro-, and nano-scale 
basis. In particular, it is essential to reduce risks associated with development costs, 
regulatory requirements, and environmental concerns before introducing novel mate-
rials and products to the market (i.e., health and safety aspects). Since graphene is an 
advanced material with many potential uses, it can be difficult to determine whether 
or not the material poses any significant risks to consumers, workers, or the envi-
ronment. The aforementioned discussion also shows that GEP can vary widely in its 
physicochemical properties depending on the application to which it is ultimately 
put. As a result, GEP risk assessment can be very time-consuming and resource-
intensive if dedicated separately to each product. Due to this, the scientific, indus-
trial, and regulatory communities have been working very hard over the past 10 
years to develop the necessary characterization cascades, quality assurance tools, and 
frameworks for risk assessments, management, and monitoring of emerging products 
containing advanced materials. Most of the time, the improvement is linked to some 
characteristic of the materials being used that operates at the nano-scale [24]. 

The incorporation of a tiered safe-by-design method [25] can be used as a de-
risking strategy to identify uncertainties and risks during the early stages of GEP 
development. Standardization of graphene characterization is necessary for improved 
customer trust, reproducibility, and quality assurance. In addition, the risk assessment 
procedure can be prioritized with the help of newly introduced safety thresholds for 
each GEP component. Those who pose the greatest health risks are screened first, as 
this is where the bulk of the data is gathered and analyzed. Dekkers et al. developed 
a non sepcific risk assesment strategy [26] and put into practice for the benefit of 
consumers and, in the case of medical goods, patients. 

4.2 Optimal Physical and Chemical Properties 

The best way to reduce the dangers brought on by graphene exposure depends 
on a number of important considerations. By utilizing basic physical properties, 
graphene’s toxicity is influenced by how much of it has been oxidized; less oxidized 
graphene has been shown to produce more reactive oxygen species, cytotoxicity, 
and apoptosis, which can have a big impact. One of the most recent and intriguing 
findings is the possibility of making use of the chiral characteristics of graphene 
quantum dots.
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4.3 Surface Functionalization 

It has been demonstrated that coating with chitosan is one of the earliest documented 
simple methods to reduce the harmful impact of graphene oxide on red blood cells 
and is a nearly 100% effective method of eliminating this type of toxicity [27]. Recent 
research suggests that the hydrophilicity and weak inductive nature of a novel hydrox-
ylated graphene derivative promote cell adhesion and growth of stromal cells derived 
from rat adipose tissue. Because of the ease of this method, industrial quantities of 
this graphene derivative can be produced in the kilogram range [28]. It has been 
demonstrated that amine-modified graphene oxide is a much safer functionalized 
material than its unmodified graphene oxide or reduced graphene oxide counterparts 
in terms of its possible thrombogenic and hemolytic effects in mice in vivo [29]. 

4.4 Modified Degradation 

GO nanoparticles tweaked with PEG and branched PEE when introduced in biolog-
ical systems as nano-drug carriers join plasmid DNA through electrostatic interac-
tion to create a stable nano-complex. After being absorbed by cells, the complex can 
quickly leave endosomes by photothermally converting graphene oxide after being 
exposed to near-infrared light and causing endosome disruption. The reduced intra-
cellular environment enables polymer dissociation and rapid gene release, increasing 
transfection efficacy and lowering toxicity when compared to non-reducible amide-
functionalized graphene nanocarriers. Additionally, the exposed disulfide bonds in 
the de-PEGylated graphene oxide nanocarriers boost phagocyte engulfment and facil-
itate macrophage degradation [30]. In order to create biocompatible and seemingly 
biodegradable structures with the potential to act as sensitive T2 contrast agents, 
Zan et al. have created a novel technique for creating water-dispersible nanocom-
posites with iron oxide nanoparticles attached to graphene. These composites are 
non-toxic, according to the writers, because the body’s metabolic processes excrete 
them [31]. As the biodegradation process, in this case, was only related to the iron 
oxide component of the complex, this study emphasizes the importance of imple-
menting the aforementioned safe-by-design approach [25], which must be strictly 
adhered to from the very early stages of the development of new nanomedicines in 
relation to all the constituent components. It ensures that cutting-edge diagnostic and 
therapeutic preparations are risk-free, successful in healing their intended cells, and 
have the least possible impact on unrelated cells.
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5 Stability and Sustainability of 3D Graphene 

Graphene is an extraordinary substance; it has been hailed as a wonder substance 
with the potential to revolutionize the entire industry. The potential to revolutionize 
entire sectors and our built environment lies in a one-atom-thick layer of carbon that 
is 200 times stronger than steel, transparent, flexible, and extremely thermally and 
electrically conductive. Thus, we can say graphene carries the property of higher 
conductivity, higher mechanical strength than steel, and a dense packing structure 
along with the flexibility of modifying them in the form of other nanotubes. This 
makes a tremendous impact in every field, whether it is a medical, chemical, or any 
other industrial application. Graphene has been praised as one of the most important 
material advancements since the plastics revolution more than a century ago since 
its discovery in 2004. Early predictions suggested that the kinds of goods and tech-
nologies are seen in science fiction movies would almost instantly be made possible 
by graphene. After more than 15 years, that has yet to take place [32]. 

Graphene is a form of carbon that could bring us bulletproof armor and space 
elevators, improve medicine, cell phone batteries, headphones, and even bridges 
and make the Internet run faster. In 15 years of the journey of graphene and its 
applicability, consumers have been hearing about this wonder material and all the 
ways it could change everything. Graphene opened a new window in materials science 
in 3D materials and has enormous properties and has the potential to use in electronics 
in aerospace industries. The main constraint is its mass production and production 
cost [33]. The main reason why manufacturing doesn’t produce the desired products 
is that growth frequently only produces thin flakes of various sizes. There are a lot 
of tiny flakes, but we need big sheets so that we can use them for electronics. But 
that’s really challenging. The flash technique only produces flakes, as do the items 
shown, which is useful if you need just flakes for some reason. The biggest advance, 
however, will come from the production of huge sheets of pure single-layer graphene. 
Although many people are working on it, nobody has had much luck with it [34]. 

From solar cells to computer chips, graphene is set to disrupt many industries. 
This is because the biggest hurdle to overcome is not science but mass production. 
There are several companies working on graphene materials to be used in a vast array 
of markets. These companies are on the cutting edge and getting closer by the day to 
unlocking the key to mass-producing graphene. Sustainability is now a priority, and 
we should concentrate on graphene applications that already separate waste from 
other waste streams, applications that can increase the operational lifetime, and inte-
gration with materials from which graphene can be recovered most easily [34]. As 
a sustainable material, graphene has enormous potential. This includes sustainable 
methods of producing graphene from either natural or waste sources, as well as using 
graphene to reduce material usage (and reducing the carbon footprint of these mate-
rials in the process). Many people talk about graphene in high-tech applications, 
but it is in these fundamental applications where graphene can be used as an addi-
tive that the graphene market will be propelled forward. 3D graphene is expected 
to be a sustainable, autonomous wearable devices that could be biodegradable or
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compostable and would rely on Graphene Flagship developments in the electronic 
components, powering of the device, and also the sensors which are integrated into 
that device in years to come. Future graphene research anticipates new directions as 
the demand for environmental protection and sustainable alternatives grows. So, we 
know graphene hasn’t changed the world yet but is truly on the verge of skyrocketing 
the changes by revolutionizing the world. The future of graphene appears bright, but 
we must ensure that the world we live in is taken into account when making decisions 
about graphene applications. 

6 Conclusion and Future Prospects 

Graphene is a wonder material with properties like a diamond, 200 times stronger 
than steel, has high elasticity, is lighter than aluminum, and is a pure substance that 
has a very large surface area and carries some semi-conductor properties and can be 
stretched 20 to 25% of its original length. Graphene with such quality can be mixed 
with other materials to make extraordinary composites. Graphene has a very high 
thermal conductivity ratio which is even better than that of silver and copper and 
even has good electrical conductivity. Due to its flat hexagonal lattice structure, it 
has low resistance and hence has electrical conductivity 13 times higher than that 
of copper and very near to that of superconductors. Graphene has higher electron 
mobility as compared to semi-conductors like silicon and thus is very useful in the 
electronic industry on a large scale and it will revolutionize the electronic industry 
and technology as a whole. Graphene is super thin and almost completely transparent 
and can transmit 97 to 99% of light and hence has super optical properties, thus in the 
future it can be used in the optical industry and even can be used as a perfect material 
for solar panels, LCDs, touch screens, etc. Graphene is already started being used in 
new forms of energy storage devices like supercapacitors and water filters and can 
reduce pressure on the planet by helping us turn ocean water into safe drinking water. 

With constraints of mass production for commercial purposes, it is expected that 
bottom-up and top-down graphene production methods will solve the commercial 
production of graphene in coming years with the different types of graphene, and 
very soon in coming years, we can expect to see the different types of graphene in 
products.
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