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Preface 

This book “Two-dimensional (2D) based Hybrid Composites and Their Applica-
tions,” explores the fascinating world of hybrid composites that incorporate 2D 
materials, exploring their synthesis, characterization, properties, and diverse appli-
cations. As researchers, academicians, and engineers seek novel ways to address 
complex challenges across industries ranging from environments to medicine, this 
book provides an insightful overview of the potential solutions that 2D-based hybrid 
composites offer. 

The chapters begins by introducing the basic concepts of 2D materials, high-
lighting their unique structures, properties, and potential applications. Introduction of 
2D material also covers the synthesis of 2D materials with precise control over their 
dimensions and properties. After synthesis, characterization techniques, including 
microscopy, spectroscopy, and diffraction, are explored to provide a comprehensive 
understanding of the structure and properties of these materials. 

In this book, we majorly delve into various applications of two-dimensional nano-
materials such as solar cell, environment, biomedical, sensing, and agriculture that 
enable the applicability of 2D materials in diverse fields. The journey continues by 
delving into the properties that make 2D materials stand out as building blocks for 
hybrid composites. Their exceptional mechanical strength, electrical conductivity, 
and thermal stability make them ideal candidates for reinforcing traditional mate-
rials. The synergistic effects of combining 2D materials with other components, 
such as polymers, metals, and ceramics, create composites with enhanced mechan-
ical, electrical, and thermal properties. This section explores the mechanisms behind 
these improvements and presents case studies showcasing the diversity of composite 
properties achievable through smart material selection and design. 

The book’s main focus lies in exploring the myriad applications of 2D-based 
hybrid composites and their applications in environment, energy, agriculture, and 
medicine. From lightweight and high-strength to flexible and conductive elec-
tronics, these composites are transforming industries by overcoming the limitations of 
conventional materials. The chapters highlight cutting-edge research and real-world 
applications, emphasizing how hybrid composites form a shape.

v
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No exploration of a groundbreaking field would be complete without addressing 
the challenges that lie ahead. These chapters examine the barriers of researchers 
and engineers must overcome to fully harness the potential of 2D-based hybrid 
composites. Whether it’s scalability of synthesis methods, understanding the inter-
facial interactions, or addressing environmental concerns, these obstacles provide 
valuable insights for the next generation of materials scientists. 

In conclusion, “Two-dimensional (2D) based Hybrid Composites and Their Appli-
cations” is an enlightening journey into the world of materials science that blends the 
exceptional properties of 2D materials with the versatility of composite engineering. 
This book serves as a guide for researchers, students, and professionals interested 
in understanding the synthesis, properties, and applications of these extraordinary 
materials. It encapsulates the spirit of innovation that drives materials science forward 
and opens the door to a new era of advanced materials with limitless possibilities. 

Bangalore, India 
New Delhi, India 
Mohali, India 

Neetu Talreja 
Divya Chauhan 

Mohammad Ashfaq
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Boron Nitride and Its Hybrids: Synthesis, 
Properties and Potential Applications 

Kulwinder Singh, Sawini, Anup Thakur, and Akshay Kumar 

Abstract Two-dimensional (2D) materials and their hybrid structures have garnered 
immense attention over the past two decades. The distinct properties exhibited by 
these materials offer potential across various domains, from electronics to energy 
applications. As our understanding of these materials deepens, and synthesis methods 
improve, the potential applications appear limitless. From reshaping electronics to 
revolutionizing energy storage, 2D materials, and their hybrids are undeniably at the 
forefront of the next wave of technological advancements. The 2D materials, such as 
graphene, transition metal dichalcogenides (TMDs), and hexagonal boron nitride (h-
BN), have garnered immense attention over the past decade due to their unique prop-
erties, which differ significantly from their bulk counterparts. This chapter overviews 
the properties, applications, and motivation towards using boron nitride (BN) and its 
hybrid-based materials. Detailed properties of BN and its nanocomposites are elab-
orated. Different synthesis methods are also included. It also includes the systematic 
literature review of BN and its composites with various materials for gas sensing, 
photodetection, and other applications perspective.
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1 Introduction 

Materials with at least one dimension in the nano-range are considered nanomaterials. 
Nanomaterials can be divided into four categories based on dimensionality, as shown 
in Fig. 1. (a) Zero-dimensional, (b) One-dimensional, (c) Two-dimensional, and (d) 
Three-dimensional nanomaterials, respectively. 

The story of 2D materials starts with graphene. Before its isolation in 2004 by 
researchers Andre Geim and Konstantin Novoselov at the University of Manch-
ester, graphene was theoretically known but had never been isolated as a standalone 
material. This discovery, made using a simple technique involving Scotch tape and 
graphite, led to a Nobel Prize in Physics in 2010. Graphene exhibited remarkable 
properties: extraordinary electrical conductivity, mechanical strength, and thermal 
conductivity, setting the stage for subsequent research in the field. After discovering 
graphene, the scientific community began considering other materials that could 
exist in a 2D form. These efforts bore fruit, leading to the identification of several 
2D materials, including: 

i. Transition metal dichalcogenides (TMDs): Unlike graphene, which is a 
semimetal, TMDs like molybdenum di-sulfide (MoS2), tungsten disulfide 
(WS2), and molybdenum di-selenide (MoSe2) are semiconductors. These 
exhibit properties make them suitable for optoelectronic applications, such as 
photodetectors and light-emitting diodes. 

ii. Hexagonal boron nitride (h-BN): Often referred to as “white graphene,” h-BN 
is a large band gap semiconductor, making it a valuable substrate or dielectric 
layer for electronic devices and useful in other applications. 

iii. Phosphorene: This is a monolayer form of black phosphorus. With a direct 
bandgap and high charge carrier mobility, it has potential in electronics and 
optoelectronics. 

iv. MXenes: A family of 2D transition metal carbides, nitrides, and carbonitrides 
with promising applications in energy storage and catalysis. 

In the last two decades, functional materials such as large bandgap semicon-
ductor materials have gained the attention of scientists due to their potential usage

Nanomaterials 

Zero 
Dimensional 

(Quantum dots) 

One 
Dimensional 
(nanorods, 
nanowires) 

Two 
Dimensional 
(nanosheets, 
nanoribbons) 

Three 
Dimensional 

(Bulk Powder, 
boxes) 

Fig. 1 Classification of nanomaterials 
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in nanoelectronics, photonics, and optoelectronics. These materials show tunable 
properties at nanoscale than their bulk form, making them suitable for the afore-
mentioned applications [1]. Numerous studies have been devoted and reported to 
investigate semiconductor properties at nanoscale regimes [2–5]. The 2D nanostruc-
tures such as graphene, boron nitride (BN), and MoS2 have gained the intensive 
attention of scientists and industrialists due to their fascinating thermal, electrical, 
and mechanical properties [6–9]. In 2004, graphene has been formed and isolated for 
the first time [7, 10]. This invention opens a new research field related to 2D nano-
materials, which is growing exponentially. A single atomic thick carbon layer with 
a honeycomb lattice is known as graphene, one of the glorified materials in the first 
decade of the twenty-first century. Graphene shows noteworthy thermal, mechan-
ical, and electrical properties than other materials [11, 12]. High surface area and 
high conductivity make it a promising candidate useful for sensing purposes. The 
selectivity of graphene towards different molecules makes it useful in membrane 
applications [13, 14]. These properties of graphene also triggered the application 
research field towards shielding materials [15]. The physicochemical properties of 
graphene lead to the attention of the academic community as well as chemical and 
materials companies depending upon the usage of graphene-based products. This 
started the research and observation related to thin sheets of different layered nano-
materials like BN [16], TMDs such as iron disulfide (FeS2) [17], MoS2 [18], tungsten 
di-selenide (WSe2) [19], WS2 [20], tin sulfide (SnS2) [21] etc. and MXenes, such as 
phosphorene [22], carbonitrides [23], and other transition metal carbides. 

The structural and chemical properties of 2D nanomaterials are related to their 
dimensionality [24] and offer enormous prospects for different fields, from funda-
mental to applied research. Nitrides-based on boron possess excellent properties 
which show their potentiality for sensing, biomedical, optical, and electrical appli-
cations. Tunable bandgap of BN and its hybrids make them a suitable candidates for 
gas sensing and photodetection applications. 

2 Structure and Properties Perspectives of BN and Its 
Hybrids 

BN is one of the nitride-based on boron, possessing an equal number of boron and 
nitrogen atoms [25]. In 1842, BN was synthesized by Balman for the first time 
by a chemical reaction. Boric acid was processed with potassium cyanide, which 
forms BN, which was not stable in nature [26]. With the development of technology 
and synthesis methods, BN has become an inexpensive material. For the first time, 
boron nitride nanotubes (BNNTs) were obtained by Chopra et al. in 1995 [27]. 
BNNTs possess properties independent of nanotube chirality, diameter, and number 
of tube walls [28]. The 2D BN nanostructures were first synthesized in 2004 [29]. 
BN nanosheets, also known as white graphene, have a honeycomb structure similar 
to that of graphene, with alternating boron and nitrogen atoms consisting of strong
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sp2 covalent in-plane bonding and weak van der Waals forces between layers [30– 
32]. Allotropes of BN are structurally isoelectronic to carbon allotropes and show 
similar properties. It exhibits various crystalline structures such as hexagonal (h-
BN), wurtzite (w-BN), cubic (c-BN), and rhombohedral (r-BN) [33]. Compared to 
its analogous material, carbon, the cubic phase of BN is the most stable among 
the other phases. Cubic BN has a crystal structure analogous to diamond with sp3-
bonded atomic arrangements with ABCABC layered stacking. This material is a 
promising candidate for the replacement of diamonds. BN also possesses a wurtzite 
crystalline form with sp3-hybridization. The crystal structure of c-BN, rhombohedral, 
and wurtzite BN is shown in Fig. 2. 

The r-BN possesses ABCABC threefold layered stacking. On the other hand, 
h-BN is equivalent to graphite [34] with sp2-bonded atomic arrangements like 
graphite structure, making it softer than cubic phase [16, 35]. Nanosheets of BN 
have similar layered structure (AA‘A) and properties to graphene [36]. Both mate-
rials are composed of layers of hexagonal crystal lattices. Graphite has carbon atoms

Fig. 2 Crystal structure of h-BN, w-BN, r-BN, and c-BN, respectively, reprinted with permission 
from Koga et al. 2001 [38] 
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Fig. 3 Phase diagram of BN reproduced with permission from Solozhenko et al. [41] 

at all lattice points, while h-BN is composed of alternating boron and nitrogen atoms 
[37]. The relative stability of different forms of BN is a concern for materials scien-
tists. Depending upon temperature and pressure conditions, the relative stability of 
h-BN and c-BN varies at a particular set of conditions than other forms, as shown in 
Fig. 3. Phase transformation mainly depends upon the material’s purity, grain size, 
and concentration of defects present in the material [39–41]. 

BN shows high chemical stability, corrosion resistance, thermal stability, and 
tunable solubility in water and other solvents [25, 35]. Due to high chemical stability, 
BN does not react with iron-based metals below high temperatures such as 1500 °C. 
The graphitic-like crystalline form of BN, i.e., hexagonal phase, possesses lubri-
cating properties at low and high temperatures. Hexagonal-BN (h-BN) is one of the 
polymorphs of BN synthesized by chemical process. Like graphene structure, h-BN 
has a 2D honeycomb-like covalently bonded atomic structure. The atomic represen-
tation in the crystal structure of h-BN is shown in Fig. 4. Van der Waals forces bond 
together different layers and strong covalent bonds in the plane. This polymorph of 
BN exhibits large bandgap energy in the range of 3.6 to 6.5 eV [42, 43], extending 
its potential for optical applications. Table 1 shows the different properties of h-BN.

Structural properties of h-BN can be modified by varying synthesis conditions and 
by forming hybrids with other semiconductor materials. Composites/hybrids of BN 
with monoclinic zirconia are useful in steel production for varying the thermal shock 
of the material and casting. BN/titanium diboride (TiB2) and BN/aluminum nitride
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Fig. 4 Crystal structure of h-BN; a Side view and b Top view, respectively

(AlN) composites are useful in the metalizing industry for evaporation boats [45]. 
Composites of BN with titanium dioxide (TiO2) [46], tin dioxide (SnO2) [47], silver 
phosphate (Ag3PO4) [48], and zinc oxide (ZnO) [49] are useful in catalytic applica-
tions. Hybrids of BN with NiO show the tunability of different properties, potentially 
required for gas sensing and photodetection properties [50, 51]. BN’s potential as a 
reinforcing agent is significant. When embedded in polymers or ceramics, it enhances 
the material’s overall strength, thermal stability, and, in some cases, electrical prop-
erties. Such BN-reinforced composites have applications in aerospace field, where 
materials need to be strong, lightweight, and thermally stable. Similarly, BN compos-
ites can strengthen the automotive sector without adding significant weight, leading to
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Table 1 General 
characteristics of h-BN, 
reproduced with permission 
from Jiang et al. [44] 

Property Value and units 

Bond length 0.144 nm 

Bond energy 4 eV  

Melting point 3150–3400 K 

Interlayer spacing 0.333 nm 

Bulk modulus 12.5–65 GPa 

Young’s modulus 0.81–1.3 TPa 

Tensile strength 27–83.3 MPa 

Hardness 400 kg/mm 

Thermal conductivity 400 W/mK 

Bandgap energy 3.5–6.5 eV 

Breakdown voltage ~ 7 MV/cm  

Dielectric constant 3.9–4.3 

Appearance color White/semi-transparent

more fuel-efficient vehicles. BN/polymers and carbon fiber-reinforced BN compos-
ites are useful in reinforcement [52, 53], the biocompatibility of BN and its compos-
ites makes it a potential candidate for biomedical applications [35, 54], BN/nickel 
oxide (NiOx) and BN/nickel (Ni) composites [55], h-BN/perovskite/h-BN structure 
[56] and BN/MoS2/WSe2 heterojunction are useful in Photovoltaic/solar cells appli-
cations [57]. Integrated BN nanostructures (BNNSs) in silicon carbon nitride (SiCN) 
and BN nanotubes (BNNTs) loaded silicon oxy-carbide (SiOC) are useful in elec-
trochemical applications [58]. BNNS/poly vinyl alcohol (PVA) nanocomposites are 
convenient in membranes [59]. BNNS@cupper sulfide (CuS) composites are suitable 
for sensing applications [60]. 

Hexagonal-BN is an old metallurgical material with outstanding electrical and 
thermal properties [61], good resistance to corrosion, low density, higher melting 
point, and excellent chemical stability [62]. Research on h-BN-based materials has 
grown recently [25, 63]. This is not only due to the high thermal and chemical 
stability of h-BN but also the possibility of forming exactly one atomic layer of h-
BN on metal surfaces [29] used in combination with graphene in electronic devices. 
Moreover, much attention has been paid to h-BN due to its unique electronic and 
optical properties, such as a tunable large direct bandgap and a negative electron 
affinity [64]. 

Nowadays, composites-based on BN have attracted the attention of material scien-
tists due to the superior properties than that of the individual components. BN-based 
nanocomposites possess structural tunability, high chemical stability, high thermal 
conductivity, high mechanical strength, and improved adsorption and absorption 
properties [65]. Depending upon the potential of BN-based composites, possible 
research fields for these materials are environment, energy, gas sensing, optoelec-
trical, and health. Despite advancements in the preparation of BN-based nanocom-
posites, practical applications face challenges that must be overcome to realize these
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materials in device-based applications. Devices-based on BN composites show their 
potential for sensing, photodetection, and water purification applications. This whole 
will be possible with the realization of BN composites for these applications by 
studying the mechanisms and properties of these composite materials. Therefore, 
this work mainly focuses on two applications, i.e., gas sensing and photodetection. 

3 BN and Its Hybrids from a Chemical Gas Sensor 
Perspective 

A gas sensor is a device that determines the presence and concentration of gases 
in different environments. In other words, a gas sensor is a device with different 
components that selectively respond to the variation in the surrounding medium and 
provide an equivalent electrical signal [66]. The schematic of a gas sensor is shown 
in Fig. 5. 

Depending upon different factors such as types of gases, concentration, and other 
factors; the sensing device gives a respective behavior either in potential difference 
with a variation of resistance or current of the sensing materials [67]. This respective 
variation provides the output of a sensor. Detection and determination of the nature 
of gas moieties depends on the material used for sensing. The basic principle of a 
chemical gas sensor is discussed below: 

When the gas molecules are adsorbed on the sensing material, electrons get trans-
ferred or withdrawn from the adsorbent material, which leads to a change in the 
current or resistance of the material corresponding to the adsorption of gas molecules. 
In other words, the active layer of the sensing material provides the resistance or 
current change with the interaction of gaseous molecules and forms the output corre-
sponding to respective property variation [68]. Gas sensors engrossed the vast atten-
tion of scientists. These are widely used in various fields such as personal and mili-
tary safety [69], mining monitoring, environmental monitoring, emission control 
[70], medical diagnostics [71], and controlling the production process in industry 
as well as in the agriculture field [72]. Metal oxides are widely investigated for

Fig. 5 Schematic of sensor principle 
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gas-sensing applications due to their high sensitivity and low cost. However, metal 
oxide-based sensors have drawbacks, including large energy consumption, which 
ultimately increases the cost factor, high operation temperature, and poor selectivity 
[73]. Thus, numerous studies have been reported to develop new sensors with lower 
operating temperatures based on conducting polymers and carbon nanotubes [74, 
75]. These sensors lack long response timing, large recovery times, degradation, and 
poor stability with difficult processing processes. Various factors such as sensitivity 
range, temperature range, humidity effects, corrosion, size, over-range protection, 
cost, availability, lifetime, power consumption, self-test capability, stability, repeata-
bility, linearity, error, response time, and frequency range must be considered before 
choosing a material for gas sensing applications. On the other hand, the unique prop-
erties of 2D nanomaterials show their potential for sensing applications, which can 
advance the sensing field by improving sensitivity, selectivity, operating tempera-
ture, and stability [76]. BN and its hybrid materials show their candidature towards 
their usage in sensing applications due to large bandgap energy, tunable structural 
properties, and selective adsorption of gases on different sites, which can enhance 
the sensitivity, stability, and performance of the sensor. 

4 BN and Its Hybrids from a Photodetector Perspective 

A device that converts the incident light to electrical output, either in the form of 
current or voltage, is called a photodetector. In other words, the photodetector is 
an optical receiver device converting the incoming light signal into an electrical 
response. Also, photodetectors are one type of converter that converts the optical input 
to electrical output [77]. On the other hand, the conversion of light input to electrical 
signals by harvesting the incident light, separation of exciton, and facilitation of 
charge carrier transport towards electrodes is known as photodetection. Figure 6 
shows the schematic of a photodetection process of a photodetector.

To determine the performance of a photodetector, numerous figures of merits 
such as responsivity, specific detectivity, photoconductive gain, external quantum 
efficiency, and linear dynamic range must be considered [78]. Photodetectors are 
classified into two types: (a) Thermal photodetectors, which detect the incident light 
with rising temperature after light absorption, and (b) Photon detectors, which detect 
the light via creation of electron–hole pairs after the absorption of light. The intensity 
of incident light determines the carrier concentration. Therefore, higher intensity 
leads to the formation of a high density of charge carriers, improving the response 
of a photodetector. 

When the incident light possesses sufficient energy and strikes the surface of a 
detector, the electron gets excited to the excited state and generates a hole in the 
ground state. This process leads to the generation of free electron–hole pairs. If the 
absorption of incident light takes place in the depletion region, then the generated 
electrons and holes are swept from the depletion region to electrodes, giving the 
photocurrent. Photodetector devices are dependent on the wavelength of the incident
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Fig. 6 Schematic of photodetector

radiations. Therefore, for choosing a material for photodetectors, some points must 
be considered, such as working wavelength region, sensitivity, photon conversion, 
absorption coefficient, fast response, low noise, and low cost. The absorption coeffi-
cient of a semiconductor material determines the radiation penetration depth and is 
further responsible for electron–hole pair generation. Detection of charge carriers is 
related to the lifetime of a photo-detecting material and the distance charged carriers 
travel before collection in electrodes. Reducing the device’s size can minimize the 
distance traveled by charge carriers. Doping and forming composites also reduces 
the depletion region and improves the collection of generated electron–hole pairs. 
BN-based composites showed that their structural and optical properties can be tuned 
by varying synthesis conditions, which is the basic requirement for choosing a mate-
rial for photodetectors. The bandgap tunability of BN and its hybrid materials and 
good electrical properties make them useful for photodetection and photo-sensing 
applications. 

5 Synthesis of BN and Its Hybrid Nanostructures 

This section provides an overview of the synthesis methods of BN nanostructures and 
their modifications like doping, functionalization, and hybrid/composite formation. 
Furthermore, this part also gives a detailed summary of generalized applications and 
the usefulness of BN-based compounds for gas sensing and photodetection appli-
cations. In spite of the extraordinary properties of nanostructures of BN, carbon 
nanostructures are much more popular from a research perspective than BN nanos-
tructures due to easy synthesis methods. Research activities on nanostructures of 
carbon and BN were started in the same year. Still, the limitations of synthesis 
conditions and techniques leave the BN research far behind as compared to carbon 
[79]. The techniques used for the synthesis of BN include plasma sputtering [80],
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chemical vapor deposition (CVD) [81], chemical exfoliation [82], chemical blowing 
[83], ball milling [84], solvothermal method [35] and liquid exfoliation of a bulk 
h-BN [31]. Some of the synthesis methods are listed in Fig. 7. Singh et al. reported 
synthesizing boron nitride nanostructures using the solvothermal method. Structural 
analysis revealed that the synthesized material is preferentially grown, which deforms 
the structure and leads to sheets wrapping to form nanotubes [35]. Singh et al. have 
also demonstrated the synthesis procedure for preparing boron nitride composites 
with TiO2 and SnO2. The authors employed the chemical method for synthesizing 
nanocomposites and studied their structural, morphological, and compositional prop-
erties [46, 47]. Sajjad et al. have demonstrated the synthesis of BNNSs by pulsed 
laser deposition (PLD) technique and studied the structural properties of synthesized 
nanostructures [85]. Borek et al. have produced boron nitride materials with high 
surface area by vacuum pyrolysis. Authors have found that the pore structure of BN 
might be modified to yield a high surface area and primarily micro-porous solid [86]. 
Janik et al. have produced the boron nitride material using the polymeric precursor 
method. The results suggested that significant adsorption selectivity for molecules of 
similar diameter might be acquired by changing the boron nitride polymer precursor/ 
processing conditions [87]. 

Fig. 7 Synthesis methods of BN nanostructures
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Yang et al. have reported a sonochemical method for preparing nanocomposites 
of gold nanoparticles/boron nitride sheets and studied the structural and morpho-
logical properties [88]. Xiong et al. synthesized carbon-doped BN (C-BN) using a 
soft template and carbon source. Authors have shown that exposure of atoms along 
the edges of the pores leads to stronger Lewis acid–base interactions between the 
analyte and C-BN. These interactions cause excellent adsorption performance of 
porous C-BN [89]. Kimura et al. have reported the deposition of polycrystalline 
BN films on Si substrates [90]. Also, the authors have investigated the electrical 
properties of polycrystalline BN films. Results revealed that the current becomes 
space-charge limited due to the absorption of hydronium ions in the BN films [91]. 
Li et al. have reported a facile fabrication route for embedding organic dyes into acti-
vated BN. Embedding of dye molecules into BN makes the composite a phosphor. 
Results revealed that the synthesized composite showed high thermal stability and 
enhancement in Förster resonance energy transfer (FRET), which can emit in the 
broad visible region (500–650 nm) under blue light excitation. The authors applied 
the formed phosphor along with a light-emitting diode (LED) chip in a transparent 
epoxy resin to achieve high performance, excellent current stability, and thermal 
conductivity [92]. Wu et al. reported BN-based polymer nanocomposites for high 
thermal stability, flexibility, and excellent thermal conductance prepared using 1D 
nanofiber and 2D BN nanosheets. Results showed that the polymer chains possessed a 
well-crystalline structure due to low coiling and less entanglement, rapidly enhancing 
the axial thermal conductivity. The obtained results suggested that composite films 
can be useful in thermal management of microelectrodes used at high tempera-
tures [93]. Tay et al. have investigated layered BN, 3D interconnected networks, and 
BN/polydimethylsiloxane composite foams for multifunctional capacitive sensors. 
Results revealed that BN and polydimethylsiloxane’s synergic effects lead to high 
compressibility, good mechanical resilience, cyclic performance, and high elasticity. 
Furthermore, due to the non-conductive nature of BN/polydimethylsiloxane, foams 
were used in capacitive sensors as a dielectric layer. The demonstrated device is 
useful in multiple sensing functions [94]. 

6 Applications of BN Nanostructures and Their 
Composites/Hybrids 

BN nanostructures have a wide band gap possessing unique characteristics such as 
high thermal stability [95], emission in deep ultraviolet regions [96], unique wetta-
bility properties [97], and tunable electrical conductivity [98]. Due to these properties, 
BN and its composites are useful in various applications. The usage of BN has been 
limited to some applications in recent decades. With the advancement in processing 
techniques and device technology, scientists and industrialists have given attention 
to the usefulness of this material and its other compounds. Comparable properties of
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BN to carbon counter parts open fields for its applications in photocatalytic, biolog-
ical, sensor, photodetectors, lubricants, and defense fields. Different applications of 
BN and its composites/hybrid nanostructures are shown in Fig. 8. 

Recent studies showed that BN nanotubes and other nanostructures are non-toxic 
in nature and further useful for biomedical applications such as diagnostic by boron 
neutron capture therapy (BNCT), drug delivery, etc. [35, 54, 99, 100]. For usage of 
material in biomedical applications, it must be biocompatible, selective, and stable. 
Kaur et al. have reported the boron neutron capture therapy (BNCT) results of 10BN 
nanostructures [54]. Singh et al. have also represented the biocompatibility and poten-
tial of BNCT applications of BN nanotubes [35]. Ciofani et al. have demonstrated that 
BN does not affect the viability of normal cell lines or the functioning of metabolism 
but adversely affects the tumor cell lines [101]. Bhattacharya et al. have investigated 
the design and properties of a biosensor device-based on boron-nitrogen substituted 
graphene nanoribbon. Results showed the potential of the material for biosensing

Fig. 8 Applications of BN and its hybrid nanostructures 
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applications [102]. As BN exhibits high thermal conductivity and chemical stability, 
spacecraft, packaging, and radiation protection gears can be formed using this mate-
rial [103–105]. Also, the BNNSs possess superior thermal and mechanical proper-
ties, which can be used to form composite materials. Reinforcing with the polymeric 
matrices can improve the thermal conductivity of polymeric compounds [106]. BN 
nanotubes also act as a matrix composites reinforcing agent [107]. Boron content 
in h-BN possesses a high adsorption cross section, making h-BN useful in radia-
tion shielding applications. Compared to other hydrogen and lead-based materials, 
nanostructured h-BN takes less weight and volume to protect the targeted mate-
rial. By modifying the BN coating thickness, desired shielding properties can be 
obtained [104]. Due to mechanical and thermal properties, BN is referenced as an 
advanced engineered material. Therefore, high thermal conductivity and strength 
make this material useful in defense and security applications. Due to the lightweight 
and high strength of BN composites, these materials are used for the production of 
bullet proof products for army personnel. Along-with these products, transparent 
vehicle armors are also made from these ceramic-based compounds. A layer of 
ceramic material is sandwiched between two high-strength materials to form bullet 
proof protection gears. Boron nitride-based propellants have been used for military-
based applications [108]. Due to superior mechanical properties, h-BN possesses 
low friction and is widely used as a dry lubricant. High resistance to oxidation, 
high-temperature conductivity, light weight matrix, and water hydrophobicity make 
this material useful in space applications. As the water droplets are not present in 
outer space, lubricants based on h-BN can be more advantageous than graphite-based 
lubricants [109]. Due to the low friction coefficient, the h-BN-based lubricants can 
be inserted into different alloy materials and are useful in their solid and liquid 
state. Reinforcing h-BN into resins and rubbers leads to the production of various 
solid lubricants. High-temperature conductivity makes this material useful in high-
pressure and temperature applications [110]. BN acts as a green lubrication material 
at high temperatures and is useful in engine oil [111]. At low temperatures, thermal 
conductivity is independent of the chirality and diameter of BN nanotubes [112]. Due 
to these properties, BN nanostructures can be useful in flat panel displays. Theoret-
ical calculations showed that BN and nanoparticle-decorated sheets are useful in 
photocatalytic processes. Due to the large bandgap, BN is used for adsorption of 
organic as well as inorganic pollutant adsorption catalysis [113, 114]. The basic 
principle of the photocatalytic process is the generation of electron–hole pairs with 
light interactions. These generated electrons are responsible for different reactions 
occurring at the photocatalyst’s surface. Therefore, the photocatalytic properties of 
other semiconductor materials can be improved by incorporating h-BN within the 
semiconductor matrix [115]. Recently, various articles have been reported related to 
catalytic applications of BN materials [46, 47, 116]. Postole et al. have reported the 
oxidation of organic compounds and hydrogen production [117]. The h-BN facil-
itates the separation of electrons and holes generated through light interactions to 
avoid recombination in the photocatalytic reaction. As the optical properties of h-BN 
can be altered in various ways, such as doping, intercalation, functionalization, and 
composite formation, the absorption edge can be modified as per requirements. This
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modification in the adsorption edge suppresses the recombination process and leads 
to the improvement of photocatalytic properties. Singh et al. have designed BN-
SnO2 nanostructures and reported their photocatalytic applications [47]. The results 
showed that composite materials possess higher catalytic properties than organic 
dyes. Singh el al. have reported the synthesis of BN/TiO2 nanostructures and their 
photocatalytic applications towards organic and inorganic pollutants [46]. BN-based 
composites’s partial polar nature is responsible for the movements of holes toward 
the semiconductor surface, facilitating photocatalytic performance [118]. Wang et al. 
have synthesized the sub-micro-sized boxes of BN using a solvothermal method and 
studied their photocatalytic properties. Authors also formed the composites of BN 
with SnO2 and showed photocatalytic performance towards methyl orange dye [119]. 
Furthermore, BN nanostructures are the potential candidate materials for the real-
ization of lasers due to their wide bandgap energy [120]. In recent years, material 
scientists have been working on the synthesis techniques of nanostructured BN so 
that its properties can be explored for industrial applications such as gas sensing and 
photodetection. 

6.1 BN and Its Hybrids/Nanocomposites in Gas Sensing 
Applications 

The tunable structural and surface properties of h-BN make it a useful material 
for sensing applications. Sajjad et al. have studied the gas-sensing properties of h-
BN towards reducing gases. The results revealed that the BNNSs-based gas sensor 
possesses good sensitivity and performance [85]. Kimura et al. have reported the 
usage of polycrystalline BN towards humidity sensing properties of h-BN and showed 
the switching characteristics [90]. Yu et al. have reported the partial polar character 
of h-BN and studied the sensing properties of pristine and Au-decorated BNNTS 
toward humidity. The results showed that the decoration of BN with gold nanopar-
ticles enhances the sensing ability towards humidity at room temperature [121]. 
Sun et al. have performed the first principal density-functional theory (DFT) and 
dispersion-DFT calculations to study the absorption properties of BN nanomaterials. 
The results revealed that negatively charged BN nano-sorbents have high selectivity 
for separating carbon dioxide (CO2) from its mixtures with methane (CH4) and/or 
H2 [122]. Liu et al. have developed BN film-based sensors for detecting mercuric 
ion (Hg2+) ions. Authors demonstrated that dansyl-chloride-functionalized BN films 
possess fluorescence quenching upon adding metal ions in an ethanol solution and 
high selectivity and concentration-dependent characteristics to Hg2+ ions [123]. Zeng 
et al. have performed theoretical calculations using DFT and studied the adsorp-
tion of hydrogen cyanide on pure and metal-doped BNNTs. Results revealed that 
metal-doping leads to charge distribution variation and thus, adsorption properties 
get changed [124]. Yoo et al. have performed theoretical as well as experimental 
studies for hydrogen sensing by BNNTs decorated alloys. Results revealed that the
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fabricated device possesses good sensor response with low power consumption [125]. 
Weber et al. have used the vapor–liquid-solid growth and atomic layer deposition 
(ALD) method to prepare BN-coated ZnO nanowires and studied their sensing prop-
erties towards hydrogen gas. Results revealed that the synergic effects of BN and 
platinum (Pt) decoration lead to sensor response improvement [126]. Vessally et al. 
have studied the adsorption properties of cyanogen chloride (ClCN) on different 
structures of BN. The authors also studied the effect of Al-doping on the adsorption 
properties and Al-doping helped to detect ClCN [127]. Shan et al. have investigated 
the reactivity of BN nanocones towards toluene gas using theoretical calculations. 
Adsorption properties revealed the potential of BN nanocones for detection of toluene 
gas [128]. Rakhshi et al. have performed the theoretical calculations on BNNTs with 
and without an electric field. The authors also studied the adsorption properties of 
ammonia gas molecules. Results revealed that geometric as well as electronic struc-
ture variations affect the ammonia adsorption properties, which shows the potential 
for gas sensing applications [129]. Mohsennia et al. have performed DFT calcula-
tions on BNNTs towards the adsorption of ammonia gas. The authors also studied 
the effect of Ni and Pt decoration on the adsorption properties of BNNTs in the 
absence and the presence of the electric field. Results revealed that the decoration 
leads to decreased symmetry, which improved the chemical activity towards ammonia 
molecules. Results suggested that these compounds can be experimentally explored 
for ammonia gas sensing applications [130]. He et al. have investigated the electronic 
and sensing properties of BNNTs towards C2H2. The authors also demonstrated the 
effect of modification of BNNTs with metal oxides such as Fe2O3, NiO, and TiO2 on 
sensing properties. Results revealed that the decoration of BNNTs with metal oxides 
generated vacant states near the valance band, improving electrical conductivity. This 
study shows the potential of metal oxide/BN decorations for gas-sensing applications 
[131]. Authors have also performed the DFT calculations on CuO-modified BNNTs 
and studied the adsorption properties towards C2H2, H2, and CH4. Results revealed 
that the modification of BNNTs with CuO leads to improvement in the reactivity 
and sensitivity towards gases in the oil. This study suggested the potential of BN-
based composites for sensing applications [132]. He et al. reported synthesizing and 
modifying BNNS with sulfate using chemical exfoliation. Experimental as well as 
theoretical results showed that the modification enhances the sensing properties of 
BNNS towards NO2 gas [133]. Ammar et al. have employed DFT calculations for 
studying the effect of Mn and Fe doping on the adsorption properties of BN nanocages 
towards various gases such as CO, NO, and NH3. Results revealed that doping with 
the transition metal ions improves the adsorption properties of BN nanocages towards 
gaseous molecules [134]. Badran et al. have studied the adsorption of ammonia gas 
molecules on BN nanocages using theoretical calculations under different environ-
ments. The authors also studied the effect of electric field on adsorption properties of 
BN nanocages. This study provides insights into the potential usage of BN structures 
for ammonia gas sensing [135]. Xu et al. reported an enzymatic procedure based on a 
catalase biosensor for detecting forchlorfenuron (CPPU) using BN. Results revealed 
that CPPU can be determined with the detection limit in the micro-range [136]. Liu 
et al. have studied the reactivity and properties of Si-doped BN sheets using the
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DFT approach. The results revealed that Si-doping enhanced the chemical reactivity 
of the h-BN sheet toward CO, NH3, O2, and NO in various ways, suggesting its 
potential application for developing gas sensors or metal-free catalysts [137]. Huang 
et al. have designed a sub-micrometer-sized pH sensor based on biotin-fluorescein-
functionalized multi-walled BNNTs decorated with Ag nanoparticles. Results have 
also revealed hybrid BNNTs can detect pH values in a sub-micrometer regime [138]. 
Wang et al. have performed theoretical calculations to study the reactivity of pristine 
and Si-doped single-walled BNNTs towards the hydrogen cyanide (HCN) molecule. 
Based on calculated results, authors have suggested that the Si-doped BNNT is 
expected to be a potential resource for detecting the presence of toxic HCN [139]. 
Mukhopadhyay et al. have employed a plane-wave pseudo-potential approach within 
the local density approximation (LDA) of DFT to study the sensitivity of BN towards 
biomolecules. Authors suggested that BNNTs be a better substrate for protein immo-
bilization than carbon nanotubes (CNTs) due to their higher sensitivity toward amino 
acid polarity [140]. Choi et al. have performed the ab-initio calculations to investi-
gate the adsorption properties of BNNTs. The result implies that boron-rich BNNT 
could capture CO2 effectively at ambient conditions [141]. Guo et al. have performed 
DFT calculations with dispersion correction. Results showed that under an external 
electric field, a h-BN sheet can become an effective sorbent for CO2 capture [142]. 
Sun et al. have implemented a DFT approach to investigate the adsorption of N2 

and CH4 on different charge states of BN nanocage fullerene (B36N36). Their results 
indicated that B36N36 possesses high selectivity in separating N2 from CH4 [143]. 
Zhao et al. have theoretically investigated the electronic properties of BNNTs using 
DFT calculations. The effect of different gas molecule adsorptions on BNNTs, as 
well as interactions, are also elaborated. Results showed the potential for gas sensing 
application [144]. Paura et al. have studied the absorption properties of armchairs and 
zigzag single-walled BNNT using DFT. The effect of vacancy defects on the adsorp-
tion of CO2 is also elaborated in this study. Results revealed that the adsorption of 
CO2 takes place through the chemical adsorption process on the top of the defect 
site [145]. Rimola et al. have performed the DFT calculations to study the adsorp-
tion properties of various molecules (H2O, NH3, and HCOOH as polar molecules 
and C6H6, CH4 as non-polar) on zig-zag single-walled BNNTs and BN monolayer 
[146]. Barbary et al. have performed theoretical calculations using DFT to investi-
gate the adsorption properties of single-walled BNNTs. Authors have found that the 
best BNNT for adsorbing the CO, CO2, NO, and NO2 gas molecules is (5, 0) BNNT 
[147]. Feng et al. have studied the healing effect/doping of oxygen in the h-BN sheet 
through DFT calculations. Authors have also suggested that nitrogen vacancies can 
be healed or transformed to yield an O-doped BN sheet via NO2 adsorption [148]. 
Neklyudov et al. have studied the characteristics of BN in relation to the trapping and 
de-trapping of ion-implanted deuterium, as well as the radiation-induced desorption 
of gases from its surface under deuterium ion bombardment [149]. Zhang et al. have 
investigated the adsorption of alkaline-earth metal (Mg/Ca) on carbon-doped h-BN 
sheets using first-principles calculations. Results revealed that NO, H2O and O2 are 
chemisorbed, while CO, H2, and CO2 are physisorbed on h-BN sheets [150]. Choud-
huri et al. have performed theoretical estimations using DFT to study the gas (CO,
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CO2, NO, and NO2) sensing behavior/mechanism of pure and doped (B@, N@, 
and B-N@) graphene surfaces. Authors have also found that graphene with B-N 
co-doping can be highly sensitive and selective for semiconductor-based gas sensors 
[151]. BN nanotubes have semiconducting properties, making them very useful in 
electronics compared to CNTs with a bandgap energy dependent upon parameters 
[152]. In contrast to traditional adsorbents, BN nanostructures have small bending 
moduli [153, 154] and may experience conformational changes due to the physisorp-
tion of gas molecules. Such behavior should improve their surface adsorption and 
hence have implications for developing novel applications such as gas sensors [155]. 
Recently, Ataca et al. calculated the effect of ad-atoms adsorbed on h-BN sheets and 
of substituting foreign atoms for B and N atoms in the honeycomb structure [156]. 
It was concluded that such functionalization leads to dramatic electronic structure 
modifications. However, there is a lack of straight forward experimental method to 
overcome the difficulty of detecting morphological changes at the atomic level after 
coverage of adsorbates [157]. Singh et al. have demonstrated the usefulness of BN/ 
NiO hybrids for the detection of hydrogen at room temperature as well as ammonia 
gas at different temperatures, respectively [158, 159]. 

6.2 BN and Its Hybrids/Nanocomposites in Photodetection 
Applications 

The h-BN shows intense emission in the ultraviolet region of the solar spectrum, and 
the optical properties can be tunable in various ways, either by doping, functional-
ization or hybrid/composite formation. This modification shifts the absorption edge, 
which is useful in photodetector applications. Several reports have expressed the 
usefulness of BN-based compounds, such as c-BN, h-BN nanosheets, h-BN epilayers, 
and graphene-hBN hybrids, for photodetection applications [7, 160–168]. Zhou et al. 
reported the fabrication of metal-semiconductor-metal (MSM) heterostructure based 
on h-BN for photodetection applications. The results revealed the structure is stable 
under light radiation up-to 100 °C [30]. Liao et al. synthesized the c-BN films by 
sputtering a h-BN sintered target. The films obtained were characterized by scanning 
electron microscopy, infrared absorption, and UV–visible transmission spectra. The 
photodetector devices of c-BN films were fabricated by photolithographic techniques 
[160]. Li et al. have synthesized h-BN epilayers by metal–organic CVD and studied 
their dielectric strength, optical absorption, and potential use in deep-ultraviolet 
detector material [161]. Sajjad et al. reported the synthesis of a few atomic-layer 
BN nanosheets and studied their photodetection properties. Results show potential 
of nanosheets for photodetection applications [162]. Ju et al. reported photoinduced 
doping in Van der Waals heterostructures consisting of graphene and BN layers. It 
enables flexible and repeatable writing and erasing of charge doping in graphene 
with visible light [163]. Li et al. have formed a diode by introducing 2D h-BN into 
graphene/gallium arsenide heterostructure to suppress the static charge transfer for
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solar cells as well as photodetectors. The authors studied the photodetection prop-
erties of fabricated heterostructure in different light regions [164]. Li et al. have 
prepared the BN films by plasma-enhanced CVD and described the effect of sulfur 
doping on the optical properties of deposited films. The results revealed that the fabri-
cated structure of S-doped BN is appropriate for solar blind detection applications 
[165]. Lu et al. have demonstrated a ZnO quantum dot photo-doped graphene/h-BN/ 
gallium nitride (GaN)-hetero-structured photodetector. The results revealed that the 
barrier height at the graphene/GaN heterojunction interface increases with an increase 
in the h-BN layer, which leads to a decrease in dark current and further improves the 
on/off current ratio of the device, consequently, the device’s responsivity increases 
[166]. BenMoussa et al. have reported photodetectors based on diamond, c-BN, and 
wurtzite AlN. Results revealed that Diamond, c-BN, AlN, and MSM photodetectors 
are sensitive and stable under UV irradiation [169]. Ahmad et al. deposited the thin 
films of BN using a sputtering technique from a BN target. The authors revealed 
that the UV sensitivity of the BN films follows the temperature change and is fairly 
constant in a temperature range of –40 °C to 80 °C [170]. Zhang et al. have reported 
the synthesis of h-BN nanocrystals by flux growth route and mechanically exfoliated 
the h-BN to form thin layers. Authors have studied the photodetection properties in 
two configurations, i.e., top contact and bottom contact. Results revealed that h-BN 
is promising for detection applications [171]. Moradinasab et al. studied the optical 
properties of 1D super-lattices formed by armchair graphene nanoribbons embedded 
in h-BN super-lattices. A set of tight binding parameters is proposed, resulting in 
excellent agreement with first-principal calculations [172]. Soltani et al. have fabri-
cated deep-ultraviolet solar-blind photodetectors based on high-quality BN films 
with a MSM configuration and studied the photodetection properties [173]. Shiue 
et al. demonstrated an on-chip ultrafast photodetector based on a 2D heterostructure 
consisting of high-quality graphene encapsulated in h-BN and studied the photode-
tection behavior in different regions. Results revealed that the hot-electron effects are 
responsible for the good response of the fabricated device [174]. Rivera et al. have 
reported the preparation of 2D BN nanosheets using the PLD method and studied their 
photodetection properties. Results revealed that the fabricated devices exhibit good 
detection properties to weaker light intensities at high temperatures [175]. Further-
more, authors have found the potential usage of fabricated devices up-to 400 °C for 
UV detection applications [176]. Lin et al. have fabricated the photodetector using 
2D BN nanosheets with 1D cellulose nano-fibres. Prepared detectors possess good 
photodetection properties. Results inferred that these detectors can be useful up-to 
200 °C [177]. Chu et al. reported the bottom configuration based on h-BN coupled 
SnS2 for photodetection applications. Results revealed that the device possesses good 
detection properties. Results also suggested that the fabricated device structure can 
be transferred to flexible substrates for future applications [178]. Lu et al. have fabri-
cated the photodetector device based on black phosphorus/h-BN/graphene junctions. 
Results revealed that BN acts like a tunneling barrier, and the device performs well in 
the mid-infra-red region [179]. Tan et al. have deposited the h-BN films by ambient 
pressure CVD method and studied the morphological and elemental properties. The 
authors also demonstrated the photodetection properties of deposited h-BN films.
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Results revealed that deposited films possess low dark current as well as good detec-
tivity. This study shows the potential of h-BN for photodetection applications [180]. 
Thompson et al. have demonstrated the vertical configuration of graphene/h-BN and 
studied their photodetection properties. Results inferred that the fabricated device 
is responsive to different light intensities [181]. Wang et al. have prepared C-doped 
h-BN using the sputtering technique and studied their photodetection properties. 
Results revealed that C-doping after a certain amount leads to a decrease in crys-
tallinity, which affects the detection properties. It was inferred that carbon-doping 
improved the detection properties of h-BN [182]. Kaushik et al. have prepared the 
h-BN flakes using mechanical exfoliation method. The detector device was fabri-
cated using electron beam lithography. Results revealed that the fabricated device 
possesses good photodetection properties in the UV region [183]. Singh et al. reported 
the photodetection properties of BN/NiO hybrids and studied the impact of loading 
of gold nanoparticles on photodetection properties of BN/NiO hybrids [184]. The 
aforementioned work done by various researchers shows the potential usefulness of 
BN and BN-based hybrids/nanocomposites in various applications. 

7 Conclusions 

This work covers the crystal structure, different phases, properties, and synthesis 
methods of BN and its hybrids/nanocomposites. Literature shows that the BN and 
BN-based hybrids have potential in various applications such as multi-function 
composites, photocatalysis, electronics, photodetectors, biological applications, etc. 
In all the allotropes of boron nitride, graphene like 2D h-BN, has the potential to be 
explored in sensing and optoelectronic applications. It also shows that this material’s 
electronic properties are relatively superior to gapless graphene due to the tunable 
band gap. Theoretical studies on BN and its nanocomposites have been done exten-
sively, but tough synthesis conditions were the main reason for this material to be 
less explored. These above conditions form the basis of motivation to choose h-BN 
and its nanocomposites for photodetection and sensing applications.
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Abstract This chapter discusses the two-dimensional (2D) based PMMA polymer 
nanocomposites. Due to their unique structural and electrochemical properties, 
recently, 2D materials have attracted remarkable attention for various energy applica-
tions, including energy harvesting and energy storage devices. Over the past 20 years, 
polymer nanocomposites have been increasingly significant in the field of mate-
rial research. While this innovative method is still in its early stages of research, it 
has the potential for success in a variety of applications. These 2D-material-based 
composites could expand the application domains of conventional 2D-based mate-
rials and devices. The application of composites has been expanded by incorporating 
polymers and metal structures with 2D materials. Some technical issues, including 
energy storage for future applications, water purification, low-energy electronics, 
bio-inspired computing, biomedical applications, and effective catalysis, are seen to 
be suitable for the composite material-oriented technique. Polymer nanocomposites 
present a lot of potential, which has made them an increasingly common subject 
of study in recent years. The extent to which we can overcome the obstacles will 
determine how nanocomposites develop and are used. 
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1 Introduction 

Recently, it has been easy to synthesize nanoscale materials like carbon nanotubes, 
graphene sheets, etc., to manufacture novel materials with better properties [1–4]. 
Polymer nanocomposites are newly developing materials containing nanoscale fillers 
with a characteristic length of less than 100 nm evenly disseminated in the matrix. 
Recently, these materials have shown significant improvements in mechanical prop-
erties and aided the development of novel multifunctional attributes (like electrical 
and thermal) that are not attainable with microfillers [5–14]. 

Two-dimensional (2D) materials are constructed from numerous thin layers with 
weak van der Waal connections. A layer that is only one atom thick may be in a few 
nanometers. In the 2D plane, the electrons are not constrained; however, their third-
dimensional movement has constraints due to quantum mechanics. Materials like 
quantum dots, nano-ribbons, tubes, and wires are classified as zero-dimensional (0D). 
Finally, three-dimensional (3D) materials, such as nanoballs and nanocones, are other 
examples. Materials that come into the 2D material category consist of graphene, 
transition metal dichalcogenides (TMDs), transition metal oxides (TMOs), graphitic 
C3N4, 2D clay materials, hexagonal boron nitride (hBN), black phosphorus (BP), 
and germanene. These materials are often only a single atom thick. The 2D-material 
composite is fabricated with a combination of these materials. These novel materials 
outperform conventional materials and composites, such as metals, wood, reinforced 
plastics, fiber, fiberglass, Kevlar, carbon fiber, and polymers. These materials are 
considered prospective candidates for leading-edge devices because of their excel-
lent mechanical strength, flexibility, stiffness, and enhanced electrical and optical 
properties [15–35]. 

In particular, new developments in developing methods facilitate high-
homogeneousness and large-area 2D materials, reducing manufacturing costs and 
improving the standard [36, 37]. To achieve the best material properties, engi-
neered 2D composite materials necessitate organized and interactional techniques 
(Fig. 1). Recently, polymer nanocomposites have drawn much attention to obtain 
better mechanical, thermal, optical, and barrier characteristics than pure polymers. 
Synthetic polymer materials have replaced conventional inorganic and natural poly-
meric materials. As these innovative materials are flammable, they should be modified 
by adding flame-retardant (FR) chemicals to reduce their flammability. The use of 
several halogenated FR additions has recently been banned by environmental legis-
lation, sparking a hunt for substitute FR additives. As they may concurrently enhance 
the polymer nanocomposite’s physical and flammability qualities, nanoparticle fillers 
are very appealing for this application.

Researchers have recently shown that organic–inorganic nanoscale composites are 
particularly interesting because they frequently show hybrid properties. One example 
is a hybrid of organic polymers and inorganic clay minerals, which adhere to the broad 
family of 2:1 layered silicates [39]. It has been identified that the dispersed phase 
has an essential effect on the polymer composite properties. The dimensions may 
typically be in one or more ultrafine sizes between 1 and 10 nm. Due to their distinct
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Fig. 1 Classification of 2D-materials based composites [38]

nanoscale structure, polymer–clay nanocomposites have distinctive characteristics. 
The advantages have been achieved in polymer–clay nanocomposites’ thermal and 
mechanical properties [40–42]. 

Poly(methyl methacrylate, or PMMA), an optically transparent polymer of indus-
trial significance, has excellent dimensional stability, strong scratch resistance, 
weather ability, and light resistance. Furthermore, PMMA nanocomposites could 
have reduced gas penetrability and improved thermal and mechanical properties 
despite losing optical clarity. PMMA isn’t thermally steady and will decay at around 
220 °C, giving a lot of monomers. PMMA has a limiting oxygen index of 17, 
making it easy to burn and produce toxic gases, smoke, and heat. As a result, the 
goal is to improve its mechanical strength and excellent physical properties while 
maintaining its excellent thermal stability. Since PMMA can be easily polymer-
ized using various techniques, it has frequently been employed as a standard ther-
moplastic polymer structure. The PMMA shows a high modulus and high warm 
strength. However, the nanocomposite structure of the polymer can offer more thor-
ough mechanical and thermal attributes improvements. The polymer is the guest in 
nanocomposite applications, while the nanoscale clay is the host. These nanocom-
posites may have improved mechanical and thermal properties substantially due to 
favorable guest–host interactions. 

Toyota researchers were the first to propose this idea when they discovered that 
organophilic clay and polyamide-6 could be used to make a nanocomposite. Because 
clays are used to reinforce polymeric materials, clay/polymer nanocomposites have 
recently garnered much interest [43–45]. The mechanical strength [46], thermal 
stability [47], flammability [48], and gas permeability [49] of clay/polymer nanocom-
posites often differ significantly from those of the polymer alone. Well-dispersed 
nanocomposites are only possible if the polymer and clay work together [47]. The
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clay requires compatibility with the polymer for well-dispersed nanocomposites to 
form [47]. Heating a polymer material to a point where its thermal degradation occurs 
is usually the initial step in burning it. As more thermal breakdown products diffuse 
from the adjacent molten plastic, bubbles form below the heated polymer surface and 
develop [50]. As fuel vapors, they proceed to develop into the gas phase. The bulk 
of polymer thermal breakdown products have boiling temperatures that are signifi-
cantly lower than those of thermoplastics. These could form a solid, char-like thermal 
barrier. 

Adding nanoscale fillers (like nano clay particles) has been shown to stop the 
intense bubbling process during degradation. As an additional incentive, these filler 
particles usually improve the physical properties compared to the matrix [40, 51]. But, 
not all nanocomposite additives exhibit this flame-retardant property. As with unfilled 
materials, poly(methylmethacrylate) (PMMA)/nanocomposites of nano clay exhibit 
vigorous bubbling during burning, resulting in granular, coarse residue. Nanocom-
posites based on nanoclay particles, on the other hand, are utilized as protective solids 
[52–55]. 

The protective layer performs an essential role in lowering flammability. These 
clay-particle coatings usually experience significant lateral surface splitting and 
continuous bubbling. Although it is evident that these extended nanoparticles have 
potential as flame retardants, more research is required to comprehend the phys-
ical mechanisms underlying this behavior and improve the filler’s efficiency. PMMA 
nanocomposites have also been processed using the solution, melt, and other methods 
[56–58]. The melt technique exceeds environmental standards by not using solvents 
and is compatible with conventional polymer extrusion and blending techniques. 
Regarding the production of PCNs, melt intercalation generally has advantages in 
terms of economics and the environment. Indeed, an intercalated structure is produced 
when the polymer chain of polar polymers like PMMA quickly enters the galleries 
of the clay layer. The entropy increase from the contrasting interaction between the 
clay and polymer layers effectively makes up for the polymer chain’s entropy loss. 

Polymer layered silicate nanocomposites stand out to scientists because of 
their extraordinary behavior. Many different polymer/clay hybrids or polymer/clay 
nanocomposites have been reported, such as nylon 6/clay hybrid [59–61], epoxy 
polymer/clay nanocomposite [40, 62], acrylic polymer/clay hybrid [63], polystyrene 
(PS)/clay nanocomposite [64, 65], and so on. The addition of only a minimal amount 
of clay, typically less than 5% inorganic, to a polymeric matrix has polymers and 
organoclay containing functional groups, such as amide or imide in nylon, oxirane 
ring in epoxy polymer, unsaturated (double) bonds or hydroxyl group in clay modi-
fied organic chain, and so on, could only be exfoliated and dispersed homogeneously 
in a small number of instances. The chemical interaction between the intercalating 
monomer or polymer and the silicate layers is required, such as: 

MMT-N+(Me)3-R-CH = CH2 + nCH = CH-R’ → MMT-N+(Me)3-R-(CH2-
CH-R’)n-

Natural materials such as clay typically consist of fine-grained minerals. Due to 
the changing water content, it can exhibit fluidity and harden when dried or burnt. 
Most clay deposits comprise clay minerals, adding flexibility and hardening when
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dried or burnt. Various quantities of water are trapped in the mineral structure due to 
the polar attraction. In addition, non-plastic organic compounds can be identified in 
clay deposits [66–68]. 

1.1 Clay 

The growing marketable interest in nanocomposites could indicate a continuing fasci-
nation with applying nano clays to modify polymeric materials for various applica-
tions [69, 70]. Since centuries ago, clay has been utilized in construction, industry, 
and agriculture. Clay-based materials like ceramics, earthenware, drainage pipes, and 
floor and wall tiles have been applied by men for a long time. Clay’s curious property 
allows it to grow and form when saturated while maintaining the container’s shape 
after drying. This distinctive behavior has been used to develop several traditional 
clay products. Although there are many varieties of minerals, clay is one among them. 
In chemistry, all clay minerals are referred to as hydrous silicates. With respect to the 
origin, clay minerals can be classified into: The surface weathering of rock or shale, 
a black rock composed of layers of condensed clay, silt, or mud, produces residual 
clays in a variety of methods. The additional names for residual clays are transported 
clay and sedimentary clay. Rocks containing silica and alumina and mixing rocks 
can all deliver the remaining dirt. The second form of clay, transported clay, is eroded 
from the origin and accumulated at a distant location. 

Clay minerals often have a fine-grained, sheet-like transform in their native state. 
Phyllosilicates are the usual name for hydrous silicates with a sheet structure [71–74]. 
The diameter of natural clay particles is less than 0.004 mm. Aluminum, iron, mica, 
quartz, and feldspar oxides can all range in diameter from 0.002 to 0.001 mm [75]. 
Colloidal clay particles of smaller dimensions (0.001 mm) are in layered silicates. 

The four significant classifications of clay minerals are based primarily on differ-
ences in the layered structure, as shown in Table 1. Examples of these consist of the 
illite group, the chlorite group, the montmorillonite/smectite group, and the kaolinite 
group. The chemical formula of the three components that constitute the kaolinite 
group, kaolinite, dickite, and nacrite, is Al2Si2O5(OH)4. When members of this group 
have distinct structures but the same formula, they are considered polymorphs. Sili-
cate sheets (Si2O5) connected to the aluminum oxide/hydroxide layers constitute 
every component. Strong bonds connect the two different kinds of layers combined. 
These clays produce plastic, rubber, paper, paint, ceramics, and fillers.

One or two constituents of the significant smectite clay category are montmoril-
lonite, powder, pyrophyllite, saponite, and nontronite. The chemical formula for this 
group is (Ca, Na, H) (Al, Mg, Fe, Zn)2 (Si, Al)4O10(OH)2XH2O. The main distinction 
between the individuals in this category can be found in their chemical compositions. 
In the layer structure, silicate layers are sandwiched between an aluminum oxide/ 
hydroxide layer [Al2(OH)4]. These materials are applied in paints, rubbers, drilling 
muds, plasticizers in molding sands, and porcelain that are resistant to acid, heat, 
and electricity.
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Table 1 Major Clay mineral categories, determined by variations in layered structure) 

Group name Member minerals 

Kaolinite Kaolinite, dickite, nacrite 

Montmorillonite-smectite Montmorillonite, Pyrophyllite, talc 

Illite Vermicullite, sauconite 

Chlorite Amesite, chamosite, cookeite, nimite

Clays are used in various scientific domains due to their natural abundance 
and ability to be chemically and physically changed to satisfy practical techno-
logical demands. Industry and academics have recently drawn particular attention to 
polymer/layered silicate nanocomposites. This book chapter emphasizes the modifi-
cation of montmorillonite clay (MMT). MMT is a common nanofiller considered in 
the manufacture of polymer nanocomposites. The structure and need for modification 
are discussed in this section (Fig. 2). 

In several organizational contrasts, clays are distinguished from fine-grained soils. 
The particle sizes of silts, fine-grained soils, are typically larger than those of clays. 
Various naturally occurring deposits contain both silts and clays. But, there is consid-
erable similarity in size and properties. The separation typically takes place at a 
particle size of 2 m for geologists and soil scientists (clays are finer than silts), 4– 
5 m for sedimentologists, and 1 m for colloid chemists. Based on the soil’s plasticity, 
geotechnical engineers differentiate between clays and silts using ISO 14688 grades: 
Silts are relatively larger than clay particles (0.063 mm). 

Depending on the academic source, clays can be divided into three or four major 
groups: kaolinite, montmorillonite-smectite, illite, and chlorite. These categories 
contain approximately thirty distinct kinds of ‘pure’ clay, but most ‘natural’ clay is 
a mixture of these unique kinds and other weathered minerals.

Fig. 2 Cloisite@ selection 
chart based on Polymer 
chemistry 
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1.2 Clay Minerals 

Clay minerals contain different proportions of alkali metals, earths, and cations. 
Clays produce flat hexagonal sheets because they share structural characteristics 
with micas. It is typical to find the consequences of low-temperature hydrothermal 
alteration and weathering, such as feldspar and clay mineral weathering. 

1.3 Groups of Clay Minerals 

Clay minerals are divided into the following groups:

. Kaolin group: Kaolinite, dickite, halloysite, and nacrite.

. Smectite group: Dioctahedral smectites like nontronite; trioctahedral smectites 
like saponite.

. Illites: The group of clay micas and widely spread minerals.

. The chlorite group contains numerous minerals that seem like one another but 
vary chemically. 

The clay MMT is of several tens of stacked nanolayers (tactoids) (Fig. 3). Thick-
ness of layers is 1 nm, and interlayer spacing is 1 nm. Clay minerals are categorized 
by: 

1. Tetrahedra of two dimensions composed of a corner-shared combination of SiO4 

and AlO4. This two-dimensional hexagonal array is illustrated in Fig. 3. These

Fig. 3 Schematic diagram of clay [76]
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tetrahedral sheets with the chemical formula (Al-Si)3O4 share three oxygen atoms 
with other tetrahedra at its vertex. The fourth vertex does not belong to any other 
tetrahedron, and the tetrahedra all “point” in the same direction.

2. As shown in Fig. 3, tetrahedral sheets in clay are constantly connected to octa-
hedral sheets comprised of small cations like aluminum or magnesium and 
coordinated by six oxygen atoms. 

3. The unknown vertex from the tetrahedral sheet similarly contributes to one side 
of the octahedral sheet. Still, an additional oxygen atom is at the center of the six 
tetrahedra above the gap in the tetrahedral sheet. This oxygen atom produces an 
OH group with a hydrogen atom in the clay structure. 

4. The Classification of clays is based on how octahedral and tetrahedral sheets are 
divided into layers. In the unlikely circumstance that each layer contained just 
one octahedral bunch and one tetrahedral bunch, the clay is considered 1:1 earth. 
The alternative, described as 2:1 clay, consists of two tetrahedral sheets, one of 
which has an unshared vertex pointing in the same direction as the reverse sheets 
of octahedron vertex. 

5. This composition determines whether the layer is impartial or has a net negative 
charge. If the layers are charged, interlayer cations like Na+ or K+ balance this 
charge. Water may also be present in the interlayer in any case. A stack of layers 
separated by an interlayer forms the crystal structure. 

Because they are minerals that are found in nature, common clays have natural 
variations in their composition. The purity of the clay may influence the final proper-
ties. Numerous substrates are aluminosilicates, which consist of silica SiO4 tetrahedra 
attached in different ways to alumina AlO6 octahedra and have a sheet-like (layered) 
structure. The 2:1 division of the tetrahedra by the octahedra results in the forma-
tion of smectite clays. Montmorillonite is the variety of smectite clay that is most 
frequent. Other metals, such as magnesium, could replace aluminum in the crystal 
structure. The counterions are mainly present in the interlayer spacing of the clay to 
balance the charge that the sheets carry on their edges and surfaces. The chemical 
composition of the clay specifically determines this charge. The Thickness of the 
layers is about 1 nm, and their aspect ratios range from 100 to 1500. 

The clays’ surface areas per gram can frequently exceed hundreds of m2. The  
different ion exchange abilities of the clays, such as those for cations, assist in 
distinguishing groups. The cation-exchange capacity of soil refers to how much it 
can absorb and exchange cations. A significant consequence of clays’ charged nature 
is that they are often highly hydrophilic. The effective development of polymer–clay 
nanocomposites requires changing the clay’s polarity to make it “organophilic.“ A 
generally hydrophilic clay can convert into an organophilic clay with ion exchange 
with an organic cation. 

Polymeric composites reinforced with additives gained research interests due to 
the commercial significance of modifying their properties: layered inorganic fillers, 
fibers, and particulates [77, 78]. Recently, nanometer-thin layered aluminosilicate 
inorganic fillers like clay, talc, and mica have received much attention and intense 
research [59, 79]. Although the ability of polymers to interact with artificial clays
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Fig. 4 Structural concept of clay [81] 

and appropriately modified clay minerals is explored [80, 81], the study of polymer/ 
clay nanocomposites has only attracted significant interest. 

1.4 Montmorillonite Clay (MMT) 

The phyllosilicate mineral MMT is often soft and crystallizes into minute clay parti-
cles. It is named after the French town of Montmorillon. Figure 4 illustrates the 2:1 
clay montmorillonite, a smectite family member with plate-shaped particles and an 
average diameter of 1 µm. It is an essential constituent in the volcanic ash weathering 
product bentonite. 

Depending on the quantity of water it contains, montmorillonite 
increases enormously in volume. The chemical name is hydrated sodium 
calcium aluminum magnesium silicate hydroxide, and represented as 
Na,Ca,0.33(Al,Mg)2(Si4O10)(OH)2.nH2O). The precise ratio of cations varies 
depending on the source, but frequent alternatives include potassium, iron, and 
other cations. It frequently coexists with illite, muscovite, chlorite, cookeite, and 
kaolinite. 

1.5 Uses of Clay 

Montmorillonite expands when water is added. Yet, due to water entering the molec-
ular gaps between the layers and subsequent adsorption, it expands significantly more 
than other clays. The sort of exchangeable cation in the sample significantly impacts 
how much expansion occurs. The clay can grow to many times its original volume 
if sodium is the dominating exchangeable cation present. As a result, sodium mont-
morillonite is now a key ingredient in non-explosive agents used to fracture rocks 
and destroy concrete buildings when employing explosive charges is inappropriate.
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Bentonite, which contains montmorillonite, is suitable as an annular seal or plug 
because of its swelling ability. 

1.6 Chemical Modification 

The layered silicate clays montmorillonite and others are hydrophilic by nature. As 
a result, they are not well adapted for blending and reacting with most hydrophobic 
polymer matrices. Moreover, electrostatic forces firmly hold the clay platelet stacks 
together. Figure 5 illustrates that counterions attract to the clay platelets’ net negative 
charge. Platelet stacks firmly bound together can be formed when two nearby platelets 
share counterions. 

These factors need treating the clay before using it to produce a nanocomposite. 
These clay platelet stacks are bigger in all dimensions than one nanometer. Devel-
oping a composite from untreated clay is not recommended, as most of the clay 
would be confined and incapable of interacting with the matrix. The clay surface 
can be modified using the popular simple technique of ion swapping to make it more 
responsive to an organic matrix. Small molecule cations can replace the cations since 
they are not closely bound to the clay surface. 

For instance, the grey cations in the Fig. 6 are sodium ions. Several of them have 
been substituted with different cations. It is companionable with an organic matrix 
if the black cations were quaternary ammonium ions with long alkyl chains. The 
compatibility of montmorillonite clay with a wide range of matrix polymers may be 
achieved by exchanging it with different organic cations. The clay platelets are also 
separated during this process, making it easier for them to intercalate and exfoliate.

More than 60 years have passed since the discovery of a pure layered silicate [82– 
86]. They possess 2:1 phyllosilicate structural characteristics with the well-known. 
They pertain to the group of clay minerals, which are more common. Two tetrahedral 
silica sheets and an edge-shared octahedral sheet of either alumina or magnesia are 
fused to produce their two-dimensional layers. In arranging these layers, van der 
Waals gaps or galleries can be made. 

The charge shortfall caused by isomorphous substitution (such as tetrahedral 
Si4+ by Al3+ or octahedral Al3+ by Mg2+) is balanced by cations, often Na+ and/ 
or Ca2+, in the galleries (sometimes referred to as interlayers). These cations are 
exchangeable since they are not structural and can quickly be altered by highly

Fig. 5 Role of Cations and Anions in between clay layers [82] 
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Fig. 6 Chemical interaction of modifier with clay [82]

charged atoms. The organic modifiers in the galleries allow the hydrophilic surface 
to become organophilic. To maximize their compatibility with a specific polymer, the 
organic modifiers’ functionality, packing density, and length may all be considered 
when developing organically modified layered silicates. Cations in the underlayer 
layer or, more typically, replacements inside the lattice can neutralize and connect 
montmorillonite, the most common smectite clay. 

The montmorillonite’s structural characteristics determine the degree of substitu-
tion. While substitution can only go so far in the tetrahedral plane, roughly 15% of 
it can go to completion there. When organic cations are added to clay to change its 
surface, the clay materials’ thermal behavior will be dramatically affected. Why do 
we develop nanocomposites? 

Diminutive size of the filles

. The ratio of surface/volume is high

. Close spacing between fillers

. Mechanical properties;

. Greater ductility without an associated loss of strength

. Resistance to scratch

. Optical Properties;

. Light transmission properties depend on particle size 

1.7 2D-Materials Nanocomposites 

Nanocomposites are Composite materials with at least one scattered particle dimen-
sion in the nanoscale range that integrate one or more distinct components to improve 
performance characteristics. Nanocomposites are comprised of inorganic particles in 
ultrafine size that are uniformly dispersed throughout the polymer matrix and usually 
range in size from 1 to 1000 nm. Government, academia, and industry researchers 
are currently fascinated with these materials due to their remaining properties. The 
polymer layered silicate (PLS) nanocomposites attain the required properties with a 
significantly smaller ceramic material than equivalent glass- or inorganic-reinforced 
polymers.
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In addition, PLS nanocomposites show significantly improved heat stability and 
self-extinguishing properties. Even though other materials can be utilized, natural 
silicates are commonly used reinforcements to produce nanocomposites. Nanocom-
posites are distinct from different materials due to the dimensions of the silicate 
particles and their distribution in the matrix. The talc reinforcements currently in 
application are 1400 times smaller than these particles. Silicate platelets usually 
have surfaces that are 1000 nm broad and only a few nanometers thick. 

1.8 Categories of Nanocomposites 

Silicate layers usually have a high aspect ratio and a thickness of about 1 nm. When 
appropriately dispersed throughout the polymer matrix, a few wt% of layered silicates 
can result in significantly more surface area than conventional composite materials. 
Three distinct PLS nanocomposites are thermodynamically attainable based on the 
interfacial interaction strength. The nanocomposites may be categorized into three 
groups based on how the polymer matrix is distributed between the clay layers: 

(1) Phase-separated/Aggregated 
(2) Intercalated 
(3) Exfoliated 

(a) Phase Separated 

The characteristics of a phase-separated composite are consistent with those of 
conventional micro-composites and develop when the polymer cannot penetrate the 
silicate sheets. The tactoids matrix still contains the organoclay layers together. The 
mixing processes have little impact on the separation between the silicate layers. 
Microcomposites are formed due to phase separation but do not provide the intended 
advantages. The micro-composite is the least preferred and most likely of these 
morphologies. In this instance, the clay acts like a dispersed, “inactive” component 
that barely interacts with the surrounding polymer matrix. As the composite cannot 
take advantage of the material advantages fundamental to the clay’s nano-dimensions, 
no enhancements in the polymer’s attributes are expected. 

(b) Intercalated Nanocomposite 

Despite the quantity of clay compared to polymer, a polymer matrix is inserted 
into the layered silicate. Typically, intercalated nanocomposites are produced by 
layering a few molecular layers of polymer. The composites’ properties frequently 
resemble those of ceramic materials [88]. A multilayered structure with alternating 
polymers and silicate polymer diffusion into clay lamellae arises from intercalation, 
which is the condition in which extended polymer chains lie between the clay layers. 
Nonetheless, the original clay structure is still visible. Silicate layers are separated 
by less than 2–3 nm due to intercalations of polymer chains. While not significant, 
these nanocomposites demonstrate improved characteristics (Fig. 7).



Two-Dimensional (2D) Materials Incorporated PMMA Polymeric … 43

Fig. 7 2D materials-based nanocomposite possibilities [87] 

In PLS nanocomposites, the two elevated forms (or delaminated) of microstruc-
tures are normally intercalated and exfoliated. Extended polymer chains can be 
visible between the host silicate layers of an intercalated hybrid, which usually 
differ by 1–4 nm. Intercalation leads to properly ordered structures with alternative 
polymer and inorganic layers in several layers. The silicate layers in an exfoliated 
hybrid are in a random arrangement within the matrix, and the spacing is roughly 
equal to the polymer’s radius of gyration. A hierarchy of morphologies in real PLS 
nanocomposites lies between the idealized microstructures. 

(c) Exfoliated Nanocomposite 

The nanocomposite’s structure in the exfoliated or delaminated stage, when the peri-
odic arrangement has vanished, it or not, however, is well illuminated by WAXD. 
Weak peak intensity, bias towards the surface area, and poor peak resolution are all
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possible challenges with WAXD, particularly in composites with low clay concen-
tration. Depending on clay loading, the average distance between the various clay 
layers in a continuous polymer matrix. An exfoliated nanocomposite typically has a 
substantially lower clay concentration than an intercalated nanocomposite. 

When silicate layers with diameters in the nano range are evenly and thoroughly 
disseminated throughout a continuous polymer matrix, the exfoliated or delami-
nated nanocomposite structure results. In exfoliated nanocomposites, the polymer, 
for illustration, separates the clay platelets by 8–10 nm or more. It exhibits higher 
phase homogeneity than the intercalated structure because it maximizes with the 
polymer, effectively affecting mechanical and physical properties, which is of specific 
importance. Though these assertions only apply under ideal conditions, it is more 
likely that proper morphology will fall somewhere in the middle. The insertion of the 
polymer chains enables the interlayer space to swell, increasing the distance between 
consecutive clay layers. 

The clay delaminates, and an exfoliated nanocomposite is produced when the 
Vander Waals forces can no longer keep the clay layers together. As a result, the 
clay will transform into a structure that resembles a “house of cards” rather than a 
“deck of cards.“ The positively charged surface of one clay layer will then connect 
with the negatively charged edge of another, holding the exfoliated clay together 
predominantly. 

1.9 2D Polymer-Based Nanocomposites 

In the twenty-first century, nanocomposites will be one of the most advanced tech-
nological substitutes for lead-engineered devices. The dispersion phase of polymer-
based nanocomposites has a size range of 1 to 100 nm. The ultrafine powder will 
be incorporated with matrices to produce polymer-based nanocomposites. Most 
composite materials are made from inorganic powders/polymers through melting, 
solvent mixing, co-deposition assembly, and simple blending. In nanocomposite 
materials, molecular dispersion levels extend from microscopic composites of ultra-
fine dispersions to the molecular scale. They split into polymer/polymer and polymer/ 
fill structures. The categories are used to comprehend how nanocomposites behave. 
Polymer-based nanocomposites have unique benefits regarding their characteristics 
and capabilities, as mentioned below; 

(1) Property development: The materials exhibit improved mechanical, crys-
talline, optical, and acoustic functions and enhanced heat distortion temperature 
and crystalline rate. 

(2) Properties economizing composites: The essential raw materials, such as 
organic polymers and inorganic MMT, are easily accessible. 

(3) Sustaining novel technology: The vast majority of the time, conventional tech-
niques and tools are used for producing these nanomaterials. This vital aspect 
could promote the industrialization of the manufacture of these nanocomposites.
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The Classification separates systems into polymer/polymer, polymer/oligomer, 
and polymer/filler systems. Metal particles, non-metal powder, semiconductor 
material, or conductor powder have been added to organic/inorganic polymer/ 
filler systems such as PET/layered silicate systems. 

1.10 Synthesis Techniques 

The sol–gel, chemical vapor deposition (CVD), and ball-milling techniques are 
frequently used to process nanoparticles. One of the most critical issues that must be 
addressed is particle dispersion in nanocomposite materials. The following section 
will discuss the dispersion and any associated preparations and synthesis. A particle 
surface treatment can be required to make the particles compatible with the polymer 
matrix to distribute the particles. Surface treatment has a strong correlation with 
nanoparticle stability. To deposit or cover layers on the exterior of the particles, disper-
sion processes for nanoparticles dispersed in polymers include gas vapor deposition 
(GVD) and CVD. 

The substance in the deposited layers can be either organic or inorganic. Surface 
treatments, such as polymer films, oligomers, and surfactants, are organic. Ionization, 
degradation, or mechanical milling methods are also performed to establish polymer 
powders more compatible with superfine inorganic particles. Surface treatments 
make nanoparticles so they can be evenly distributed in nanocomposite matrixes. 
They encompass several facets, briefly discussed here and thoroughly explained in 
the following chapters. 

(a) Sol–gel Technique 

Hydrating the treatment agent with the nanoparticle precursors produces a sol using 
this technique. After recovering the gel, the sol coats the particle in a surface layer. 
Nanocomposites are made in a single pot by incorporating a few monomers of poly-
mers that dissolve in a solvent (such as polyvinylpyrrolidone (PVP) or water, such 
as polyvinyl alcohol (PVA)). This technique provides a smaller selection area for 
organic polymers and nanomaterials because the polymer is soluble in the medium 
but is especially well-liked for nanocomposites. 

(b) Nanoprecursor Method 

Nanoprecursor methods can be used when the base materials and various layers 
are provided. Reducing almost all oxide compounds or their parts into ultrafine 
powder is possible. Some are challenging to produce into composite nanoparticles 
or nanocomposites due to their convoluted compositions. These components are 
converted into a precursor, an intermediate form that allows for the production of 
homogenous raw materials with very high purity. 

(c) Intercalation Method 

Treatment reagents are intercalated into the layer space for layered compounds or 
silicates. These intercalates, which are nanomaterial precursors with regulated layer
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shapes, are exfoliated during the polymerization technique. Three conflicting effects 
may be used to justify the postulated driving force of this mechanism, namely: 

i. The conformational entropy of the flexible polymer chains is decreased when 
confined between the silicate layers. 

ii. To accommodate the polymers, the organic modifiers’ conformational entropy 
increased. 

iii. A net energy gain resulting from the appearance of a second, more beneficial 
contact between the polymer and modified layered silicates than the organic 
interaction with the silicate, which is not intercalated. 

This method mixes the layered silicate while still molten inside the polymer matrix 
without a solvent. Using standard techniques like extrusion and injection molding, 
a thermoplastic polymer is physically combined with organophilic clay at a high 
temperature. Next, to produce nanocomposites, the polymer chains are intercalated or 
exfoliated. This approach is frequently used to produce thermoplastic nanocompos-
ites. This method of melt intercalation allows for the processing of polymers unsuit-
able for adsorption or in-situ polymerization; layered clays are combined directly 
with the polymer matrix while still molten. Nanocomposites may be produced using 
the melt intercalation process in about ten minutes. Environmentally friendly method: 
No solvent is necessary. Using standard plastic extrusion and molding techniques, 
nanocomposites may be treated. Factors affecting the formation of PNC via melt 
intercalation:

. Molecular architecture of the surface modifier

. Compatibiliser concentration

. Processing shear and temperature

. Polymer type and molecular weight

. Presence of additives 

(d) Blending Methods 

Nanoparticles are modified by blending them with materials having lower molecular 
weights. By blending or mixing, particles with beneficial substances on them are 
produced. A core (inorganic)-shell (polymer cover) structure is frequently produced 
when the treatment agent is a polymer. The nanoparticles are combined with an 
intermediary substance rather than directly with the polymers. For instance, to make 
the intermediate pellets, which have a silica concentration of up to 10–30% (by wt), 
maleic anhydride-treated nano-silica is combined with polypropylene. Subsequently, 
dispersion in the polymer matrix reduces this intermediate. 

(e) Filling Techniques 

It is possible to develop hybrid nanoparticles or nanocomposites by mechanically 
mixing powder, dissolving liquid, or melting the polymers into the pores/surfaces/ 
interfaces of inorganic particles. This flexible technique can be used in various ways 
to synthesize or process nanocomposites. One such method involves a dry mixing 
process comparable to that used for producing polymer alloys, like blends of solid 
particles and other polymers.
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(f) In-Situ Polymerization 

In-situ, polymerization was the first approach utilized to produce polymer/clay 
nanocomposites. Three continuous phases make up the in-situ polymerization 
process. The nanoscale additives are first given the proper surface pretreatments, 
which are then distributed into a monomer and polymerized. In-situ nanocomposites 
are produced during polymerization. When monomers are intercalated into layered 
clays, they can be polymerized by heat, radiation, pre-intercalated initiators, or cata-
lysts. This technique is known as in-situ polymerization. A suitable initiator or curing 
agent can initiate the polymerization reaction. 

To produce delaminated nanocomposites, the intra-gallery polymerization reac-
tion kinetics must be greater than the extra-gallery polymerization reaction kinetics. 
The driving forces are the strength of the interaction between the monomer and 
the clay surface and the enthalpy variation during interlayer polymerization. In-situ 
polymerization has several advantages of being relatively quick, easier to handle, and 
potentially resulting in better final products. Ideal for low- or non-soluble polymers, 
a usual thermoset nanocomposite manufacturing technique. 

(g) Melt Blending 

Another intriguing technique developed for creating organic–inorganic nanocompos-
ites by a twin screw extruder is melt intercalation, a type of melt mixing. This method 
entails annealing a polymer and clay combination statically or under shear above the 
glass transition temperature (Tg). The polymer chains may enter the clay galleries 
that have already been treated during this procedure, producing either intercalation-
or exfoliation-type nanocomposites. Melt mixing, which can fully use well-built 
polymer processing machinery such as extruders or injectors, is the fastest way to 
commercialize novel nanocomposites. 

1.11 Characterization of Polymer–Clay Nanocomposites 

Traditionally, polymer layered silicate nanocomposite structures have been explained 
using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
transmission electron microscopy (TEM), and atomic force microscopy (AFM). 
Because of the periodic structure, XRD determines the interlayer spacing. The most 
used method for analyzing the structure and sporadically for researching the kinetics 
of the manufacturing process of polymer nanocomposites is XRD, particularly wide-
angle XRD. If a nanostructure is intercalated or exfoliated, it can be determined by 
observing its position, shape, and strength of the basal reflections of the materials’ 
XRD patterns. In contrast, in an intercalated nanocomposite, the finite layer expan-
sion leads to the emergence of a new basal reflection that corresponds to the increased 
gallery height. Using XRD, it is simple to uncover the interlayer spacing. 

However, such a technique cannot reveal the geographic distribution of the clay 
layers. Systematic analysis of systems with a spreading peak and waning intensity is
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also challenging. From this vantage point, the information provided by XRD patterns 
is insufficient to shed light on the process by which nanocomposites are formed and 
their eventual structure. Unfortunately, to offer quantitative information in an XRD 
“silent” nanocomposite, XRD does not give clear information on the structure of the 
nanocomposites in the absence of a registry or a disordered nanocomposite. 

By contrast, TEM may offer qualitative data on the structure, morphology, distri-
bution, and structural defects. TEM is a very effective method. It offers a way to 
determine the uniformity of the mixing process and descriptions of the spatial corre-
lation of the layered silicates. Individual crystallites of several nm layers are also 
seen in TEM images. The combined use of wide-angle XRD and small-angle X-ray 
scattering (SAXS) can produce a quantitative analysis of the structure in polymer 
nanocomposites. The structural development of polymer nanocomposites may be 
understood using Fourier transform infrared (FTIR) and Raman spectroscopy. 

2 Conclusions 

Polymer nanocomposites constitute an interesting and capable alternative to conven-
tional materials because of the dispersion of nanoscale clay platelets and their enor-
mously enhanced mechanical, thermal, barrier, optical, electrical, and other physical 
and chemical performance characteristics. As a result, numerous organizations have 
invested heavily in developing nano clays and polymer nanocomposites. More and 
more commercial goods are now readily available. Moreover, applications for clay-
based polymer nanocomposites in the biological and bioengineering disciplines have 
shown promise. We outlined a model 2D-material-based composite, their characteri-
zations, classifications, and advantages in the context of physics and mechanics asso-
ciated with recent studies. We additionally emphasized other aspects that formed new 
nanocomposites based on polymers and metals and the most recent developments of 
recently synthesized 2D materials enabling the manufacturing of new nanocomposite 
species. 
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Two-Dimensional Transition Metal 
Oxides (TMOs) for Solar Cell 
Applications 

Ramakrishna Madaka, Dinesh kumar, Beauty Pandey, Narendra Bandaru, 
Jagadeeswara Rao Dasari, Lalhriat Zuala, and Jatindra Kumar Rath 

Abstract Recent research has shown that two-dimensional transition metal oxides 
(TMOs) are potential materials for improving the stability and efficiency of solar 
cells. The brief overview of TMOs’ potential for use in solar cell applications in this 
abstract emphasizes their special qualities, synthesis techniques, and most recent 
developments. Due to their various chemical compositions and electrical structures, 
transition metal oxides have been thoroughly researched for their potential in renew-
able energy technologies, particularly in photovoltaics. Due to their fascinating elec-
trical characteristics and simplicity of integration into solar cell topologies, two-
dimensional TMOs like vanadium pentoxide (V2O5), tungsten diselenide (WSe2), 
TiO2 (titanium dioxide), zinc oxide (ZnO), tin dioxide (SnO2) has drawn a lot of 
attention. TMOs’ distinctive electrical band structures make effective charge sepa-
ration and light absorption possible, both of which are essential for the performance 
of solar cells. TMOs have variable bandgaps that enable them to absorb various sun-
spectrum wavelengths. TMOs are a good choice for single-junction and tandem solar 
cells because of their superior charge transfer capabilities and tunability. TMOs’ 
adaptability in terms of synthesis techniques is one of their main benefits. High-
quality TMO thin films have been created using various methods, including chem-
ical vapor deposition (CVD), liquid-phase exfoliation, and atomic layer deposition
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(ALD). These techniques enable the optimization of TMO features for particular solar 
cell applications by providing fine control over thickness, shape, and composition. 
The development of TMO-based solar cells has been impressive recently. Particularly, 
tandem solar cells profit from the superior optical qualities of TMOs. Researchers 
have significantly increased power conversion efficiency by mixing TMOs with other 
semiconducting substances like silicon or perovskites. TMOs have been included in 
many solar cell topologies, such as thin-film, organic, and quantum dot solar cells, 
proving their versatility. The long-term survival of solar cell technologies depends 
on TMOs’ exceptional stability and durability in adverse environmental conditions. 
They are desirable options for outdoor applications and have longer operational 
lifetimes because of their resistance to corrosion and photo-induced degradation. 

1 Introduction 

Energy crisis and atmospheric contamination are the two most common challenges 
infesting the world universally [1–6]. These seemingly inevitable global issues are 
the direct byproduct of large-scale industrialization and rapid population expansion. 
Therefore, developing high-efficiency, environment-friendly, and sustainable tech-
nologies is imperative to generate clean energy and restore the environment. Sunlight 
has appeared as a promising remedy due to its natural abundance and ease of avail-
ability and its ability to drive environmentally safe reactions that can convert solar 
energy to chemical or electrical energy or solar fuels. Moreover, solar energy is seen 
as the most cost-effective replacement for fossil fuels, whose continuous usage as the 
prevalent energy source has increased pollution and contributed to climate change. 
Owing to its pivotal role in the solar-to-electricity transformation process, solar cells 
have been a hot topic for research for decades. Thus, solar cells have been regarded 
as one of the fascinating green energy technologies that have the potential to convert 
this enormous amount of solar energy into electricity. The solar cell technology can 
be broadly categorized into three generations [6–9]. 

The first generation comprised solar cells made of monocrystalline silicon and 
polycrystalline silicon. Second-generation basically consisted of thin-film solar cells 
that were synthesized from CIGS (copper indium gallium selenide), CIS (copper 
indium diselenide), CdS (cadmium sulfide), CdTe (cadmium telluride), the amor-
phous silicon, etc. And the third-generation solar cells include PSCs (perovskite 
solar cells), DSSCs (dye-sensitized solar cells), quantum dot QDSCs sensitized (solar 
cells), polymer solar cells, and all such ground-breaking photo-voltaic (PV) technolo-
gies. Due to its narrow bandgap of 1.12 eV, availability, affordability, nontoxicity, 
better purity, suitable minority carrier lifetime, extremely low grain boundary defects, 
easily tunable resistivity, and well-established fabrication procedures, silicon (Si), 
which makes up more than 90% of the photovoltaic market today, is used extensively 
in solar-cell design [2, 10–12]. The solar-to-electricity conversion efficiency and the 
cost per watt of the power generated are arguably the two determining factors by 
which the success of Si-based PV technology can be evaluated. Are likely to be.
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With record power conversion efficiencies of about 25–26%, silicon solar cells have 
dominated the renewable energy industry over the last 50 years. 

Although crystalline silicon-based solar cells are an established technology with 
comparatively reasonable costs in several markets, the photovoltaic community 
strives to achieve improved efficiencies, lesser costs, and lower environmental 
damages [1, 10, 13, 14]. This involves developing different technologies to mini-
mize the price per watt and increase the watt-per-gram utilization of Si-based solar 
cells. A culmination of various efforts has thus opened many avenues for investigating 
different revolutionary approaches in photovoltaics. Though there is unprecedented 
progress, there are still many bottlenecks involved. The challenges that need reform 
include degradation against water, oxygen, and radiation, lack of scalability, and 
stability of device structure, which severely limits the extent of commercialization. 
Additionally, the long-term instability of the hole transport layer and electron trans-
port layer, as well as their high cost, is another important factor affecting the solar 
cells’ effectiveness [13–16]. Owing to this, investigations of different strategies that 
could upgrade the overall performance and stability of the device are constantly 
underway. The last few decades have seen an extensive volume of effort dedicated to 
developing a variety of semiconductors either in the form of 2D (two-dimensional) 
thin films, 1D (one-dimensional) nanostructures or 0D (zero-dimensional) nanopar-
ticles as the potential candidates in the photovoltaic industry [17–19]. In recent years, 
there has been a huge paradigm change in the global photovoltaics arena where the 
demand has shifted more on wearable, portable, and flexible solar-powered gadgets, 
making the production of supple, light, and efficient power production solar resources 
necessary. Therefore, 2D materials with all their exotic properties are believed to play 
critical roles in the fabrication and performance of the next generation of solar cells 
[10, 20]. 

Recent times witnessed sporadic interest in 2D materials characterized by high 
aspect ratio, thick atomic layers, possession-plane covalent bonding, and contrasting 
properties compared to their bulk counterparts [20–24]. These materials were not 
unknown, but the exploration of their 2D structure augmented in the last few years 
with the segregation of graphene. These compounds, like graphite, are available 
in layered structures, making it easy to exfoliate them into smaller thicknesses with 
single or multilayers. These 2D nanomaterials include various sheets and thin films of 
conducting polymers, carbon nanotubes (CNTs), metal nanowires, metal nanotubes, 
conducting oxides, transition metal dichalcogenides (TMDs), and transition metal 
oxides (TMOs) that have been inspected in search for a low-cost, mechanically 
stable and high-performance photovoltaic material [6, 25–27]. Moreover, features 
like exceptional transparency, excellent flexibility, high conductivity, outstanding 
scalability, good modularity, and ease of roll-to-roll production make 2D mate-
rials stand out further. Fine-quality monoatomic thin layers of 2D materials enable 
effective control of the electrostatic conductivity. Due to the decreased number of 
dangling bonds, the charge carrier scattering is much lesser in 2D materials. Owing 
to this wonderful amalgamation of extraordinary properties, the research inclina-
tion towards producing and exfoliating different 2D materials has renewed exten-
sively. Consequently, the library of fascinating 2D compounds is expanding with
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each passing year and attributes a surplus of about 150 exotic materials that can 
easily be cleaved into sub-nanometre 2D monolayers [21, 28–31]. 

By far, TMOs (transition metal oxides), due to their interesting physio-chemical 
properties and promising potential, are one of the most popular categories of 2D mate-
rials that are significantly used for different solar cell applications [32–35]. TMOs are 
compounds of oxygen and multivalent transition metals. Due to the variable oxidation 
states of the transition metals, TMOs exist in different forms like monoxide, dioxide, 
trioxide, etc. TMOs offer a unique behavior in terms of their preferred conduc-
tivity for one type of charge carrier (electrons/holes) while inhibiting the flow of 
the other kind, assisting in the efficient separation of photogenerated charge carriers 
[36–38]. The highly desired TMOs for solar cell applications include TiO2 (tita-
nium dioxide), zinc oxide (ZnO), tin dioxide (SnO2), molybdenum trioxide (MoO3), 
vanadium pentoxide (V2O5), tungsten trioxide (WO3), etc. As compared to their bulk 
versions, these 2D nanomaterials exhibit greater surface area and customizable chem-
ical properties [39–45]. Their excellent electronic properties can be attributed to the 
lack of an interlayer in their single-layer nanosheets. They are usually highly trans-
parent wide-bandgap semiconductors with low contact resistivities. Furthermore, 
they display outstanding optical and electronic features that can be tailored easily by 
maneuvering their thickness. As the 2D TMOs can be engineered easily from their 
parent layered compounds by a variety of exfoliation approaches and temperatures 
processing techniques, the thickness of the exfoliated 2D TMOs matches with the 
thickness of the individual layer of TMO, which in the majority of cases is less than 
5 nm. Since their surface-to-volume ratio is practically ~1, the 2D TMO structures 
expose almost all their components to the surface, making it convenient to be tuned 
for desired applications. 

All the unique features of 2D TMOs thus make it a highly in-demand candidate 
for present-day solar cell applications and the photovoltaic industry. The present 
chapter provides an exciting review of different solar cell applications of various 
two-dimensional transition metal oxides. The article evolved from the urgent need 
to develop straightforward, low-cost technology to create solar cells that can achieve 
high efficiencies. The work is significantly focused on 2D TMOs’ role in such 
solar cell applications. A comprehensive investigation of the overall performance 
of 2D TMO-based solar cells and their different photovoltaic parameters, such as 
open circuit voltage, short current density, fill factor, and efficiency under various 
conditions, are reported. The study discusses the concepts of flexible, ultrathin, and 
tandem solar cells based on 2D TMOs. The chapter concludes with a brief overview 
of persisting limitations and the future outlook on the technical challenges and 
research necessities that are essential for meeting the requirements of next-generation 
photovoltaics driven by 2D TMOs. 

Recent years have seen notable breakthroughs in solar cell technology as a result of 
the ongoing research for sustainable and clean energy sources. For a variety of appli-
cations, including solar cells, two-dimensional transition metal oxides (2D TMOs) 
have shown promise [46–54]. Due to their atomically thin structure, which enables 
customized electrical and optoelectronic capabilities, these materials have special 
features [55, 56]. Due to its unique characteristics, including high carrier mobility,
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configurable band gaps, and wide surface areas, 2D TMOs have drawn a lot of 
attention in research and development [57–61]. They are ideally suited for next-
generation optoelectronic devices because of these characteristics, especially solar 
cells, where effective light absorption and charge transfer are essential. Vanadium 
pentoxide (V2O5) has become a well-known choice for solar cell applications among 
the numerous 2D TMOs [62, 63]. V2O5 has a layered structure made up of stacked 
vanadium oxide sheets, which can be exfoliated to create ultrathin layers with special 
characteristics that can be included in solar cell topologies to improve performance 
and efficiency [64–66]. 

There are a number of reasons why V2O5 is used in solar cell applications. First, 
V2O5 is a material well suited for enabling charge transport in solar cell devices 
because of its good electrical conductivity. Second, V2O5 has suitable bandgap and 
optical properties that enable efficient light absorption across a broad range of the 
solar spectrum [67, 68]. This high carrier mobility of V2O5 enables efficient extrac-
tion of photogenerated charges, reducing recombination losses and enhancing overall 
device performance. V2O5 is particularly appealing for solar cell applications because 
it can absorb light in the visible and near-infrared spectrum, which maximizes light 
gathering. Additionally, the bandgap engineering capabilities of V2O5 by doping and 
alloying enable fine-tuning of its electrical and optoelectronic characteristics [69–71]. 
This adaptability creates opportunities for improving solar cells’ absorption, charge 
separation, and charge transport characteristics based on V2O5. The use of V2O5 

in solar cell applications is also consistent with the current research emphasis on 
sustainable and ecologically friendly materials. The advantages of V2O5 over tradi-
tional solar cell materials are its abundance, affordability, and low toxicity profile 
[72]. 

We intend to thoroughly review the use of V2O5 as a 2D TMO material for solar 
cell applications in this book chapter. We will examine V2O5’s structural and elec-
trical characteristics as well as the synthesis and manufacturing methods utilized to 
create it as a 2D material. We will also go over how it is integrated into different 
solar cell layouts and look at the optoelectronic characteristics and device perfor-
mance that V2O5 inclusion yields. We will also talk about the stability issues and 
environmental effects of V2O5-based solar cells. This chapter’s overall goal is to 
demonstrate the enormous potential of V2O5 as a 2D TMO material for improving 
solar cell technology. We can open the door to the creation of extremely effective, 
scalable, and environmentally friendly solar cell technology by comprehending the 
special qualities and possibilities provided by V2O5. 

2 Techniques for Synthesis and Fabrication 

The methods used to create and produce V2O5 as a two-dimensional material are 
examined in the synthesis and manufacturing procedures section. It explores several 
fabrication processes for V2O5-based solar cell devices, such as thin film deposition, 
nanostructure development, and material integration. The section also goes through
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the methods used to characterize the structural and optical characteristics of V2O5 

films, shedding light on the production procedures and methods used to create V2O5-
based solar cells [73]. 

2.1 Techniques for Synthesizing and Acquiring V2O5 
as a Two-Dimensional Material 

A variety of procedures that allow for the controlled development and construc-
tion of atomically thin layers are used in the synthesis and manufacture of V2O5 

as a two-dimensional (2D) material. Researchers can manipulate V2O5 character-
istics using these techniques to make it more or less suitable for use in solar cells. 
Mechanical exfoliation is one method that is frequently used to create 2D V2O5 [74– 
78]. This process entails mechanically separating thick layers of bulk V2O5 crystals 
using sticky tape or other tools. Researchers can isolate single-layer or few-layer 
V2O5 sheets with perfect control over their thickness by repeatedly peeling off small 
flakes from the bulk material. High-quality 2D V2O5 samples may be produced by 
mechanical exfoliation and used for additional research and device development. 

Another popular technique for creating V2O5 as a 2D material is chemical vapor 
deposition (CVD). This method involves adding an oxidizing agent and a vanadium 
precursor gas to a high-temperature reaction chamber [79, 80]. The precursor gas 
undergoes chemical reactions in controlled environments that result in the synthesis 
of V2O5. As a consequence, atomically thin layers of V2O5 may be placed onto a 
substrate. Scalability is a benefit of CVD that makes it possible to produce large-area 
V2O5 films appropriate for solar cell applications. Liquid-phase exfoliation is an 
additional method for producing 2D V2O5. This technique disperses bulk V2O5 in a 
suitable solvent, and then thin layers of the material are created by ultra-sonication 
or other mechanical techniques [52, 81, 82]. This method makes it possible to create 
V2O5 suspensions of various thicknesses, which may then be processed further to 
create devices. Another way to make 2D V2O5 is by using hydrothermal synthesis. 
A precursor solution containing vanadium ions is put through this process at high 
temperatures and pressures [83, 84]. In these circumstances, vanadium ions react 
with an oxidizing agent, creating V2O5 nanostructures with precise dimensions. The 
hydrothermal synthesis procedure allows the V2O5 nanostructures to be customized 
in terms of size, shape, and crystallinity, allowing for the creation of novel solar cell 
technologies. 

Other techniques for the production of V2O5 as a 2D material have been exam-
ined, including molecular beam epitaxy (MBE), atomic layer deposition (ALD), and 
electrodeposition [85–89]. These approaches enable precision layer thickness control 
and the production of high-quality V2O5 films with specific required characteris-
tics. Finally, the various synthesis procedures mentioned above provide researchers 
with a number of options for making 2D V2O5 materials. Using the correct approach, 
researchers may adjust the characteristics of the V2O5 layers to meet the special needs
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of solar cell applications, such as optimization of electrical conductivity, bandgap 
engineering, and charge transport characteristics. 

2.2 Device Fabrication Methods for V2O5-based Solar Cells 

Well-established manufacturing procedures that provide the exact placement and 
controlled inclusion of V2O5 layers within the device structure are necessary to 
effectively integrate V2O5 into solar cell topologies. These methods are essential for 
determining how well and efficiently V2O5-based solar cells function. The hetero-
junction method is one manufacturing method frequently used for V2O5-based solar 
cells [90–96]. The fabrication process typically entails depositing the V2O5 layer 
onto a suitable substrate using methods such as spin coating, spray coating, or vapor 
deposition [71]. In this method, V2O5 is used as the active layer in combination with 
other complementary materials, such as organic semiconductors or inorganic nano-
materials, to form a heterojunction interface. The complementary material is then 
placed on top of the V2O5 layer to create the heterojunction. The compatibility of 
the materials, the required layer thickness, and the device’s design all influence the 
chosen deposition process. 

Utilizing V2O5 in tandem or multilayered solar cell designs is an alternative 
strategy [97]. This method involves stacking V2O5 layers with other substances, 
such as perovskites or other 2D TMOs, to produce a series of absorbers with various 
bandgaps. This maximizes light harvesting by enabling the effective absorption of 
a wider spectrum of sunlight. Tandem structures are commonly created by progres-
sively depositing the various layers using techniques like CVD, thermal evapora-
tion, or solution-based approaches, followed by proper encapsulation and electrode 
deposition [98–101]. For the mass production of V2O5-based solar cells at low 
cost, solution-based processes like spin coating and inkjet printing are especially 
well suited. These techniques entail depositing V2O5 precursor solutions onto the 
substrate, which are then subjected to thermal or chemical processing in order to 
transform the precursors into the appropriate V2O5 phase. While inkjet printing 
allows for fine patterning of V2O5 layers and offers freedom in device design, the 
spin coating offers strong control over film thickness and homogeneity [102, 103]. 

Lithography methods such as photolithography and electron beam lithography are 
used for the exact patterning and defining of V2O5 structures in solar cell devices 
[69]. With the use of electron beams or masks, these methods selectively expose 
and develop the V2O5 layers to produce complex patterns or electrode architectures. 
Making high-efficiency V2O5-based solar cells with improved light trapping and 
charge collecting capabilities makes use of lithography methods. Post-processing 
techniques like thermal annealing or surface treatments may be used to improve 
the film quality, increase crystallinity, or change the surface characteristics of the 
V2O5 layers after the manufacture of V2O5-based solar cell devices [104, 105]. 
These post-processing procedures can improve charge transmission, lower faults,
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and increase general device stability, all of which substantially influence the device’s 
performance. 

In this manufacturing process, V2O5 layers are deposited using processes like 
spin coating, vapor deposition, or inkjet printing, and then complimentary materials 
are added to create heterojunction interfaces or tandem structures. The performance 
and functionality of V2O5-based solar cells may be further improved via lithography 
methods and post-processing procedures. The preferred device architecture, scala-
bility, compatibility with other materials, and cost considerations all play a role in 
the manufacturing technology selection. 

2.3 Techniques for Characterizing V2O5 to Examine Its 
Structural and Optical Characteristics 

It is essential to use characterization techniques to examine the structural and optical 
characteristics of V2O5-based solar cells in order to comprehend and improve their 
performance. There are several methods available for this. Transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM) are often employed 
techniques for the analysis of the size, thickness, and crystalline structure of V2O5 

layers. The use of these techniques enables the attainment of high-resolution imaging, 
which has the potential to uncover defects or grain boundaries that might have an 
impact on the performance of materials [52, 106, 107]. 

The technique of X-ray diffraction (XRD) is utilized to examine the crystal 
structure and phase purity of V2O5 [108, 109]. By analyzing diffraction patterns, 
researchers can determine the crystallographic phases present within a material. As 
proposed by Urea-Begara and Shvets, Raman spectroscopy has been identified as 
an additional valuable technique for the characterization of V2O5 [110, 111]. The 
provided data includes the crystal symmetry and vibrational modes of the material, 
which is useful for detecting doping or strain-induced modifications and confirming 
the structural integrity of the substance. Optical characterization techniques such as 
UV–Vis spectroscopy and photoluminescence spectroscopy are used to determine 
the optical properties of V2O5, including its light absorption and emission behavior 
[112, 113]. These methodologies are able to provide exhaustive data regarding the 
bandgap, absorption rates, and excitonic properties of a given material. 

Synthesis and manufacturing techniques employed in the production of V2O5 as 
a two-dimensional material and its integration into solar cell topologies significantly 
impact the device’s efficacy. In order to improve understanding of the behavior of 
V2O5 and optimize the design of solar cells, researchers can assess its structural and 
optical properties using a variety of characterization techniques.
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3 Structural and Electronic Characteristics of V2O5 

3.1 Crystal Structure and Morphology of V2O5 

Understanding V2O5 characteristics and behavior in solar cell applications requires 
understanding its crystal structure and morphology. The layered, crystal structure of 
V2O5 significantly influences the material’s electrical and optoelectronic characteris-
tics. Vanadium oxide sheets are stacked to form the V2O5 crystal structure. Each sheet 
is made up of warped VO6 octahedral that are linked together by common oxygen 
atoms to form a two-dimensional network [114–116]. Vanadium oxide can be easily 
exfoliated into atomically thin 2D layers because these vanadium oxide layers are 
only bound together by weak van der Waals interactions. V2O5 has distinct features 
due to its layered structure. A network of V–O bonds is formed within the layers by 
the vanadium atoms’ deformed octahedral coordination [117]. The electrical char-
acteristics of V2O5 may be modulated by this structure, which has both metallic 
and insulating areas. Depending on the synthesis technique and processing circum-
stances, V2O5 shape can change. V2O5 generally appears as aggregates or crystalline 
particles in its bulk state. Variables like precursor concentration, reaction tempera-
ture, and growth kinetics during synthesis affect the V2O5 morphology. V2O5 can, 
however, exhibit a range of morphologies when exfoliated into thin layers, including 
nanosheets, nanowires, and nanoribbons [118, 119]. The surface area, surface chem-
istry, and interaction with light of V2O5 are significantly influenced by its shape 
[120, 121]. For instance, high aspect ratio nanoscale V2O5 structures can offer more 
surface area, enhancing light absorption and charge carrier formation. The energy 
bandgap, charge transport, and other features that are dependent on morphology are 
likewise influenced by the morphology of V2O5 (Fig. 1). 

Fig. 1 Perspective view of 
two layers of V2O5. V atoms 
are represented as grey balls 
and O atoms as red balls. 
Weak van der Waals bonds 
are omitted for clarity [71]
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Various characterization techniques are often employed to investigate the 
morphology and crystal structure of V2O5. The high-resolution imaging capabil-
ities provided by scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) enable the observation of the surface morphology, particle size, 
and shape of V2O5. The aforementioned approaches provide the capability to detect 
structural flaws or impurities that might potentially influence the operational effi-
ciency of V2O5-based solar cells. In addition, they shed light on the relationships 
between the structural composition and the resulting properties. Utilizing X-ray 
diffraction (XRD) analysis to examine the crystal structure of V2O5 is a highly effec-
tive technique. V2O5 crystallographic phases, lattice parameters, and layer orienta-
tion can be determined through the use of diffraction patterns resulting from X-
ray interactions with the crystal. Examining crystallinity, phase purity, and struc-
tural modifications induced by doping or post-processing interventions is facilitated 
by X-ray diffraction (XRD). However, the crystal structure and geometry of V2O5 

significantly affect its electrical, optical, and catalytic properties. Due to its lamellar 
structure and capacity to form atomically thin layers, V2O5 is a flexible material for 
solar cell applications. Using characterization techniques such as SEM, TEM, and 
XRD, researchers can analyze the crystal structure and morphology of V2O5, which 
sheds light on the material’s behavior and facilitates the development of efficient 
V2O5-based solar cells. 

3.2 Electronic Band Configuration and Energy Levels 
of V2O5 

The optoelectronic characteristics of V2O5 and its applicability for solar cell appli-
cations are strongly influenced by its electronic band structure and energy levels. 
Researchers can learn more about the optical absorption, charge transport, and 
photoconversion processes of V2O5 by comprehending its energy band structure 
[122–126]. 

The arrangement of electrons in the valence and conduction bands, which specify 
the energy levels accessible for electronic transitions, gives birth to the electronic 
band structure of V2O5. According to Le, T. K., Beke, S., and Yalagala, V2O5 is typi-
cally thought of as a broad bandgap semiconductor, with its bandgap lying between 
1.6 and 2.4 eV depending on parameters including crystal structure, stoichiometry, 
and doping [71, 127, 128]. The oxygen 2p orbitals dominate the valence band of 
V2O5, but the vanadium 3d and oxygen 2p orbitals combine to create the conduction 
band. The lowest energy needed for electrons to move from the valence band to 
the conduction band, enabling the absorption of light with particular wavelengths, 
depends on the energy bandgap between the valence and conduction bands. Alloying, 
doping, strain, and defect engineering are a few of the variables that can change the 
electrical band structure of V2O5. For instance, the location of the energy bands
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may be changed by adding dopant atoms or changing stoichiometry, which effec-
tively tunes the bandgap and affects the material’s optoelectronic capabilities [129]. 
This opens up possibilities for bandgap engineering and modifying the properties 
of V2O5’s light absorption for solar cell applications. The charge transport charac-
teristics of V2O5 are also strongly influenced by the energy levels inside its band 
structure. In its crystal structure, V2O5 displays both metallic and insulating areas, 
resulting in mixed electrical conductivity [116, 130, 131]. Electrons are localized in 
insulating materials, while they are delocalized and free to flow in metallic materials. 
V2O5 has a range of electrical conductivity due to this special property, which may 
be further modified by doping or altering the crystal structure. 

The energy levels of defect states, such as oxygen vacancies or vanadium inter-
stitials, may also be seen in V2O5 [132, 133]. These defect states can affect the 
dynamics of charge carriers, recombination procedures, and overall device perfor-
mance. For V2O5-based solar cells to work as well as possible, it is essential to 
comprehend and manage the energy levels associated with faults. Several spec-
troscopy methods are frequently used to experimentally explore the electronic band 
structure and energy levels of V2O5 [134, 135]. Photoemission spectroscopy (PES) 
measures the kinetic energy and intensity of the emitted electrons in response to 
photon excitation, disclosing information about the electronic structure and energy 
levels [136, 137]. This method establishes the location of the Fermi level, the distri-
bution of energy bands, and the presence of defect states. Other spectroscopic tech-
niques, such as optical absorption, photoluminescence, and impedance spectroscopy, 
can be used to examine the energy levels and charge transport properties of V2O5-
based materials. The material’s electronic band structure and energy levels influence 
the optoelectronic properties of V2O5, including light absorption, charge transport, 
and photoconversion efficacy. V2O5 is a prospective material for use in solar cell 
applications due to its large bandgap and ability to manipulate energy levels through 
alloying, doping, and defect engineering techniques. Characterization techniques, 
such as photoemission spectroscopy (PES) and optical spectroscopy, play a crucial 
role in developing and improving V2O5-based solar cells by revealing the electrical 
band structure and energy levels of V2O5. 

3.3 Doping and Defect Effects on the Characteristics of V2O5 

Doping and the presence of defects can substantially affect the electrical, optical, 
and structural properties of V2O5. By purposefully injecting dopants or changing 
the defect concentration, researchers may modify the characteristics of V2O5 for 
certain applications, such as solar cell devices [129, 138]. The conductivity and 
electrical band structure of V2O5 can change as a result of doping or the introduction 
of foreign atoms into the material’s crystal lattice. For example, doping V2O5 with 
transition metal ions like titanium (Ti), niobium (Nb), or tungsten (W) can change
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the bandgap’s size and shape as well as the concentration of charge carriers [139– 
141]. These changes in the electronic structure can enhance light absorption, improve 
charge transport, and optimize the overall performance of V2O5-based solar cells. 

Additionally, doping may create new energy levels in the bandgap of V2O5. 
These dopant-induced energy levels may impact the mobility, recombination rates, 
and overall device efficiency of charge carriers, which act as trap states [142– 
144]. Researchers are able to modify the defect levels, reduce charge trapping, and 
increase the charge carrier lifetimes in V2O5-based solar cells by carefully choosing 
the dopants and managing their concentration. The characteristics of V2O5 can be 
severely impacted by defects such as oxygen vacancies, vanadium interstitials, or 
impurities [85, 142, 143]. These flaws introduce localized energy levels inside the 
bandgap, which affects optical characteristics, electronic conductivity, and charge 
carrier dynamics. For instance, oxygen vacancies can serve as electron donors, raising 
the electron concentration and changing the way that V2O5 transports charges. Vana-
dium interstitials, on the other hand, can serve as electron acceptors, altering the 
concentration and transit of holes. 

Defects can potentially compromise V2O5’s structural integrity, causing strain or 
lattice deformation. Defect-induced strain can affect charge carrier mobility, carrier 
lifespan, and the performance of V2O5-based solar cells by changing the electronic 
band structure, affecting the energy bandgap and band alignment [144, 145]. To 
investigate the impact of doping and defects on the characteristics of V2O5, charac-
terization methods such as X-ray photoelectron spectroscopy (XPS), Raman spec-
troscopy, and electron paramagnetic resonance (EPR) spectroscopy are frequently 
used [146, 147]. With these methods, it is possible to understand how the electrical 
structure, chemical makeup, and defect concentration vary in doped or defective 
V2O5 materials. Researchers can deliberately add dopants or manage the concentra-
tions of defects to modify the characteristics of V2O5 to improve its functionality 
in solar cell applications. Light absorption, charge transfer, and overall efficiency 
of V2O5-based solar cells may all be increased by optimizing the kinds, concentra-
tions, and defect engineering techniques. This provides opportunities for adjusting 
the electrical and optical characteristics of V2O5 by doping and the existence of faults 
in V2O5. It is possible to alter the energy levels, bandgap, charge carrier concentra-
tions, and transport parameters by carefully managing doping and defect engineering. 
Researchers can improve V2O5’s performance for solar cell applications by using 
characterization methods, which offer insightful information on the impact of doping 
and flaws. 

4 Solar Cell Architectures Using V2O5 

An overview of the various solar cell architectures and their working principles. 
Each of the several designs used to construct solar cells has its own set of operating 

principles and features. Exploring the potential of two-dimensional transition metal 
oxides, such as V2O5, in solar cell applications necessitates an understanding of the
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various topologies of solar cells. This section provides an overview of a few typical 
solar cell configurations and explains how they work. 

Silicon solar cells with a single junction 

Single-junction silicon solar cells, which operate on the p–n junction principle, are 
one of the most popular solar cell layouts [148–151]. Photons from the sun induce the 
silicon material to form electron–hole pairs in the depletion zone of the p–n junction. 
The internal electric field of the junction separates the charges, resulting in a voltage 
differential and an electric current. This design can gain from the addition of V2O5 

as a passivation layer (Shown in Fig. 2) on the silicon surface in the context of V2O5 

[71, 152, 153]. The addition of a thin coating of V2O5 can increase charge carrier 
lifespan, decrease surface recombination, and boost total solar cell efficiency. 

Sunlight is absorbed by tiny layers of semiconductor materials in thin-film solar 
cells. Cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and amor-
phous silicon (a-Si) are a few examples of materials used in thin-film solar cells. These 
thin layers increase production flexibility, use less material, and provide affordable 
solutions. The particular material used determines the thin-film solar cell’s operating 
principle. For instance, incoming photons in CdTe solar cells produce electron– 
hole pairs in the CdTe absorber layer. The resultant charges are then gathered at 
the electrodes to produce electricity [154–156]. In the case of V2O5, it can func-
tion as a transparent conducting layer or a buffer layer in thin-film solar cells. Due 
to V2O5’s excellent electrical conductivity and optical transparency make effective 
charge transfer and light transmission possible. Additionally, the use of V2O5 as

Fig. 2 Schematic of 
Vox-based device 
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a buffer layer can promote charge extraction, improve energy level alignment, and 
minimize losses at the absorber-electrode interface [157, 158]. 

Dye-sensitive solar cells (DSSCs) 

The mesoporous titanium dioxide (TiO2) sheet is covered with a light-absorbing 
dye in dye-sensitized solar cells, also referred to as Grätzel cells [159–161]. The 
dye absorbs photons from sunshine and releases excited electrons as a result. An 
electric current is produced when these electrons are introduced into the TiO2 layer 
and subsequently collected at a conductive substrate. By accepting the electrons 
from the counter electrode, the redox couple—typically made up of an electrolyte 
containing iodide/triiodide ions—enables the regeneration of the dye. With regard 
to V2O5, it can play a variety of roles in DSSCs. V2O5 can be used as the counter 
electrode’s substance in place of more expensive traditional metals like platinum (Pt) 
[162, 163]. In order to facilitate effective dye regeneration, it can also function as 
a catalyst, assisting in the reduction of triiodide ions (I3-) to iodide ions (I-) at the 
counter electrode. To improve the stability and longevity of DSSCs, V2O5 can also 
be used as a passivation material or protective layer. 

Perovskite solar cells 

Due to their promise of high efficiency and simplicity of production, perovskite solar 
cells have attracted a lot of attention. They are built using perovskite materials made 
of organometallic halides, such as methyl ammonium lead iodide (CH3NH3PbI3). 
In order for perovskite solar cells to function, photons must be absorbed. This 
causes excitons (electron–hole pairs) to form within the perovskite layer [164, 165]. 
Following the separation of the excitons, the electrons and holes go to the electron 
transport layer and the hole transport layer, respectively, which eventually contributes 
to the electric current. V2O5 can function as a hole transport layer (HTL) or a hole-
blocking layer in perovskite solar cells. V2O5 can function as a hole-blocking layer, 
preventing charge recombination at the interface between the perovskite absorber 
and the electron transport layer, and as an HTL, enables effective charge extraction 
from the perovskite layer to the electrode, enhancing device performance [166, 167]. 

Organic solar cells 

Organic semiconductors, usually conjugated polymers or tiny molecules, are used 
as the active layer in organic solar cells. Excitons (electron–hole pairs) are created 
when photons are absorbed within the organic material [106, 168, 169]. The separa-
tion of charges occurs as a result of exciton dissociation, which occurs when these 
excitons diffuse to the donor–acceptor contact. V2O5 can function as an interfacial 
layer in organic solar cells to improve charge extraction and increase exciton dissoci-
ation efficiency. In order to maximize charge-collecting efficiency and reduce losses 
in organic solar cells, it can also function as a transparent electrode or a charge 
recombination suppressor [170, 171].
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Multi-junction or Tandem Solar Cells 

Solar cells having numerous bandgap layers stacked on top of one another are known 
as tandem or multi-junction solar cells. A wider variety of photon energies may be 
effectively used since each layer efficiently absorbs a particular portion of the sun 
spectrum [87, 172]. In order to increase total voltage and improve device efficiency, 
the operating concept requires cascading the absorbed photon energy over the layers. 
Charge extraction, effective current matching, and overall device optimization are 
made possible by the use of V2O5 as a selective contact layer or a passivation layer 
between various sub-cells [173, 174]. 

To explore the potential of 2D transition metal oxide materials like V2O5 in 
boosting their performance, it is essential to comprehend the operating principles 
and features of these various solar cell layouts. Researchers can examine the inte-
gration and optimization of V2O5 inside various solar cell topologies to increase the 
efficiency and general performance of the devices by using its special qualities, such 
as its electrical conductivity, bandgap engineering potential, and surface reactivity. 

5 Optoelectronic Properties and Performance of Devices 

The optoelectronic characteristics of this two-dimensional transition metal oxide 
greatly influence the device performance of V2O5-based solar cells. To fully use the 
potential of V2O5 in solar cell applications, it is crucial to comprehend its optical 
characteristics, charge transport dynamics, and efficiency improvement techniques 
[74, 126, 175–177]. The optoelectronic characteristics of V2O5 are discussed in 
this part, along with how they affect device performance. Topics covered include 
light absorption processes, charge transport, recombination kinetics, and methods 
for increasing efficiency. 

5.1 Optical Characteristics of V2O5’s and Light-Absorbing 
Mechanisms 

Unique optical characteristics that V2O5 demonstrates are crucial for applications 
in solar cells. Its capacity to capture solar energy depends on its bandgap, energy 
levels, and light-absorption processes. By modifying the material’s stoichiometry 
and structure, the bandgap of V2O5 may be changed, allowing for the optimization 
of certain solar spectra. In V2O5, light absorption can take place either directly 
between energy states or indirectly through defect levels [127, 147]. It is important 
to comprehend these light absorption mechanisms for V2O5-based solar cells to 
capture light as efficiently as possible.
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5.2 Charge Transport and Recombination Processes in Solar 
Cells Based on V2O5 

In solar cells based on V2O5, efficient charge transfer and recombination suppres-
sion are essential for obtaining high device performance. The charge extraction and 
collection effectiveness are directly impacted by the charge transport characteris-
tics of V2O5, such as carrier mobility and diffusion length. To maximize device 
performance, it is essential to comprehend the charge transport processes and the 
variables influencing carrier mobility and diffusion in V2O5 films [178]. The effi-
ciency of the whole device as well as the lifetimes of the charge carriers, can be 
considerably impacted by recombination mechanisms, including radiative and non-
radiative recombination. Designing solar cells using V2O5 must prioritize reducing 
recombination losses and increasing charge carrier lifetime. 

5.3 Efficiency-Improving Techniques and Difficulties 
for Solar Cells Based on V2O5 

The efficiency of V2O5-based solar cells may be increased using a variety of 
techniques. One method is to minimize energy level mismatches and interfa-
cial recombination by optimizing the interface between V2O5 and other mate-
rials in the device stack. The efficiency of charge extraction and collection can be 
increased by designing heterojunctions, interlayers, or buffer layers. Additionally, 
adding nanostructures like nanowires or nanosheets can improve the capabilities of 
charge transport and light absorption capabilities. Conductivity and bandgap engi-
neering may also be enhanced by doping V2O5 with other elements or including 
dopants in the device construction. However, several difficulties must be overcome, 
including concerns about stability, scalability of manufacturing methods, and finan-
cial constraints. It remains a considerable difficulty to produce stable and effective 
V2O5-based solar cells on a wide scale, necessitating more study and development. 

To maximize their efficiency and realize their promise in practical applica-
tions, V2O5-based solar cells must have their optoelectronic characteristics and 
device performance understood. Researchers may learn more about the charge 
transport processes, recombination kinetics, and light absorption characteristics of 
V2O5 by using sophisticated characterization techniques and theoretical modeling. 
This information is crucial for directing the development of innovative device 
designs and putting efficiency-improving techniques into practice. The performance 
of V2O5-based solar cells is heavily influenced by the optoelectronic features of 
V2O5, including its optical properties, charge transport kinetics, and recombina-
tion processes. Researchers may create techniques to improve device efficiency and 
handle problems with stability, scalability, and cost by thoroughly understanding 
these features. Realizing the full potential of two-dimensional transition metal oxides
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in developing photovoltaics requires continued study and investigation of V2O5 in 
solar cell applications. 

6 Stability and Environmental Factors 

The viability of V2O5-based solar cell technologies depends critically on their 
stability and environmental effects. For long-term performance to be improved, it is 
essential to comprehend the stability problems and degradation mechanisms of V2O5 

[179, 180]. Vanadium hydroxides or vanadium forms can be produced as a result of 
moisture-induced reactions, which lower electrical conductivity and charge transfer. 
Thermal instability and oxidation can potentially change an object’s electrical and 
optoelectronic characteristics. An environmental impact assessment is necessary to 
determine if V2O5-based solar cell technologies are sustainable [181]. Considera-
tions are made for things such as raw material extraction, manufacturing energy use, 
and end-of-life management. The production of V2O5 uses hazardous chemicals, 
which impact the environment. Assessing resource depletion, energy use, greenhouse 
gas emissions, and toxicological consequences helps to identify problem areas and 
promotes ethical behavior. 

Strategies for environmental protection and stability improvement can be used 
to improve V2O5-based solar cell technology. Techniques for surface passivation, 
protective coatings, and encapsulating layers stop chemical deterioration and mois-
ture intrusion. The deterioration and unintended reaction products are reduced via 
interface engineering. Novel synthesis techniques improve the thermal characteris-
tics and stability of V2O5 films. Advanced characterization techniques make moni-
toring device deterioration and creating more stable V2O5-based solar cells possible. 
To address environmental problems, researchers might investigate environmentally 
friendly synthesis pathways and renewable energy sources. Minimizing the environ-
mental effect requires increasing energy efficiency and lowering the use of harmful 
chemicals. Solar cells made of V2O5 guarantee responsible material management 
and support the circular economy when they are properly recycled and disposed 
of. V2O5-based solar cell technologies can advance towards greater sustainability 
by implementing stability enhancement and environmental responsibility initiatives. 
For V2O5-based solar cell technologies to advance while reducing their environ-
mental impact, ongoing research on stability enhancement, environmentally friendly 
procedures, and recycling is essential. 

7 Future Perspectives 

The stability and environmental effects of V2O5-based solar cell technologies are 
key factors in their adoption. Long-term effectiveness depends on an understanding 
of V2O5’s deterioration processes. Vanadium hydroxides or vanadates can occur as
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a result of moisture-induced reactions, impeding charge transmission. While heat 
instability impacts optoelectronic behavior, oxidation may change its electrical char-
acteristics. An environmental impact evaluation is necessary to evaluate the viability 
of solar cells based on V2O5. Considerations are made for things like raw material 
extraction, energy use, and end-of-life management. Hazardous substances influence 
the environmental impact of V2O5 production. Responsible behavior is encouraged 
through assessing energy usage, emissions, and toxicological impacts. 

Technologies based on V2O5 can be improved by enhancing stability and being 
environmentally conscious. Interface engineering and surface passivation stop mois-
ture from entering and causing damage. New synthesis techniques that result in V2O5 
films without flaws improve stability. Device deterioration may be tracked using 
sophisticated characterization methods. Researchers can investigate environmentally 
friendly synthesis pathways and renewable energy sources. Environmental effect is 
minimized through increasing energy efficiency and lowering the use of harmful 
chemicals. Responsible materials management is ensured through appropriate recy-
cling and disposal. V2O5-based solar cell technologies can advance sustainably by 
implementing stability enhancement and environmental responsibility measures. To 
progress while reducing the negative effects on the environment, ongoing study 
is essential on stability enhancement, environmentally friendly procedures, and 
recycling. 

8 Application of Two-Dimensional Transition Metal Oxide 
and Chalcogenide-Based Material in Solar Cells 

8.1 Application of 2-Dimensional (2D) TiS2, TiO2, ZnS, 
ZnSe, ZnO in Solar Cells 

2D materials refer to materials with at least one dimension thickness of only a few 
atomic layers, typically less than 100 nm. Transition metal oxides (TMO), transi-
tion metal chalcogenides (TMC), and transition metal dichalcogenides (TMDs) are 
composed of transition metal cations and chalcogen (sulfur, selenium or tellurium) 
anions and exhibit a wide range of optoelectronic properties [182]. Thus, Two-
dimensional TMC, TMO, and TMD have proven helpful as electron transport layers 
(ETL) and hole transport layers (HTL) in solar cells. ETL are n-type semiconductors 
with high electron mobility, typically electron affinity higher than the absorber layer, 
and unfavorable transport properties for the photogenerated hole and vice versa for 
the HTL [183]. In this section, we will explore the application of oxide-based 2D 
structures or nanosheets based on TiS2, TiO2, ZnS, ZnSe, and ZnO as charge trans-
port layers in various types of solar cells, including DSSC, perovskite, organic, and 
inorganic solar cells. Additionally, we will discuss the findings of several research 
studies in this field.
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8.2 TiS2 and TiO2 2D Material 

Huckaba et al. [184] investigated TiS2 as a cost-effective and room temperature 
processed alternative to the commonly used HTL spiro-OMeTAD. The transmittance 
and absorbance spectrum of the 2D TiS2 film, deposited on the fluorine-doped tin 
oxide (FTO) substrate using ultraviolet (UV)-visible absorption spectroscopy, was 
studied. The UV–Visible spectrum of material provides information about the energy 
required to excite electrons from the valence band to the conduction band, which 
is related to the bandgap energy. The bandgap of the semiconductor sample can be 
determined using the Tauc plot and plotting (αhν)2 as a function of the photon energy 
(hν). The plot usually shows a straight line in the high-energy region, corresponding 
to the material’s direct bandgap absorption [185]. The energy corresponding to the 
intersection of the extrapolated straight line with the x-axis gives the value of the 
optical bandgap of the material. The semiconductor bandgap of the 2D layer was 
observed at 1.8 eV. The X-ray diffraction (XRD) spectrum of the TiS2 thin film and 
powder sample was observed to have an amorphous nature. X-ray photoelectron 
spectroscopy (XPS) shows the core electron level spectrum of the TiS2 film. The 
low-binding-energy contributions for both the S 2p (S 2p3/2 at 161.3 eV and S 2p1/2 
at 162.5 eV) and Ti 2p (Ti 2p3/2 at 457.1 eV and Ti 2p1/2 at 463.8 eV) correspond to 
the expected Ti:S ratio of 1:2. The XPS study also revealed the features of TiO2 film 
due to the partial oxidation of TiS2. In XPS, an X-ray beam is directed at a sample 
surface, and the electrons emitted from the surface are collected and analyzed. XPS 
can identify the chemical composition of surfaces and thin films with high sensitivity 
and accuracy. XPS can also provide information about surface atoms’ oxidation state 
and electronic structure [186]. The UPS spectrum confirms the work function of the 
TiS2 layer at 4.3 eV and the valence band maximum onset at 1.53 eV. The band 
structure alignment of the TiS2 layer concerning the mixed perovskite absorber layer 
confirms the favorable energy landscape for photogenerated hole transport towards 
HTL and metal contacts. In UPS, a sample is irradiated with ultraviolet (UV) light 
of known energy. Electrons in the valence band absorb the energy of the photons, 
and some of them are ejected from the sample surface. The ejected electrons are then 
analyzed to determine their kinetic and binding energy relative to the vacuum level 
[187]. 

The investigated perovskite solar cell with the device structure FTO/Compact 
TiO2/meso-TiO2/Perovskite absorber/TiS2 (Spiro-OMeTAD, no HTL) with different 
HTL material was observed and explored. The results show that TiS2 and Spiro-
OMeTAD efficiently extract holes from the absorber layer, as evidenced by the dimin-
ished PL intensity. Photoluminescence (PL) is the emission of light by a material 
when it absorbs photons of light. When a semiconductor absorbs light, an electron 
in the valence band can be excited to the conduction band, leaving behind a hole in 
the valence band. The electron and hole can recombine, emitting a photon of light in 
the process. The semiconductor material having direct bandgap and maximum radia-
tive recombination will yield maximum PL intensity. At the same time, the efficient 
extraction of electrons or holes by the charge transport layer will diminish the PL
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intensity signal [188]. Furthermore, the measured carrier lifetime using the RC time 
constant was higher than that of the doped Spiro-OMeTAD, ranging from 1–10 μs. 

Alias et al. [189] examined the effect of a TiS2/PEDOT: PSS composite trans-
port layer as a counter electrode in a DSSC-based solar cell. They observed that the 
PEDOT: PSS and TiS2 composite provided uniform coverage of the FTO substrate 
compared to a bare TiS2 thin film, which exhibited large particle agglomeration. They 
also noted that the PEDOT: PSS and TiS2 composite led to a rougher surface, allowing 
lower charge transfer resistance. The maximum power conversion efficiency (PCE) 
was observed for 10 wt% of TiO2/PEDOT: PSS composite. Additionally, TiS2 and 
PEDOT: PSS composite improved electrocatalytic activity, as confirmed by scanning 
electron microscopy (SEM), atomic force microscopy (AFM), and capacitance– 
voltage (CV) spectroscopic techniques. The authors observed the highest charge 
transfer resistance from the Tafel polarization plot for bare TiS2 due to poor surface 
coverage and linkage with the FTO substrate. A Tafel plot shows the relationship 
between the electrochemical reaction rate and the applied potential. It is used to 
study the kinetics of electrochemical reactions and to determine the electrochemical 
activity and mechanism of various materials. The Tafel slope can be used to deter-
mine the rate constant for the electrochemical reaction, as well as the mechanism 
of the reaction. A steep slope indicates that the rate-determining step is electron 
transfer, while a shallow slope indicates that the rate-determining step is a chemical 
reaction [190]. Huang et al. [191] used a solution and room temperature processed 
electron transport layer in a planar n-i-p-based perovskite solar cell. They observed 
a high PCE of 18.79% after the UV ozone (UVO) treatment of a 2D TiS2 layer, as 
shown in the  JV response of Fig. 3d. XRD (Fig. 3a), AFM, and transmission electron 
microscopy (TEM) were used to confirm the formation of nanosheets of TiS2 mate-
rial. The authors observed that the UVO treatment modified the TiS2 layer’s work 
function from 4.79 eV to 4.64 eV, as shown in Fig. 3b. They also found that structural 
defects at the TiS2 surface, such as S vacancies, were passivated by partial oxidation, 
confirmed via the XPS technique, as shown in Fig. 3c. The optimized UVO time was 
observed at 15 min. Yin et al. used TiS2 as a low-temperature and solution-processed 
ETL in perovskite-based solar cells. They observed a TiS2 bandgap at 1.7 eV, a 
valence band position at 5.72 eV, and a conduction band at 4.02 eV using the UPS. 
They also measured the carrier lifetime at 5.9 ns compared to bare perovskite at 
57.9 ns using a Time-resolved photoluminescence (TRPL) study. TRPL is a tech-
nique used to study the dynamics of photogenerated charge carriers in a material. 
It involves measuring the luminescence signal emitted from a sample after it has 
been excited by a short light pulse. TRPL experiments monitor the luminescence 
signal as a function of time after the excitation pulse. The decay of the luminescence 
signal over time provides information about the lifetime of the photogenerated charge 
carriers in the material [192].

The optimized device performance was observed at 1.5 mg/ml concentration 
of TiS2 material and a rapid spin speed of 5000–6000 rpm. Lickederer et al. [12] 
demonstrated the potential of transforming TiO2 film into TiS2 nanosheets by high-
temperature treatment in H2S.  With a 2-h  H2S treated sample, the best device-
performing parameters were observed. The conversion of TiO2 into 2D TiS2 was
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Fig. 3 a The X-ray diffraction study of bulk vs 2D TiS2 sample. b UV-Ozone dependent work 
function of 2D TiS2 layer c X-ray photoelectron spectroscopy (XPS) of 2D TiS2 layer confirms 
various elements’ presence. d JV response of perovskite solar cell w/o and w UVO treatment of 
TiS2 2D layer as the electron transport layer. e Schematic of device design of the perovskite solar 
cell with a dual layer of 2D TiS2 and TiO2 nano grass (NG) as ETL. f The JV response of the 
fabricated device confirms the surface passivation impact of the 2D TiS2 layer. Fig. (a–d) [188] Fig.  
(e–f) [189]

confirmed using SEM, XRD, XPS, energy dispersive x-ray spectroscopy (EDX), 
and cyclic voltammetry. Figure 3e shows the device schematic of a perovskite-based 
solar cell by passivating the TiO2 NG surface using TiS2 2D atomically thin layer. 
Figure 3f confirms the passivation impact by the 2D TiS2 layer. [189]. Figure 4a 
shows the XRD spectrum of the TiO2 NG layer with a thin 2D TiS2 layer. Authors 
have confirmed a smaller leakage current in a modified device with a smaller diode 
quality factor (n = 0.53 ~ indicating domination of trimolecular recombination rate) 
compared to n = 2.65 (due to high non-radiative recombination centers), indicating 
a strong presence of surface defects at TiO2 NG and perovskite interface as shown 
in Fig. 4b. Furthermore, the lower trap density and higher charge carrier mobility 
(Fig. 4c), smaller charge transfer resistance (Rct) and higher charge recombination 
resistance (Rrec) (Fig. 4d) were observed in case of a modified device with 2D TiS2 
and TiO2 NG layers in comparison to the pristine device with only TiO2 NG layer 
as ETL.

The 3D TiO2 layer is widely explored in perovskite-based solar cells [195, 196]. 
Researchers have also explored various 2D nanosheets based on TiO2 for use in 
solar cells. For instance, Xu et al. [197] modified the surface of TiO2 nanosheets by 
coating g-C3N4 to create the TiO2@C3N4 heterostructure (Fig. 4e) in DSSC-based 
solar cells. This modification led to an improvement in the morphology as confirmed 
by the XRD spectrum of various g-C3N4-modified TiO2 at different urea to TiO2 

weight ratios (%), and the best JV response was observed with CTS-8 as shown in
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Fig. 4 a The XRD spectrum of 2D TiS2−TiO2 NG with various diffraction peaks. b The dark JV 
response of only TiO2NG-based device and TiO2 NG and TiS2 stack layers. c  Trap density and 
charge carrier mobility are determined using double log scale dark JV response of TiO2 NG-based 
device and TiO2 NG and TiS2 stack layers. d The Nyquist plot of TiO2 NG-based device and TiO2 
NG and TiS2 stack layers. e XRD spectrum of TiO2 nanosheets with Urea incorporation. f The 
response of the overall device with various organic modifications. Figure a, d [193] Fig. e, f [194]

Fig. 4f. Etgar et al. [198] synthesized 30 nm TiO2 nanosheets using the hydrothermal 
route in PbS QDs-based solar cells, demonstrating decent device performance. 

8.3 ZnS, ZnSe, and ZnO 2D Material 

Similarly, researchers have also explored ZnO, ZnS, and ZnSe nanosheets for use 
in various solar cell architectures. Ohtake et al. [199] used a ZnSe buffer layer with 
a thickness of less than 100 nm in Cu(InGa) Se2 absorber layer-based thin-film 
solar cells. The buffer layer is used to engineer the interface between the active 
layer and the contact material to reduce losses due to charge recombination. Buffer 
layers can be used to modify the work function of the electrode or to passivate the 
surface of the active layer to improve the collection efficiency of charge carriers 
[197, 200]. The broader bandgap nature of the ZnSe buffer layer improved spectral 
response compared to the widely used CdS buffer layer in these devices. The spec-
tral response of a solar cell refers to how well the cell converts light of different
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wavelengths (colors) into electrical energy [195]. Li et al. [201] studied the solu-
tion and low-temperature processed ZnSe layer as an ETL in a planar perovskite 
solar cell. The XRD pattern of the ZnSe film deposited on the FTO substrate with 
characteristic peaks matches the zinc blende structure with an interplanar spacing of 
0.33 nm, as shown in Fig. 5a. The schematic band diagram of the ZnSe layer sand-
wiched between TiO2 and the perovskite layer, as confirmed using the UPS spectra, 
indicated a favorable energetic landscape for electron transfers towards the metal 
contact (Fig. 5b). The JV response of the overall device with various reaction times 
of keeping the synthesis pot at elevated temperature for the ZnSe layer showed that a 
2-h reaction time resulted in the best device performance (Fig. 5c). The morphology 
of the ZnSe thin film deposited on the FTO substrate also changed with the change in 
reaction time. Moreover, the ZnSe layer exhibited higher conductivity than the TiO2 

deposited layer sandwiched between the gold electrode and FTO substrate, as shown 
in Fig. 5d; such a bi-ETL for effective bandgap engineering can be highly crucial for 
single-junction perovskite solar cells [197] and perovskite-perovskite multijunction 
solar cells [200]. 

Cardenas et al. [199] used ZnS as a buffer layer in CdTe solar cells using the 
chemical bath deposition technique. Zinc sulfate and thiourea were precursors in the 
ammonium hydroxide complexing agent. The thermal treatment of ZnS film was 
carried out in the presence of oxygen, argon, and CdCl2. CdCl2, argon, and oxygen

Fig. 5 a The XRD spectrum of the 2D ZnSe layer. b Incorporation of ZnSe layer indicating 
favorable energy landscape in perovskite-based solar cells. c The JV response of the overall device 
with various annealing times. d The JV response of ZnSe and TiO2 layer coated on FTO substrate. 
e Device schematic of CIGSe-based solar cell incorporating 2D MoS2-ZnS buffer layers. f The JV 
response of the devices with various ETL layer modifications. Figure a, d [196] e, f [198] 
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improved the visible and near-infrared transmittance spectrum by up to 80–90% in 
ZnS-based thin films, resulting in the best device performance when employed as a 
buffer layer. To serve the purpose of surface passivation, Park et al. [202] sandwiched 
the ZnS layer in-between MoS2 and the absorber CIGSe layer. With the introduction 
of the ZnS layer in the device stack Fig. 5e, the authors observed an improvement 
in the device shunt resistance, small series resistance, ideality factor, and reverse 
saturation current and better JV response compared to pristine solar cell as shown in 
Fig. 5f. In addition to ZnS, ZnO nanosheets have also been explored for application in 
solar cells. Bi et al. [203] studied 2D ZnO as an ETL synthesized using sol–gel, atomic 
layer deposition, and ZnO nanorods in organic solar cells with P3HT-PCBM as the 
absorber layer. 2D ZnO deposited by the sol–gel method provided the best device 
performance due to the better crystalline structure facilitated by the sol–gel method. 
Finally, ZnO nanostructures have also been explored in quantum dot-sensitized solar 
cells [201, 204, 205] and DSSC-based solar cells [202]. 

9 Conclusion 

In conclusion, the utilization of V2O5 in solar cells holds significant promise for 
the advancement of photovoltaic technology. V2O5-based solar cells offer a pathway 
towards improved efficiency, enhanced stability, and increased scalability, given the 
ongoing research and development efforts in this field. With further exploration 
and refinement, V2O5-based solar cells can emerge as a vital contributor to the 
future of renewable energy production, effectively addressing critical challenges and 
opening up new avenues for research and innovation. Additionally, the application 
of TiS2, TiO2, ZnS, ZnSe, and ZnO as charge transport layers in various solar cell 
architectures, including dye-sensitized solar cells (DSSC), perovskite, organic, and 
inorganic solar cells, have demonstrated their effectiveness. By revisiting the roles of 
these materials as electron transport layers (ETL) and hole transport layers (HTL), 
we have provided insights into their electronic properties, energy level spectra, and 
their positioning within the energy band diagram among different solar cell absorber 
layers. This knowledge enhances our understanding of their critical roles in facili-
tating efficient charge transport and separation, thereby contributing to the overall 
performance of these solar cells. 

In summary, both V2O5-based solar cells and the application of TiS2, TiO2, ZnS, 
ZnSe, and ZnO as charge transport layers offer exciting prospects for the advancement 
of solar energy technology. These innovations not only enhance the efficiency and 
stability of solar cells but also pave the way for the development of more sustainable 
and scalable photovoltaic solutions, ultimately bolstering the future of renewable 
energy generation. Continued research and exploration of these materials and their 
applications are crucial steps in realizing the full potential of solar energy as a clean 
and sustainable power source.
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MXene-Based Two-Dimensional (2D) 
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Towards an Environment 
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Abstract MXenes have obtained noticeable interest cause of their unique features 
(physical and chemical features). MXenes are considered auspicious applicants 
considering the resolution of ecological and energy issues because of their distinc-
tive stacked nanostructure, multiple functionalities at the surface, the excess of these 
compounds on earth, and their appealing optical, electrical, and thermal proper-
ties. Due to its large area, flexible chemical composition, and readily modifiable 
compositions of elements, MXenes need to become a viable choice to enhance 
photocatalytic efficiency in renewable energy and ecological treatment applications. 
Cause of their layered nanostructure with an abundance of functionality, they are 
with outstanding adjustable performance and are simple to mix with other mate-
rials, like metallic oxides, polymers, organic hybrids, and carbonaceous materials, to 
satisfy the demands of high-performance applications. MXenes are excellent cata-
lysts because of their multiple interlayer groups, surface group activities, and adapt-
able layer spacing. The MXenes family contains more than 30 distinct members, 
all of which have been investigated and effectively used as catalysts. The fabri-
cation, mechanism at the surface, and uses of MXenes with associated nanocom-
posites are covered in this chapter. We also discuss MXenes principles and their 
respective manufacturing methods, such as exfoliation delamination, HF etching, 
hydrothermal, polymerization, etc., to better understand. MXenes have excelled as 
photocatalysts for photochemical degradation, carbon dioxide reduction, hydrogen 
evolution, and nitrogen fixation. Moreover, surface flaws of MXenes offer lots of CO2 

adsorption sites. Also, these materials’ superior 2D-nanomaterial structure and fast 
electron transport pathways contribute to their extremely effective oxidation reaction 
activity. The effectiveness of heterostructures based on MXene and their nanocom-
posite photocatalysts for removing organic pollutants is also thoroughly analyzed in
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this chapter. Lastly, a future direction for energy and ecological sciences research is 
suggested. 

Keywords Photocatalyst · Photodegradation · MXene · Adsorption · Organic 
pollutants 

1 Introduction 

Organic contaminants are the ones that mostly harm water resources. Water bodies 
contain a variety of organic pollutants, including industrial solvents, medicines, pesti-
cides, plasticizers, phenolic compounds, and many more [1–3]. Across the world, 
water pollution is a problem that negatively influences aquatic ecosystems and public 
health. Heavy metals, pesticides, and other toxic and dangerous contaminants are 
established in Egypt‘s rivers and interchangeable conditions arise inside India’s rivers 
[4, 5]. In China, the effects of water pollution are so severe that numerous diseases 
caused by water toxins have caused millions of people to suffer and even die [6]. 
Pharmaceuticals are globally used to control illness and upgrade the well-being of 
human beings and other ecological communities. 

Pharmaceutical drugs are extremely ingested through several pharmaceutics 
because of their powerful effects despite hazardous pathogens and microbes [7, 
8]. In Fig. 1, there is research data based on research regarding the percentage of 
world water consumption and waste water output [382]. Many nanomaterials exist 
that have been employed to purify water, whereas MXene nanocomposites have been 
studied to be used as a water disinfectant and water purifier. While they are soluble 
in water, nanoparticles are not regarded as contaminants. Therefore, it is essential to 
understand their potential hazards, and getting rid of them can be difficult. By photo-
catalysis, photon energy is converted into potential (chemical) energy (hydrogen) 
[9]. Researchers have extensively studied two-dimensional (2D) nanomaterials for 
their innovative catalytic and medicinal uses [10–14].

MXene-based composites have gained the most interest due to their interesting 
physicochemical features [16–18]. MXenes ought to be broadly fabricated utilizing 
several different kinds of top-down and bottom-up techniques, with a common 
formula of Mn+1XnTx [19–22], comprising ball-milling, ultrasonic synthesis, pyrol-
ysis, chemical vapor deposition, molten salts etching, electrochemical etching, the 
hydrothermal process, and solvothermal procedures [23–28]. However, several issues 
relating to the use of lacking or rarely toxic substances, the best environmentally 
friendly circumstances, an advancement toward structural or stability defects, delami-
nation techniques, MXenes oxidation, and the eradication of aluminum layer etch-out 
residues required to be more advancely investigated [29–33]. For the photocatalytic 
degradation of pollutants, nanostructures that are based on MXenes having manage-
able chemical features for surface, large surface area, distinctive optical/thermal 
features, regular planar structures, outstanding metal conductivity, hydrophilicity



MXene-Based Two-Dimensional (2D) Hybrid Materials and Their … 89

Fig. 1 Percentage of world water consumption and waste water output [15]

and affluence of derivatives have received substantial research [34–38]. In addi-
tion to their abilities for catalytic removal and photocatalytic degradation, they have 
demonstrated excellent potential for removing contaminants via interfacial chemical 
transformation and sorption [39, 40]. 

As co-catalysts, MXenes exhibit excessive conductivity and distinctive layered 
nanocomposites capable of improving nanocomposites’ electrocatalytic and photo-
catalytic features [41, 42]. Regarding titanium-based MXenes, Ti3C2 received incred-
ible attention cause of its potential for photocatalytic degradation of harmful pollu-
tants and its flexible structure, electrical properties, and semimetal nature [43]. Strong 
interactions between MXenes and surface functionalities like fluoride, hydroxyl, 
oxygen groups, and other semiconductors could result in effective heterojunctions. 
MXenes (Ti3C2) are efficient adsorbents for the decontamination of dyes from 
wastewaters because they successfully adsorb harmful contaminants and organic 
dyes [38, 44], and their porous and layered structures enhance their capacity for 
adsorption and storage [29, 45]. MXenes have been used to create a number of hybrid 
structures for photocatalytic applications [46, 47]. For instance, zinc oxide (ZnO) 
and MXene (Ti3C2Tx) were combined to create hybrid structures that resembled rice 
crusts. These structures had outstanding photocatalytic activity, high surface areas, 
lattice vacancy barrier formation, and optimal band arrangement. Additionally, the 
above-mentioned hybrid photocatalytic materials demonstrated outstanding stability 
as well as recyclability [46]. 

In this fight against environmental pollution, it has emerged as one of the most 
popular photocatalytic compounds [48, 49]. MXenes uncovered metallic terminal 
sites (Titanium of Ti3C2 MXenes) have greater capacity for redox reaction than 
conventional carbonaceous materials [50, 51]. Many active sites are provided by 
terminal groups having hydroxyl, fluorine, or oxygen groups [52]. Ti3C2 MXene‘s
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outstanding electrical conductivity accomplishes it a superb electron bound that is 
simple toward catching light-induced electrons, speeding up that transfer as well as 
separation of mobile electrons and ions that are light generated [48]. Long-established 
two-dimensional crystals which are atomic in nature, like layered dihalides (transi-
tion metal), graphene, and bimetallic hydroxides, make it challenging to get this 
advantage. The breakdown of dyes (organic) by photocatalytic material based on 
graphene also demonstrated that MXene is an environment-relatively stable struc-
ture [53–59]. Various organic contaminants are in the environment due to the fast 
industrialization development [60–66]. Like, methylene blue and rhodamine blue 
in clothing dyes; antioxidants, benzene, sulphonamides, and tetracycline hydrochlo-
rides in cosmetics; SMZ antibiotics (sulfa) in the medicinal field; Staphylococcus 
aureus and Pseudomonas aeruginosa in marine biodeterioration; pesticides in agri-
culture; carbamazepine; endocrine interferon bisphenol A. The world ecosystem will 
experience a catastrophe due to the abovementioned contaminants, particularly deter-
mined organic contaminants like dioxin, oxole, dichlorodiphenyltrichloroethane, and 
chlordane. They constitute a remarkable danger for ecosystems and come with 
unquantifiable dangers for people’s health because most of them are poisonous 
[67–83]. Therefore, finding effective methods for organic pollution degradation has 
emerged as a major obstacle to the treatment of organic pollutants in wastewater 
[54, 84, 85]. 

Organic pollution degradation techniques can be used to purify soil, water of 
rivers, air, wastewater and another media. Majority of organic contaminants could 
be removed from process of chemical oxidation technique, biodegradation, combus-
tion and conversion by electrochemical method, etc. Unfortunately, certain minimum 
level dangerous organic contaminants are tough to remove utilizing the aforemen-
tioned techniques along with subordinate contamination would result. Photocatalytic 
technology, a novel type of advanced oxidation technology, has drawn increasing 
interest for its effective degradation of dangerous organic pollutants because of its 
high efficacy, ecological sustainability, relatively inexpensive, and safety [86–93]. 
Furthermore, a significant source of pollution is heavy metal ions. They are chal-
lenging for organisms to break down or metabolize because of their high toxicity 
[94–100]. As a result, they are continuously compressed to an extent that exceeds the 
permitted limit, significantly endangering human health [101]. Several technologies, 
including membrane techniques [102], chemical coagulations [103], adsorption [104] 
and electrochemical methods [105] became established for removing heavy metallic 
ions through water. Adsorption therapy is one of these techniques that have received 
a great attentiveness in the past few years because of their affordability and ease 
of use [106]. The two-dimensional materials, which possesses become a best adsor-
bents for environmental cleanup, have two clear benefits over conventional adsorbent 
materials: wide surface area and plentiful active sites [107–111]. For instance, its 
compounds with a standard 2D structure probably utilized to eliminate organic dyes, 
oil from water and heavy metallic ions [112]. However, the absence of distinct surface 
group types may be a contributing factor to its intrinsic features (like having exclusive 
one component and a basic terminal function), as well as their limited thermal and
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chemical stability restrict its usefulness. High levels of hydrophilic nature, chem-
ical stability, expansive terminal groups, adaptable chemical features and a surface 
negative charge are all displayed by MXene [113, 114]. 

The industry as a whole is quite concerned about its use in heavy metals. MXenes 
materials are still in their development and have a lot of room to improve. Researchers 
are starting to look into both their applications and performance more and more 
frequently. The majorities of assessments of MXene, according to the literature 
review is concerned with energy conversion [115], storage and biomedical research 
[116], and indeed have not achieved numerous investigations on environmental 
cleanup. This study will therefore examine its use in environment protection in 
more detail. Since it is challenging to create perfect mechanical interfaces between 
substantial materials like MXene, the energy boundary for transmission of electron 
at the interconnection is raised [117]. There is a crucial demand toward discover to 
tiny materials for solve the above mentioned issues in order to get around MXene’s 
fundamental constraints. 

Applying the construction of band gap of MXene for achieve maximum utiliza-
tion and excellent catalytic achievement [118]. It’s interesting to note that MXene’s 
customizable band gap offers a versatile channel that can accomplish the little 
controlled molecular orbital which are unoccupied with molecular orbital which 
are highly occupied, as well as facilitate the procedure to further expand its applica-
tion sectors. The three modifications of heterojunction structure coupled with other 
semiconductors, element-doped structure with heterojunction, and Schottky junction 
composition built with other kind of semiconductors are the main emphasis of this 
review. Lately, a number of techniques, including element doping need to be reported 
for improve the efficiency of MXene toward photocatalysis, copolymerization with 
organic molecules or morphology control, precious metal deposition, association 
with carbon materials, and heterojunction with other semiconductor structures [66, 
76, 119–122]. According to earlier studies, Schottky junctions and heterojunctions 
are among the most straightforward and efficient strategies to improve the internal 
structure of MXene with electrical features as well as increase its efficacy toward 
photocatalysis. This article thoroughly describes and dissects the numerous MXene-
based Schottky junction and heterojunction techniques. Its design improves light 
absorption, hastens separation of charge as well as transfer, and prolongs lifespan 
of carriers. Recent research has shown that linking with other semiconductors can 
enhance photocatalytic activity [49, 118]. The article provides an overview of the 
MXene production process, characterization techniques, and impact of termination 
types on the material’s mechanical, magnetic, and optical characteristics. The func-
tion of MXene termination in terms of its application is also covered. The function of 
MXene termination in terms of its application is also covered. Figure 2 summarizes 
this. The fundamental study for termination at surface of MXene is being examined 
concurrently.

Here, we provide an outline of the most current study on the topic for connecting 
additional semiconductors to MXene-based photocatalysts to increase their catalytic 
activity. Specifically, improved photocatalytic efficacy for environmental contam-
inants and response of MXene to the overall visible light spectrum is discussed.
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Fig. 2 The research of MXene termination surface. The terminations at surface are showed 
in yellow color, the applications are showed in blue color and the preparation procedures are 
highlighted in red (You Wu et al. 2021). Reproduced with permission, © Elsevier

At first, an explanation is given for the pure MXene semiconductors catalytic poor 
charge usage efficiency. The impacts of different semiconductor coupling surface 
morphologies, catalytic activity, electronic structures, and particular applications 
were then extensively examined. At last, useful recommendations for the outline of 
photocatalytic materials which are based on MXene in the future be made, along 
with some insightful possibilities toward related study in past years. Also, we encap-
sulated a number of researches on the heavy metals adsorption by adsorbents which 
are based on MXene, put out a few workable explanations, and offered some helpful 
recommendations for the prospective pattern of MXene adsorbents. 

2 Methods for Fabrication of MXene by MAX Phase 

The evolution of MXene fabrication routes has a big affect on the chemical and 
electrical features as well as a variety of applications. There are generally three 
different MXene synthesis methods are top-down, etching, and bottom-up methods. 
The stacked structures of MXene are produced by the etching process from “A” 
components of the MAX phases of the ancestor three dimensional layers. The top-
down approach might have been acknowledged as enormously popular technique 
for fabricating MXenes up until this point. When carefully developing the structure 
using the bottom-up synthesis manufacturing method, as opposed to the top-down 
manufacturing strategy which often involves such significant variety of precursors. 
The precursors can be put together using a crystallization process toward a specific 
two-dimensional sequence to form the structures of MXene. The benefits of bottom-
up strategy enable shape, surface terminal functions of MXenes, and precise control
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Fig. 3 a Periodic table representing the MAX phase elements b MXenes have so far reported. 
M2XTx, M3X2Tx, and M4X3Tx are the minimum three possible formulas for MXenes, M is 
transition metal element and X is Carbide or either Nitride. They could be created by one of three 
ways: as single M elements; as hard solutions of two different M elements or sequenced double 
M elements. Carbonitrides are created at the X site by solid solutions (Zhuoheng, B. et al., 2019). 
Reproduced with permission, © 2019, Elsevier

of the size distribution [123]. Figure 3 shows M2XTx, M3X2Tx, and M4X3Tx are the 
minimum three possible formulas for MXenes, where M is the first row of transition 
metal and where X is either Carbide or Nitride. They could be created inside one 
of three routes: as mono elements of M; as hard solutions of slightly two different 
elements of M or as arranged double elements of M. Compound contains carbon and 
nitrogen are created at the site of X by hard solutions [124]. 
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MXenes are typically described as Mn-1XnTx layers (n = 1, 2…or 4) created 
through eliminating interweave “A” elements out of the MAX phase, where M repre-
sents the d-block elements, A is the group 3rdA or 4thA elements, and whereas X 
represents the Nitrides and carbides elements), whereas Tx represents the various 
functional groups of MXenes. The M and X build to hexagonal shape network in 
the structure of MAX phase, only toward with the X elements filled the octahedron 
centrally cages sharing with its edges. The hexagonal network of M and X, not the 
cubic network, maintained whenever the A atoms are etched out of the layer of 
MXene. As a result, the A-atoms can be eliminated to create the layer of MnXn-1. 
The thin sheets of MXenes are usually horizontally orientated, just like its MAX 
phase precursor. The majorities of MXenes has great mechanical characteristics as 
well as are probably completely stable [125]. The Fig. 4 shows the synthesis of 
few-layered or multilayered MXene from MAX phase. The pictures below show 
the MAX, MXene structures before and after delamination. A typical approach for 
making MXene through the MAX phase involves particular etching procedure [126]. 

Fig. 4 Shows typical approach for making MXene by MAX phase involves relevant etching The 
pictures above show the MAX, delaminated-MXene and before delaminated-MXene structures 
(Kuang, et al., 2020). Reproduced with permission, ©, Elsevier
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2.1 From Etching Method 

MXenes could be synthesized in a numerous different types of routes. Several 
terminal functions may be combined with the M atoms to minimize their Gibbs 
free energy at surface and fulfill its coordination spheres by cause of moderations in 
their etching procedures. As a consequence, the manufacturing of MXenes is signif-
icantly influenced by their surface characteristics. In this article, various preparation 
techniques are covered. 

2.1.1 HF Etching Method 

Hydrofluoric acid produces Hydrogen gas while removing Al layers from the 
Ti3AlC2 MAX phase through a straightforward displacement process. Deionized 
water reacts with the HF strong acid to create Ti3C2Tx, where T symbolizes the 
functionalities of MXenes oxides, fluorides, hydroxyl groups, and H2. Various MAX 
phases were successfully deprived into MXenes utilizing the hydrofluoric acid 
etching method [127, 128]. Since 2011 until now, hydrofluoric acid etching has 
consistently taken place as an enormously beneficial production method considering 
the MXenes nanomaterials. The temperature, time duration, and F ions density all 
matter for fabricating high-quality layers of MXenes in the HF acid etching method. 
Ti3C2TX creates a superb layered structure with a high concentration of HF acid, 
which is challenging when working with different acid solutions, according to [129]. 
The oxygen, fluorine, and hydroxyl functional groups and distinctive surface features 
were retained in MXenes produced using the HF etching method. 

2.1.2 Acid Etching Techniques 

Due to the toxic and corrosive characteristics of acid fluoride mixtures, scien-
tists are employing to find methods to avoid using hydrofluoric acid to directly 
remove the layers of aluminum through MAX phases. The most common technique, 
termed as earliest hydrofluoric acid etching, substitutes the hydrofluoric acid for 
the salts of fluoride, like FeF3, potassium fluoride, Lithium fluoride, ammonium 
fluoride, sodium fluoride and adds hydrochloric acid [130]. AlF3.3H2O is typically 
created as an unwanted byproduct while synthesizing MXenes through etching the 
Aluminum or Gallium layers of the MAX phase with the hydrofluoric acid. It is 
vital to shed light on the elements that lead to this impurity’s development in order 
to synthesize MXenes devoid of it. As a result, customized etching techniques are 
frequently used. For instance, while carrying out the etching procedure with cobalt 
fluorides, [131] inferred the conditions that resulted in the creation of the AlF3.3H2O 
byproduct. The cobalt fluorides/MAX sample’s SEM micrograph does not contain 
any AlF3.3H2O impurities. The intercalation of the cation, which decreases the 
internal forces between the layers as well as might cause the delamination of layers
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of the materials under sonication, improves the MXenes interlayer distance created 
using the modified acid-etching technique. This method allows the creation of few-
layer MXene in a sequential manner, cutting down on the time-consuming multiple 
steps synthesis technique that was previously mentioned [132]. 

2.1.3 Acid Etching by Fluoride-Based Techniques 

In order to avoid the considerable toxicity that hydrofluoric acid etching generates, 
experts have labored to discover better methods of eliminating the atom layers from 
MAX. Together with hydrofluoric acid, salts of fluoride (like fluorides of lithium, 
fluoride of potassium, fluoride of ammonium and fluoride of sodium) and very hard 
acids could also be utilized for etch out the MAX precursors. Strong acids and fluoride 
salts have been found to preferentially etch atoms, causing the intercalation of cations 
including Sodium+, potassium+, ammonium+, and lithium +. Water increases the 
interlayer gap between MXene layers while decreasing the MXene layer interaction. 
It is important to keep in mind that the final MXene fragment‘s size and quality can 
vary depending on how much fluoride salt and strong acid are present. For instance, 
the clay method’s multilayered Ti3C2 (6 M hydrochloric acid/5 M Lithium fluoride) 
generation calls for a later sonication procedure to delaminate into single nanoflakes 
which typically yield microscopic faulty MXene flakes [133]. 

2.1.4 Etching by Molten-Salt 

The MAX phases, like Ti4AlN3, can also be heated at 550 °C under argon shielding 
to form Ti4N3, which can then be used to generate MXene. It takes 30 min to 
complete the etching process. TinCn−1 is even more stable than TinNn−1 but soluble 
in Hydrofluoric acid or different types of fluoride-based acids that are employed as 
etchants. Hence, the etching method by molten salts attains the profit of a speedy 
refining time. Additional washing with DI water and H2SO4) and delamination 
process with TBAOH are required. After delamination process, the XRD patterns of 
the Ti4N3 show that the delaminated Ti4N3 has a lesser crystallinity compare with 
the MXene produced from hydrofluoric acid etching. The final product also exhibits 
evidence of the TiO2 phase. 

The molten salts etching procedure has the advantage of creating MXenes attains 
limited stability with the hydrofluoric acid or acids solution which is based on fluo-
rides in contrast with the hydrofluoric acid and acids based on fluoride etching. 
Contrarily, this method provides the further mentioned drawbacks are the etching 
procedure uses a lot of energy and heat, the resulting MXenes exhibit less crystallinity 
and less purity and they attains more number of vacancies and defects [134].
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2.1.5 Etching in the Absence of Fluoride 

The majority of synthesis methods require hydrofluoric acids or chemicals based on 
fluoride ions which might also cause the formation of -F with -O terminal groups 
on interfaces of MXene. Many etching conditions for the synthesis of MXenes have 
been confirmed. Particularly, -F terminal groups impair the electrochemical proper-
ties of supercapacitors based on MXenes [135]. Consequently, to offer satisfactory 
electrochemical properties, without fluoride manufacturing processes are required. 
For the manufacture of Ti3C2 MXene, [136] created an alkali-based hydrothermal 
etching method utilizing NaOH as the etchant. Alkali may be utilized as an etching 
agent for the MAX phase by cause of their strong interconnection among Al and 
alkali. Acquiring Multi-layered MXenes with higher purity is until now very diffi-
cult. In this case, high concentrations of alkali and high temperatures were used in 
the Bayer technique to etch out the aluminum layers without harming the Ti3C2 
MXene skeleton. 

Recently, reported fabricating a Ti3C2Tx MXene without fluoride and chloride 
using etching by electrochemical process [137]. Ti3C2Tx was synthesized without 
the use of any hazardous organic intercalating agents, and delamination was done by 
using sonication. The resulting MXene nanoparticles possess a density about 3.9 nm 
and its dispersion inside the water was highly stable. Based on conceptual forecasts 
with actual discovery, fluoride attached at surface remarkably disrupts the transit 
of ions that are electrolyte with compromises the sites which are electrochemically 
active that leads to inefficiency of MXenes for utilize supercapacitors and Lithium 
ion applications. It is therefore exceedingly desired to produce MXenes utilizing 
without fluoride techniques [138, 139]. 

2.2 Bottom-Up Techniques 

The bottom-up fabrication techniques utilize molecules as antecedents as opposed 
toward the top-down techniques which use heavy material as their starting point. 
MXene quantum dots could be created from microscopic antecedents of inorganic 
and organic substances using bottom-up methods as well. More atomic utilization, 
morphological and structural controls, and quicker functionalization are only a few of 
the benefits of bottom-up methods, which result in superior architectures for quantum 
dots [140–142]. A great framework for bottom-up MXene synthesis is provided by 
the previous research. Yet, simple, highly effective precursors with less toxicity, 
mild reactions, outstanding crystalline nature and good yields need to be addressed 
for huge fabrication. Each bottom-up strategies would probably being utilized to 
get MXene prepared in later for meet the increasing advantages needs because to 
their more easy system parameters as opposed to top-down approaches. The work 
is encouraging because there has been limited research on the bottom-up fabrication 
techniques for quantum dots of MXene production and emphasis shall been placed 
heavily on these tactics [143].
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Fig. 5 Shows illustrative for molten salt process for making MXene carbide nanosheets including 
Molten salt etched Ti3C2Tx MXene in water [15]. Reproduced with permission, © Elsevier [296] 

2.2.1 Fabrication by Molten-Salt Route 

The molten-salt technique had recently become more popular because to its simplicity 
and speed of reaction. Nanocomposites were created by using molybdenum acety-
lacetonate as a precursor [144]. They were created a composite made of Mo2C 
quantum dots with nanosheets of carbon. Sodium chloride, molybdenum acetyl acet-
onate and a solution of sucrose was calcined for a period of two hours at 800 degrees 
Celsius under air atmosphere. The significance of the approach was illustrated by 
the SEM scan’s confirmation of the nanosheet structure. The Mo2C with carbon 
nanosheets’ homogeneous and ultrathin structural shape was further supported by 
the images of TEM. The diameter of particle 23 nm deposited upon the layers of 
carbon with a value of d-spacing was 2.37, which corresponded to Mo2C with 002 
planes, as shown by the HR-TEM picture. The examination by AFM disclosed that 
the nanosheet was 3.5 nm thick (Fig. 5). 

2.2.2 Pyrolysis Technique 

As pyrolysis method is a quick, simple and environmentally friendly process, it 
has become a popular bottom-up approach for MXene. The composites were made 
by using a straightforward pyrolysis method. In conclusion, the composites were 
solvothermally synthesized, exposed to high temperatures at 700 °c for 2 h under an 
Ar atmosphere and after that etched out with acid [137]. This technique is one of the
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effective, easy and gives high yield with increased crystalline nature and no special 
conditions needed for the reactions among all top-down techniques. Even so, not 
much study has been done on the development of MXene. To meet the demands of 
progressive applications, these strategies will soon be given more consideration. Ti-
based MXene was therefore able to function better like an electrocatalytic material 
owing to its high metallic conductivity [135, 145]. 

2.3 Top-Down Synthesis Techniques 

The synthesis technique is top-down approach had a long history of success, particu-
larly development of nanoparticles. These techniques frequently entail the fragmen-
tation of substantial two or three dimensional precursors into vitally small quantum 
particles [135, 137, 145–148]. Using the top-down method, 3D and 2D precursors 
became auspiciously transformed in to quantum dots. Hardly any of these mentioned 
are liquid exfoliating, ball milling, etching, intercalation, hydrothermal, electrochem-
ical, microwave irradiation, and ultrasonication. Many of these top-down techniques 
create an initial oxygen accommodating functional groups upon catalytic surfaces, 
which makes it easier for defects to form in the catalysts [149–151]. The large 
molecules can divide into small quantum particles by reacting at the surface flaws, 
which act as active sites [152]. Because it may be used at relatively low temperature, 
this approach is very important. Also, this method allows for the use of a signifi-
cant quantity of materials and wide-scale fabrication. However, there are downsides, 
including the lesser amount of yield and essential for determined treatments. The 
specific strategy of top-down techniques for the fabrication of MXenes is covered in 
this section. 

2.3.1 Ball-Milling Technique 

Ball-milling technique is widely utilized top-down technique for lowering nanopar-
ticles size, and it has been used to successfully produce several quantum dots. Many 
variables, including the kind of wet/dry milling, milling speed, proportion of ball to 
powdered mass, and milling time, influence the structural and the physical features 
of the nanomaterials that are formed. The delamination process of MXene and the 
decrease in particle size are caused due to the development of the functionalities 
that are bonded together with transition metals precursor during this process, which 
is controlled by the strength of the functional groups connection. The particle size 
will be lower the stronger the functionalities interaction. The product contained a 
solid-state component because of connection of functional groups. This is the perfect 
technique for creating nanocomposites [153].
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2.3.2 Solvothermal Method 

MXene is frequently produced via the solvothermal technique because it is easy 
and more effective than the hydrothermal approach. With the sole exception that the 
precursor solution is created using non-aqueous organic solvent rather than water, it 
is very similar to the hydrothermal method. The solvothermal technique is thought to 
be higher efficient and flexible in comparison with the hydrothermal route because the 
distribution, size as well as material crystalline structure may be precisely controlled 
as needed [154]. Also, the desired outcome can be perfect by modifying experimental 
factors including the temperature, time, and type of solvent during the reaction [155, 
156]. The boiling point, the redox reactions, and the polarity of the solvent all had an 
impact on the width and lateral diameters of the particles. The production of carbon 
quantum dots from precursor molecules is a drawback of this method. The photonic 
and catalytic properties are impacted by the unwanted Carbon dots of products [157]. 

2.3.3 Ultrasonic Method 

MXene quantum dots are created using the ultrasonic process, which is free of risk 
and beneficial to the environment. Stacked and nonstacked nanomaterials are trans-
formed into quantum dots during this process because of the solvent properties. 
Using the solvent, we used etching exfoliating and mechanical force liquid exfolia-
tion techniques to directly produce MXene by MAX phase. After ultrasonication, the 
bulk MAX phase particles disintegrate into more manageable fragments with fresh 
edges and surface locations. These sites were eliminated as aluminum hydroxide 
ions through solvent treatment of the hydroxyl group. Separate MXene sheets were 
developing in the meantime [158]. The organic solvents having higher boiling temper-
atures need significant after-treatment prior to be utilized in the liquid medium by 
the ultrasonic treatment process. The photocatalytic features of the quantum dots 
are impacted by extremely high-temperature rotational evaporation as after treat-
ment. Techniques for manufacturing MXene inside the aquatic setting consequently 
attracted more interest. The prolonged sonication process and limited output result 
make frequent usage difficult. As a consequence, it is very effective to accelerate the 
reaction and boost yield by mixing the ultrasonication approach with solvothermal 
and hydrothermal ones [159, 160]. 

2.3.4 Hydrothermal Process 

A hydrostatic pressure autoclave holding precursors is used in this reaction technique 
to heat solutions over the water’s boiling point. The pH of solution, temperature range, 
and duration all have a significant impact on how much MXene is produced. Standard 
reaction temperature ranges of 100–180 °C and a pH range of 6 to 9 are used to create 
MXene, because temperature and pH have an impact on how long reactions last. The 
size, characteristics, and depth of a material can also be changed by modifying the
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hydrothermal reaction’s parameters [143, 161–163]. By using various hydrothermal 
processes, many MXenes have now been created. MXene doped with heteroatoms 
can also be created by adapting different hydrothermal procedures and using the 
elements’ ensuing precursors. It is critical to notice the etching by hydrothermal 
process not even only saves the usage of hydrofluoric acid but simply also serves as 
an efficient technique for the fabrication of nanoflakes [164–167]. 

2.4 Problems in MXene Synthesis 

The synthesis processes have an effect on the purity of MXenes. The MAX phase, 
which serves as the precursor material in a perfect synthesis method, controls the 
MXenes product performance. Thus, it is crucial to select a high-quality MAX phase. 
Also, it’s crucial to synthesize the MAX phase with hardly any mechanical milling-
related contaminants. However, during the process etching and delamination, the 
impurities can come off as residue. Also, if they are soluble in acid then they can be 
easily removed by rinsing. The MAX phase is subjected to harsh temperatures under-
going MXenes etching in order to dissolve and remove the surrounding aluminum 
layers. The most important task in early procedures, which used harmful HF, was 
related to the scientist’s health. Subsequently, the mild process was created using 
ideal circumstances as well as less hazardous etching agents. The technique was 
until reliant on utilizing hydrofluoric acid made from a solution of LiF with Hcl, 
though. Later innovation makes it possible to create MXenes in a safe and risk-free 
manner by utilizing ionic liquids or molten salts. However, because the chemicals 
are expensive, their post processing is quite constrained. 

It is critical to control the oxidation of MXenes as well as the processing duration 
and MAX phase characteristics. The MAX phase’s grain sizes are therefore its more 
significant characteristic. In order to completely eliminate Al, for instance, MAX 
phase having large size of grains creates MXenes without etched that settle down 
inside the solution. This 2nd etching pattern is thus necessary. MAX phase having 
small size of grains, on the other hand, etches very readily but requires a lengthy 
milling process, producing extra contaminants that occur through the vessel and ball 
milling. Moreover, the MAX phase having tiny particle proportion generates MXene 
nanoflakes. Hence, MAX phase having a tiny grain dimension yields MXenes of 
poor quality. 

The delamination technique is also subject to similar consideration. For instance, 
MXenes with high grain sizes take more time to delaminate and will not delaminate 
completely. Furthermore, the delaminated flakes would have a big dimension if they 
weren’t sonicated to decrease their size. From this angle, it is difficult to change the 
material’s specifications because different production techniques yield flakes with 
different properties. Many factors, such as the conductivity, surface-zeta potential, 
XRD and Raman investigations, must be properly carried in to interpretation in 
sequence to characterize MXenes as-prepared. Like, different MXene functional-
ities would produce comparable XRD and Raman spectra because these methods
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are accurate to the bulk’s physical makeup and composition. MXenes nanosheets, 
however, could have different physical properties. As a result, using complementary 
and cutting-edge materials characterizations, it is difficult to control and monitor 
modifications in chemistry as well as size of nanoflakes (surface functionalities). 

Another critical stage is the removal of Al etching side products, which disap-
pears when the pH of the solution approaches 6 or 7. A significant amount of the 
adsorbed organic TMA+ ions and inorganic Li+ or Cl− ions may be challenging 
to washout either the amount of nanoflake’s dispersal is considerable, necessitating 
multiple washing, filtration, or centrifugation procedures for reaching appropriate 
pH. Varieties and stoichiometry of MXenes have an impact on how they are synthe-
sized. For instance, it is simple to etch as well as delamination of titanium-based 
MXene by the solution of LiF with Hcl. The Nb2CTx MXene, on the other hand, 
firstly etched out with HF and then delamination is done by TBAOH. This is due 
to the fact that the LiF/Hcl approach is less efficient for this type of MXene. As a 
result, Ti3C2Tx manufacturing might be scaled up. Because of their strong oxida-
tion ability and poor stability, certain forms of MXenes, are challenging to etch and 
delaminate into single flakes. As a result, during these phases, the MXenes produced 
would have many layers. Due to their oxidative stability, MXenes have a challenge 
maintaining their structural integrity. Due to the presence of “A” layers, MAX phases 
have great stability, and removing this layer by etching can significantly reduce the 
stability of multi-layered structures. The several layers, however, continue to show 
significant stability to withstand sample preparation for various data analysis and 
industrial uses. Monolayer or few layered MXene structures are also delaminated, 
which further destabilizes the structures. But after many hours, these layers oxidize 
in the presence of oxygen and further degrade with 7 in a few months. The materials 
need to be stored at a low temperature in a dark, O2-free environment. 

All these problems can also effect the material characterization. Like, due to fast 
oxidation after synthesis the material needs to be directly characterized. Most of the 
characterization techniques work under surrounding atmosphere. This variation can 
be going after the Raman and XRD analysis. Therefore, to prevent the MXenes from 
oxidation, the suitable laser intensity should be selected. About surface phenomenon, 
the modifications at surface could be analyzed by the XPS technique. By evalu-
ating the sample directly after synthesis, the obtained zeta-potential value is very 
negative. The XPS analysis after synthesis would examine the without metal oxide 
fluorine and hydroxide groups with metallic bond. During sample oxidation, the 
zeta-potential will be near to zero and the metal oxides will be verified by the XPS 
analysis [168–171].
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3 Characterization Methods for MXene-Based 
Nanomaterials 

Various analysis techniques, like X-ray diffraction, scanning electron microscopy, 
Raman spectroscopy, and transmission electron microscopy are linked to evaluate the 
geometry and thickness of nanoflakes [172]. Any specimen must be precisely char-
acterized in sequence to verify the status of production of nanomaterials. As many 
MAX phases can participate in the majority of investigation specimens, data inter-
pretation for the MXene assessment requires establishing the purity of its precursor 
ingredient MAX phase. It is practically hard to separate and study the possibility 
of both Ti3AlC2 and Ti2AlC phases coexists in the powders of Ti–Al-C precursors. 
Hence, in order to corroborate the changes in the generated products, characteriza-
tion of starting materials is required first. As per [173], using XRD after giving the 
powder a significant amount of texture is the best method for reliably affirming the 
purity of MAX phases. All other peak locations diminish or disappear when MAX 
phase completely converts in to MXene, with an exception of the (0001) peak in the 
XRD study. In addition to the (0001) peak widening, other signs of a wide parameter 
of c lattice include a decreasing order toward the bottom angles with an expansion 
of layers in d-spacing. The primary peak for the initial MXene produced by [173] 
(Ti3C2Tx) had drifted by 40–10 upon the XRD arrangement. Yet, visual evaluation 
is crucial in MXene identification since it is sometimes overlooked that the color 
of MAX phases changes when they become MXenes. In contrast to MAX phases, 
all of which are grey in color, MXenes exhibit various color due to their optical 
features based on their composition and structure. Furthermore, XRD analysis is 
frequently used to establish the extent to which an etching was completed. Examine 
at how, after lithium fluoride and hydrochloric acid etching, the (002) crest of Ti3C2 

converts to superficial angles whereas 39° peak of diffraction (2°) in Ti3AlC2 loses its 
significance. The increased interlayer distance is assigned to replacement of various 
functional groups like -O, hydroxyl, or -F with Aluminum (Al), which then mixes 
with water and ions to cause the displacement reaction. The SEM and TEM are also 
used to measure the transverse size of nanoflakes. Moreover, SEM is regarded as the 
best way if one needs a visual demonstration of the precursor and a clear proof that 
MXene is produced. The accordingly structure and morphology indicated by [174], 
may be seen in ccanning electron microscopy pictures, which were once assumed 
to really be evidence that MXene manufacturing was effective. Nonetheless, more 
investigation has shown that the accordion architecture of stacked MXenes varies. 
The rate of structural evolution is determined by the etchant’s strength. It underlined 
the importance of X-ray Diffractometer and SEM in identifying efficient MXene 
manufacture. Both tactics are common, but their statistical and graphical data reveal 
more than what has been before understood. By generating quality images that have 
been enhanced by up to 5 levels and accurate statistics that are simple to understand, 
these strategies significantly and probably more enormously contribute to successful 
MXene analysis. The synthesis and characterization of MXene, Multilayer MXenes 
are created when stacked ternary carbide of MAX phase powder is M3AC2 in this
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case, dissolved in an aqueous acidic solution that contains Hydrofluoric acid like 
HF or Hcl with Lithium fluoride). The A layer, like Al is systematically etched 
and substituted surface terminal groups, i.e., OH, F, or O. MXenes after delami-
nation to create single flake coatings by intercalating water, dimethyl sulphoxide, 
cations, tetrabutylammonium hydroxide, and other materials into the interlayer gap 
and then performing sonication. Illustrations of MAX frameworks like M3AC2. A  
representation of the atomic arrangement, digital image of titanium-based MAX 
phase powdered substance, low and high amplification scanning electron microscopy 
images for titanium-based MAX phase and an image of HR STEM of Mo2TiAlC2. 

[0]. Figure 7a, represents the usual morphology of a Ti3C2Tz nanosheet. The poor 
contrast between the nanosheet and the backdrop in the TEM image indicates that 
this nanosheet is only one to two layers thick. The supernatant product’s UV–Vis 
spectra are extremely comparable to those of typical MXene products that have been 
acid-etched. In Fig. 7b, they also carried out X-ray diffraction (XRD) to examine 
the synthesis of Ti3C2Tz; it displays the XRD patterns of Ti3C2Tz clay before and 
after the KOH wash, as well as the XRD of Ti3C2Tz nanosheets from the super-
natant. The absence of the Ti3AlC2 nonbasal plane peaks in the XRD suggests that 
Al was successfully etched out of Ti3AlC2. The presence of Ti3C2Tz’s distinctive 
peaks at 9.4° and 19° validates the element’s production. The Ti3C2Tz peak seen in 
the molten salt etching scenario corresponds to the Ti3C2Tz typically etched with 
HF. Additionally, the presence of Sn (in small amounts) may prevent the nanosheets 
from aligning in close proximity to one another. The reaction mechanism describes 
an etching procedure that produces Sn as a byproduct, and these big peaks at 30°, 
33°, 44°, and 45° are indicative of Sn (Fig. 6).

4 Various MXene Properties 

MXenes have a broad and variable surface interaction as a result of quantity in 
electrons connected to atoms of transition metals. The MAX phase, raw materials 
and etching as well as delamination and etching techniques, all affect the intriguing 
features of MXenes, involving all the redox, electrical, mechanical, magnetic, phys-
ical, chemical, electrical, and thermal. By regulating its configuration, using various 
“M” and “X” components, and changing the terminal functionality, it is also possible 
to modify the MXenes features for the correct approaches. Computer-based theo-
retical researches have recently been used to interpret the characteristic of MXenes. 
Below are some characteristics related to energy storage [175]. 

4.1 Optical Features 

The optical properties of MXenes have photo-thermal effect and great transparency. 
The important property of MXene films has a high surface plasmonic effect. In spite
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Fig. 6 Shows the characterization of MXene, a SEM of Ti3AlC2 MAX phase powder. b Before 
KOH wash Ti3C2Tz. c After KOH wash Ti3C2Tz. d By drop-cast aqueous dispersion Ti3C2Tz. 
nanaosheets [15]. Reproduced with permission, © Elsevier

of the verity that clarity diminishes with decrease in the speed of spin coating, it 
was possible to attain clarity of even higher above 75% in visible and according 
nearly infrared bands [176]. A V2CTX transmittance research demonstrated that the 
manufactured film has high transparency with 550 nm and that the transmittance 
diminishes with increasing film thickness. An 11-nm thick film with a greater trans-
mittance of 89% was achieved. This experiment shows that neither the transmittance 
nor the absorption coefficient is affected by the heat treatment temperature of the 
MXenes film. This experiment shows that neither the transmittance nor the absorp-
tion coefficients are affected by the temperature range of the MXenes film [177]. 
Contrary to the conductivity results, the MXene intercalation step of the fabrication 
resulted in an irreversible chromatic shift. Unfortunately, little research has been 
done on how manufacturing affects optical properties [178].
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Fig. 7 a Shows the TEM images of Ti3C2Tz MXene nanosheets. b XRD of Ti3C2Tz before and 
after washing with KOH as well as Ti3C2Tz nanosheets [15]. Reproduced with permission, © 
Elsevier

4.2 Structural Features 

Because of their uncommon conductivity and superabundant functional groups on 
their surface, MXenes will work for both of the carriers of intrinsic active or other 
different types of functional materials for numerous advantages involving energy 
storage [179]. On the other side, MXenes have limitations because they are very 
thin 2D-nanomaterials, specifically remarkable capacity to restacking and absence 
of significant porosity in their structure. Since, the last few years a lot of efforts 
have been done in the modification of porous structure of MXenes. Still, a number of 
porous structure of MXene will be sustainable topology and came to be manufactured 
by various synthetic techniques and utilized in various applications, which disclosed 
all good performances of modified MXenes. Because of their 2D structures, the 
porous MXene have also been used for numerous applications, stimulated by cause 
of their porous structure with varying physico-chemical features. The below table 
define briefly the functions of pores in their porous structure in the related applications 
[180, 181] (Table 1).
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Table 1 MXenes and their porous structures [181] 

Materials Structures Synthesis method 

Aerogel of rGO with MXenes Mesoporosity and 
Macroporosity in aerogel 
structures 

Crosslinking with chemicals 
and Calcination with freeze dry 
method 

MXene nanoflakes Mesoporosity in MXene 
nanoflakes 

Oxidative Etching method 

3D-films of MXene Mesoporosity and 
Macroporosity in 3D-films 

Hard template fabrication 
method 

MXene lamellar-liquid–crystal Vertically aligned 
mesoporosity and 
macroporosity 

Freeze drying with mechanical 
shearing assistance fabrication 
method 

MXene-Sponge composite 3D 
porosity system 

Macroporosity in 3D 
porosity system 

Dip-coating method with drying 

Aerogels of Super-elastic 
MXene with PI 

Mesoporosity and macro 
porosity with wide range of 
size distribution 

Freeze drying fabrication 
method 

Aerogel of Ti3C2Tx Mesoporosity and macro 
porosity 

Freeze drying fabrication 
method 

Lamellar structured Ti3C2Tx 
and SiCnws foam 

Mesoporosity and macro 
porosity aligned parallel in 
their structure 

Freeze-drying bidirectional 
fabrication method 

4.3 Mechanical Features 

The mechanical features of MXenes may change considerably on the basis of surface 
terminal functionalities. It was explored that the terminal surface groups make weak 
titanium with carbon bond by withdrawing the charge [182]. Scientists discovered 
that the Titanium and carbon bond is smaller in Ti3C2Tx as compared to Ti2CTx, 
which further influence the MXene elastic properties. The researchers also suggest 
that improve the flexibility by improving its binding strength. For various applica-
tions, MXene with Oxygen terminal functionalities should be the first preference for 
structure nanomaterials due to their great mechanical features [183]. 

MXene has one unique feature that they have great mechanical strength. In spite 
of the outstanding modification in the fabrication of MXene nanomaterials, titanium-
based MXene has been highly investigated for a number of applications because of 
their unique features like mechanical capacity, conductivity, and great shielding effect 
[184]. In various investigations MXene disclosed great mechanical ion capacity of 
adsorption; covering the way for many investigations in to their feasible utilization 
in flexible electronics and gas sensors [185]. In the present generation, the electronic 
appliances growing very fast in our society which causes huge electromagnetic pollu-
tion resulting in human health at risk. Because of this hazardous effect, the shielding 
material with EMI achieves great focus which is lightweight and has unique mechan-
ical strength and a great shielding efficiency. MXene attains great performance in the
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shielding field with EMI by cause of its unique area at surface, outstanding conduc-
tivity with hydrophilicity in nature. In one research, fabrication of hybrid foam of 
MXene with Carbon from sol–gel method by mixing resorcinol and formaldehyde 
solution through heat treatment reduction and freeze drying synthesis method. The 
curing and vacuum accommodated saturation technique was used for the synthesis 
of MXene with Carbon foam and EMI shielded with epoxy nanocomposites. All 
types of applications of these formed composites are deeply studied like mechanical 
strength and conductivity of the nanocomposites. The structural characterization of 
the fabricated was also studied through characteristic analysis such as SEM, XPS, 
and Raman [186]. 

4.4 Electrical and Thermal Features 

Ti3AlC2 has found with very great thermal oxidation and thermal conductivity. The 
monolayer of Ti3C2Ox has approx 11W/mk thermal conductivity whereas in Ti3C2Fx 
has 108W/mk thermal conductivity [187]. In contrast to previous studies, it is discov-
ered to be roughly 2.84 W/mk for Ti3C2Tx films. Ti3C2Tx sheets have a 2400 S cm1 

metallic conductivity and are extremely versatile. A particular type of MXene called 
V2C has been examined, and it was discovered that it possesses conductivity of 
3300 S cm1. Due to its adaptability, it is ideal for uses like electronic gadgets that 
are worn [188]. The layer thickness and temperature of calcination exhibit a relevant 
affect upon the conductivities of MXene nanosheets. According to researchers, after 
heating, the conductivity improved and the resistance of MXene sheets for films with 
greater thickness was lower compared to thinner films [176]. 

5 Applications of MXene 

MXenes have drawn frequent attention of investigators by cause of its distinctive 
features, which include outstanding electrical conductivity, very high volumetric-
electrochemical capacitance, adjustable plasmonic characteristics as well as their 
work function, transparency in light with electrochromic inside MXene thin films, 
excellent thermal resistance, strong mechanical features with the ability to develop 
extremely stable solutions of colloidal particles in various kinds of solvents that are 
polar, particularly alcohols or water [126, 189–191]. MXenes have been employed 
for a number of purposes because of its appealing characteristics, including storage 
of energy, electronics, components of structure, and cleaning the environment. The 
storage of energy was the very first and most diverse use of MXenes, but it has 
now been expanded to encompass supercapacitors and all kinds of batteries [192– 
194]. MXenes were discovered to be equally efficient as metals for communicating 
and EMI (electromagnetic interference) screens even in apparent 40–50 nm layers, 
outperforming graphene or C-based nanocomposite materials. MXenes are used for
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Structures Properties 

HER 

Hydrogen Evolution Reaction 
2H+ 2e- H2 

Redox reaction 
H+ +OH-  •OH 

H2O2 + hv  2•OH 

CO2 + 2 H+ + 2 e− CO + H2O 

Medicinal uses EMI Shielding 

Fig. 8 Shows the different applications of MXene 

ecological treatment in a variety of ways, including the elimination of metals that 
are heavy, desalinization, and the adsorption of pollutants. Electronics, catalysis, and 
medical use such as photodynamic cancer therapy, dialysate regrowth, implantation 
of electrodes, and intraocular lens implants are further possible uses for MXenes. 
MXene sheets replace a Gold or Platinum metallic electrode in healthcare techno-
logical advances, which not only improves functionality but also lowers costs. The 
sector should concentrate on the usage of MXenes in terms of their applications 
[195–200]. Applications of MXene are summarized in Fig. 8. 

5.1 Mechanism for Removal of Pollutants 

5.1.1 Photocatalysis 

Photocatalysis is a type of catalytic method utilized to eliminate multiple contam-
inants from the ecosystem and transforms solar energy in to fuel that is chemical 
in nature. The procedure is divided into several steps and the formation of charge 
carriers, the separation as well as the transformation of charge particles produced by 
sunlight toward the surface of the photocatalyst and the activation of redox processes 
by photoinduced electrons as well as holes are all examples of the generation of charge
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carriers [201–210]. Figure 8, describes the photocatalytic degradation mechanism 
of pharmaceutical drug pollutants like paracetamol and ciprofloxacin by advanced 
oxidation process under the radiation of visible light. Because the fast recombination 
of charge particles significantly lowers the catalyst’s photoactivity and efficiency 
of transforming solar energy to exothermic energy, the separation as well as the 
transformation of the charge particles is considered to be the rate-determining stage 
in photocatalysis process. The creation of innovative 2D materials with distinctive 
photoelectric structures attracted a great attention toward photocatalysis technolo-
gies because of these fascinating properties [211, 212]. The unique category of 2D 
nanomaterials is MXene which has gained prominence as photocatalyst, since it was 
originally published in 2011. Due to its high hypothetical gravimetric capacitance 
as well as excellent conductivity, MXene was firstly researched for the solar energy 
transformation with storage devices like batteries and supercapacitors [213–215]. 
From 2014, MXene has undergone extensive research in photocatalytic process, and 
the amount of literature related to MXene-based photocatalytic material has signifi-
cantly increased. The efficient photocatalytic process uses of MXenes are mainly due 
to factors such as the ones that follow: The large number of functionalities created 
from wet chemically etching process is helpful for creating a close contacted bound-
aries among MXene with associated semiconductors, while band gap position of 
MXene could be changed through adjusting the surface chemical composition and 
the metallic conductivity with electron-accepting abilities of MXene are improved 
by the extremely conducting metal centre of its multiple-layer framework [216]. As 
a consequence, MXene has undergone significant research in photocatalysis process 
for a variety of applications, including conversion of carbon dioxide, water splitting 
process, oxidation of pollutants, and Nitrogen fixation. It is viewed like feasible alter-
nate toward other 2D nanomaterials [211]. By enhancing the separation of charge 
carrier and transfer, serving as powerful support, limiting the size of the photocatalyst, 
and encouraging the adsorption of reactants, MXene could enhance photocatalytic 
performance in various applications. In order to develop meaningful photocatalytic 
impacts, MXene, a new class of layered materials, needs to have its many distinct 
photochemical properties and emerging factors thoroughly researched and examined. 
These benefits of MXene-based composites may increase photocatalysis for use in 
practical uses. As a consequence, a detailed analysis of MXene may offer insightful 
information regarding the creation of hetero-structured MXene-based materials. In 
this understanding, the fundamental function of MXene in stimulating photocat-
alytic activity is analyzed, and new developments in the synthesis of heterostructured 
photocatalysts which are MXene-based are described. Because of the prominent 
“face-to-face” interacting connection and distinct area of interface being exposed, 
an efficient mutually beneficial interface might enhance photocatalytic reaction steps 
and significantly impact the efficiency of heterostructured 2D photocatalysts which 
are MXene-based. As matter of the fact, a variety of surface groups can be obtained 
from the MXene structure to form hetero junctions of 2D materials in addition to 
two-dimensional photocatalytic materials. A heterojunction of 2D MXene-based 
with near “face to face” interaction has a lot of potential to improve photo-induced 
separation of charge carrier and transferring through the heterojunction interaction.
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Organic 
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(pharmaceu
tical drugs) 
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Photocatalysis 
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Fig. 9 Photocatalytic degradation mechanism of pharmaceutical drug pollutants like Paracetamol 
and ciprofloxacin 

Due to MXene’s large light current and exceptional electronic conductivity, photo-
generated electrons produced by the 2D heterogeneous structures photocatalysts 
could accumulate upon the surface through transfer of electrons. In order to facilitate 
the quick electrons extraction via 2D materials for improved photocatalytic actions 
the 2D structured framework of MXene can function as a mediator for electrons 
[217, 218] (Fig. 9). 

5.1.2 Electrocatalysis 

(a) MXene electrocatalysts for hydrogen evolution reaction 

The advancement in hydrogen energy offers a practical explanation to the present 
ecological and energy issues. Designing reaction for hydrogen evolution catalysts 
that have superior stability, outstanding conductivity, and selectivity is essential for 
the suggested hydrogen system [219]. Highly efficient electrocatalysts can lower 
the needed excessive potential for hydrogen evolution reaction, hence improving 
efficiencies [220]. Density functional theory, also known as DFT, can be used to 
compute the amount of hydrogen adsorbed Gibbs free energy, which is thought of 
as the modulator of hydrogen evolution reaction function as an initial estimation. 
When the amount of adsorption Gibbs free energy is quite near temperature neutral, 
the most effective level of hydrogen evolution reaction is gained. When hydrogen
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adsorbed Gibbs free energy is quite close to temperature neutral, the best reaction 
of hydrogen evolution activity is attained. MXenes offer good physico-chemical 
features with a greater potential in comparison to the NPM and hydrogen evolution 
reaction electrocatalysts. Examples include (a) MXene surfaces, which have many 
oxygen as well as OH groups and have capacity of producing solid connections with 
other surfaces of semiconductor. Additionally, (b) MXenes’ superior conductivity in 
electrical enables effective charge-carrier transfer. In addition, (c) MXenes possess 
stronger redox reactions than carbon-based compounds due to the abundance of 
accessible metallic sites at their terminal positions. (d) MXenes also have excellent 
hydrophilic nature, ensuring that they interact properly with molecules of water. 
Finally, MXenes in water-based media show outstanding chemical stability as well 
as stability in structure. 

(b) Modification of surface termination 

Improving the conductivity and termination at the surface of MXene is considered 
to aid in the advancement of the efficiency of hydrogen evolution reaction. It is 
prominent that terminal modifications of MXenes optimize the electronic structure 
which consequently promote hydrogen evolution reaction activities. Thus, substan-
tial theoretical and practical research into MXene terminal modifications has been 
done recently [221]. The experimental results were supported by surface diagrams 
of Pourbaix, which showed that this form of MXenes has great surface chemical 
stability, leading to noticeably increased exchanges in current and improved evolu-
tion of hydrogen. Their surface termination with oxygen atoms appears to behave as 
hydrogen evolution reaction active sites, according to the hydrogen adsorbed Gibbs 
free energy, which was discovered. These oxygen atoms on the surface helped two-
dimensional MXenes and hydrogen make contact. Further investigation indicated 
that the hydrogen evolution reaction mechanism across these MXenes employed the 
Heyrovsky process. To investigate their activities of hydrogen evolution reaction, 
MXenes with various terminal functions like oxygen, hydroxyl, and fluoride groups 
were utilized. MXene with oxygen terminated surface showed outstanding results 
compared to MXenes with hydroxyl and fluoride group surface termination [222]. 
There are a numerous other researches on surface termination modification. On the 
basis of ultrathin MXene (Ti3C2), having oxygen functionalization enhances the 
catalyst performance of hydrogen evolution reaction [223]. The MXene with fluo-
ride functionalization on the surface plane was hazardous to reaction of hydrogen 
evolution which decreases the rate of adsorption of hydrogen. By the reaction of 
aqueous electrolyte KOH solution with MXene (Ti3C2Tx), the Ti3C2Ox was formed 
which shows the decreasing of fluoride termination by the hydroxyl groups. The 
annealing of resulted Ti3C2 (OH)x at temperature of 450 °C under argon atmo-
sphere due to which the hydroxyl groups converts in to oxygen termination through 
the reaction of dehydration. The resultant MXene with oxygen termination formed 
the outstanding electrocatalysts for the reaction of hydrogen evolution [224, 225]. 
This investigation stimulates the framework for changing the surface termination 
of MXene-based electrocatalytic material to enhance its performance. Briefly, func-
tionalization upon the surface level controls the efficacy of reaction of hydrogen
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evolution. So, the higher the fluoride termination on surface plane becomes lower 
the activities of hydrogen evolution reaction for MXenes [226]. For greater effi-
ciency of electrocatalysts for reaction of hydrogen evolution the oxygen termination 
on surface plane is suitable. The MXenes with other surface functionalities were also 
fabricated but their electrocatalytic activities for reaction of hydrogen evolution are 
not yet studied [53, 227, 228]. 

5.2 Role of MXenes in Chemisorption of Pollutants 

5.2.1 Chemisorption of Dyes 

Dyes are key constituents in textiles, printing, and paper sectors, although their 
economic usage creates a major risk to the ecology and produces water pollution. 
As a result, the elimination of the dyes is critical and has essential need for treat-
ment of the environment. Various methods are investigated to date for eliminating 
the dyes but the adsorption holds the most promise by cause of its low price with 
preparative application. MXenes need to be recognized as appropriate nanomate-
rials for the adsorption that remove dyes by cause of its surface having large area, 
negative charges on the surface, multilayered structure, and high hydrophilic prop-
erties. The effective cationic dye adsorption by layered MXene (ML-Ti3C2Tx), was 
originally reported for methylene blue [229]. The report discussed the adsorptive 
characteristics of MXene regarding anionic and cationic dyes. The results showed 
that the cationic dyes, i.e., methylene blue showed irreversible bonds with MXene 
(Ti3C2Tx), while the anionic dye, i.e., acid blue doesn’t have capacity of adsorption 
with respect to MXene. Electrostatic forces among the ions having positive charges 
on dye with the negative charge on MXene surfaces was thought to be the cause 
of the dye which are cations selected adsorption than the dyes which are anions. 
Later research looked at how dyes adsorb to MXenes which are treated with alkaline 
solution [230]. The authors used a simple method to treat MXene in a hot solution of 
alkaline in order to increase the interlayer gap and adjust the surface functionalities. 
MXene’s interlayer gap was increased by 29%, and all of the fluoride functional 
groups on surface were changed to hydroxyl groups. The use of alkaline solutions 
improved the methylene blue dye’s capacity to absorb and speed up its rate of removal. 
MXene with LiOH and NaOH among the treated MXenes showed the quickest 
methylene blue dye absorption, Ti3C2Tx with NaOH having the maximum adsorp-
tion capacity. With Langmuir as the accepted adsorption model, the appropriate 
capacity of adsorption was attributed toward the cooperation for functionalization of 
surface and expanded inter-layer adsorption. In a different research, novel technique 
for solvothermal treatment of hydrochloric acid with sodium tetrafluoroborate to 
produce two-dimensional MXenes was developed, including titanium- and niobium-
based MXenes [165]. Here, the reaction of hydrochloric acid with NaBF4 produced 
HF in-situ, allowing for etching of precursors to MAX phase, Nb2AlC and Ti3AlC2. 
MXenes that were created have a greater specific area on surface than those that were
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created using the conventional hydrofluoric acid etching technique. While the Nb2C 
demonstrated comparatively poorer adsorption for MB and negligible adsorption 
ability with methylene orange, Ti3C2 attained an excellent MB adsorption capacity. 
It may account for the certainty that Niobium has greater atomic mass compared to 
titanium. After treating the unaltered MXene with the phytic acid inside hydrothermal 
environment, the 2D MXene was changed into a rod-like structure [231, 232]. Based 
on its surface interactions, phytic acid was combined with the MXene in this instance 
to boost its general amphiphilicity, and the hydrothermal reaction period determined 
the rod-like morphological structure that characterized the MXene. The composite 
of MXene with phytic acid demonstrated improved adsorption characteristics for 
Rhodamine B and methylene blue dyes, with capacities for adsorption of 22 and 
42 mg/g, respectively, and with retention capacities of eighty-four and eighty-five 
percent following constant twelve rounds of adsorption. A growing fascination has 
been shown in the implementation of MXenes in the removal of colored dyes. There 
still is more to learn, especially in the area of selective pigment removal using MXenes 
with designed surface charges. 

5.2.2 Chemical Adsorption of Radioactive Ions 

After the radioactive substances are used in nuclear-related industries like mines 
or research in medicine, the radioactive ions are created [233]. Effective nuclear 
waste removal and management of the environment are required since the leaking of 
radioactive ions to the nearby groundwater and soil becomes a severe threat. Here, 
MXenes are shown to be somewhat favorable for absorption of hazardous radioac-
tive metallic ions by cause of its high reduction–oxidation capability on surface 
with customizable adsorption capabilities. Experiments demonstrated that multilayer 
V2CTx MXene was capable to effectively adsorb uranium ions from water-based 
solutions. The uranium ions absorption capability of 174 mg per g, fast sorption 
speed, and desired specificity of V2CTx demonstrated its exceptional adsorption 
performance. The relevance of functionalization on the surface was highlighted by 
the DFT computation, which revealed uranium charge particles chose to interact with 
hydroxyl groups attached toward the vanadium sites inside nanosheets of MXene 
through bidentate type inner-field compounds. To remove uranium ions from water-
based solutions quickly, a variety of aqueous as well as MXene were produced. With 
a capacity for adsorption of 214 mg/g, the well-hydrated MXene outperformed its 
dried version in the removal of uranium ions attributed mostly to its greater flexi-
bility and interlayer space. According to this study, Ti3C2Tx is a potential choice 
for the collection and encapsulation of uranium ions. MXenes needs also demon-
strated potential adsorption capabilities for the other heavy metallic ions found in the 
nuclear wastage, including rhenium, thorium, and europium, in addition to uranium 
[234–238]. The effectiveness of MXene’s adsorption on rhenium was assessed. For 
the improved removal of the perrhenate ions, MXene 3D polyelectrolyte composite 
was used in the study. MXene with Ti2CTx was given PDDA, which controlled the 
charges on the surface and increased stability. The resulted nanocomposites attained
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the excellent removal efficiency for Rhenium with fast adsorption rate and great 
selectivity for anions like chloride and sulphate ions, which are present with higher 
concentration than rhenium. When the MXene was tested for its ability to remove 
thorium, it was found that its hydrated equivalent had a better capacity for adsorption 
than the dry version [239]. With the maximal capacity of sorption is 213.2 mg/g, state 
of sorption equilibria was attained in 720 min. The hydrated MXene demonstrated 
remarkable selectivity against a variety of competitive charge particles and sorption 
procedure was strongly dependent on pH having no bearing by the total ionic strength. 
It was discovered that the sorption mechanism of thorium was inner-sphere inter-
action resulting from the titanium with hydroxide high efficiency toward thorium. 
In a different study, the MXene nanocrystals were chemically converted in situ to 
produce hierarchical nanostructures of titanate [240]. Due to the plentiful convertible 
the guest cation molecules maintained stratified framework, the produced nanostruc-
tures of titanate had a high degree of stability and an adsorption ability of 200 mg/ 
g for europium. The reduction in europium and oxygen gap as well as coordination 
number is proof that the sequester of europium was attained by the production of 
inner-sphere complexes at the surface in nano-structured environment. New infor-
mation on the interactions between radioactive substances with titanates was gained 
through the discovery of the inner-sphere association caused by the confining as well 
as coordination effect between titanium with O and titanium with OH. 

5.2.3 Chemisorption of Toxic Ions 

Because of their persistent and non-degradable character, ions of heavy metals are 
the most hazardous contaminants in the environment. Since ions of heavy metals 
have durable toxicity that is active even at minimal level of concentration, they are 
extremely dangerous pollutants that need to be treated right away. Chemical precipi-
tation method, adsorption method, filtration method, and electro-dialysis process are 
some of the currently used methods that are thought to be effective at eliminating 
these metal ions from the environment [241]. Unlike dyes, whose concentration in 
aquatic environments is quite significant, metal ions have relatively small amounts 
like parts per million, making their removal very difficult. The techniques derived 
from chemical or biological processes, still are frequently inefficient at low levels of 
concentration. The fabricated adsorbent needs sufficiently efficient and economical 
for removing hazardous metallic ions at the parts per million or parts per billion levels. 
MXenes and its derivatives are regarded as possible adsorption agents for cations 
of heavy metals due to their abundance of terminal functionalities with substantial 
surface areas. According to numerous findings, MXenes strongly bind to different 
heavy metallic ions. In a research, created a useful MXene for lead ions to be absorbed 
using the method of exfoliation and the intercalation techniques. In an environment of 
strong competitive cations that are as calcium and magnesium, the resulting MXene 
displayed a favorable lead sorption tendency. The absorption equilibrium was reached 
within 120 s, according to the kinetics results. Having the capacity of adsorption is 
4500 kilogrammes water per alkali MXene, MXene was able to efficiently absorb
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the lead ions. The lead ion exchange processes were made easier by the MXene’s 
activated titanium sites and hydroxyl groups, which were confirmed by experimental 
data and computer analysis [242]. Based upon active sites on surface, MXenes are 
also been thought to be efficient toward other harmful ions [117]. One of the factors 
that could cause eutrophication is the extreme release of phosphate ions into the 
water ecosystem. In this condition, magnetic nature of ferric oxide was intercalated 
in to MXene to fabricate a sandwich-like MXene with nanocomposite of iron oxide. 
For sequestration of phosphate traces, the composite showed outstanding applica-
bility. The composites demonstrated better water treatment capabilities of 2400 and 
2100 kg/g in actual and stimulated phosphate contaminated water, when contrasted 
with commercial adsorption agents. The fabrication of a particular shape of nano 
ferric oxide where tiny ferric oxide nanoparticles may show intercalation into the 
MXene internal layers, widening the interlayer gap and activating the overlapping of 
active layers was credit with the efficient sequestration. MXene was utilized to chem-
ically reduce and remove bromate ions, which are harmful if detected in water used 
for drinking [243]. Its titanium and carbon active layer might change into titanium 
dioxide nanoparticles while converting bromate ions in to bromide. The system’s 
pH, temperature, time of contact, and MXene concentration all had an impact on the 
reduction efficacy of the MXene nanosheets of material. At the pH level of 7 and 
twenty-five degrees celsius, this method enabled good bromate absorption in less than 
50 min. The unique dyes and ions pollutants absorption capabilities of MXenes and 
their nanocomposites and derivatives, while the materials made from MXene appear 
to be effective applicants for eliminating harmful ions, there still remain significant 
obstacles to overcome, such as the need for quick action in the rearranging of the 
layers of MXene and the targeted absorption of hazardous ions from a complicated 
structure. 

5.2.4 Membrane Separation of Pollutants 

Desalination and treatment of wastewater can be accomplished using membrane 
separation technique. The optimum membranes for desalination processes and treat-
ment of water require great flux, excellent selectivity, good stability, and resis-
tance to fouling and substances with chemicals like chlorine [244]. Additionally, 
the membrane needs to be stable mechanically and sufficiently thin to optimize 
permeability to water while maintaining a steady rejection of salt rate. Presently, 2D 
carbide nanomaterials with ionic and molecular sieve capacities, like graphene and 
oxide of graphene are intriguing nanomaterials. The decreasing interlayer distance 
when pressure is applied results in a relatively limited flux for graphene oxide layers, 
despite their suitability for a broad range of uses. Here, programmable surface chem-
ical composition and controllable interlayer space of MXenes have been shown to 
be very useful. The membrane for water treatment based on MXene was reported. 
In order to create the membrane, Titanium-based MXene nanosheets were formed 
into an independent membrane using a vacuum-based filtration technique [245]. In 
contrast to graphene or graphene oxide, Ti3C2Tx has strong hydrophilic properties
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that make interlayer water possible and encourage rapid water flux. The resulting 
membrane displayed strong selectiveness toward the metallic cations with positive 
charge such as Lithium+, sodium+, potassium+, Mg2+, Al3+, Ca2+, Ni2+, Ca2+, and 
Methylthioninium+ dyes cations but was impermeable to cations having hydrated 
radius bigger than the MXene interlayer gap of MXene. Depending on the desired 
ions hydrating radii and charge, the suggested μm in diameter-thick layer has varying 
sieve capacities that can achieve a water flux. It is reported the utilization of a 
porous membranes of MXene that was made utilizing vacuum filtering and a template 
made of Iron hydroxide nanoparticles. The produced membrane of MXenes demon-
strated exceptional water permeation of above 1000 L per square meters per hrs 
at one bar having a rate of rejection of more than ninety percent for molecules 
larger than two and a half nanometer. The membrane was stabilized on an anionic 
oxide of aluminum substrate. Comparable degradation speed membranes accom-
plished less well than the membrane which is based on MXene [246]. Separations 
of gas with liquids have demonstrated the potential of the membranes which are 
graphene oxide based. Coupled graphene oxide with the nanosheets made of MXene 
could lead to better performance. In an effort to create a ninety nanometer the thick 
membrane of Ti3C2Tx and graphene oxide nanocomposite, researchers attempted to 
combine graphene oxide and MXene. The lattice period of constructed membrane 
upon swelling was 14.28, which correlates to an interlayer distance of about 5 Å that 
permits for the passage of two layers of molecules of water. During the filtration by 
driven pressure at 5 bars, the membranes of nanocomposite successfully refused the 
molecules of dyes with hydration radii exceeding 5 Å and the dye molecules with 
positive charges. The constructed membrane was able to produce an outstanding rate 
of rejection which was sixty-eight percentage toward methyl red, 99.5% for methy-
lene blue, 93.5% toward Rose Bengal, and one hundred percentage for dazzling blue 
by cause of its layer structure. This study opened up a modern avenue for the advance-
ment of interlayer nanocomposite based on engineering membrane separation that is 
effective. In this situation, a 0.2 mega pascal MXene-coated with polyether sulfone 
ultra filtering membrane for desalination of dye and treatment of wastewater was 
produced. The constructed membrane composite had a homogeneous distribution of 
element and layers on the surface that were rough and thick. It’s interesting to see 
that the integrated MXene content affected how often dyes and salts which are inor-
ganic were rejected. Significant rejection rates to the gentian violet and Congo red 
dyes which are approx 93% and 81% respectively were seen under ideal conditions 
[247]. Because of the loose lamellar membrane composite framework, the rate of 
rejection of the inorganic salts was less than 23%. It has been reported that MXene 
has undergone treatment with silver nanoparticles in an effort to further enhance the 
fouling-repellent characteristics and boost the aqueous flow of membrane of MXene. 
Utilizing silver nitrate which is self-reduced on the material nanosheets the MXene 
with silver nanocomposite membranes with a range of Silver loadings 0 to 35% were 
created [248, 249]. The Silver and MXene membrane nanocomposite performed best 
when its average size of pore and thickness were around 2.1 and 470 nm. Addition-
ally, the MXene with silver nanocomposite membrane successfully rejected organic 
pollutants such as albumin of bovine serum, rhodium blue, and methyl green together
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with the degradation rate of 100%, 79.9%, and 92.3% demonstrating its suitability 
for use in these and other applications. Air filtration was also studied with membrane 
accordance on MXene. A nanosheet of MXene developed by PAN with the membrane 
fiber about the air filtering was mentioned [250, 251]. Titanium-based nanosheets 
of MXene were added to fiber of polyaniline, increasing the antibacterial capacity 
and the PM 2.5 elimination effectiveness toward 99.7% while maintaining a lesser 
pressure conditions prevail drop with 42 pascals. The vast surface area and easily 
available terminations on the MXene, which enable quick and successful adsorption 
for particles of PM 2.5 based on their powerful interaction forces, can be attributed to 
the significant PM 2.5 removal rate. The membranes based on MXene have capacities 
for water filtration. Even if the results are encouraging, there are still certain obsta-
cles to be solved before MXenes can fully realize their potential for air and water 
filtering. The most important issue is MXene’s swelling, which is an obstacle for the 
concurrent filtration of numerous charge particles of different sizes and is present in 
all two-dimensional materials. Furthermore, this affects the durability and recycla-
bility nature of MXene-based nanofilms. The effective solution to this problem is 
engineering of interlayer, where the MXenes having d-spacing is adjusted to modify 
dimensions, allowing the management of swelling and preventing collapse of the 
structure. This might encourage the creation of membranes which are MXene based 
with good selectivity, excellent capability, and great cyclability to filtering a large 
number of various pollutants. 

5.2.5 Photocatalytic Degradation of Pollutants 

A technology for environmental cleanup that shows promise is photocatalytic 
destruction of organic contaminants. Several semiconductors which are photoactive 
have so far demonstrated a promising ability toward photo-degradation of different 
organic contaminants, including Titanium dioxide, CdS, and g-C3N4. Such indi-
vidual photocatalysts made of semiconductors are effective, but their practical use 
is constrained by the photon-excited charged carrier’s rapid recombination. Here, 
MXenes can act as special building blocks for creating cutting-edge co-catalysts that 
will effectively reduce recombination of charge-carriers while improving the photo-
catalytic ability to disperse and adsorb [252–254]. It is described that the initial 
application of MXene for UV-induced removal of AB 80 with methylene blue dyes. 
For as long as twenty hours without light, MXenes were able to 18% adsorption of 
methylene blue and none AB 80, but during 5 h of light exposure, 62% of methylene 
blue and 81% degradation of AB 80 were attained, correspondingly. In this instance, 
the photocatalytic activity was a direct result of the titanium dioxide that was created 
following the partial oxidation of the surface of the titanium-based MXene material. 
While titanium dioxide offered photocatalytic function, Ti3C2 beneath it functioned 
as an absorbent platform and facilitated quick charge transmission. The composites 
of TiO2 with Ti3C2 have since received much research for use in photocatalysis. 
TiO2/Ti3C2 nanocomposites are already created for the photocatalytic degradation 
of methyl orange dye. 98% of the methyl orange in the nanocomposite was totally
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mineralized in 30 min, demonstrating the strong photocatalytic degradation capacity 
of nanocomposite [255]. Additionally, MXene with TiO2 composite was created, 
for which the facets of 001 titanium dioxide were produced through the incomplete 
oxidation of titanium carbide (Ti3C2) with the aid of Sodium tetrafluoroborate. In this 
instance, Ti3C2 served as both a counterpart to titanium dioxide with the active ingre-
dient for creation with the 001 facets of a Schottky junction of n-type surface semi-
conductor [75]. During the light source, the heterojunction achieved a photodegra-
dation speed of 18.8 per min/g for methyl orange dye by realizing an extremely low 
working function with a spatial dispersion of containing active charge-carrier. Later, 
the same research reported with 111 facets of TiO2-x with Ti3C2 nanocomposite 
materials in which two-dimensional Ti3C2 nanosheets were converted into Ti3+ ions 
doped with rutile titanium dioxide octahedrons with visible active facets of 111 by 
oxidation which is hydrothermal, subsequently followed by reducing by the hydrate 
of hydrazine. The two-dimensional Ti3C2 functioned as a channel for transferring 
holes generated by photons to enhance the efficiency of charge separation, while the 
visible titanium dioxide with 111 facets enhanced the photocatalytic performance 
of nanocomposite [256]. In visible light, the hybrid produced improved dye methy-
lene blue degradation is 75% in 150 min. Another use of the titanium dioxide with 
MXene nanocomposites was for the photodegradation of the drug contaminant carba-
mazepine [40], which attained degradation efficiency of about 99% in 4 h. Having 
Kapp value is 0.0304 per minute at pH level 3.0, the rates of photocatalytic procedure 
followed the model Langmuir–Hinshelwood of kinetic theory. A significant draw-
back of photocatalysts based on semiconductor that restricts their use over time in 
the photocatalytic degrade pathway involves recombination of charge carrier. This 
recombination of charge carriers can be easily reduced by building a semiconductor 
photocatalyst heterojunction with additional co-catalytic material in a proliferate 
type arrangement, while also increasing the rate of production of radicals such as 
free radicals like O2 and hydroxyl groups, which are liable for the elimination of 
the targeted contaminant. It was suggested combining the copper oxide and Ti3C2 

with titanium dioxide systems to create an effective heterojunction of Ti3C2/TiO2 

with copper oxide for copper oxide-based photocatalytic material. The composite 
was made by breaking down of Ti3C2 MXene and cupric nitrate mixture in an argon 
environment, and subsequently attained 99% methyl orange dye efficiency of degra-
dation in 80 min  [84]. In a comparable manner, [257] investigated the photocatalytic 
elimination of salicylic acids utilizing composites made of titanium carbide MXene 
with oxides of metal including titanium dioxide, silver oxide, and Palladium oxide 
as well as metals like silver, palladium, and gold nanoparticles. Interestingly, adding 
nanoparticles of noble metals to MXene did not much improve it beyond acting 
like metal sites to take electron away by the conduction band of titanium dioxide 
nanoparticles that had previously been inserted in MXenes to create composites of 
Ti2C/TiO2 with Ag2O. After 180 min of exposure, the Ti2C with 3% of TiO2 and 
with 1% of Ag2O arrangement produced the maximum salicylic acid degradation 
of about 96%. For the photocatalytic process, the full conversion of titanium-based 
MXenes into titanium dioxide with carbon nanocomposites has also been described. 
The method of extremely energetic ball milling of two-dimensional MXene produced
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titanium dioxide with carbon nanosheets. The titanium with carbon materials used 
in this instance was MXene, and the resulting nanoparticles of titanium dioxide were 
evenly dispersed on the single or multiple layers of carbide nanosheets. The titanium 
dioxide with carbon nanosheets demonstrated increased photocatalytic degradation 
of methylene blue dye by the degrading efficacy is about 86% in 360 min, in contrast 
to the pristine titanium dioxide [258]. To prevent recombination of charge particles 
and obtain significant photocatalytic efficacy, sulfides of metals are another important 
class of accessible and affordable minerals that have been combined with MXenes. 

Other photocatalysts have been incorporated into MXenes in addition to titanium 
dioxide, which is produced from titanium-based MXenes, to create enhanced co-
catalyst nanomaterials. A photocatalyst with little usage of solar spectrum, cerium 
dioxide, has received much research. In this case, a hydrothermal technique was 
used to combine finally dispersed cerium dioxide nanorods together with Titanium 
carbide nanosheets to create a cerium dioxide with titanium carbide nanocomposite. 
The nanocomposite demonstrated improved efficiency for the degradation by photo-
catalysis process of Rhodium blue dye by UV light radiation in comparison with its 
pristine different forms, with 75% of Rhodium blue being destroyed after 90 min 
[259]. Due to its availability, magnetic characteristics, resistance to corrosion, afford-
able price, and capacity to absorb visible light, hematite makes a desirable photocat-
alyst. A self-assembly method assisted with ultrasonic was used to create a hematite 
with titanium carbide MXene nanocomposite. In this instance, the titanium carbide 
MXene was attached to two-dimensional hematite nanosheets, creating a hybrid 
structure with strong visible absorbance capacity and excellent degradation effi-
cacy of 98% in 120 min of methylene blue dye [250]. While the hematite-based 
nanomaterials are a potential class of photocatalytic material, their intrinsic restrict 
bandgap inhibits the amount of light they can absorb and the amount of photocatal-
ysis they may perform. While the hematite-based nanomaterials are a potential class 
of photocatalytic material, their intrinsic restrict bandgap inhibits the amount of 
light they can absorb and the amount of photocatalysis they may perform. In this 
respect, BiFeO3 was doped with Gd3+ and Sn4+ to form BGFSO, which was then 
coupled with two-dimensional MXene to increase surface area and create a begin 
charging-transfer system. With minimal recombination of charge carrier, the BGFO 
and 20Sn with MXene nanocomposites displayed complete degradation through 
photocatalytic activity against CR dyes in a period of 120 min [74]. Similar to this, 
a sol–gel technique was used to pair up a Lanthanum, Manganese-codoped with 
BiFeO3 composite and with Ti-based MXene. By visible light radiation treatment, 
the manufactured composite produced a 92% degradation of Congo red dye in about 
10 min. Another kind of photocatalyst recognized for its great plasticity and superior 
chemical stability is ferrites with spinel structure, including CuFe2O4. The spinel 
ferrite nanoparticles having high magnetic properties, however, cause them to aggre-
gate quickly, which lowers the active site proportion [260]. To address this issue, a 
sol-hydrothermal technique was used to bind CuFe2O4 nanoparticles upon titanium 
carbide MXene nanosheets of material. Sulfamethazine, a pharmaceutical contami-
nant, was degraded photocatalytically by the CuFe2O4 with MXene photocatalytic 
material at a rate of 59.4% in visible light, with improved charge-carrier lifespan
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and photo accesibility [71]. In sequence to develop the light gathering abilities of 
photocatalytic material based on tungsten, MXenes were additionally employed as 
intriguing materials for support. The Ag2WO4 with Titanium carbide nanocomposite 
that developed permitted the heterogeneous dispersion of the Ag2WO4 catalyst due 
to the inclusion of the conductivity of Titanium carbide material. In addition to 
serving like a conductive agent toward lengthening the charge particles lifespan to 
34.5 micro seconds, titanium carbide immediately increased the catalytic efficiency 
and increased the corrosive resistance of Ag2WO4. Ag2WO4 with titanium carbide 
nanocomposite showed significant photocatalytic properties [261]. Additionally, a 
hydrothermal technique was used to create a two-dimensional hybridized photocat-
alytic material such as Bi2WO6 with Nb2CTx that showed potential photocatalytic 
properties toward rhodium blue, tetracycline hydrochloride and methylene blue. The 
2D interface design in this instance increased photogenerated charge carrier separa-
tion which is resulted in degradation efficiencies of 99.8% for rhodium blue, 83.1% 
for tetracycline hydrochloride and 92.7% for methyl blue [262]. 

Another instance of self-assemblage was used to create an Ag3PO4 with tita-
nium carbide catalyst. In comparison to Ag3PO4 graphene nanocomposites have 
significant photocatalytic rate for the breakdown of results show 2,4-dinitrophenol 
pollutants were 2.5 folds greater and 10 times larger than the Ag3PO4 pristine, corre-
spondingly. In this instance, the close interaction between the hybrids was credited 
with the higher photocatalytic efficiency, and the integrated Schottky barriers were 
in position for controlling recombination of charge carriers [263]. The carbon nitride 
which is graphitic in nature, i.e., g-C3N4 is a popular free of metal catalyst with 
good stability and a suitable bandgap that is one of the most frequently employed 
photocatalysts. However, the brief charge-carrier lifespan of g-C3N4 results in grad-
ually declining photocatalytic efficiency. In this respect, an induced evaporation self-
assemblage technique was used to create a visible-light recognizable photocatalytic 
material made of g-C3N4 and titanium carbide. Having completely degraded in about 
150 min, the g-C3N4 with Ti3C2 nanocomposite demonstrated outstanding photocat-
alytic efficiency against the pharmaceutical contaminant referred to as ciprofloxacin. 
The degradation curve resembled kinetic of pseudo first order, with the ciprofloxacin 
degradation occurring 2.2 times more quickly than the original g-C3N4 (pristine) 
when exposed to light that is visible [264]. The use of plasmonic particles, like 
silver, was recommended to later increase the functionality of g-C3N4 with Ti3C2 

nanocomposite. In this instance, the multilayered MXene composed of Ti3C2 served 
as a support and reducing agent to create nanoparticles of Ag, which later aided in the 
transit of electrons generated by photons. The silver integrated g-C3N4 with titanium 
carbide nanocomposite realized 81.8% aniline degradation performance attributed 
to the developed Schottky junction’ having increased absorption of light and elec-
tron donating property. When compared toward pure g-C3N4 (pristine) with titanium 
carbide, the degradation efficiency by photocatalysis was four to eight times more, 
accordingly [124]. 

The conversion of two-dimensional multilayered MXene in to three-dimensional 
macroscopic volume of the hydrogel has currently expressed excellent potential
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for photocatalysis [265, 266]. Soft materials based on MXene with variable char-
acteristics can be developed using these intriguing and adaptable platforms when 
MXenes are combined with hydrogel frameworks [265]. MXenes have also been 
successfully used in the non-irradiative catalytic elimination and degradation of 
contaminants from the environment. In this instance, the catalytic framework is 
set up to enhance the overall efficacy of the oxidizing agents or reducing agents to 
accomplish complete mineralization and total pollutant degradation. A simple two-
step procedure produced palladium with Ti3C2Tx MXene hydrogel of graphene that 
are three-dimensional interlinked porous framework. The palladium with Ti3C2Tx 
MXene hydrogel of graphene exhibited a noticeable porosity design when first gener-
ated, allowing it to absorb Ti3C2Tx expansion throughout the catalytic procedure. 
As a result, the palladium with Ti3C2Tx MXene hydrogel of graphene, which was 
mechanically strong, showed significant activity, simple separation, and favorable 
cyclability [366]. In another instance, a Co3O4 with Ti3C2 MXene nanocomposite 
was created utilizing a straightforward solvothermal technique. The Co3O4 with 
Ti3C2 nanocomposite showed exceptional methylene blue and rhodium blue dye 
degradation performance, i.e., 128.91 mg per gram of methylene blue degraded in 
the 300 min, 47.076 mg per g of rhodium blue degraded in the 100 min and it was able 
to sustain its catalytic properties for eight successive catalysis cycles [267]. One-pot 
method was used to create a sandwich type nanocomposite of Co3O4 with Ti3C2Tx 
that showed exceptional catalytic removal capacity against bisphenol-A in an envi-
ronment of peroxymonosulfate oxidant. The Co3O4 with 20% of MXene showed the 
most effective removal performance across the optimal material, degrading 95% of 
the bisphenol-A under 7 min [76]. A Pd with Ti3C2Tx composite was also suggested 
for the reducing morin and nitro compounds degradation. The procedure whereby 
Pd nanoparticles were self-reductively formed upon MXene and development of 
palladium nanoparticles was managed through modifying the duration of reaction. 
Having rates of reaction 0.089 and 0.180 per second, the Pd with MXene nanocom-
posite displayed remarkable catalytic breakdown capacity toward nitroaniline and 
4-nitrophenol in the presence of sodium borohydride. A period of eight successive 
cycles, the catalyst still exhibited strong activity, with rates of conversion of above 
94 and 91.8% for 4-nitrophenol and 2-nitrophenol, respectively. Morin, a mulberry 
coloring agent, could be broken down by the Pd with MXene catalyst, but the rate 
of degradation was not as high as it had been for 4-nitrophenol and 2-nitrophenol 
[268]. The photocatalysts based upon MXene described for the degradation by 
photocatalysis of ecosystem contaminants are listed in Table 2 together.

5.2.6 Electrocatalytic Sensors for Pollution Detection Using MXenes 

Toxin or pollutant analysis is the initial stage of environmental cleanup. Because of 
its easy use, sophistication, and specificity, the electrocatalytic technology is a desir-
able method for direct and indirect investigation of numerous pollutants. The catalytic 
ingredient of the designed sensor is directly responsible for the electrocatalytic sensor 
with sensitivity. The sensitivity and specificity of the sensor can be greatly enhanced
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Table 2 Efficiency of MXene and composite based on MXene photocatalytic material in catalytic 
degradation performance for certain pollutants 

MXene-based 
composite 

Contaminant Concentration Degradation 
efficiency 
(%) 

Reference 

TiO2 with Ti3C2 Methyl orange 20 mg/L 98 348 

TiO2 with Ti3C2Tx Carbamazepine 5 mg/L 98.67 351 

Ti3C2Tx Methylene blue 0.012 mg/L 81 320 

TiO2 with Ti3C2 Methylene blue 20 mg/L 75 350 

Titanium carbide and 
TiO2 with Silver 

Salicylic acid 100 μM 96 353 

Titanium carbide and 
TiO2 with copper 
oxide 

Methyl orange 20 mg/L 99 352 

CeO2 with Titanium 
carbide 

Rhodium blue 20 mg/L 75 355 

MXene with 
BGFO-20Sn 

CR dye 100 ml 100 357 

MXene with 
CuFe2O4 

Sulphamethoxazole 40 mg/L 59.4 359 

Bi2WO6 with 
Nb2CTx 

Rhodium blue, tetracycline 
hydrochloride and methyl 
blue 

15 mg/L 99.8, 83.1 
and 92.7 

361 

g-C3N4 with titanium 
carbide 

Ciprofloxacin 20 mg/L 100 363

by using electrocatalytic substance with strong active surface, enough conductivity, 
and relevant redox reactivity. MXenes have recently attained a great interest from 
the sensing world because of their active functionalities, hydrophilic nature, and 
variable surface chemical composition [269]. In order to gain increased sensitivity 
and specificity, MXene could also be easily designed or usually combined with 
other chemical components, like carbon-based compounds and metallic nanoparti-
cles. It was discovered the use of two-dimensional sheets of MXene in the oxidation/ 
reduction-based catalysis method for identifying the bromate charge particles with 
relation to hazardous ions. The spectroscopic investigation showed that the regular 
decrease of bromate and an incomplete MXene material oxidation occurred as a 
result of bromate ions adsorption onto MXene nanosheets. Having a limit of detec-
tion of 41 nM for a working aperture of 50 nM with 5 μM the built sensor demon-
strated good sensitivity. The research demonstrated the direct applicability of MXene 
nanosheets in oxidation/reduction-based sensor framework [270]. It was shown how 
to use PANI with modified titanium carbide layers for the electrochemical analysis 
of ions containing mercury in a different scenario of dangerous metal detection. 
Through their co-coupling, the PANI with Ti3C2 nanocomposite achieved a uniform 
identification limit from 0.1 to 20 gL per 1 and a small limit of detection of 0.017
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gL per 1. Acetylcholinesterase-based electrocatalytic devices for weak concentration 
organophosphate pollutant identification which is pesticide suffer from inadequate 
transfers of electrons. A further investigation suggested using nanosheets made of 
Ti3C2Tx directly to detect carbendazim by electrocatalytic method. The results of 
the computational simulations demonstrated the significance of Ti3C2Tx MXene 
having fluoride terminal groups for electrochemical detection. The instrument had a 
low limit of detection of 10.3 nM, highly selective in recognizing fenamiphos pres-
ence, metal ions, and ametryn was able to identify the drug with the range from 50 
to 100 nM [271]. Furthermore, it suggested an MXene with rGO nanocomposite 
for carbendazim. The electrolytic transformation of graphene oxide to rGO was 
done after the MXene and graphene oxide were coupled in solution environment to 
create the composite. Based on quick charge-transfer routes and more active sites on 
surface, a conductive framework of rGO packaged with layers of MXene was built as 
an infrastructure with better catalytic performance and signal generating capability. 
The MXene with rGO therefore displayed a highly sensitive response of signals 
against carbendazim 2.0 nM to 10.0 M linear broad range and a lesser limit for the 
detection of 0.67 nM [272]. The designed electrocatalysts might also function in a 
matrix of organic material, including samples of cucumber and orange juice. Envi-
ronmental contaminant detection has also been investigated using structures made 
of MXene composites. MXenes are a possible substrate for assembling compos-
ites that are hybrid due to their excellent conductivity, two-dimensional framework, 
wide surface area, hydrophilic nature, and mechanical adaptability [273]. Addition-
ally, the multiple layers of MXene and its controlled surface chemical composition 
enable composites that are based on MXene to exhibit beneficial characteristics, 
improving both the selectivity and sensitivity of the sensors [274]. In a similar way 
tyrosinase, which was employed to identify phenol, was immobilized on an MXene 
framework modified with chitosan. The MXene having advantageous functionali-
ties and two-dimensional interfacial structure made it simple to bind molecules of 
chitosan, which made it easier for the enzyme tyrosinase to get immobilized. The 
tyrosinase enzyme having ability to transform ortho-quinone from phenol, which 
was then reduced electrochemically on surface of electrode to polyhydric phenolic 
group, provided the basis for the detection process. This increased the electrocat-
alytic signal of phenol. At a phenol recognition range from about 0.05 to 15.5 mol/ 
L and a detecting range of 12 nmol/L, the manufactured tyrosinase based on MXene 
biosensor demonstrated excellent analytic capability [275]. The most modern elec-
trocatalytic detectors based on MXene are made to investigate different ecosystem 
contaminants. However, MXenes have demonstrated remarkable promise in sensing 
machines; further research should focus on anodic stability toward MXene for the 
efficient electrocatalytic identification of desired contaminants.
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6 Conclusion and Summary 

From its initial research, MXenes have demonstrated enormous potential due to 
variety of applications by cause of their customizable surface chemical features, 
easiness of functionality, strong hydrophilic nature, and outstanding conductivity. 
In this above-mentioned overview, we already discussed the current development 
of MXenes applications for treatment of the environment, beginning with adsorp-
tion capacities and separation of membranes, photocatalysis process, and expanding 
to electrocatalytic detectors specifically made for identifying pollutants. MXene-
based nanostructures have interesting adsorption properties due to their huge surface 
area and -vely charged on surface. The sorption properties of MXene and similar 
composites need to be investigated for a number of ecological applications including 
adsorption and photocatalytic elimination of hazardous pigments, ions, and chemi-
cals. MXenes, as opposed to traditional sorbents like carbon and nanomaterials based 
on graphene, offer a number of benefits in terms of customizable surface chem-
ical composition and high hydrophilic nature, making it simple to surface-absorb 
contaminants. 

The stability of the sheets of MXene continues to be a significant problem for 
membrane separation and adsorption that has a direct impact on the total life-span 
of MXene-based adsorption agents. Additionally, the makeup of the surface compo-
nents has a role in the process of adsorption. As a result, it might be expected 
that newly developed synthetic pathways and following treatment techniques will 
improve membrane stability and enable selective adsorption. In order to enhance 
adsorption of photons and begin charging-carrier transport, it is necessary to construct 
well-linked interfaces for the usage of MXenes in photocatalytic processes to elimi-
nate contaminants. In this situation, tailored hybrids with enhanced interfacial config-
urations and better redox activity could provide effective and wide-spectrum photo-
catalytic material with strong degradation potential. The employment of MXenes in 
environmental cleanup technology is hampered by their instability. In-depth research 
is necessary to comprehend oxidation processes in various solvents with ensuing 
lattice modification of MXenes. Additionally, it is important to concentrate on how 
the electronic composition of MXenes changes after being doped with many different 
metals and oxides of metals to create effective photocatalysts, for which the atomic-
level analysis approach will be useful. The size of the MXenes flake directly affects 
the regulation of waterflux in the membrane. Therefore, it is important to utilize both 
experimental and theoretical techniques in order to uncover the underlying process 
and achieve an optimal flow rate with a significant salt rate of rejection. Another 
problem for MXene-based membranes and adsorption agents is the selective accu-
mulation/isolation of hazardous species, which necessitates experimental approaches 
aimed at building sheets of MXene with a single kind of consistent terminations. 
Membranes made of MXene have a propensity to expand, which results in poor 
selectivity and the removal of ions. To prevent expansion or collapse in structure of 
the material membranes in this situation, interlayer design to adjust d-spacing of the 
nanosheets of MXene may be a liable option. MXenes produced development in the
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stream of electrocatalytic sensing networks, one of more current uses. MXenes are 
recognized as the ideal framework for the electrocatalytic detector because they give 
better conductivity along with excellent dispersibility, compared to graphene, which 
provides favorable conductivity at the tradeoff of poor hydrophilic properties. Imme-
diate application of MXene toward electrocatalytic identification of contaminants is 
currently hampered by its anodic durability. In this circumstance, nanocomposites 
are made by combining MXenes with electrical-active polymers which are shown 
to be successful in identifying contaminants like toxic metal ions. It has also been 
claimed that MXenes can be used with sensors which are enzyme based and are 
responsive to phenolic contaminants. As the application of MXenes in sensors that 
are electrochemical remains in its nascent stages, an extensive knowledge of electro-
chemical performance regarding its surface is necessary. Even though the inclusion 
of MXenes inside electrocatalytic detectors has increased the sensibility of signal 
and the restriction of detection for different contaminants, MXenes are typically only 
used to boost conductivity. Nb2CTx and V4C3Tx, two other MXene segments, should 
generally also be researched for their adaptability and usefulness in ecological reme-
diation techniques. Additionally, research should focus on composites with hybrid 
properties derived from MXene that can advance ecological cleanup technique. 
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2D Metal Carbides and Nitrides 
(MXenes) in Water Treatment 

Ankita Yadav, Swati Agarwal, and Suphiya Khan 

Abstract One of the biggest health concerns in the world is the rise in pollutants like 
hazardous refractory impurities, organic compound dyes, pharmaceuticals, and pesti-
cides that are released into water supplies as a result of population growth and global 
industrialization, due to its distinctive and versatile qualities, such as surface func-
tionality, high photothermal efficiency, and tunable interlayer spacing. The scientific 
community is very interested in the potential benefits of MXenes for water purifica-
tion because of their high conductivity, hydrophilicity, and catalytic activity. MXenes 
showed significant sorption selectivity and effective reduction capabilities for several 
water contaminants. Adsorbents, electrodes, desalination membranes, and antibac-
terial agents for purifying water are just some of the ways MXenes have advanced 
in recent years. To shed insight on the development of MXene-based membranes, 
idyllic nominees for water purification, and their practical separation applications, 
future views and concerns are also discussed. 

Keywords MXenes · Desalination · Adsorbent · Two-dimensional materials ·
Water purification 

1 Introduction 

Water, a valuable natural resource, directly affects the circumstances of human 
survival. However, the issue of water contamination follows and worsens due to the 
nation’s economy and society developing so quickly [1]. The public is concerned 
about a variety of organic pollutants released into our rivers, lakes, and seas 
without any efficient treatment since they negatively impact the water quality [2– 
4]. According to estimates, World Water Day highlights that about 2.5 billion people
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lack the most basic sanitation, putting them at an increased risk of contracting infec-
tious diseases and dying prematurely [5, 6]. The World Health Organisation (WHO) 
estimates that diseases and decreasing water quality could cause one newborn baby 
death worldwide every minute. Surprisingly, this water issue is quite serious, and 
the growing water quality issue has been seriously disrupting the hydrological cycle 
and posing a serious threat to humanity’s ability to obtain clean and safe water [7]. 
Therefore, maintaining livelihoods and protecting people from organic contaminants 
in the water system and water-borne diseases requires efficient and affordable water 
treatment technology. 

Chemical precipitation, flocculation, electrolysis, coagulation, reverse osmosis, 
membrane separation, ion exchange, evaporation, and adsorption are examples of 
traditional water treatment methods that have been tried and failed to remove complex 
and recalcitrant organic pollutants from water streams [8]. The methods have several 
problems, including low removal efficiency, high sewage sludge production, ineffi-
ciency with regard to cost and energy, the development of toxic by-products, and the 
addition of potentially dangerous chemicals into the ecosystem [9]. The most efficient 
and cost-effective technique has been discovered to combine adsorption, desalination, 
and photocatalysis. Furthermore, they can be used as adsorbents to adsorb compounds 
from contaminated solutions [10]. To name a few of these cutting-edge functional 
nanomaterials, there are some metal–organic frameworks (MOFs), zeolites, carbon 
nanostructures, and ceramics. Developing useful nanomaterial-based devices can 
help us enhance applications for environmental remediation [11]. However, their 
use is restricted by poor selectivity, a low clearance rate, exorbitant costs, and other 
drawbacks [12, 13]. 

Researchers also employ two-dimensional (2D) nanomaterials because of their 
distinct structures and functionalities to solve environmental issues. A wide range 
of substances, including oxides, halides, hydroxides, transition metal chalcogenides, 
and graphene and its derivatives, are included in the family of 2D nanomaterials 
[14]. 2D nanomaterials are very thin in structure and have lateral dimensions (tens 
of nanometers to a few micrometers) [15]. The enormous lateral dimensions and 
nanoscale thickness of 2D nanomaterials make them appropriate for various environ-
mental remediation applications, including adsorption, sensing, and catalysis [16]. 
Graphene-based materials are commonly used for the environmental remediation 
process. It can be used as sorbents, membrane separators, and sometimes as photocat-
alytic materials for waste purification [17, 18]. Historically, GO and GO derivatives 
are the most exploited 2D materials for removing various contaminants from aqueous 
solutions [19, 20]. However, the possible applications of graphene are limited by how 
easily it can be stacked again to create graphite [21]. 

MXenes are the family of transition metal carbides, nitrides, and carbonitride 
compounds. The general formula used for MXenes is Mn+1XnTx (n = 1–3), where 
M represents the transition metal group, X is used for carbon or nitrogen, and Tx 

is used for surface terminal groups such as −OH, −O− or F. A new kind of 2D 
nanomaterial, MXenes, has recently emerged from this group [22]. So far, different 
MXenes have been synthesized successfully, which are Ti3C2Tx, Ti3CNTx, Ti4C3Tx, 
Ti2CTx, Nb4C3Tx [23], V2CTx, Nb2CTx [24], and Nb4C3Tx [25].
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Other MXene compositions have been created, such as Mo2Ti2C3, (V0.5, 
Cr0.5)3C2, and (Ti0.5, Nb0.5)2C, all of which feature more than one transition metal 
in the M layers [26]. However, applying selective acid etching techniques to make 
nitride MXenes is still fascinatingly difficult. The only material that stands out is 
titanium carbonitride, Ti3CN, which has been researched for various uses [25]. In-
depth research into nitride and carbonitride MXene for environmental remediation 
applications is thought to be hindered by this. 

MXenes are ideal for membrane separation and waste removal because of their 
beneficial properties. MXenes contain abundant, non-toxic components, including 
Ti, N, and  C [25]. MXenes are, therefore, prospective and effective photothermal 
materials and adsorbents that can be employed for environmental remediation [26, 
27]. The titanium-based MXene Ti3C2Tx has the most promising usage possibilities 
in water treatment [28]. The specialized fields include heavy metal removal [29, 30], 
organic dye removal [31], removal of radionuclides [32], and bacteria removal [33], 
among others. This chapter describes what are MXenes and their derivatives, and their 
application in the treatment of water. The first section of the chapter initially describes 
the methods for MXene synthesis, including etching, delamination, and surface modi-
fication. In the second section, the important properties of MXene in terms of conduc-
tivity, selectivity, and stability were discussed. Finally, we spoke about how MXene 
may be used to purify water by removing radionuclides, dyes, heavy metals, and 
other organic and inorganic impurities by adsorption and membrane separation. 

2 MAX Phases and Synthesis of MXenes 

A-layers, a layered material, join 2D Mn+1Xn in MAX phases. Elements that can be 
used are Al or Si due to the M-A bond’s higher degree of fragility and comparative 
failure compared to the M-X bond. As a result, the MAX phases’ A-group atoms 
are stripped out to generate MXenes (Fig. 1a) [34, 35]. Their increased strength and 
stiffness enhance the performance over time of MXenes for industrial applications 
like water treatment. 

2.1 Conventional Synthesis Procedure 

After wet etching to form MXenes from a precursor MAX phase [36], bulk crystals 
are exfoliated into single- or multilayer MXene sheets using an etchant, typically 
hydrofluoric acid (HF). To explain the synthesis of MXenes, we can use the following 
equations: 

Mn+1 AXn(s) + 3HF (aq) => Mn+1 Xn(s) + AF3(s) + 3/2H2(g) (1)
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Mn+1 Xn(s) + 2H2O(l) => Mn+1 Xn(OH)2(s) + H2(g) (2) 

Mn+1 Xn(s) + 2HF(aq) => Mn+1 XnF2(s) + H2(g) (3) 

(1) As a result of the interaction between HF (or fluoride ions) and the A layers of 
MAX phases, MXene layers are formed. 

(2) All A atoms in MAX phases have been swapped out for hydrophilic -OH, -O, 
and/or -F groups. 

(3) When the connections among the Mn+1Xn layers break down, MXenes, which 
resemble graphite in their loose packing, develop. 

MXene having negatively charged surfaces resulting from forming different func-
tional groups (−OH, −O, and/or −F) results in solid dispersions (synthesized flakes 
with diameters between 1 and 10 m). For the creation of Ti3C2Tx MXene, which 
was originally synthesized in 2011, Ti3AlC2 is the most popular MAX precursor 
[37–39]. For the synthesis of Mo2C, Ti2C, Ti3SiC2, and some other MXenes, the HF 
etching approach has been commonly utilized [40]. However, there are risks associ-
ated with consumption and handling when synthesizing MXenes using HF etchants. 
Additionally, this method fails to produce stable nitride-based MXenes (Tin+1Nn) 
[41]. Therefore, creating more eco-friendly techniques for the synthesis of MXene 
is required. 

2.2 Novel Approaches for Synthesizing MXene 

Softer and less damaging etchants have recently been developed in contrast to HF to 
exfoliate the classic and evolving MAX phases [41]. These methods may be broken 
down into three classes: (a) hydrothermal procedures, (b) MXene synthesis without 
the use of fluoride, and (c) MXene synthesis utilizing gentler fluorine salts. Multi-
layered, early transition metal carbides may be made using these techniques, having 
a wide range of compositions and tunable physical and chemical characteristics 
(Fig. 1b) [42]. For instance, Ti3C2Tx MXene monolayers made employing a mixture 
of lithium fluoride (LiF) and HCl are of greater quality and have defect-free surfaces 
than MXenes formed with normal HF etching (Table 1). Ti3C2Tx, utilized to remove 
electrically negative compounds from waterways, can be created using milder etchant 
solutions such as ammonium bifluoride (NH4HF2) [43]. Hydrothermal processes 
remove the risk of exposure to toxic HF vapors. Hydrothermal etching of Ti3AlC2 

sheets with etchants such as NH4F results in Ti3C2Tx MXene [44]. Researchers 
have shown that hydrothermal etching using NaBF4 and HCl may produce Ti3C2 

and Nb2C MXenes without needing HF [45, 46]. When compared to HF-etched 
MXenes, those generated by hydrothermal methods are markedly superior in terms 
of their ability to remove A groups, the purity of their bilayers, the simplicity with 
which they may be exfoliated, and the value of their c-lattice parameter [45]. MXene
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Fig. 1 a Diagram showing the changes in Ti3AlC2’s atomic structure as it is exfoliated from the 
MAX phase precursor (Ti3AlC) to ML-Ti3C2Tx and then, after cation intercalation, to DL-Ti3C2Tx. 
(Adapted from Ref. [50] and reproduced with permission of Copyright! 2019 Materials Today, 
b Synthesis approaches for preparing DL-Ti3C2Tx utilizing direct HF and in situ HF techniques 
(Ref. [35] and reproduced with permission of Copyright! 2019 from Materials Today

may now be synthesized without the use of HF thanks to advances in the field [47] that 
have enabled different methods, such as melting salt, salty-templated, and chemically 
deposited vapor. After soaking Ti3AlC2 in 1MNaOH  for 100 h at 80 degrees  [48], Al-
layers from MAX phases may be produced by hydrothermally treating the material in 
1 M H2SO4 for two hours at 80 degrees. Due to its length, however, scalability must 
take precedence over optimization. Ti3AlC2 anodic corrosion is a possible alternative 
approach; however, it has not been widely used yet [49]. More research is needed to 
find a safer way to synthesize MXenes while still achieving the desired controlled 
surface functionality, high surface area, and effective physiochemical strength. 
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Table 1 MXene hybrid 
composition, synthesis, and 
structure [56, 57] 

MXene hybrid Synthesis Morphology 

Ti3C2Tx HCl-LiF Clay 

Ti3C2Tx HF etching Paper 

Ti3C2Tx HF etching Nanosheets 

Ti3C2-C3N4 HF etching Film 

Mo2CTx HF etching Nanosheets 

Ti3C2Tx-EG HF etching Nanosheets 

Ti3C2Tx-CNT HF etching Film 

Ti2COx HF etching Particles 

Hf3C2Tz HF etching Nanosheets 

V2C HCl-NaF Nanosheets 

Mo2TiC2 HF etching Paper 

Nb2C3Tx HF etching Nanosheets 

Ti3C2 HF etching Paper 

Nb2CTx-CNT HF etching Paper 

V2CTx HF etching Nanosheets 

NaV2CTx-HC HF etching Nanosheets 

Sulphur-T2C HF etching Nanosheets 

Ti3C2Tx-polypyrrole HCl-LiF Paper 

d-Ti3C2Tx-glycine HCl-LiF Film 

Ti3C2Tx-rGO HCl-LiF Nanosheets 

Na0.23TiO2-Ti3C2 HF etching Sandwich 

Ti3C2Tx-CMK5 HF etching Nanosheets 

Li4Ti5O12-Ti3C2Tx HF etching Nanosheets 

Ti3C2Tx-SnS2 HF etching Sandwich 

BiOCl-Ti3C2Tx HF etching Nanosheets 

SnS-Ti3C2Tx HF etching Nanosheets 

2.3 Delamination 

In many cases, MXene nanosheets reassemble into neat columns after being etched, a 
phenomenon attributed to van der Waals forces. These ordered arrangements reduce 
an electrode’s salt adsorption capacity (SAC) by limiting the intercalating activity in 
the interlayer region. Delamination may be accomplished by increasing the distance 
between layers and using dimethyl sulfoxide, tetramethylammonium hydroxide, or 
another organic solvent [51]. Solvents of this kind can affect interlayer modification 
by osmotic swelling, ion exchange, and, ultimately, exfoliation. The attraction forces 
among the layers are considerably reduced, leading to delamination and an excessive 
amount of liquid being sucked into the original structure [52]. If further delamination 
is needed, the MXene flake size will be lowered, but this process might introduce
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new structural defects [45]. Recent publications provide a more thorough overview 
of MXene synthesis and delamination techniques [41, 53, 54]. SEM pictures of the 
MAX phase, MXene, and Cu-MXene materials are shown in (Fig. 2.) SEM pictures 
of the MAX phase at lower and higher magnifications are shown in (Fig. 2a, b). It was 
discovered that the MAX phase sample has a multilayer structure. The SEM pictures 
of the MXene sample are shown in (Fig. 2c, d). After the MAX phase was etched, 
as shown in the figure, separated layers or increased interlayer spacing between the 
two layers was seen. A photograph of the MXene sample at greater magnification 
revealed the inter-layered space between the two layers (Fig. 2d). The Cu-MXene 
material is shown in (Fig. 2e, f). As can be seen from the figure, sparkling particles 
and separated layers or interlayered gaps between the two levels are present [55].

3 Properties of MXenes 

3.1 Theoretical Capacity 

A significant specific capacitance is found in Ti3C2Tx MXene, particularly due to the 
high number of pseudocapacitive sites; as a result of the oxygen functional groups 
being protonated, Ti’s valence phase, which is bonded to the oxygen surface cate-
gories, shifts continuously. Because of this, MXenes in an acidic electrolyte exhibit 
the following pseudocapacitive charge storage properties: According to a recent study 
[55]. 

Ti3C2Ox(OH)yFz + dH + +de � Ti3C2Ox−d(OH)U+dFz 

The highest theoretical capacity for Ti3C2Tx in the potential range of 0.6–0 V is 
around 615 C g1 [55]. For a voltage range of 0.55 V, the experimentally obtained 
values are close to 135 C g1, much lower than the predicted capacity. The limited 
potential range may be to blame for stifled redox processes or underutilized active 
sites. Electrochemical studies of MXenes typically use platinum or gold current 
detectors [55]. Both possible consequences are water splitting in the relevant poten-
tial range and a drop in Coulombic efficiency owing to the repeated charge–discharge 
process. A large potential window of 1 V was achieved by employing glassy carbon 
to serve as the MXene electrode’s current collectors to get around this. This is due 
to the excellent overpotential that glassy carbon exhibits for the hydrogen evolu-
tion reaction, which permits the investigation of the inherent properties of various 
materials within the targeted potential range without causing water to be split. The 
90-nm-thick electrodes could attain a specific capacitance of up to 450 F g1, equiv-
alent to a very high volumetric capacitance of about 1500 F cm3 [58]. The optical 
capacitance of MXene can be increased by altering the surface chemistry and/or 
doping heteroatoms. For example, adaptable and unsupported N-doped Ti3C2Tx films 
were successfully made via solvothermal processing. The resulting nitrogen-doped
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Fig. 2 SEM images of the prepared a, b MAX phase, c, d) MXene, and e, f Cu-MXene materials. 
(Adapted from Ref. [55] and reproduced with permission of Copyright! 2023 Materials Chemistry 
and Physics

Ti3C2Tx films broke the previous record for all known MXene-based materials with 
an extraordinarily high capacitance of 2836 F cm3 (927 F g1) at 5 mV  s1. [59].
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3.2 Electronic Band Structure 

MXene’s most significant characteristic is its metallic behavior, which is similar to 
MAX phases and has an electron density that is well-fixed and close to the Fermi level 
[60]. By creating more Ti-X bonds, the metallic behavior can be tailored. MXenes 
can be produced by changing the functional terminal groups in a narrow band-gap 
semiconductor. The degree to which surface functionalization modifies the electrical 
composition of MXene is a major factor in determining its electronic characteristics. 
Because their oxidation states are equivalent and both allow for the donation and 
acceptance of a single electron, the electrical structures of MXene are similarly 
affected by the F and OH groups. On the other hand, O groups act differently because 
they receive two electrons in the equilibrium state [61]. The band structure topology 
of MXene can be trivial or non-trivial depending on their spin–orbit interaction. 

MXene can also be divided into semiconducting, metallic, and metallic-semi-
metallic forms based on electrical conductivity. Ti3C2Tx filtrated film possesses 
a lot of chemical diversity and strong intrinsic electronic and ionic conductivities 
compared to graphene [60]. Ti3C2Tx filtrated film possesses a lot of chemical diver-
sity and strong intrinsic electronic and ionic conductivities compared to graphene. 
Ti3C2Tx’s electrical conductivity is strongly influenced by its morphological and 
surface properties since high conductivity can frequently result from excellent contact 
between tiny individual flakes and big flake sizes. The metallic conductivity of the 
Ti3C2Tx film has been shown experimentally to be higher than that of any other 
type of 2D metal sulfide or hydroxide [60]. For comparison, graphene has a conduc-
tivity of 6000 S cm1, and restacked MoS2 has a conductivity of 1.37 9 102 S cm1, 
while the conductivity of severely flawed HF-etched Ti3C2Tx powders is less than 
1000 S cm1 [62]. 

3.3 Morphology and Surface Chemistry of MXenes 

MXene morphologies are significantly influenced by the etching technique and 
etchant concentration. Beginning with the MAX phase, the creation of accordion-like 
m-MXene utilizing the HF etching approach; a greater HF concentration corresponds 
to more significant openings of MXene lamellae. These moderate etching methods 
(mild LiF-HCl and fluoride-based methods) remove the “A” element despite having 
a comparable morphology to the MAX phase. As a result, XRD and EDX studies 
should be made instead of relying solely on the accordion-like morphology to deter-
mine whether Al was successfully removed from the MAX [45]. Several studies have 
demonstrated that MXene surface terminations are randomly distributed rather than 
concentrated in one area with a particular set of functions [63]. Moreover, there are 
no nearby OH terminations.
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3.4 Mechanical Properties 

Excellent mechanical flexibility can be seen in delaminated MXene nanosheets, espe-
cially in the MXene monolayer. Young’s modulus of a monolayer or bilayer nanosheet 
has proven difficult to measure; however, it can be easily determined by filtering a 
delaminated MXene solution via a vacuum. To study the elastic properties of MXenes 
(monolayer and bilayer Ti3C2Tx), a recent technique, nanoindentation, with the help 
of an atomic force microscope tip, has been utilized. Testing yielded force–displace-
ment curves that were used to determine the effective Young’s modulus of a single 
layer of Ti3C2Tx, which was found to be 0.33 TPa [64]. The experimentally deter-
mined Young’s modulus of monolayer Ti3C2 in free space is 502 GPa, which is not 
too far off from the expected value [65]. Strains of 9.5% under biaxial stress and 18% 
and 17% under uniaxial tension were within the strain tolerances of bare 2D Ti3C2 

because of the stretching and contracting of the Ti-C bonds [65]. However, polymers 
such as chitosan and polyethylene, when added to Ti3C2Tx films, may improve their 
mechanical characteristics. For instance, when PVA was intercalated into Ti3C2Tx, 
the resulting composite films showed excellent mechanical and electronic conduc-
tivity and could withstand 5000 times their own weight. In light of these findings, 
developing conductive polymer/MXene composites for reinforcing composites has 
great promise [66]. 

3.5 Thermal Stability Properties 

Applications involving solution or thin-film storage need more investigation into 
MXene’s thermal stability. It was discovered through thermogravimetric and mass 
spectrometry analyses that the environment and chemical makeup of MXenes signifi-
cantly impacted their thermal stability [65]. A thermogravimetric investigation shows 
that a substantial amount of mass is lost beyond 800 degrees Celsius in an argon 
(Ar) environment when Ti3C2Tx is converted to TiC. When heated in an oxygen 
atmosphere during annealing, however, Ti3C2Tx. 

Additionally, MXene’s exceptional thermal conductivity is advantageous for elec-
tronic devices. Lattice size affects MXene’s thermal conductivity. For instance, it is 
projected that the thermal conductivity of HF2CO2 in a 5-lm flake will be 86.25 
W m1 K1, and it will climb to 131.2 W m1 K1 in a 100-lm flake. HF2CO2 has a 
thermal expansion coefficient of 6.094 9 106 K1 at room temperature [67]. By doping 
MXene with n-atoms, single-layer Mo2C’s thermal conductivity is raised from 
48.4 to 64.7 W m1 K1 in the armchair direction at room temperature [68].
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4 Application of MXene in Water Purification 

MXene has emerged as a popular option for water treatment, particularly heavy 
metals, radionuclides, excess salt, and the elimination of bacterial contaminants 
due to its potent adsorption properties (Table 2). Ti3C2Tx MXene’s enhanced ion 
reduction and adsorption capabilities following surface modification present yet 
another potential avenue for water treatment. As a result, Ti3C2Tx MXene and 
composite nanomaterials based on Ti3C2Tx MXene are perfect adsorbents for water 
contaminants [69].

4.1 Ti3C2Tx MXene in Removing Heavy Metal Ions 

Heavy metal industrial discharges into waterways have now raised concerns on a 
global scale. Toxic metals found in industrial effluent include lead, nickel, copper, 
chromium, mercury, and others that tend to build up in living things and cannot 
be broken down [70]. These have a substantial effect on organisms over time as 
well. Therefore, it is essential to purge water sources of heavy metal ions. Recently, 
several researchers added polymers to the outer layer of MXenes to eliminate ions 
of heavy metals using several processes, such as physiological acceptance, hydrogen 
bonding, and magnetic attraction. MXene-based polymer composites can be made 
using Ti3C2Tx and levodopa (DOPA) to remove Cu2+ under moderate reaction condi-
tions [71]. Using an intercalation peeling technique, we created a new form of 2D 
Ti3C2Tx nanosheet that effectively removes hazardous Cr(VI). More importantly, 
the amount of Cr (VI) that was successfully transformed into a less dangerous Cr(III) 
form was substantially below the WHO-recommended level for drinking water [72]. 

In brief, HF acid was used to produce the Ti3C2Tx MXene, which was then mixed 
with MXene in a Tris buffer solution to provide a final pH of 8.5 for the suspen-
sion. After combining the MXene suspension and PODA solution, a centrifuge was 
used to separate the components before being washed with deionized water. It was 
demonstrated that Ti3C2Tx-PDOPA had a significantly higher adsorption capacity 
for Cu2+ than Ti3C2Tx. The functional groups of DOPA contributed to the electro-
static contact process that allowed for the absorption of additional Cu2+ from water 
[73]. The new surface modification strategy’s considerable increase in adsorption 
capacity. These results demonstrated that when Cu2+ concentrations increased, addi-
tional sites for adsorption filled up, and the number of optimum adsorption capacity 
sites increased as the adsorption process gradually neared saturation [69]. To decrease 
Cr(VI), intercalated Ti3C2Tx with DMSO after preparing Ti3C2Tx using HF acid at 
various doses. Ti3C2Tx 10% nanosheets, which have the highest specific surface area, 
showed the greatest removal performance of 250 mg g−1 [74]. The reaction speed 
slowed when the active site and Cr(VI) concentrations dropped. In addition, the rate 
at which Cr(VI) was removed increased when the concentration of Ti3C2Tx 10% 
nanosheets rose from 0.2 gL−1 to 1.0 gL−1. The Cr(VI) clearance rate was likewise
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correlated with pH level. The rate of elimination increases as the pH decreases. The 
rate of Cr(VI) elimination decreased significantly as pH increased [30]. The effective 
removal of various heavy metal ions from an aqueous environment using MXene-
based adsorbents. Improved adsorption capability against the removal of harmful 
heavy metals in water treatment methods was revealed by MXene-based adsorbents. 
These investigations suggested using MXene-based adsorbents to remove dangerous 
pollutants and contaminants from an aqueous environment effectively. 

4.2 Ti3C2Tx MXene in Removing Organic Dyes 

Dye use has been commonplace in several manufacturing sectors, most notably the 
printing, textile, and paper industries. The environment has been severely harmed by 
dye wastewater [74]. Literature indicates that dyes are highly toxic to both plants and 
animals, being both mutagenic and carcinogenic. Numerous nanocomposite mate-
rials have been discovered in recent years for dye adsorption. Due to their excellent 
adsorption and catalytic capabilities, several dyes can be removed using MXene 
and MXene-based materials such as methylene blue (MB), methyl orange (MO), 
rhodamine B (Rh B), etc. (Fig. 3) [75]. Developed a self-forming Ti3C2Tx MXene 
nanocomposite that was altered by cubed Co3O4 ions using the solvothermal method. 
The Ti3C2Tx sheets were well-organized composite structures with evenly scattered 
Co3O4 particles on their surfaces and internal layers, which facilitated the break-
down by catalysis of the MB and RhB dyes [76]. Wide surfaces of the MXene-Co3O4 

composite, which were favorable for the adsorption of dye molecules, were princi-
pally responsible for its remarkable performance in the catalytic breakdown of MB 
and RhB [77]. 

Fig. 3 MB adsorption characteristics that can be recycled in a schematic representation of the 
synthetic process for PA-MXene composites using a hydrothermal technique [75] Copyright! 2020 
Colloids and Surfaces A: Physicochemical and Engineering Aspects



158 A. Yadav et al.

Dye adsorption findings are shown for both conventional MXene (t-Ti3C2) made 
using HF acid etching and hydrothermally synthesized MXene (h-Ti3C2). Neither h-
Ti3C2 nor t- Ti3C2 could easily adsorb the anionic dye MO, as the negatively charged 
Ti3C2 generated by wet chemical methods repelled MO. On cationic dyes (like MB), 
the produced Ti3C2 shows a noticeable adsorption effect [78, 79]. The outcomes 
demonstrated that Ti3C2 created using a hydrothermal approach had greater adsorp-
tion performance than Ti3C2 prepared using a conventional HF etching process. This 
might be because h- Ti3C2 16 h had a greater specific surface area than t- Ti3C2 

12 h. Nb2C had lesser adsorption than Ti3C2, in addition. According to the results 
above, Ti3C2Tx MXene has a high dye removal efficiency [80, 81]. Consequently, 
MXenes have recently made strides in dye removal from wastewater through their 
use as adsorbents, membranes, photocatalytic agents, and catalysts. 

4.3 Ti3C2Tx MXene in Removing Radionuclides 

As the nuclear energy sector has expanded, so has the amount of attention paid 
to the dangers posed by radioactive waste. Ti3C2Tx MXene has the potential to be 
employed as a novel adsorbent for the elimination of radionuclides such as palladium 
(Pd(II)), uranium (U(VI)), cesium (Cs+), thorium (Th(IV), and europium (Eu(III)) 
due to its unusual structures and characteristics [82]. Ion exchange and electrostatic 
contact between radionuclides and the surface of MXene are the primary methods by 
which MXene eliminates radionuclides. According to research [65]. Removal of Cs+, 
Ba2+, and Sr2+ using Ti3C2Tx is effective. The adsorption of radionuclides depends 
on various factors, such as the pH of the solution, temperature, contact time, and 
its ion concentration [83]. Cations are strongly adsorbed to the negatively charged 
surface of Ti3C2Tx MXene. Researchers have identified ion exchange as the dominant 
mechanism for ion adsorption. Carboxyl-functionalized Ti3C2Tx MXene (TCCH) is 
very efficient in removing U(VI) and Eu(III). This illustration shows the spontaneous 
grafting of a diazonium salt with a carboxyl-terminal group onto the surface of 
MXene [84]. The addition of the aryl diazonium salt has now considerably increased 
the water stability of Ti3C2Tx. The results demonstrated that U(VI) and Eu(III) 
adsorption on TCCH used electrostatic interaction and an inner-sphere structure [32, 
85]. In the end, the Ti3C2Tx MXene and its intricate parts can be used to remove 
radioactive pollutants from water in the real world. 

4.4 Ti3C2Tx MXene in Removing Bacteria 

With their potential antibacterial properties, MXenes pave the way for creating 
disinfection-crediting water treatment and desalination process units. More than two 
logs of bacteria were shown to be inactivated by MXenes, making them compet-
itive with conventional water purification techniques such as slow sand filtration.
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However, only microorganisms have been used to date in testing antibacterial capa-
bilities. MXenes’ potential to inactivate pathogens, including viruses and proto-
zoan parasites, should be further investigated. The MXene nanosheet is versatile and 
can be employed in a suspension of delaminated nanosheets, functionalized onto 
a membrane surface, or even to construct a membrane [69]. Ti3C2Tx MXene was 
first characterized as an antibacterial agent for water treatment, and it is obvious that 
bacterial activity is substantially reduced with increasing Ti3C2Tx concentration. 
The two bacteria’s actions were also considerably different from graphene oxide 
(GO) at various concentrations, showing that Ti3C2Tx exhibited superior antibac-
terial characteristics [86]. Additionally, the size and atomic-level organization of 
nanosheets affect their efficacy. Future research is expected to clarify how different 
synthesis stages, like etchants and intercalants, may produce materials with higher 
antimicrobial activity. MXene’s antimicrobial properties are a welcome bonus to 
an already superior technology for purifying and desalinating water. [87]. MXenes 
functioning on a membrane surface have anti-biofouling qualities that show promise 
for enhancing the performance of current treatment systems and decreasing the 
requirement for pre-treatment in RO systems. 

4.5 Ti3C2Tx MXene in Oil/Water Separation 

Oily effluent from factory outflows and oil spills can be dangerous for the environ-
ment and people. The odd layered structure and adjustable interfacial reactivity of 
MXenes made them attractive candidates for use as nanoscale fillers in polymers 
to enhance their properties [88]. In one study, light, strong, and hydrophilic poly-
imide/MXene 3D structures were produced by thermal imidization and freezing and 
drying polyamide acid/MXene suspensions (Fig. 4). Through the etching of Ti3C2Tx 

and ultrasonic exfoliation, the MXene (Ti3C2Tx) dispersion was created [89]. It 
was found that the powerful interactions between polyimide sequences and MXene 
nanosheets produced extremely porous hydrophilic aerogels with a small density that 
had improved compressible action, raised absorption capacity, and effectively sepa-
rated oil and water. The designed aerogel displayed exceptional fatigue resistance 
and very high elasticity after 50 compression-release cycles [81]. Significant absorp-
tion capabilities of 18 to 58 times their own weight were also discovered for a range 
of organic liquids. These modern designs are thermally stable, can swiftly separate 
chloroform, liquid soybean, oil, and liquid paraffin from the water–oil system, and 
may be used repeatedly in difficult settings [50, 90]. The design of low-cost, elastic 
barriers utilized normal print paper as the substrate and Ti3C2Tx MXene as the func-
tionality component. A membrane with a contact angle for oil underwater of 137 
degrees was created using a simple coating process using MXene ink. Researchers 
used these membranes to achieve oil/water emulsion separation efficiencies of over 
99% and permeable water flows of over 450 L per m2 per hour at 1 bar [89]. Ti3C2Tx 

MXene 2D nanosheet carbides were deposited on porous polyvinylidene fluoride 
membranes using vacuum filtering to make MXene membranes [90]. The multilayer
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Fig. 4 The fabrication technique of the Ti3C2Tx MXene membrane for separating oil-in-water 
emulsions. Reproduced with permission from Ref 80 Copyright! 2020 Journal of Colloid and 
Interface Science 

MXene membranes also successfully separated a variety of solid fluids, including 
mixtures of raw oil and water, and they displayed a remarkable penetration flux of 
887 L m2 h1 bar1 and a significant separating rate of 99.4%. These membranes could 
extract oil droplets from water in caustic settings [91]. 

4.6 Ti3C2Tx MXene in the Removing Pharmaceutical 
Compounds 

A hybrid photocatalyst based on Ti3C2Tx MXene nanosheets was created to remove 
carbamazepine (Fig. 5) [74]. The calculated Kapp value of carbamazepine under UV 
light, 0.0304 min1, was higher than measured in daylight. The breakdown capacity 
was drastically decreased under low pH (3.0–5.0). During photocatalytic breakdown, 
the carbamazepine molecule was damaged by hydroxyl and oxygen radicals. Ti3C2Tx 

MXene’s potential for the adsorption of several pharmaceuticals was evaluated [92]. 
Adsorption of amitriptyline was greatest (58.7 mg/g) at a pH of 7 due to electrostatic 
repulsion among the positively charged amitriptyline and the negatively charged 
MXene. To increase adsorption activity, MXene was also sonicated at different 
frequencies (0, 28, and 580 kHz); the highest adsorption capacities were found in the 
following order: 580 kHz (172 mg/g) > 0 kHz (138 mg/g) > 28 kHz (214 mg/g) [92]. 
Lower frequencies exhibited the highest activity levels, particularly by generating 
larger cavitation waves. Adsorption ability was inhibited by the presence of ambient
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Fig. 5 Photocatalytic degradation of carbamazepine via Hetero-structural MXene. Reproduced 
with permission from Ref. [74] Copyright! 2018 Chemical Engineering Journal 

inorganics but bolstered by the presence of background organics, such as sponta-
neous organic matter. In addition, the cationic surfactant cetylpyridinium chloride 
showed that it competed with medicinal molecules, reducing adsorption efficiency 
[92, 93]. 

5 Regeneration and Reuse Capability of MXenes 

Numerous investigations have shown that MXenes and their derivatives can be recy-
cled or regenerated after the adsorption of contaminants. After Hg(II) ions were 
adsorbed, the magnetic Ti3C2Tx nanocomposite was once again employed. Notably, 
the removal efficiencies exceeded 90% for four straight cycles [29]. This reusability 
is attributable to the composite’s increased stability brought on by the encapsulation 
of Fe2O3 nanoparticles. MXene Fe2O3 was washed with ethanol and dried at 70 °C 
after MB adsorption. The MXene Fe2O3 was reused for MB adsorption five times 
[29]. MXene’s removal effectiveness toward MB remained at around 77% after 5 
cycles but with some decrease. MXene-COOH@(PEI/PAA)n can be reused 8 times 
in a row after MB adsorption, with only a little decrease in capacity. Following 
the adsorption and removal of Cu(II) ions, delaminated MXene (Ti3C2Tx-DL) was 
restored using a solution of calcium nitrate and nitric acid. The third cycle, however, 
saw a 30% reduction in adsorption capacity. This decrease in adsorption capacity 
may be brought on by the partial oxidation of Ti3C2Tx into TiO2 nanoparticles and the 
inadequate desorption of Cu(II) ions during adsorption. Ti3C2Tx-KH570’s adsorbed
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Pb(II) ions were removed using 0.5 M Na2EDTA, and the adsorbent was effectively 
reused four times with only a little reduction in adsorption capacity [94]. 

5.1 Important Challenges 

Pervaporation desalination, membrane separations, solar desalinization, and capa-
cious deionization are just a few examples of environmental fields where MXenes 
and MXene-based technologies have shown promise [10, 35]. These 2D materials 
may be used as an adsorbent to remove organic dyes, heavy metals, radioactive pollu-
tants, medicinal chemicals, and other contaminants from water and wastewater, as 
well as in membranes, photosynthesis, reactive deionization, electrolytic division, 
and membranes. They also have important capacities for adsorption, selection, and 
reuse. However, there are still several difficult topics that demand serious thought. 
Further, scaling-up efforts would be necessary to realize MXenes and MXene-based 
nanocomposites’ practical usefulness and economic viability in large-scale water 
treatment applications [95, 96]. These nanostructures can be stacked into lamellar 
membranes to increase selectivity and permeance in water desalination. However, 
as 2D membranes tend to expand in water, improving their stability in aqueous 
solutions remains a significant challenge. Significant difficulties also come from the 
MXene manufacturing process’s poor yield and expensive cost. Traditional synthetic 
methods can use potentially hazardous and toxic chemical materials, raising safety 
and environmental issues [97]. Thus, researchers should focus on developing simple, 
affordable, productive, and environmentally friendly methods for producing MXenes 
and substances made from them on a large scale. The surface chemistry of MXenes 
and the methods by which these 2D materials remove contaminants have to be eval-
uated analytically and systematically [98]. Aggregation of MXenes, which might 
lower these materials’ adsorption efficiency and surface area, is another signifi-
cant problem. Some examined MXenes displayed antimicrobial properties against 
harmful bacteria, underscoring their enticing possibilities for water purification and 
anti-biofouling films. To identify the antibacterial mechanisms of MXenes, however, 
additional analyses and evaluations need to be done [85]. 

6 Conclusion and Future Outlooks 

Due to their higher surface area, notable thermal and electrical conductivity, 
antimicrobial abilities, high stability in chemicals, substantial absorption selec-
tion, hydrophilic nature, and remarkable conductivity, MXenes have demonstrated 
a variety of important applications in water purification, magnetic shielding, photo-
electrochemical catalysts, and energy storage areas. These materials have attracted a 
lot of research attention because of how easily they may be surface functionalized for 
various uses, such as ecological adhesion, medical devices, chemical deterioration,



2D Metal Carbides and Nitrides (MXenes) in Water Treatment 163

and energy storage. Additionally, they provide the benefits of flexible, changeable 
portions and a programmable minimum nanolayer depth. MXenes with surface func-
tionality are the next generation of water filtration and purification materials because 
of their wide range of possible applications, increased stability, and high recycling 
rate. Developing new MXene structures and identifying several major MXene appli-
cations for environmental remediation is essential, even though Ti3C2Tx has been 
widely investigated in wastewater and water treatment. 
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Abstract This chapter focuses on the development and application of 2D hybrid 
nanocomposites for environmental sensing. The unique properties of 2D mate-
rials, which include graphene, have made them promising candidates for environ-
mental sensing applications. In particular, the incorporation of 2D materials into 
hybrid nanocomposites has made the manipulation of their optical, electrical, and 
mechanical properties for specific sensing applications, possible. An advantage of 
2D hybrid nanocomposites for environmental sensing is their high sensitivity to 
various analytes, including gases, humidity, and chemicals. For instance, graphene-
based hybrid nanocomposites have been proven to show high sensitivity to trace 
gases such as ammonia, nitrogen dioxide, and sulfur dioxide. In addition, 2D hybrid 
nanocomposites offer several advantages, including ease of fabrication and low cost. 
These materials can be synthesized using various methods such as chemical vapor 
deposition, solution processing, and physical vapor deposition. The chapter also 
discusses the challenges associated with the development of 2D hybrid nanocom-
posites, including the need for improved selectivity, stability, and reproducibility. 
Some future perspectives on the potential applications of 2D hybrid nanocomposites 
in environmental sensing are discussed, including their use in air and water quality 
monitoring and food safety. 
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1 Introduction 

Environmental sensing is the process whereby chemical, physical, and biological 
parameters are measured and/or detected. This process is very significant, as it 
gives a quantitative and qualitative indication of the quality of the environment. 
Some of the factors that are measured include temperature, water quality, air quality, 
humidity, pollutant and pathogen concentration [1]. Being aware of the quality of 
the environment protects lives, health and prevents pollution of the environment [2]. 

Nanotechnology application in environmental sensing has brought about great 
improvements to the conventional methods and materials. This is mainly due to 
unique nanomaterial characteristics, both physical and chemical. Nanomaterials 
applied in this process are able to make detections at higher resolution scales, there-
fore improving accuracy. They also have fast response times and higher sensitivity 
than the conventional materials [3–5]. 

One of the most recent discoveries in the study of environmental sensing is the 
use of 2D hybrid nanocomposites/2D hybrid nanocomposites which are produced 
when 2D nanomaterials (materials on the nanoscale, existing in a two-dimensional 
structure) are combined with other nanomaterials. These secondary materials can be 
in the form of metals, metal oxides and sometimes enzymes, to enhance detection 
abilities of 2D nanomaterials [6]. The two-dimensional nature gives the advantage 
of a high surface area to volume ratio (which allows for a greater efficiency in 
the interaction of the sensing material and the target analytes), tunable electronic 
properties, and improved mechanical strength (which ensures stability and durability 
in diverse environmental conditions) [7]. The following are some of the significance 
of 2D hybrid nanocomposites in environmental sensing applications, based on their 
properties:

. Improved sensitivity: The high surface area to volume ratio, improves the exposure 
of the active sites of the sensors to the parameters, being measured.

. Handling and cost-effective: Since sensors in this form are miniaturized, they are 
easy to handle since they do not need to take up so much space in the area where 
the detection is being done. Costs involved in manufacturing and transporting 
products are also reduced, since there is very little material used, and a lot can be 
transported at once.

. Low detection limits: Sensors in this form are able to detect pollutants or 
contaminants that may exist in very low concentrations due to high sensitivity.

. Tunability: Using a 2D hybrid nanocomposite introduces the flexibility in tuning 
electronic and optical properties simply by changing the composition, size, or 
type, based on the function needed to be carried out.

. Response time: The sensitivity of 2D hybrid nanocomposite enables fast response 
time, making it possible for accurate real time detection and monitoring.

. Wide range: 2D hybrid nanocomposite sensors allow for detection of wide range 
of analytes.
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Generally, the use of 2D hybrid nanocomposites has brought a major advancement 
in the field of environmental sensing, due to their unique properties as mentioned. 
Harnessing the potential of these materials and their applications will improve 
sustainability in this field for the benefit of the ecosystem. In this chapter, methods 
of synthesis of 2D hybrid nanocomposite sensors have been discussed. Applications 
of these types of sensors in environmental sensing, such as gas sensing, biosensing, 
humidity sensing, temperature sensing, and pressure sensing are outlined. Moreover, 
the advantages of 2D hybrid nanocomposite sensors in terms of their performances 
and properties are highlighted. Furthermore, challenges involved in the manufac-
turing and application of these sensors are thoroughly addressed, with possible 
strategies to overcome the challenges and future outlook of their applications. 

2 Synthesis Methods of 2D Hybrid Nanocomposites 
for Environmental Sensing 

Synthesis methods of 2D hybrid nanocomposites for environmental sensing come 
in different forms which include chemical vapor deposition (CVD), liquid-phase 
exfoliation (LPE), Electrochemical deposition or Electroplating and Hybridization 
approaches for 2D materials. 

2.1 Chemical Vapor Deposition (CVD) 

CVD is vacuum deposition technique which is advanced and utilized to create solid 
materials with great performance and quality. In CVD, the introduction of gases that 
are reactive are introduced into a chamber for coating or filming. The substrate is 
interacted with volatile precursors (gases) that react or degrade on the surface of the 
substrate to generate thin deposits of film [8]. In CVD applications, when a precursor 
gas or gasses are injected into a reactor, chemical reactions cause the precursor 
gases’ desired constituents to form a thin coating on the surface. The substrates are 
initially cleaned and placed in the chamber which is followed by evacuation of the 
chamber, allowing a low-pressure field and eventually followed by the introduction 
of the precursor or reactive gases for deposition to occur. According to [9, 10], high 
entropy oxides can be made by physical vapor deposition, which makes it easier to 
do so at low temperatures. However, chemical vapor deposition synthesis makes it 
easier to make conformal layers on a 3D substrate. The CVD method uses transition 
metals like nickel, copper, platinum, gallium, and palladium that create a catalyst 
layer for large-scale graphene synthesis. A carbon-containing slurry is added to the 
reaction after the material has been placed on the substrate and etched in order to 
create high-grade graphene. In CVD applications, production of high purity materials 
is obtained due to its occurrence in a controlled vacuum and the method allows for
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extremely fine-grained manipulation of material properties through excellent control 
over substrate thickness and homogeneity. Excellent adhesion between the deposited 
material and the substrate is also possible with CVD, resulting in coatings that are 
long-lasting and robust. 

2.2 Liquid-Phase Exfoliation (LPE) 

LPE describes a series of methods which directly exfoliate bulk graphite into thin 
graphene [11] in a liquid medium. LPE, like CVD, is a promising approach for 
producing bulk graphene where the thickness and/or exfoliation can be controlled. 
Choosing a suitable solvent or dispersion that may interact with graphite and diminish 
the interlayer forces holding the graphite layers together is the first step in the LPE 
process. 

Layered crystals are changed into two-dimensional nanocomposites in a solution 
processing approach during LPE applications. One of the most promising methods 
to accomplish mass manufacturing at a very cheap cost is the conversion of graphite 
into graphene via LPE. Because of its outstanding qualities, including mechanical 
toughness and high electrical and thermal conductivity, graphene has attracted a lot 
of attention lately. But in order to realize graphene’s full potential for a variety of 
uses, it must be produced in huge quantities and at a reasonable cost. Liquid-phase 
exfoliation is a fundamental method for producing 2D materials like graphene in 
bulk with equilibrium between price and performance, and it is currently commonly 
used by both the academic and industrial sectors [12]. Liquid-phase exfoliation has 
been employed for high performance and successful graphene production. In the 
LPE method, a variety of solvents are used to decrease the interlayer forces holding 
the graphene layers together, allowing them to split and suspend in the liquid phase. 
Recent and/or cutting-edge LPE methods that have been developed perform very well 
in the creation of two-dimensional carbon-based nanostructures [11]. The creation 
of a graphite precursor, ideally graphite flakes, is the first step in the LPE process. 
The chosen solvent is then combined with these flakes to create a stable suspension. 
Ultrasonic treatment or shear pressures are applied to the suspension, which helps 
to exfoliate the graphite layers into graphene sheets. 

Various exfoliation methods such as ultrasonic, shear, electrochemical, and 
functionalization-assisted exfoliation have been proposed to be the four basic 
categories for liquid-phase exfoliation. For ultrasonic exfoliation, the presence of 
different stabilizers and their influence on the resurfacing process are considered. 
The effects of the electrolyte type, concentration, and voltage are explored in relation 
to electrochemical exfoliation. 

Different approaches that generate graphene by directly ultrasonically abrading 
bulk graphite in liquid media are referred to as direct ultrasonic exfoliation in liquid. 
Two methods that influence the performance and yield of exfoliation are the liquid 
media that is used for the exfoliation and energy involved. In order to counteract
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the vdW interactions between layers, an adequate solvent aids reduction of energy 
around neighboring layers of the graphite [13–15]. 

2.3 Electrochemical Deposition 

Modified electrodes have been essential for the creation of various electroanalytical 
devices with improved performance (e.g. sensitivity and selectivity) [16]. Research 
on such electrodes has been conducted to understand their charge transfer/transport 
properties. Also, these electrodes undergo surface alterations to add certain features 
that enhance their electrochemical performance. They have been thoroughly investi-
gated and manufactured. Electricity is used to facilitate the chemical reaction, which 
occurs at the contact between solid and liquid. It is well known that electrochemical 
deposition is an easy way to create complicated structures and catalytic surfaces, and 
it has a great deal of potential to be a breakthrough technique in nanotechnology. 
By adjusting the experimental synthesis conditions, the electrochemical method of 
synthesis enables the creation of nanostructures with clearly defined morphologies 
and a range of sizes without the need for a template [17]. The ability of the elec-
trodes to improve the sensitivity and selectivity of electroanalytical devices is one of 
the main benefits in electrochemical deposition applications. Target analytes can be 
detected and quantified with extreme precision by adding various types of modifiers 
to the electrode surface, such as nanoparticles and polymers. 

Metal nanoparticle preparation by electrochemical deposition is effective, but 
it is typically less popular than wet-chemical techniques. This method has many 
benefits, especially in terms of the speed of synthesis, and the absence of undesirable 
products, yet it can occasionally reveal some limitations in terms of the nanomaterial 
dimensions and permitted morphologies [18]. Additionally, direct deposition of the 
modifier layer onto the electrode enables the achievement of a greater adhesion [19]. 
Numerous electrochemical techniques are used in electrodeposition [17] (Fig. 6.1). 

For electrodeposition application in metal–organic framework synthesis, some 
electrochemical deposition approaches for MOF synthesis include cathodic deposi-
tion, anodic deposition, and electrophoretic deposition. Using anodic and cathodic

Fig. 6.1 Diagram illustrating how a templated electrodeposition approach can create 3D continuous 
macroscopic metal or semiconductor nanowire networks [20] 
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deposition methods, the metal–organic framework is directly created during an in-
place process on the substrate surface. The electrochemical synthesis of MOFs is used 
in the anodic and cathodic deposition processes, allowing for the controlled develop-
ment of MOF films or coatings on a conductive substrate. A metal substrate is used 
as the anode in an electrochemical cell during anodic deposition, and the substrate is 
submerged in an electrolyte solution that contains the desired MOF’s organic linkers 
and metal ions. A metal oxide layer is created on the substrate surface as a result of the 
metal ions oxidizing when an electric current is applied. However, in cathodic depo-
sition, metal ions and organic linkers are reduced at the cathode, the electrochemical 
cell’s negatively charged electrode. Similar to anodic deposition, the substrate in this 
technique is submerged in a solution containing metal ions and organic linkers. But 
at the cathode, the metal ions and organic linkers are concurrently reduced rather 
than producing a layer of metal oxide. 

These methods are preferable to electrophoretic deposition, ex-situ synthesis, 
which seeks to deposit a MOF that has already been created onto a targeted substrate. 
The simplest and most common method is anodic oxidation, where the anode func-
tions as a metal source and supports the production of metal–organic framework films. 
Additionally, the electrodeposition method can create multi-metallic MOF films, 
broadening its range of applications. Moreover, multiple metals are incorporated 
into the metal–organic framework to produce films with improved characteristics 
and new opportunities for diverse technological breakthroughs (Fig. 6.2). 

Fig. 6.2 Some uses of electrodeposited MOFs [21]
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2.4 Hybridization Approaches for 2D Materials 

Through hybridization of functional species onto and/or into other 2D materials, 
the properties of the nanocomposite materials are greatly enhanced with improved 
performances. In hybridization approaches for 2D nanomaterials, in order to signifi-
cantly increase the properties of nanocomposite materials and improve overall perfor-
mance, the concept of hybridization entails incorporating functional species onto or 
into other 2D materials. By utilizing diverse 2D nanomaterials and functionalized 
hybridization [22] reported numerous hybridization. There has been an increase in 
interest in adding particular species to 2D nanosheets, either directly or indirectly, in 
order to give hybridized nanostructures new or better characteristics and synergistic 
capabilities that would enable them to perform well in cutting-edge applications. 

Through their methodical production, diverse 2D nanosheets with various atomic 
structures and compositions have been thoroughly studied and reports have indicated 
enhanced properties and performance through sp2 and sp3 hybridization [23, 24]. 

3 Environmental Sensing Applications of 2D Hybrid 
Nanocomposites 

3.1 Biosensing 

2-D hybrid nanocomposites can be applied in various fields, including biosensing 
(nano biosensors), especially in the detection of pathogens, which pose danger to 
human health. Nano biosensors are able to detect pathogens by using nucleic acids, 
functional proteins, antibodies, and cell-based biosensors as elements of recognition, 
to attach themselves to pathogen. This initiates a physicochemical process which is 
then detected by a transducing element. Recent advancements in nanotechnology 
have led to the production of nanobiosensors with high sensitivity and selectivity. 
Signals from the physicochemical interaction between the recognition elements and 
the pathogen are converted by the transducing element into electrical signals which 
can be measured and quantified. This makes it possible for pathogens to be detected 
and monitored with high sensitivity and selectivity [25, 26]. In a study by Muniandy 
et al. [27] the effectiveness of reduced graphene oxide-titanium dioxide was demon-
strated. From their findings, reduced graphene oxide-titanium dioxide as a hybrid 
nanocomposite with recognition elements, showed good selectivity, sensitivity, and 
a wide range for detecting Salmonella, a food pathogen. This paper proved the capa-
bilities of hybrid nanocomposites in improving food safety and public health by 
enhancing pathogen detection techniques.
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3.2 Pressure Sensing 

2D-hybrid nanocomposite sensors can be used to monitor pressure in the environ-
ment. There is great potential for a variety of applications when 2D-hybrid nanocom-
posite sensors are incorporated into pressure monitoring systems. These sensors can 
be used for accurate pressure monitoring in reaction vessels, pipelines, and process 
units in the chemical sector, ensuring the best process control and safety. They can 
be implemented into touch-sensitive electronics, making pressure-sensitive interac-
tions possible and enhancing user experience. Additionally, by making it possible 
to accurately monitor things like intracranial pressure, breathing patterns, and blood 
pressure, among other things, in the medical field, these sensors have the potential 
to transform healthcare. These sensors’ small size and adaptability enable their easy 
integration into wearable technology, enabling real-time health monitoring and the 
early identification of life-threatening illnesses. The working principle of pressure 
sensors can be categorized under four types, based on how pressure is detected, trans-
mitted, and quantified. The four ways are through piezoresistive, capacitive, tribo-
electric, and piezoelectric means. The piezoresistive type of pressure sensors, detect 
pressure as a change in contact area and distribution of internal sensing materials, 
after being subjected to an external force. This change corresponds to an alteration 
in electrical signal, which is then transmitted and measured as pressure change. On 
the other hand, the capacitive type of pressure sensors operates by detecting changes 
in the distance between two electrodes on either side of the sensors, when subjected 
to and external force. These changes alter the capacitance of the device, which is 
transmitted and quantified as pressure change. Triboelectric types of pressure sensors 
detect external forces or pressure using the periodic mechanical energy of contacting 
and separating electrodes, to generate electrostatic charges. The charges can then 
be used to detect external forces, which are also as a result of changes in pressure. 
Lastly, the piezoelectric types of sensors detect pressure through polarization of 
charges, when external forces create uneven charges within the sensor. The polariza-
tion effect enables the detection and measurement of the pressure changes [28]. In 
an experimental study by Pham et al. [29] the sensitivity and detection limit of ZnO/ 
chlorine-trapped doped bilayer graphene were investigated. The researchers reported 
that doping graphene with chlorine radicals using a heavy p-type chlorine trap, was 
responsible for the significant improvement in the sensitivity. This hybridized 2D 
nanocomposite pressure sensor shows promising applications in chemical, electronic, 
and medical fields. 

3.3 Humidity Sensing 

Humidity sensors work by detecting the amount of moisture of water vapor in air. It 
may be expressed as absolute or relative humidity where absolute humidity measure 
the actual amount of moisture in the air and relative humidity compares the moisture
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Table 6.1 Sensing techniques for humidity sensors 

Sensor 
technique 

Sensing mechanism/working principle References 

Capacitive Uses changes in dielectric constant of hygroscopic dielectric 
materials in the sensor (which leads to changes in capacitance) 
to sense changes in humidity 

Zhang et al. 
[30] 
Zhang et al. 
[31] 

Resistive Uses changes in electrical impedance as hygroscopic media 
present in the sensor, absorb water molecules, to detect 
humidity changes 

Zhang et al. 
[32] 
Cavallo et al. 
[33] 

Thermal 
conductivity 

Uses changes in temperature gradients (induced by moisture 
content) between two temperature-sensitive elements in a 
sensing channel (exposed to the measured air) and a reference 
channel (exposed to a dry reference gas) 

Okcan and 
Akin [34] 

Optical Uses changes in refractive index in sensing materials, induced 
by humidity, and causing a variation in transmitted optical 
intensity 

Lee and Lee 
[35] 
Rao et al. [36] 

Gravimetric Uses changes in mass of moisture adsorbed unto the sensing 
material’s surface, as a result of increase in relative humidity 

Lee and Lee 
[35] 
Zheng et al. 
[37] 

present in the air and the maximum moisture holding capacity of the air at a given 
temperature. Based on sensing techniques, humidity sensor types include capacitive, 
resistive, thermal conductivity, optical and gravimetric techniques. Table 6.1 shows 
the working principles of these types of techniques used in humidity sensing. 

2D hybrid nanocomposites have shown very promising applications in humidity 
sensing. For example, Zhang and co-workers, conducted a study on the use of tin 
oxide/graphene hybrid nanocomposite. The sensitivity of this hybrid nanocomposite 
sensor was tested by exposing it to a broad range of relative humidity (11% to 
97%), at room temperature. They found that this sensor had rapid response and 
recovery attributes over the full range of humidity measurement [30]. Another study 
conducted by Zhang and co-workers, investigated the humidity sensing capabilities of 
molybdenum-disulfide-modified tin oxide nanocomposite. It was observed that this 
hybrid sensor had better sensing characteristics than pure molybdenum-disulfide and 
pure tin oxide sensors [38]. 

3.4 Gas Sensing 

In order to monitor and identify the presence of different gas contaminants in the 
environment, gas sensors are essential. To ensure precise and trustworthy measure-
ments, these sensors make use of cutting-edge technologies and materials. 2D-hybrid
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nanocomposite sensors are one such technique, and they have demonstrated encour-
aging results in gas detection. 2D-hybrid nanocomposite sensors can be used to detect 
the presence of gas pollutants in the environment as a result of natural and anthro-
pogenic activities. Some of the gases of great concern are H2S, CO, CO2, H2, NH3, 
and SO2. 

According to Dhall and co-workers, there are four main types of gas sensors, 
based on their sensing mechanisms. They are, infrared sensors, metal semiconductor 
sensors, fluorescence sensors, and electrochemical sensors [39]. Infrared gas sensors, 
which are also known as non-dispersive infrared sensors, monitor gases through 
absorption of radiations in the infrared region. In these types of gas sensors, the gas 
is collected in a chamber where infrared light with known intensity through it. There 
is a detector on the opposite side of the chamber which measures the intensity of the 
infrared light after interacting with the gas molecules. The changes in wavelength and 
intensity, as a result of the interactions, are characteristic of the gas molecules, and this 
information is compared to a reference to determine the identity and concentration of 
the molecules in the sample gas [40]. Metal semiconductor gas sensors work based on 
the principle of changes in electrical resistances before and after gas adsorption. The 
sensing materials used are metal oxide semiconductors. A redox reaction occurs when 
the gas comes into contact with the metal oxide semiconductor, causing a change in 
its resistance or conductivity. This change is detected and translated into detecting 
the identity and concentration of the gas [41]. Fluorescence gas sensors detect gases 
by measuring changes in the length of fluorescent waves after they interact with 
gas molecules that have been adsorbed by the sensor [42]. Lastly, electrochemical 
gas sensors have electrodes submerged in electrolytic solutions, which undergo an 
electrochemical reaction with the sample gas after adsorption. The reaction produces 
electrons and consequently, current, which is proportional to the gas concentration 
[43]. Yu and co-workers synthesized an α-Fe2O3-graphene hybrid nanocomposite 
gas sensor. From their study, they observed that, for 50 ppm of gaseous acetone, α-
Fe2O3-graphene, as a hybrid gas sensor had better response than pure α-Fe2O3 as a 
sensor (about 2.2 times higher). This was attributed to the porous nature of the hybrid 
sensor, increased specific surface area, and the p-n heterostructure of the hybrid [44]. 

The SnO2/rGO hybrid, which was researched by Yin et al. in 2014, is another 
hybrid gas sensor that is noteworthy. With an exceptionally quick response time of 
under 7 s, this hybrid gas sensor displayed excellent sensitivity. In this study, it was 
observed that the increase in the specific area of SnO2 nanoparticles was also as 
a result of the reduced graphene oxide (rGO) inclusion. This greatly improved the 
sensor’s ability to detect gases [45]. 

3.5 Temperature Sensing 

In many different fields and applications, temperature sensing is essential. It is 
essential for observing and regulating procedures, ensuring safety of personnel, 
and increasing productivity. Temperature sensors, for instance, are widely used in
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automotive applications to track engine temperature in order to avoid overheating. 
Temperature sensors are used in the healthcare sector to give precise tempera-
ture measurements for patient care using medical devices such as thermometers 
and incubators. Temperature sensors are also used in environmental monitoring to 
monitor and analyze temperature variations in ecosystems, weather prediction, and 
climate change research. Temperature sensors have been included into a variety of 
smart home technology products in recent years for effective energy management 
and comfort control. Based on current temperature readings, these sensors allow 
automated HVAC (heating, ventilation, and air conditioning) system modifications. 
Furthermore, industrial automation primarily relies on temperature sensing for accu-
rate management and monitoring of manufacturing processes, ensuring the quality 
of the finished product and the dependability of the equipment. Miniaturized temper-
ature sensors have grown in popularity as a result of technological breakthroughs. 
These sensors have a compact form and deliver precise temperature readings in 
restricted locations. They have uses in industries where size and weight are important 
considerations, such as wearable technology, electronics, and aerospace. 

Temperature sensors generally work on the principle of detecting changes in phys-
ical properties in the sensors, that are sensitive to temperature. Some of these changes 
include resistance changes, capacitance changes, and thermal expansion/contraction. 
Based on the sensing mechanisms, temperature sensing types may include ther-
mistors, resistance temperature detectors, thermocouples, and infrared temperature 
sensors. 

Thermistors usually have semiconductor materials, such as metal oxides as their 
sensing materials. In this type of sensor, temperature changes cause a non-linear 
change in resistance, which is used as the feed to sense or monitor the temperature 
of the environment. Resistance temperature detectors work on similar principles as 
thermistors. However, their sensing materials are mainly metals. They are also more 
suitable for industrial application than environmental application [46]. Thermocou-
ples on the other hand, have two different metal wires that are joined together at one 
end. A temperature difference between the measuring point and the joint end causes 
the generation of voltage, in a proportional manner (Seebeck effect). The voltage 
serves as the feed signal, to measure the change in temperature [47]. 

Unlike the other types mentioned before, infrared temperature sensors detect 
temperature without direct contact. Infrared radiation temperature sensors detect 
temperature by using photodetectors to measure the thermal radiation emitted by 
objects in the environment. This radiation is proportional to temperature changes 
[48]. 

Tung and co-workers, conducted a study on hybrid films of graphene and carbon 
nano-tubes for temperature sensing. In this study, carbon nanotube and graphene 
were coupled through polyionic liquid-mediated hybridization. It was observed that 
the resulting hybrid nanocomposite temperature sensor (CNT/PIL/graphene) had 
very good output voltage response to temperature changes ranging from 25 to 40 °C. 
The output voltage and the temperature change had very strong correlation with an 
R-square value of 0.9949 [49].
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4 Performance and Properties of 2D Hybrid 
Nanocomposites for Environmental Sensing 

Graphene has generated recent attention in nanoscience and bio-nanotechnology. 
Graphene’s high specific surface area allows for a high molecular loading for 
enhanced detection sensitivity. Due to this, Gr and GrO are excellent building blocks 
in novel nanocomposites and sensors. Graphene has been extensively exploited as 
a chemical building block with a variety of materials in developing highly sensitive 
and focused electrochemical sensing microdevices. 

There are many benefits to using 2D materials in detection and sensing tech-
niques. First, single-layer materials work well for 2D materials because they provide 
an astonishingly high surface-area-to-volume ratio [50]. Due to their capacity to 
display an astoundingly high surface-area-to-volume ratio, single-layer materials 
are recognized for their outstanding applicability in the world of two-dimensional 
(2D) materials. Their outstanding performance and wide range of applications are 
largely due to this essential quality. 

The relationship between a material’s interior volume and external surface area is 
referred to as the surface-area-to-volume ratio. This ratio takes on special significance 
when applied to single-layer materials, which are made up of just one atomic layer. 
This is due to the fact that these materials have an incredibly thin structure, which 
gives them a surface area that is much larger than their volume. Numerous benefits 
and new opportunities in numerous research and application areas are made possible 
by the high surface-area-to-volume ratio. In the case of catalysis, when chemical 
reactions take place at a material’s surface, a larger surface area enables increased 
catalytic activity. The large surface area of single-layer materials like graphene makes 
catalytic processes possible and encourages desired reaction rates. 

Similar to this, single-layer materials offer a significant benefit in the area of 
energy storage. Improved energy storage capacity, quicker charge/discharge rates, 
and improved overall performance are all results of the increased surface area in 
energy storage devices like batteries and supercapacitors. The search for cutting-edge 
energy storage solutions for a variety of uses, from portable gadgets to electric cars 
and grid-scale energy storage systems, is greatly aided by this feature. Additionally, 
sensors and electrical devices greatly benefit from the high surface-area-to-volume 
ratio of single-layer materials. Increased sensitivity and selectivity occur from the 
increased number of active sites available on the bigger surface area for sensing or 
interacting with other materials. Precision detection and effective signal transduction 
are crucial in a variety of industries, including environmental monitoring, medical 
diagnostics, and electronic gadgets. 

In conclusion, the remarkable high surface-area-to-volume ratio that single-layer 
materials exhibit is the key to their extraordinary qualities and adaptability. Due to 
their special property, these materials have higher catalytic activity, better energy 
storage capacities, increased sensor sensitivity, and a variety of other uses. As scien-
tists continue to investigate and utilize the possibilities of these materials, they open 
the door for exciting developments and discoveries across a variety of scientific
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Table 6.2 A comparison of platinum/palladium hydrogen sensor and other works [55] 

Properties Samples 

NPs with a pure 
Pt/palladium core 

Pt–graphene 
composite 

Palladium 
cube–graphene 
hybrid 

Pt/palladium 
core–shell–graphene 
hybrid 

Range of 
detection (ppm) 

1000–40,000 100–10,000 6–10,000 1–40,000 

Response to 1% 
hydrogen at RT 
(20 °C) 

16% 6% 18% 36% 

Response/ 
recovery time 
(min) 

5/6 8/20 7/6 3/1.2 

Repeatability Poor Acceptable Good Very good 

and technical fields. Consequently a number of reactive sites are offered between 
the analytes and substance [51, 52]. Additionally, managing structural flaws can be 
used to alter the conductivity of 2D materials [53]. Also, due to their flexibility 
and mechanical strength, 2D nanomaterials can be used with cutting-edge technolo-
gies including wearable electronics, metal electrodes, and ultrathin silicon channels 
[54]. The performance of sensors is greatly influenced by the kind being considered, 
the transduction mechanism, and the 2D material characteristics. In general, a high 
surface area is offered by two-dimensional materials to the analytes which enables 
high sensitivity and small detection threshold. 

The surface of the material is additionally equipped with active regions that 
promote interaction with the target species. Conductivity improves the sensitivity 
in graphene and other 2D materials, especially in sensors that can be electrically 
transduced. Table 6.2 compares some of the characteristics of platinum or palladium 
core–shell-graphene hybrid hydrogen sensors with those of other works [55]. 

5 Challenges and Future of Direction of 2D Hybrid 
Nanocomposites or Environmental Sensing 

2D hybrid nanocomposites have proven to be a reliable technological source for envi-
ronmental sensing, however, there are some limitations and applications that need 
improvement. Wafer-scale 2D material growth and deposition may be appropriate. 
Even so, contamination and flaws still fall short of full compliance with industry 
norms for manufacture. The European 2D materials pilot line’s overarching objec-
tive is to overcome these significant manufacturing challenges. Taking note of these 
difficulties, the European 2D Materials Pilot Line has established a vital goal to 
get over these obstacles and open the door for the widespread production of high-
quality 2D materials. The manufacture of broad-area films on substrates, usually
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silicon wafers, is required for the wafer-scale growth and deposition of 2D materials. 
This strategy benefits from scalability and is compatible with current semiconductor 
manufacturing procedures. Using well-known methods like chemical vapor deposi-
tion (CVD), molecular beam epitaxy (MBE), or physical vapor deposition (PVD), 
scientists may deposit atomically thin layers over sizable surface areas, opening the 
door to the possibility of mass production of 2D materials. However, contamination 
and faults might appear during this production process, posing serious difficulties. 
Impurities in the growing environment or leftover components from the substrate can 
be the source of contaminants. These imperfections could lower the quality of the 
material and have an impact on its electrical, optical, and mechanical characteristics. 
The performance of the material can also be hampered by flaws like dislocations, 
vacancies, or grain boundaries, which therefore restrict the applications that it can 
be used for. The European 2D Materials Pilot Line seeks to address these problems 
and guarantee the manufacture of top-notch 2D materials by overcoming manu-
facturing difficulties. Researchers, engineers, and business partners come together 
as part of this endeavor to develop cutting-edge technologies and establish reliable 
manufacturing processes. 

The goal of the pilot line is to establish industry-compliant standards for large-
scale manufacturing by using cutting-edge characterization techniques, process opti-
mization, and quality control measures. The main goal of the European 2D Materials 
Pilot Line is to create a dependable and expandable manufacturing platform for 
the growth and deposition of 2D materials on wafers. This platform would make it 
possible to produce materials of the highest quality with the fewest contaminants and 
faults, satisfying the exacting standards of sectors including electronics, optoelec-
tronics, energy, and sensing. The pilot line strives to increase both the fundamental 
understanding of 2D materials and their smooth incorporation into current produc-
tion processes by overcoming the obstacles caused by contamination and defects. 
Since the inception of 2D materials studies, about 18 years ago, literature has proven 
various applications of sensors using two-dimensional materials. There have not been 
many commercially successful 2D product developments. In view of this, a reliable 
design, affordability, and scalability are some fundamental qualities of competing in 
the market. Some promising two-dimensional materials for manufacturing include 
graphene and transition metal dichalcogenide. 

Additionally, although research on graphene-based skin sensors has made 
outstanding progress, there are still several problems that nanomaterials cannot yet 
resolve. With a few notable exceptions, the majority of 2D sensing derivatives require 
biomolecule modifications because they are typically unable to detect the target 
analytes on their own. Due to their poor stability and higher production costs, the 
characteristics limit their applicability. Although various biomedical devices from 
2D material have shown small-scale biocompatibility, fundamental obstacle to their 
practical usage is in vivo biocompatibility. It has been demonstrated that mechanical 
elements with biomimetic qualities or coatings made of biocompatible materials can 
lower immune reactions and inflammation. For potential commercialization, wear-
able and implantable devices must be stable and functioning over time. There have 
been few publications over the years about the cytotoxicity of Gr and/or TMDs based
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sensors’ cutaneous toxicity. Skin irritation and allergic reaction are generally the most 
common scenarios, but the exact cause is yet unknown. The current difficulty facing 
2D materials in bio-sensing is the need to increase device repeatability. 

New sensing platforms are developed at a faster pace, and the field is rapidly 
growing. The future lies in multiplatform sensing, which combines several mate-
rials. In addition to 2D-2D blocks, additional low-dimensional materials can also be 
produced into cross-linked heterostructures, which can offer previously unimagin-
able properties that individual 2D equivalents cannot attain [56]. It is observed that the 
desorption of gases occurs slowly due to strong adsorption of gas by two-dimensional 
substances. Typically, this is because the desorption of gases necessitates external 
assistance. As a result, it is important to resolve this limitation of the practical use 
of two-dimensional materials which hinders sensing performance. 

The majority of the gas sensing tests using 2D materials must also be conducted 
in a controlled environment because it has been reported that, the sensitivity values 
are affected by the presence of other gases in real-world environmental conditions. In 
light of this, future research must focus on developing 2D material-based ultra-high 
selectivity gas sensing devices. This problem can be solved by altering the material’s 
surface with the appropriate modifiers. Future development in this area will require a 
thorough apprehension of fundamental characteristics at nanoscale of 2D materials, 
as well as the impact of gas adsorption on electrical properties for assessing these 
materials’ potential for gas detection. 

6 Conclusion 

In conclusion, due to their nanomaterial characteristics, nanocomposite sensors in 
general, have the ability to detect and monitor at high resolutions. The development 
of 2D hybrid nanocomposites, has introduced greater opportunities for developing 
advanced materials with tailored properties and multiple functionalities. 2D hybrid 
nanocomposite sensors have the advantage of merging sensing characteristics of two 
different materials and adding improvements such as high surface area to volume 
ratio, tunable electronic properties, and improved mechanical strength. These char-
acteristics enhance the performance of the sensors particularly in areas of sensitivity, 
selectivity, stability, repeatability, and limit of detection, better than conventional 
sensing materials. In this paper, the sensing mechanisms involved in biosensing, 
pressure sensing, humidity sensing, gas sensing, and temperature sensing have been 
outlined, as well as the significance of 2D hybrid nanocomposite sensors in these 
applications. Works from literature have been cited to compare these performances 
to those of conventional sensing materials. In future, synthesis and scalability tech-
niques should be keenly investigated to produce sensors with more uniformity and 
stability for effective sensing applications. Also, cheaper but more efficient materials 
and synthesis processes should be investigated and applied in order to reduce the cost 
of manufacturing and production of 2D hybrid nanocomposite sensors, making its 
application economically viable and commercially possible. Further research and
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developmental works in this area have great potential for the fabrication of more 
innovative composites that can cause massive improvement in industries such as 
biomedical, automotive, aerospace, electrical, and electronics. 
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Abstract The use of graphene nanocomposites in the fabrication and creation of 
electrochemical sensors is discussed in this chapter. Graphene derivatives have 
garnered significant interest in the last decades due to their exceptional electrical, 
mechanical, and thermal characteristics, which have made them a preferred choice 
in the development of sensor electrodes. Moreover, their electrochemical properties 
make them ideal candidates for electrochemical applications, especially in sensing 
due to their electrocatalytic activity, highly effective surface area, excellent electrical 
conductivity, adsorption capability, and high porosity. Over the past few years, there 
has been significant progress in the development of graphene-based nanocomposites. 
This chapter aims to provide an overview of these works and their findings for those 
with prior knowledge of the subject matter. Also, it elucidates the characteristics of 
graphene nanocomposites and their potential use as electrochemical sensors. 

Keywords Graphene · Exfoliated graphene · Nanocomposition ·
Electrochemistry · Sensors 

1 Introduction 

Two-dimensional substance called graphene (Gr) is made of carbon atoms organized 
in a honeycomb lattice, which provides it with extraordinary properties, such as 
large surface area, high conductivity, and exceptional mechanical strength [1]. These
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unique features of graphene make it an ideal material for use in electrochemical 
sensing applications [2]. The characteristics of graphene and graphene oxide are 
identical, except that graphene oxide (GO) contains –CO, –COOH, –OH, and epoxy 
groups. These groups increase interlayer distance, resulting in a more hydrophilic 
layer. As a result, GO is an oxygenated graphene sheet. As GO is partially reduced, 
it forms a sheet similar to graphene called reduced graphene oxide (rGO) [3]. 

Several approaches for producing graphene materials have been investigated 
during the last two decades. Chemical vapor deposition, mechanical exfoliation, 
liquid-phase exfoliation helped by solvents or surfactants, ultrasonically exfoliated 
graphite, epitaxial growth, and synthesis of compounds intercalated with graphite 
are the common methods for graphene production [4]. Graphene-based nanocom-
posites, formed by incorporating graphene with other materials, have emerged as 
promising candidates for electrochemical sensing applications, as they can enhance 
the selectivity, sensitivity, and stability of sensors [5]. 

In recent years, extensive research has been conducted to develop graphene-based 
nanocomposites for various electrochemical sensing applications, including glucose 
sensing [6], DNA detection [7], environmental monitoring [8], and biomedical diag-
nostics [9]. These nanocomposites exhibit exceptionally large surface area, electrical 
conductivity, excellent chemical stability, and high mechanical strength, making 
them ideal for constructing high-performance electrochemical sensors. A variety 
of methods can be used to synthesize graphene-based nanocomposites. The most 
common process involves the initial synthesis of graphene, followed by nanocom-
posites based on graphene. Such methods include the and the self-assembly method 
one-step hydrothermal method. Other methods are presented in Tables 7.1 and 7.2. 
In this chapter, the most common methods for synthesizing graphene and graphene-
based nanocomposites have been summarized. The application of these nanocom-
posites to construct electrochemical sensors has been discussed. This chapter serves 
as a single point of reference for researchers in graphene science, materials science, 
biosensors, chemistry, nanotechnology, and electrochemistry. A wide range of audi-
ences from a variety of research fields will find this chapter of particular interest and 
stimulate further interest in graphene-based biosensors.

2 Methods to Synthesize Graphene and Its Derivatives 

Ever since graphene was discovered in 2004, scientists have been able to develop 
various methods for producing graphene. These can be split into approaches that start 
from the top and those that start from the bottom. The top-down approach divides a set 
of bulk graphite into its derivatives of graphene, and the bottom-up approach assem-
bles the components (carbon) into a whole system (graphene or graphite) [10]. A 
variety of top-down techniques are available, such as mechanical, and chemical. The 
carbon nanotubes can be broken down by electrochemically oxidizing or reducing
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Table 7.1 Synthesizing graphene@nanocomposites methods 

Method Summary 

Solution mixing Disperse the graphene in a suitable solvent by ultrasonic or magnetic 
stirring. Add the nanofiller suspension to the polymer and mix them 
together using stir or shear mixing and wash away any remaining 
solvent with water and dry the product off [24] 

Hydrothermal/ 
solvothermal method 

Involve heating materials under high pressure and temperatures to 
make nanocomposites. Use aqueous and non-aqueous solution in 
hydrothermal and solvothermal methods, respectively [25] 

Self-assembly Organized formation of a system’s constituents into a distinct pattern 
or structure due to precise local interactions among materials. Occurs 
spontaneously without the need for external intervention or 
manipulation [26] 

Microwave irradiation 
method 

A rapid method for heating reactants to high temperatures with 
minimal energy usage, while also promoting close interaction among 
the different components, reducing reaction times, and creating a 
cleaner reaction environment [27, 28] 

Electrochemical 
deposition 

An approach in which metal ions from a solution are deposited onto an 
electrically conductive surface, resulting in the formation of a solid 
metal film [29] 

In-situ polymerization Monomer liquid mixed with filler and polymerization can be conducted 
through heating, initiating with a catalyst, or utilizing radiation [30]

them, as well as by chemically and thermally splitting them apart. Bottom-up tech-
niques include catalytic processes, heat treatments, and chemical processes [11]. 
Herein, we briefly summarized the most common methods as follows: 

2.1 Micromechanical Exfoliation 

In this technique, physically separating graphene sheets from highly ordered 
pyrolytic graphite (HOPG) surface is achieved through the application of microme-
chanical cleavage, which uses adhesive tape [12]. This adhesive substrate separates 
graphene layers directly by applying force to them and is perfect for the creation of 
exceptionally high-quality graphene layers. To remove the graphene layer, tape is 
applied to the acetone substrate and peeled off with new tape. The graphene layers 
that remain are likely to be twisted into multiple flakes by repeated peeling. This 
synthesis technology of graphene is desirable because of its affordability and effec-
tiveness, and the produced graphene varies in size and thickness. However, due to 
its high manual labor requirement, long production time, and lack of control, this 
technique is not appropriate for mass production. In order to make this technique 
feasible and scalable for industrial applications, these undesirable factors must be 
addressed.
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Table. 7.2 Different approaches used for synthesizing graphene@nanocomposites 

Graphene@nanocomposites Fabrication method Application Refs. 

Gr–MnO2 Microwave irradiation 
method 

Supercapacitors Yan et al. [34] 

Co–Al LDH-NS/GO Self-assembly Supercapacitors Wang et al. [35] 

Gr-ZrO2 Electrochemical 
deposition 

Electrochemical 
sensor 

Du et al. [36] 

TiO2–rGO Hydrothermal method Photocatalytic 
activity 

Gu et al. [37] 

rGO/Ala/PANI In-situ polymerization Electrochemical 
sensor 

Akhtar et al. [38] 

rGO-TiO2/PPy Hydrothermal method, 
In-situ polymerization 

Electrochemical 
sensor 

Deivanayaki et al. 
[39] 

PDDA-Gr-(Co–Ni) Solvothermal method Electrochemical 
sensor 

Li et al. [40] 

SnO2-rGO Hydrothermal method Electrochemical 
sensor 

Zhang et al. [41] 

ZnO/PPy/PANI/GO Solution mixing Electrochemical 
sensor 

Kumar et al. [42] 

GO–AgNPs Self-assembly Anti-bacterial 
activity 

Liu et al. [43] 

NiNPs/erGO Electrochemical 
deposition 

Electrochemical 
sensor 

Kurt Urhan et al. 
[44] 

GOZnFe2O4/ PANi In-situ polymerization Supercapacitors Alsulami et al. 
[45] 

Pd-PPy/NGE In-situ polymerization Electrocatalysts Xie et al. [46] 

QOTM/Gr Solvothermal method Electrochemical 
sensor 

Li et al. [47] 

rGO-Co3O4@Au Hydrothermal method Electrochemical 
sensor 

Shahid et al. [48] 

PB-PEDOT-LSG Solution mixing Electrochemical 
sensor 

Machhindra and 
Yen [49] 

rGO-WS2@Fe3O4 Microwave irradiation 
method 

Electrochemical 
sensor 

Rana et al. [50] 

TiO2–Gr Hydrothermal method Photocatalytic 
catalyst 

Diang et al. [51] 

TiO2–rGO Microwave irradiation 
method 

Photocatalytic 
activity 

Liu et al. [52] 

CeO2-Gr Solvothermal method Electrochemical 
sensor 

Yang et al. [53] 

CoFe/NGr Hydrothermal method Electrochemical 
sensor 

Hassan et al. [54] 

MgO/Gr/Ta Electrochemical 
deposition 

Biosensor Zhao et al. [55]

(continued)
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Table. 7.2 (continued)

Graphene@nanocomposites Fabrication method Application Refs.

PANI/rGO In-situ polymerization Gas sensor Jee et al. [56] 

Piperazine/Phytic acid/GO Self-assembly Flame retardants Fang et al. [57] 

NiS@GO Hydrothermal method Electrochemical 
sensor 

Awan et al. [58] 

Pt/NGr Microwave irradiation 
method 

Electrochemical 
sensor 

Anuar et al. [59] 

Ag-AuNPs/RGO Solvothermal method Electrochemical 
sensor 

Zhao et al. [60] 

PCA-RGO/Au NPs Solution mixing Electrochemical 
sensor 

Pifferi et al. [61] 

AuNP@Gr/MOF5 Hydrothermal method Electrochemical 
sensor 

Ganash and 
Alotaibi [62] 

CG: CuNPs Aerosol-assisted 
capillary compression 
method 

Electrochemical 
sensor 

Alencar et al. [63] 

rGO-Nb2O5 Solvothermal method Electrochemical 
sensor 

Durai and 
Badhulika [64] 

Ag/rGO Solution mixing Electrochemical 
sensor 

Shen et al. [65]

2.2 Electrochemical Exfoliation 

In this method, a two-electrode electrochemical cell is used to synthesize the 
graphene. One electrode is made of graphite rods, plates, or powder. Another one is 
made from platinum, copper, or even graphite material. These electrodes are placed 
in either non-aqueous or aqueous electrolytes, and then a voltage is applied to cause 
electrode expansion, resulting in a floated layer of graphene on top of the electrolyte 
solution. As a result of the applied voltage, intercalating ions can penetrate between 
the graphite sheets and exfoliate the graphite into anodic graphene. Based on the 
nature of the used electrolytes (e.g., H2SO4, (NH4)2SO4, Na2SO4, …etc.) the degree 
of intercalation, and the size of the intercalating ion; the electrochemical exfolia-
tion method produces either graphene oxides or few-layered graphene [4]. Anodic 
exfoliation is not the only method available for obtaining graphene; cathodic exfoli-
ation can also be used alone or in combination with ultrasonic treatment and thermal 
expansion in organic solvents [5]. As a result of this approach, high-quality few-layer 
graphene sheets with a wide range of thicknesses and sizes could be produced.
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2.3 Liquid-Phase Exfoliation 

Graphene is most commonly produced with liquid-phase exfoliation, which has a 
favorable quality: cost ratio for large quantities. For example, graphene nanosheets 
with good quality were successfully synthesized through the exfoliation of graphite 
in a mixture of water and DMF [13]. Despite the use of different polar and nonpolar 
organic solvents, the highest possible yield has not been achieved. It remains a 
challenge, however, to produce multilayer graphene with high resolution using this 
method. 

2.4 Chemical Synthesis 

The chemical synthesis method is one of the best proper methods for the graphene 
production and its derivatives. By producing a colloidal suspension, graphene can 
be modified from graphite and graphite intercalation compounds [14]. It is worth 
noting that graphene is a polycyclic aromatic hydrocarbon containing nanocompos-
ites that can be controlled to deliver different graphene structures. Chemical exfolia-
tion comprises two steps. At first, the interlayer forces (van der Waals) are reduced to 
increase the interlayer spacing, forming graphene-intercalated compounds. By rapid 
heating or sonication, graphene is produced with a single to few layers in the second 
step. On the contrary, graphene oxide can be easily prepared by using Hummers’ 
method. In this method, graphite is oxidized with strong oxidizing agents such as 
NaNO3 and KMnO4 in H3PO4/H2SO4 [15]. 

2.5 Chemical Vapor Deposition (CVD) 

CVD is a chemical reaction in which molecules are heated and converted to gaseous 
forms, which is known as the precursor. The CVD approach for large-scale graphene 
production employs transition metals such as copper and nickel to generate a metallic 
catalyst layer on the base sheet. After the material has been chemically etched and 
deposited on the substrate, a carbon-containing slurry is poured into the reaction 
chamber to make high-quality graphene [16]. There are several different types of 
CVD procedures depending on the precursors, material quality, structure required, 
thermal, plasma-assisted CVD, cold wall, and hot wall. In CVD process reactors, 
such as hot wall reactors, the temperature is typically constant throughout, but in 
cold wall systems, the walls are never heated. Graphene is mainly produced on Cu 
thin films using a cold wall method.
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2.6 Arc Discharge Method 

Graphene may be synthesized using an arc discharge process in the presence of He, 
H2, or N2 in 2–3 layers with flake sizes ranging from 100 to 200 nm, which is eminent 
to that produced using chemical techniques [17]. Favorable conditions for growing 
graphene on the inner wall are high current (>100 A), high gas pressure (>200 Torr), 
and high voltage (>50 V). The combination of CO2 and He during the arc discharge 
process to synthesize graphene has also been used as well [18]. The arc discharge 
process offers a potential path toward scalable and clean graphene manufacturing, 
but it is fraught with difficulties, including graphene size restrictions, high cost, and 
limited yield. 

2.7 Laser-Scribed Graphene 

Graphene can be produced through the exposure of a polymeric precursor to 
laser radiation, commonly known as laser-induced graphene (LIG) or laser-scribed 
graphene (LSG). This is accomplished by photothermal conversion the hybridiza-
tion of carbon atoms from sp3 to sp2 [19]. The laser-scribing process begins with 
depositing a layer of carbon-containing material, such as a polymer, onto a substrate. 
A laser beam is then focused onto the material, which heats up and decomposes, 
leaving behind a pattern of graphene. The laser energy removes the carbon atoms 
from the polymer, leaving a pattern of graphene behind. The graphene pattern is 
highly conductive and can be used as a circuit or electrode [20]. One advantage of 
the laser-scribing technique is that it is a simple and scalable process, suitable for 
large-scale production. It also allows for precise control over the graphene pattern, 
enabling the creation of complex and intricate designs. Overall, the laser-scribing 
technique is an auspicious method for creating high-quality graphene patterns on a 
variety of surfaces, opening up new possibilities for graphene-based apparatus and 
technologies. 

3 Methods to Synthesize Graphene@nanocomposites 

Even though graphene has many great qualities, pure graphene sheets still have 
a limited number of useful applications due to some of their characteristics such 
as the very poor stability of pure graphene layers or the low electronic double-
layer capacitance [21]. Therefore, to achieve the desired characteristics of graphene 
for extensive practical applications, pure graphene sheets combined with appro-
priate nanocomposites were developed. Nanocomposites are made up of matrices 
such as organic polymers and metal nanoparticles. The addition of these inclu-
sions not only results in an enhancement of the material’s properties but also
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makes the material’s surface functionalized with a variety of enzymes and proteins 
[22]. To synthesize graphene@nanocomposites, many ways are currently used 
such as solution mixing, electrochemical deposition, self-assembly, hydrothermal/ 
solvothermal method, microwave irradiation method, and in-situ polymerization [23, 
24]. Table 7.1 provides a brief summary of the various methods used for synthesizing 
graphene@nanocomposites. 

Jasuja et al. studied the solvent-dispersible uncapped gold nanoparticles on rGO 
sheets synthesis using microwave irradiation [31]. The material was successfully 
synthesized and the gold nanoparticles formation diagram in the absence and pres-
ence of GO is shown in Fig. 7.1a. Another method used by Wang et al. [32] is  
in-situ polymerization. Figure 7.1b displays the step of preparing PA6T-Graphene 
composite. Then, one-step electrochemical deposition was utilized by Sangili et al. 
for another graphene@nanocomposite synthesis [33]. Figure 7.1c demonstrates the 
fabrication of AuNP/rGO/Ab/BSA/Ag/GCE via a one-step electrochemical deposi-
tion of layer-by-layer assembly of AuNP/rGO-based electrochemical immunoassay 
for endometriosis detection. For other methods, Table 7.2 shows some examples of 
different synthesizing graphene@nanocomposites methods. 

Fig. 7.1 a in-situ synthesis scheme of multiple shaped bare-surfaced Au NPs on GO using 
microwave irradiation method (reprinted from ref [31], Copyright © 2010, American Chemical 
Society) b PA6T-graphene nanocomposite fabrication step via in-situ polymerization (reprinted 
from ref [32], Copyright © 2019 Elsevier) c fabrication method of AuNP/rGO/Ab/BSA/Ag/GCE 
via electrochemical deposition (reprinted from ref [33], Copyright © 2020, American Chemical 
Society)
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4 Application in Electrochemical Sensing 

Currently, numerous electrochemical sensors are extensively utilized in a wide range 
of applications so improving the electrochemical sensor’s functionality is neces-
sary for good selectivity and sensitivity of the devices. And modifying sensors 
with graphene-based nanocomposites is one way to achieve that. By incorporating 
graphene, electron transfer speeds up, allowing for direct electrochemistry and 
biological sensing. Additionally, diverse compositions and structures of graphene 
derivatives can alter their electrochemical performance for better outcomes. There-
fore, in this section, we provide a summary and example of works using different 
graphene-based nanocomposites for various electrochemical sensors. 

4.1 Graphene-Based Nanocomposites Electrochemical 
Sensors for Heavy Metal Ion 

Heavy metal ions such as cadmium, lead, and mercury, along with semimetals like 
arsenic, exhibit high toxicity and can pose severe health risks and environmental 
problems. Even though heavy metals are naturally occurring from biogeochemical 
processes, their presence in the environment is mainly due to human activities such 
as emissions released into the air from various sources like automobiles or coal-
burning plants and process wastes from mining or industry [66, 67]. These extremely 
harmful contaminants are non-biodegradable and can cause negative impacts on the 
immune, central nervous, and reproductive systems, even at very minimal concen-
trations [68]. Therefore, developing precise and selective methods to measure heavy 
metal contamination in food, water, and the environment is crucial. 

Electrochemical detectors show great potential for evaluating the amount of heavy 
metals in many media due to their selectivity, sensitivity, low cost, durability, and 
ability to be deployed in the field. As for graphene and its nanocomposites, they have 
displayed promising potential in the removal of toxic heavy metals from different 
aqueous solutions [69, 70] and now received more attention for use as modifying 
materials in electrochemical sensors [71]. Table 7.3 provides a summary of electro-
chemical sensors fabricated from graphene and its nanocomposites for various metal 
ions detection.

Xu et al. developed amino-functionalized MgFe2O4/rGO composite-modified 
GCE for the electrochemical detection of Cu2+ [84]. The composite was produced 
through a one-pot method, and it was characterized by FT-IR, XRD, SEM, and 
electrochemical methods. Using the optimized conditions, the modified electrodes 
detected Cu2+ with SWASV technique and obtained a detection limit of 0.2 nM with a 
linear range of 2–1000 nM. Another work was presented by Rahman et al. [77] about 
the detection of Hg2+ using platinum electrode modified with GO-Silver Nanowire 
(AgNW) Nanocomposites. The joint impact of conductive AgNW and GO has been 
shown to considerably enhance electron transportation and sensing capability for
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Table 7.3 Overview of electrochemical sensors modified with graphene-based nanocomposites for 
heavy metal detection 

Electrode Analyte Detection 
technique 

Linear range LOD Refs. 

Gr/GO/GCE Cd2+ DPV 0–10 μM 0.087 μM [72] 

Gr/MOF/GCE As3+ DPASV 2.67–334 nM 0.801 nM [73] 

LSG/PB-PEDOT/GCE Cd2+ DPV 1–10,000 nM 0.85 nM [49] 

AgNPs/rGO/GCE Cd2+ 

Pb2+ 

Cu2+ 

Hg2+ 

SWASV 0.05–3.5 μM 
0.05–2.5 μM 
0.05–3.5 μM 
0.5–3 μM 

0.254 μM 
0.141 μM 
0.178 μM 
0.285 μM 

[74] 

Au NPs/rGO/CPE As3+ ASV 13.35–266.95 nM 1.74 nM [75] 

Au NPs/rGO/GCE Fe3+ DPV 0.03–3 μM 3.5 nM [76] 

AuNP@Gr/MOF5/CPE Cd2+ SWV 0.01–30 μM 0.005 μM [62] 

GO/AgNW/Pt Hg2+ SWASV 1–70 nM 0.10 nM [77] 

dendritic Au/GO/GCE Fe3+ DPV 0.007–1 μM 1.5 nM [78] 

rGO/AuNP/Nafion/Au electrode Cu2+ DPASV 0.02–1 μM 4 nM [79] 

Fe3O4/rGO/SPE As3+ DPASV 0.027–4 μM 1.33 nM [80] 

Fe3O4/rGO/GCE As3+ SWASV 0.00013–67.4 nM 0.0016 nM [81] 

ZnO–rGO/SPE Cd2+ 

Pb2+ 
DPSV 0.089–0.71 μM 

0.048–0.39 μM 
1.42 nM 
0.821 nM 

[82] 

MnFe2O4/GO/GCE Pb2+ SWASV 0.2–1.1 μM 0.0883 μM [83] 

1,6-hexanediamine 
functionalized MgFe2O4/rGO/ 
GCE 

Cu2+ SWASV 2–1000 nM 0.2 nM [84] 

Co-doped ZnO/rGO/GCE Cd2+ 

Pb2+ 
DPV 0.089–0.8 μM 

0.048–0.43 μM 
8.36 nM 
4 nM  

[85] 

Curcumin/MnO2/Gr/GCE Hg2+ DPV 0.249–5.982 μM 0.096 μM [86] 

Co3O4/rGO/chitosan/GCE Pb2+ DPASV 1–200 nM 0.35 nM [87] 

benzothiazole-2-carboxaldehyde/ 
Fe3O4/GO/GCE 

Cd2+ 

Pb2+ 
SWASV 0.7–800 nM 

0.3 nM–430 nM 
0.3 nM 
0.1 nM 

[88] 

Au@MoS2/ 
rGO-AuPd@Fe-MOFs 

Pb2+ Amperometry 5.0 pM–2.0 μM 0.07 pM [89] 

PrGO/AuNPs/Sal-Cys/GCE Cd2+ 

Pb2+ 
SWASV 1–10 nM 

1–10 nM 
0.06 nM 
0.04 nM 

[90] 

PCA-rGO@Au NPs/SPCE As3+ ASV 0.1–100 μM 3.6 μM [61] 

GO/UiO-67@PtNPs/GCE As3+ SWASV 2.7–33.4 nM 0.48 nM [91] 

PANI/GO/GCE Pb2+ SWASV 0.2–3500 nM 0.04 nM [92] 

rGO/Ala/PANI/GCE Cd2+ 

Pb2+ 

Cu2+ 

SWASV 0.08–100 nM 
0.08–100 nM 
0.08–100 nM 

0.03 nM 
0.063 nM 
0.045 nM 

[38] 

T-GO-C/GCE Hg2+ 

Cd6+ 
SWV 0.025–2.99 μM 

0.096–11.5 μM 
0.005 μM 
0.385 μM 

[93]

(continued)
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Table 7.3 (continued)

Electrode Analyte Detection
technique

Linear range LOD Refs.

CS/GO-IIP/GCE Cu2+ DPASV 0.5–100 μM 0.15 μM [94] 

ChOx/DWCNTs-Gr/SPE As5+ SWV 0.013–0.134 μM 0.004 μM [95] 

Apt/CS/rGO/TiO2/GCE Pb2+ DPV 0.005–4.83 nM 0.002 nM [96] 

Apt/CS/rGO/MWCNT/AuNP/ 
GCE 

Pb2+ DPV 0.05–200 nM 0.007 nM [97] 

GO − poly(dimethylsiloxane)/ 
SPCE 

Pb2+ SWASV 1.21–377.05 nM 0.34 pM [98] 

poly-L-lysine/chitosan/rGO Cd2+ 

Pb2+ 

Cu2+ 

DPASV 0.44–88.96 nM 
0.24–48.26 nM 
0.79–157.37 nM 

0.089 nM 
0.097 nM 
0.31 nM 

[99] 

PVA/chitosan-TRG/GC Pb2+ SWASV 4.83–241 nM 0.242 nM [100] 

Gr-CD/PPy/SPCE Hg2+ DPV 1–300 nM 0.47 nM [101] 

CNW:rGO/PA6 Hg2+ DPV 2.5–200 μM 5.2 nM [102] 

Ru(II)-tris(bipy)-GO/AChE/Pt Cd2+ 

As3+ 
Amperometry 0.02–0.7 μM 

0.05–0.8 μM 
0.07 μM 
0.03 μM 

[103] 

ZIF-8@DMG/β-CD/rGO/GCE Ni2+ DPASV 0.01–1.0 μM 0.005 μM [104] 

Sb film/GO/SPE Cd2+ 

Pb2+ 

Cu2+ 

Hg2+ 

SWASV 0.3–1.5 μM 
0.1–1.3 μM 
0.3–1.5 μM 
0.1–1.3 μM 

0.054 μM 
0.026 μM 
0.06 μM 
0.066 μM 

[105] 

Bi film/Gr/GCE Cd2+ 

Pb2+ 
SWASV 0.062–1.068 μM 

0.024–0.579 μM 
4.18 nM 
1.98 nM 

[106]

Hg2+. Under the optimized conditions, the sensor gave a linearity in the range of 
1–70 nM and a detection limit of 0.1 nM for Hg2+ detection using SWASV. Next, 
Priya et al. developed the penetrable nature of reduced graphene/AuNPs/modified 
L-cysteine nanocomposite coated on GCE for simultaneous electrochemical detec-
tion of Pb2+ and Cd2+ using SWASV [90]. A cooperative impact of properties of the 
electrode materials used could explain why the PrGO/AuNPs/Sal-Cys/GC electrode 
performed better. GO pores could increase electrode surface area, AuNPs act as elec-
trocatalysts [107] and electronegative groups in Sal-Cys facilitate effective chelation 
of target metal ions. With an optimized medium, the linearity was in the range of 
1–10 nM for both Cd2+ and Pb2+, while the limits of detection were 0.06 nM and 
0.04 nM for Cd2+ and Pb2+, respectively. 

An ion-imprinted sensor based on chitosan-GO composite polymer-modified 
GCE was developed for Cu2+ detection by Wei et al. [94]. Figure 7.2a displays the CS/ 
GO-IIP sensor fabrication and chemical processes. The sensor was characterized by 
Raman spectroscopy, FT-IR, SEM, EDS, AFM, and electrochemical measurements. 
The modified electrodes were used to detect Cu2+ with differential pulse anodic strip-
ping voltammetry and achieved a detection limit of 0.15 μM with a linear range of 
0.5–100 μM. Ru et al. then demonstrated the determination of the As3+ method using
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Fig. 7.2 Electrochemical sensors modified with graphene-based nanocomposites for heavy metal 
detection a Diagram of the fabrication procedure for CS/GO-IIP sensor (1) and corresponding 
chemical reactions (2). (reprinted from ref [94], Copyright © 2019 Elsevier) b Schematic illustrates 
the fabrication process for as3+ electrochemical detection using GO/UiO-67@PtNPs.(reprinted 
from ref [91], Copyright © 2022 Elsevier) c Schematic representation of LSG fabrication and 
PB-PEDOT nanoparticle synthesis for cadmium ion sensing (reprinted from ref [49]) 

SWASV with graphene oxide/octahedral UiO-67metal-organic framework/ platinum 
nanoparticles modified GCE [91]. With the sensor (Fig. 7.2b), As3+ showed a linear 
response in the range of 2.7–33.4 nM, and the detection limit is 0.48 nM. Another 
electrochemical sensor for Cd2+ detection was introduced by Machhindra and Yen 
[49]. Prussian blue (PB), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT)-loaded laser-scribed graphene (LSG) nanocomposite was successfully 
synthesized and coated on GCE. The combined materials gave the advantages of 
large surface area from LSG and high selectivity and sensitivity and rapid detection 
ability from PB nanoparticles. Under the optimum conditions, the modified electrode 
was used with differential pulse voltammetry to detect Cd2+ and obtained an LOD 
equals to 0.85 nM with a linear range of 1–10,000 nM. 

4.2 Graphene-Based Nanocomposites Electrochemical 
Sensors for Drug Detection 

Currently, drugs have a significant presence in our routine due to their intentional use 
for healing as well as non-medical purposes. These drugs fall under three main cate-
gories: therapeutic, legal, and illicit. Medications that are primarily recommended 
by medical practitioners to manage various ailments are referred to as therapeutic
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drugs. Legal drugs are commonly used in commercial goods. Upon ingestion, these 
substances induce psychoactive effects within the body. And final group, illicit drugs, 
are primarily used for recreational purposes. These drugs adversely affect the central 
nervous system and consequently contribute to a variety of health problems that 
persist over extended periods [108, 109]. In spite of the fact that the last category of 
drugs was initially developed for pharmaceutical purposes, their potential for harmful 
misuse ultimately outweighed their therapeutic use. Furthermore, the problem of drug 
overdose in numerous countries has become more severe due to insufficient regula-
tions. Therefore, developing precise and selective techniques for the quantification 
of drugs from various sources is necessary. 

Electrochemical sensors are now transforming the way drug-detection techniques 
are being conducted in various fields, especially because of their cost-effectiveness, 
ease of usage, and portability when compared to traditional chromatography tech-
niques. As for graphene, when compared to other nanomaterials, they offer a much 
higher surface-to-weight ratio. This property has prompted the development of more 
sensitive and dependable sensors. Moreover, due to the remarkable qualities of 
graphene and its ability to be customized for specific molecule targeting, graphene-
based sensors have been a highly favored sensing material in the scientific community. 
Table 7.4 offers a review of electrochemical graphene-based and its nanocomposite 
sensors for various drug detection.

Wang et al. proposed a new sensor for the simultaneous determination of 4-
aminophenol (4-AP) and acetaminophen (AC) based on the nanohybrid of palladium-
rGO modified with AuNPs nanocomposites [123]. The experiment results indicated 
that the prepared nanohybrid of Au/Pd/rGO (Fig. 7.3a) gave a remarkable level of 
electrocatalytic activity for the simultaneous oxidation and reduction of AC and 4-
AP. A linear range and detection limit obtained for both drugs is 1.00–250.00 μM, 
0.30 μM for AC and 1.00–300.00 μM, 0.12 μM for 4-AP. Another method for 
AC detection was introduced by Rokhsefid and Shishehbore [131]. Their work is 
about developing a method for the simultaneous determination of acetaminophen 
and tramadol. AuNPs/GN) nanocomposite was successfully synthesized and mixed 
with graphite powder and 4-hydroxyl-2-(triphenylphosphonio)phenolate (HTP) to 
make a carbon paste electrode (CPE). The electrode was used to measure TRA and 
AC simultaneously with DPV and obtained a 0.82 μM detection limit in a linear range 
of 1.0–100.0 μM for TRA and a linear range of 40.0–120.0 mM for AC. Aflatoonian 
et al. developed a new type of electrochemical sensor using a composite of Gr and 
Co3O4 as a modified material on the screen-printed electrode (SPE) for detecting 
tramadol with DPV [117]. The electrochemical oxidation of TRA was found to 
be more durable using Gr/ Co3O4/SPE with a more negative potential. Under the 
optimized condition, the linear range of tramadol is 0.1–500.0 μM with the limit of 
detection at 0.03 μM.

Baghayeri et al. developed a highly efficient electrochemical sensor which was 
made of two layers of silver nanoparticle-decorated graphene for the methadone 
measurement [113]. Two layers of Gr/AgNPs nanocomposite on GCE were fabri-
cated by two-steps: Gr drop-casting and electrochemical deposition of AgNPs. The 
synergetic effects between Gr and AgNPs help increase the electrocatalytic activity
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Fig. 7.3 Electrochemical sensors modified with graphene-based nanocomposites for drug detec-
tion a Schematic illustration of the fabrication of the CS/Au/Pd/rGO sensor for simultaneous 
determination of 4-aminophenol and acetaminophen. (reprinted from ref [123], copyright © 2017 
Elsevier) b Schematic illustration of the fabrication process of erGO/GCE sensor for analysis of 
acetaminophen drug. (reprinted from ref [111])

toward methadone oxidation. Under the optimized conditions, the sensor gave a 
linear response in the range of 1.0–200.0 μM, and the limit of detection is 0.12 μM 
using DPV. Another acetaminophen analysis was proposed by Ahmed et al. [111]. 
The GO was synthesized by a modified Tours’ method and used in the electrochem-
ical fabrication of electrochemically reduced graphene oxide (erGO)/GCE sensor 
via LSV technique to improve the deposition (Fig. 7.3b). The sensor was used to 
detect AC with DPV and achieved a LOD of 0.007 μM with a working range of 
0.0219–2.30 μM.
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4.3 Graphene-Based Nanocomposites Electrochemical 
Sensors for Pesticides 

Pesticides are extensively utilized in agricultural practices worldwide for the purpose 
of managing weeds and pests and maintaining high food production. However, 
these chemicals have the potential to be toxic to humans. Overusing and incor-
rectly disposing of pesticides can lead to substantial contamination of both food and 
the environment due to pesticide’s ability to dissolve easily in water but difficult to 
decompose which can lead to harmful health effects [145]. Therefore, developing 
sensitive, selective, and convenient sensors for pesticide determination in food or 
environment is required. 

Compared to traditional analytical techniques for detection of pesticides like chro-
matography or mass spectrometry, electrochemical sensors have more advantages in 
cost-effectiveness, easy operation, and portability. On the other hand, graphene is an 
exceptional absorber of pesticides and widely used as a sorbent material because of 
its substantial surface area, [22]. Moreover, its exceptional conductivity and narrow 
band gap facilitate the flow of electrons [146] which makes them more interesting 
as materials for electrochemical sensor modification. A summary of electrochemical 
sensors synthesized from graphene and its nanocomposites for numerous pesticide 
detection is provided in Table 7.5.

A new sensor for the detection of fenitrothion based on the modification of GCE 
with cerium oxide@rGO nanocomposite was introduced by Ensafi et al. [154]. From 
the study, this nanocomposite has a synergetic effect on the fenitrothion oxidation by 
reducing the working potential closer to 0.00 V versus Ag/AgCl and increases in the 
current responses. The sensor showed a linearity in the range of 0.025–2.00 μM with 
an LOD of 0.003 μM for fenitrothion detection using DPV. A similar pesticide detec-
tion method was developed by Shahid et al. [48]. Figure 7.4a shows rGO-Co3O4@Au 
nanocomposite was synthesized by a one-pot hydrothermal method and then was 
used as a modified material on GCE for hydrazine determination with amperometry 
technique. The nanocomposite of rGO- Co3O4@Au demonstrated commendable 
electrocatalytic properties for the process of hydrazine oxidation in phosphate buffer 
with a pH value of 7.2. The sensor achieved a detection limit of 0.443 μM with a 
linear range of 10–620 μM.

Yan et al. took the advantages of the reduced graphene oxide nanosheets and gold 
nanoparticles to link them covalently to ferrocene-terminated dendrimer coated on 
GCE (AuNPs/FcDr/rGO/GCE) sensor for dichlorvos detection [159]. The combina-
tion of AuNPs and rGO nanosheets has a cooperative effect on the acceleration of 
electron transfer from FcDr to GCE. This leads to an increased electrochemical signal 
in the AuNPs/FcDr/rGO/GCE sensor and an overall improvement in the sensor’s 
ability to detect an analyte. From the results, the developed sensor has a wide linear 
range from 0.43 to 218.4 μM and a detection limit of 0.21 μM using the DPV tech-
nique. Another sensor for dichlorvos detection was prepared by Zhang et al. [161]. A 
layer-by-layer assembly method was employed to drip-coat graphene nanofragments 
that had been modified with chitosan and acetylcholinesterase (AChE) onto a GCE’s
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Table 7.5 Overview of electrochemical sensors modified with graphene-based nanocomposites for 
pesticides detection 

Electrode Analyte Detection 
technique 

Linear range LOD Refs. 

GS/GCE Carbendazim DPV 5–1570 nM 0.78 nM Wei et al. 
[147] 

SGr/GCE Hydrazine Amperometry 0.5–6 μM 0.25 μM Saritha Rani 
et al. [148] 

rGO-Au–Pd/CPE Parathion SWASV 0.01–11.2 μM 0.008 μM Jahromi 
et al. [149] 

AuNPs/erGO/ 
AuE 

Hydrazine DPV 4–1000 μM 
2000–8000 μM 

0.074 μM Amin et al. 
[150] 

BNQDs/GO/GCE Methyl 
parathion 
Diazinon 
Chlorpyrifos 

DPV 1–10,000 pM 
1–10,000 pM 
1–10,000 pM 

0.31 pM 
0.06 pM 
0.03 pM 

Yola [151] 

rGO-CuFeS2/ 
SPCE 

Methyl 
paraoxon 

DPV 0.073–801.5 μM 0.005 μM Rajaji et al. 
[152] 

rGO-CMF/SPCE Fenitrothion DPV 0.03–1133.8 μM 0.008 μM Velusamy 
et al. [153] 

CeO2/rGO/GCE Fenitrothion DPV 0.025–2.00 μM 0.003 μM Ensafi et al. 
[154] 

Gr@NiFeSP/ 
GCE 

Paraoxon 
Ethy 

SWV 0.012–10 μM 0.004 μM Aghaie et al. 
[155] 

rGO/Co3O4@Au/ 
GCE 

Hydrazine Amperometry 10–620 μM 0.443 μM Shahid et al. 
[48] 

FS@rGO/GCE Fenitrothion DPV 5–1000 nM 0.19 nM Özcan et al. 
[156] 

ZrP/GO/GCE Fenitrothion Amperometry 0.008–26 μM 0.001 μM Kokulnathan 
et al. [157] 

TiO2/ 
GO@UiO-66/ 
GCE 

Paraoxon 
Chlorpyrifos 

SWV 1.0–100.0 nM 
5.0–300.0 nM 

0.2 nM 
1.0 nM 

Karimian 
et al. [158] 

AuNPs/FcDr/ 
rGO/GCE 

Dichlorvos DPV 0.45–281.4 μM 0.21 μM Yan et al. 
[159] 

MIP/GO/GCE Profenofos SWV 0.05–3500 μM 0.005 μM Khalifa and 
Abdallah 
[160] 

AChE/Gr&CS/ 
GCE 

Dichlorvos DPV 0.1–100,000 nM 0.054 nM Zhang et al. 
[161] 

CNFs/GO/ 
CS-GO/AChE/ 
SPCE 

Chlorpyrifos SWV 2.5–1000 nM 2.2 nM Thet Tun 
et al. [162] 

AChE/GA/CIS/ 
rGO/SPCE 

Chlorpyrifos LSV 1.43–1341 nM 0.066 nM Itsoponpan 
et al. [163]

(continued)
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Table 7.5 (continued)

Electrode Analyte Detection
technique

Linear range LOD Refs.

AChE–CS/ 
3DG–CuO NFs/ 
GCE 

Malathion SWV 3–46,665 pM 0.93 pM Bao et al. 
[164] 

AChE/ 
Ti3C2Tx-CS/Gr/ 
GCE 

Dichlorvos DPV 0.023–11.31 μM 0.014 μM Wang et al. 
[165] 

poly(FBThF)/ 
Ag-rGO-NH2/ 
AChE/GCE 

Malathion 
Trichlorfon 

CV 0.3–30 nM 
0.08–8 nM 

0.097 nM 
0.004 nM 

Zhang et al. 
[166] 

(PDDA/ERGO)5/ 
(MNP/PSS)5 / 
ITO 

Carbofuran DPV 0.83–11.4 μM 0.407 μM Miyazaki 
et al. [167] 

AuNPs-rGO@NF Hydrazine Amperometry 0.2–200 μM 0.056 μM Wng et al. 
[168] 

ZrO2/rGO/ 
MoS2-Au/AuE 

Fenitrothion SWV 0.018–21.6 μM 0.008 μM Qi et al. 
[169] 

MoTe2 NPs/rGO/ 
ITO 

Profenofos PEC 3–26,764,000 pM 0.883 pM Ding et al. 
[170]

surface (Fig. 7.4b). The sensor gave a linearity in the range of 0.1–100,000 nM while 
the LOD was 0.054 nM for dichlorvos detection using DPV. 

4.4 Graphene-Based Nanocomposites Electrochemical 
Sensors for Hydrogen Peroxide (H2O2) 

H2O2 has significant applications in clinical, food, pharmaceutical, and environ-
mental monitoring fields. It serves as a mediator due to its exceptional oxidizing 
and reducing properties [171]. H2O2 is produced as a byproduct when different 
oxidases are involved in biochemical reactions taking place inside living organisms. 
H2O2 functions as a crucial signaling molecule that regulates various biological 
signal transduction processes including vascular remodeling, immune cell activa-
tion, stomatal closure, apoptosis, and root growth [172]. Additionally, it also holds 
a significant physiological function as an indicator of oxidative stress in aging and 
illness, and as a protective agent in the event of pathogenic invasion so H2O2 erup-
tion can activate various types of vital signaling proteins that impact cell growth, 
potentially causing various types of disorders in the body [173, 174]. Therefore, it is 
critical to observe the level of H2O2 and the development of simple, low-cost, fast, 
selective, and sensitive sensors are crucial.
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Fig. 7.4 Electrochemical sensors modified with graphene-based nanocomposites for pesticides 
detection a A scheme depicting how cobalt oxide nanocubes with gold nanoparticles interleaved 
into reduced graphene oxide are fabricated via hydrothermal methods for hydrazine determination. 
(reprinted from ref [48], copyright © 2017 Elsevier) b Schematic diagram of sensor modification 
with acetylcholinesterase/chitosan/graphene nanocomposites and Dichlorvos detection principle 
(reprinted from ref [161] with permission from Wiley)
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Graphene-based materials have become an attractive option for detecting H2O2 

due to their exceptional strength, high surface area, and remarkable electrical conduc-
tivity [171]. Moreover, incorporating nanocomposites onto the graphene surface 
can substantially enhance the active surface area, leading to improved adsorption 
and accelerated electron transfer mechanisms between the electrode and analytes. 
Table 7.6 shows electrochemical sensors for hydrogen peroxide fabricated from 
graphene-based nanocomposites.

Liu et al. introduced a simple electrochemical detection of the hydrogen peroxide 
method using a rGO/AuNPs composite-based paper sensor [193]. GO and AuNPs 
were reduced by using L-ascorbic acid. Then the nanocomposites were drop-coat 
on the paper substrate and heated to dry. The coated paper was made into an elec-
trode as shown in Fig. 7.5a and used to determine H2O2 with the amperometry 
technique. The performance of the paper sensor in detecting H2O2 was good and 
can detect in the linear range of 8.53–17.35 mM with a LOD of 0.015 mM. Another 
method for H2O2 detection was proposed by Guan et al. [196]. Manganese dioxide-
graphene nanosheets (MnO2-GNSs) composite synthesis was achieved by a one-
step hydrothermal method (Fig. 7.5b). The MnO2-GNSs modified GCE displayed a 
remarkable level of electrocatalytic activity for H2O2 oxidation due to the conduc-
tivity of GNSs and the synergistic effect of the catalytic capacity of MnO2 particles. 
Under the optimized conditions, the sensor gave a wide linear range of 0.5–350 μM 
with a low LOD at 0.19 μM using the amperometry technique.

Qjan et al. developed a simple and green non-enzymatic sensor for H2O2 detec-
tion using Cu2O/Ag-rGO nanocomposites as electrode-modifying material [201]. 
The results displayed that the sensor is selective and sensitive and can detect in a 
wide linear range from 1 to 310 μM with a LOD of 0.34 μM. Another work for H2O2 

detection was developed by Shen et al. [65]. Graphene doped with AgNP compos-
ites was synthesized via an in-situ reduction and laser etching method as shown in 
Fig. 7.5c. The sensor showed high sensitivity and exhibited a linear response from 1 
to 110 μM and a LOD of 0.24 μM. 

5 Conclusion 

Graphene-based nanocomposites have shown great potential in electrochemical 
sensing applications. The unique properties of graphene, such as excellent mechan-
ical, large surface area, and strength high and conductivity, make it an ideal material 
for developing high-performance sensors. Several methods have been developed to 
synthesize graphene such as electrochemical exfoliation, chemical vapor deposi-
tion, and laser-scribing approach. The incorporation of graphene with other mate-
rials to form the nanocomposites has further improved the selectivity and sensitivity 
of the sensors. These nanocomposites have demonstrated excellent performance in 
detecting various analytes such as heavy metals, drugs, and hydrogen peroxide, 
among others. Overall, graphene-based nanocomposites have revolutionized the field 
of electrochemical sensing, and their use is expected to increase in the future. With
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Table 7.6 Overview of electrochemical sensors modified with graphene-based nanocomposites for 
the detection of hydrogen peroxide 

Electrode Detection technique Linear range LOD Refs. 

erGO–AgNCs/GCE Amperometry 0.02–10 mM 0.003 mM Zhong et al. [175] 

rGO–AuNP/GCE Amperometry 0.25–22.5 mM 0.006 mM Zhang et al. [176] 

MnO2 NTs/rGO 
NCs/GCE 

Amperometry 0.1–30 mM 0.001 mM Mahmoudian et al. 
[177] 

AgNPs–CNT–rGO/ 
GCE 

Amperometry 0.01–10 mM 0.001 mM Zhang et al. [178] 

Pt/Gr/GCE Amperometry 1–1477 μM 0.50 μM Liu et al. [179] 

AgNWs/Gr/GCE Amperometry 10.0–34.3 μM 1.0 μM Zhang and Wang 
[180] 

HRP/CeO2-rGO/ 
GCE 

CV 0.1–500 μM 0.021 μM Radhakrishnan and 
Kim [181] 

Gr-Co3O4NPs/GCE Amperometry 0.2–211.5 μM 0.06 μM Karuppiah et al. 
[182] 

AgNPs/TWEEN/ 
GO/GCE 

Amperometry 0.02–23.1 mM 0.009 mM Yang et al. [183] 

rGO–PtNPs/GCE Amperometry 0.05–750.6 μM 0.016 μM Palanisamy et al. 
[184] 

Ag@Pt-Gr/GCE Amperometry 5.0–12,400 μM 0.9 μM Liu et al. [185] 

Pd-NPs/BGrs/GCE Amperometry 4–13,500 μM 1.5 μM Wang et al. [186] 

Pd/ZnFe2O4/rGO/ 
GCE 

Amperometry 25–10,200 μM 2.12 μM Ning et al. [187] 

rGO-Nf@Ag6/GCE Amperometry 1–10 μM 0.535 μM Yusoff et al. [188] 

rGO/Cu Fe2O4/ 
GCE 

Amperometry 1–11,000 μM 0.35 μM Karthikeyan et al. 
[189] 

Cu2O/rGO paper 
electrode 

Amperometry 1–1470 μM 0. 37 μM Cheng et al. [190] 

CoS/rGO/GCE Amperometry 0.1–2542.4 μM 0.042 μM Kubendhiran et al. 
[191] 

rGO/nAPAMSs/ 
GCE 

Amperometry 5–4000 μM 0.008 μM Bai et al.  [192] 

GO/AuNP-paper 
electrode 

Amperometry 8.53–17.35 mM 0.015 mM Liu et al. [193] 

NiCo2S4/rGO/GCE Amperometry 25–11,250 μM 0.19 μM Wang et al. [194] 

rGO/AgNPs/GCe Amperometry 2–20,000 μM 0.73 μM Salazar et al. [195] 

MnO2-GNS/GCE Amperometry 0.5–350 μM 0.19 μM Guan et al. [196] 

GNS@FeOOH/ 
GCE 

Amperometry 0.25–1200 μM 0.08 μM Chen et al. [197] 

rGO-AuNPs/ITO Amperometry 25–3000 μM 6.5 μM Patella et al. [198]

(continued)
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Table 7.6 (continued)

Electrode Detection technique Linear range LOD Refs.

CuCo2O4/rGO/ 
GCE 

Amperometry 30–5010 μM 0.08 μM Jiang et al. [199] 

PANI/Gr/ITO CV 100–500 μM – Verma et al. [200] 

CG:Cu/FTO Amperometry 32–803 μM 0.64 μM Alencar et al. [63] 

Cu2O/Ag-rGO/ 
GCE 

Amperometry 1–310 μM 0.34 μM Qian et al. [201] 

NiS@GO/PGE CV 0.1–1000 μM 0.059 μM Awan et al. [58] 

Ag/rGO/SPE Amperometry 1–110 μM 0.24 μM [65] 

Ag/ Co3O4/rGO/ 
GCE 

Amperometry 0.5–6480 μM 0.17 μM Zhang et al. [202]

Fig. 7.5 Electrochemical sensors modified with graphene-based nanocomposites for hydrogen 
peroxide detection a Illustration for the fabrication of rGO/AuNP-based paper sensor. (reprinted 
from ref [193], copyright ©2018 Taylor & Francis) b Diagram for the preparation of MnO2-GNSs/ 
GCE. (reprinted from ref [196], copyright © 2019 Elsevier) c Ag/rGO electrode preparation and 
electrochemical portable workstation detection (reprinted from ref [65], Copyright © 2023, Elsevier)

further advancements in nanotechnology, it is expected that these sensors will become 
even more sensitive, selective, and reliable, leading to their widespread adoption in 
different fields, including food safety, medical diagnosis, and environmental analysis. 
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Two-Dimensional (2D) Materials 
for Bio-sensing Applications 

J. M. Rajwade, A. Padhye, and S. Kulkarni 

Abstract Two-dimensional (2D) materials have attracted the attention of 
researchers all over the world since the discovery of graphene in 2004. Several routes 
of synthesis for graphene, transition metal dichalcogenides (TMDs), hexagonal boron 
nitride (hBN), black phosphorus (BP), metal oxides, MXenes, silicene, and other 2D 
materials were optimized. Due to their peculiar layered nature, 2D materials offer 
immense potential as sensors. Extremely high surface area to volume ratio, tunable 
band gap, the possibility of doping, and possibilities for surface modifications with 
specific biomolecules for bio-recognition are properties that allow the development 
of sensors. The mechanical properties and flexible nature of 2D materials have led to 
the inclusion of these in wearable electronics for biomonitoring. With the advance-
ments in communication systems such sensors are set to revolutionize biomedicine. 
However, careful assessment of toxicity, biocompatibility, and design and imple-
mentation of strategies for safe disposal is required. Scalable production methods, 
material characterization protocols, and the establishment of uniform regulations 
and risk assessment guidelines would help the commercialization of 2D materials as 
sensor platforms. 

Keywords Graphene · Biosensors · Wearable sensors · Biocompatibility ·
Toxicity 

1 Introduction 

Structures with nanoscale dimensions are categorized into zero- (0D), one- (1D), or 
two-dimensional (2D) materials. Fullerenes and quantum dots were among the first 
examples of 0D nanostructures. One-dimensional structures having confinement in 
two directions were introduced subsequently [1]. The concept of 2D materials goes

J. M. Rajwade (B) · A. Padhye · S. Kulkarni 
Nanobioscience Group, Agharkar Research Institute, G. G. Agarkar Road, Pune 411004, 
Maharashtra, India 
e-mail: jrajwade@aripune.org 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
N. Talreja et al. (eds.), Two-dimensional Hybrid Composites, Engineering Materials, 
https://doi.org/10.1007/978-981-99-8010-9_8 

227

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-8010-9_8&domain=pdf
mailto:jrajwade@aripune.org
https://doi.org/10.1007/978-981-99-8010-9_8


228 J. M. Rajwade et al.

back to the early twentieth century when scientists first started exploring the prop-
erties of single-layer crystals [2]. In 1917, the French physicist Georges Urbach 
proposed that thin layers of materials, which he called “lamelles,” could have unique 
electronic and optical properties. The Russian physicist Vladimir Fock further devel-
oped this idea in the 1930s, who suggested that 2D crystals could exist in nature. 
The first experimental evidence of 2D materials came in 1962 when the Amer-
ican physicist John C. Hannon observed the diffraction pattern of a single layer of 
molybdenum disulfide (MoS2) under an electron microscope. Since the discovery of 
graphene in 2004 by Novoselov and Geim, researchers have discovered many other 
2D materials, including transition metal dichalcogenides (TMDs) such as MoS2, 
tungsten diselenide (WSe2), and molybdenum diselenide (MoSe2), as well as hexag-
onal boron nitride (hBN), black phosphorus (BP), and, and silicene, among others 
[3, 4]. 2D materials are materials that have a thickness of only a few atomic layers 
or less, typically in the range of 0.5–100 nm. They can be thought of as thin films 
that are just a few atoms thick [5, 6]. Thus, the discovery of 2D materials has a long 
history. 

Two-dimensional (2D) materials differ from their bulk counterparts in several 
ways: 

1. Electronic properties: In 2D materials, the electronic properties can be tuned 
by controlling the thickness of the material. For example, as the thickness of 
graphene is reduced, it exhibits unique electronic properties such as high electron 
mobility and linear dispersion relation near the Fermi level. These properties are 
not present in bulk graphite [7, 8]. 

2. Mechanical properties: The mechanical properties of 2D materials are different 
from those of bulk materials due to the absence of interlayer interactions. For 
example, graphene is an extremely strongest material with a tensile strength 200 
times greater than steel. In contrast, graphite, which is a bulk form of graphene, 
is a relatively soft material [9]. 

3. Optical properties: 2D materials exhibit unique optical properties due to their 
thickness and atomic structure. For example, transition metal dichalcogenides 
(TMDs) exhibit strong light-matter interactions [10, 11]. 

4. Surface area: 2D materials have a high surface area to volume ratio due to their 
layered nature [12]. 

5. Chemical reactivity: The chemical reactivity of 2D materials is the result of the 
high surface area and unique electronic properties. For example, graphene oxide, 
a derivative of graphene, is more reactive than bulk graphite due to the presence 
of oxygen-containing functional groups [13, 14]. 

These materials have unique properties such as high mechanical strength, flex-
ibility, high thermal conductivity, and excellent electronic and optical properties, 
making them potential candidates for a wide range of applications, from electronics 
and photonics to energy and biomedical devices [15]. Further, their properties can 
be tuned by controlling their thickness and composition. Research in this field is 
ongoing and has the potential to revolutionize many industries [16, 17].
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2 Types of 2D Materials and Their Properties 

2.1 Graphene Family 

A six-membered cyclic arrangement of carbon atoms makes up graphene, a 2D 
allotrope of carbon. In air, several layers of graphene are stable, and doping graphene 
oxide changes the polarity of those layers. Additionally, the linear electronic struc-
ture of graphene makes it possible to greatly modify the work function using 
an external electric field, chemical alterations, metal configurations, or thermal 
annealing. Graphene displays exceptionally high carrier mobility approaching 106 
cm2 V−1 s−1 at 1.8 K and 105 cm2 V−1 s−1 at ambient temperature [18]. With regard 
to manipulating infrared and visible light, graphene offers a great deal of versatility 
and opportunity. Theoretically, monolayer graphene absorbs 2.3% of transmitted 
white light as a collection of distinct crystal lattice configurations, and the opacity 
rises by 2.3% with each additional layer [19, 20]. A typical semiconductor has a band 
gap ranging from 1–2 eV, but graphene is an exception which does not have any band 
gap that is zero band gap [21] but it can be opened up to 250 eV by NHG–NHG 
heterojunctions [22]. The preparation, synthesis, properties, and characterization of 
graphene and graphene-based 2D nanomaterials for their potential applications in 
bioelectronics and biosensors have been a subject of several reviews. 2D nanomate-
rials such as graphene would require more studies that could substantiate its utility 
as an alternative to conventional materials that will be cost-effective [23]. 

2.2 Metal Oxides (MOXs) 

2D MOXs are grouped into two categories viz., layered and non-layered, based on 
their crystal structures. There are several layered MOXs materials assembled from 
M–O (M: V, Mo, or Mn) octahedral, in which the in-plane atoms are connected via 
strong chemical bonding, and the stacking layers are combined via weak van der 
Waals (vdW) interaction [24]. 2D oxides include non-layered metal oxides such as 
ZnO, MoO2, HfO2, Y2O3, VO2, TiO2 and layered oxides such as h-TiO2, RuO2, 
Cr2O3, MnO2, hFe2O3 etc. [25]. The band gap of metal oxides 2D materials are 
mostly in the range of 3–5 eV [26], in case of monolayer MOs, it can be 1.22–6.48 eV 
[27]. 

2.3 Chalcogenides 

Two-dimensional metal chalcogenides display an extraordinary optical response and 
carrier transport ability. These are layered materials with strong in-plane bonding
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and weak out-of-plane interactions enabling layer-controlled production [28]. Single-
layer transition metal dichalcogenides (TMDs) have optical and electronic properties 
and may show a transition from indirect to direct band gaps. Because of their layer-
dependent opto-electrical characteristics and narrow band gaps, single-layer TMDs 
outperform graphene. They are compatible with common fabrication methods and 
have a high surface-to-volume ratio, planar structure, low operational voltage, and an 
ultra-fast response time [29]. The band gap of TMDs depends on the type of transition 
metal used for example, GaN has a band gap of 1.32 eV [30], Na4CdGe2S7 has a 
band gap of 3.35 eV [31]. 

2.4 MXenes 

MXenes, a fast growing families of 2D materials, include the carbides and nitrides 
from the transition metals. In a 2D flake of MXene, n + 1 (n = 1–3) layers of early 
transition metals (Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, and W) are interleaved with n 
layers of carbon or nitrogen (X elements) with a general formula of Mn+1XnTx [32]. 

2.5 Black Phosphorus (BP) 

Phosphorene, i.e. two-dimensional black phosphorus (2D BP), was discovered in 
2014 and since then it has garnered the attention of several researchers. Phosphorene 
is present as a puckered monolayer structure, which confers interesting properties. 
The potential applications have been realized in catalysis, energy storage sensor 
materials, etc. The unique properties such as the large surface area, good electric 
conductivity, and high theoretical specific capacity, make 2D BP an extensively 
studied electrode material which can significantly enhance the performance of energy 
storage devices [33]. In its thin film form, BP has a band gap of 0.3 eV which can be 
a bridge between the zero band gap graphene and relatively large band gap of TMDs 
(1.5–2.5 eV). In 4 nm thin film of BP, the band gap is tunable upto 75 meV [34, 35]. 

Several unique features, such as excellent biocompatibility, extraordinarily high 
interlayer spacing and conductivity, and environment-friendliness, have attracted 
researchers to these 2D materials. Especially for BP, the possibility of structural 
alteration and its exceptional surface chemistry present an exciting interface for 
the creation of new biosensors [36]. The extremely high surface area to volume 
ratio offers a multitude of sites for the binding of biomolecules, receptors, and 
dyes. The very high mechanical strength combined with flexibility and biocompat-
ibility permits their usage in wearable biosensors. Typical electron structure gives 
the attribute of conductivity making materials for use in electrochemical and impedi-
metric biosensors. MXenes represent new 2D structures with electroactivity, robust-
ness, functionality-friendliness, metallic conductivity, biocompatibility, hydrophilic 
surface, and 2D layered atomic structure (Fig. 1).



Two-Dimensional (2D) Materials for Bio-sensing Applications 231

Fig. 1 2D material attributes beneficial for biosensing applications 

A large surface area and numerous active sites make MXenes ideal and potential 
adsorbents for various small molecules [37]. Two-dimensional (2D) layered materials 
known as MXenes were first identified in 2011 (Ti3C2X). MXenes have excellent 
conductivity, they have been pursued as the material of choice in the field of elec-
trochemical supercapacitors and research has been focused on enhancing interlayer 
spacing and the conversion of functional groups to manifest high energy and power 
density. Thus, the MXene family has been proven to be promising electrode material 
for ES applications [38]. 

3 Synthesis of 2D Material 

Various methods have been reported for the synthesis of 2D materials out of which 
beam epitaxy, atomic layer deposition, and chemical vapor deposition are non-
scalable, expensive processes for the synthesis of 2D materials. On the other hand, 
ultrafast liquid-phase laser processing offers the swift delivery of 2D quantum mate-
rials free from flaws [39]. A limited discussion on the methods is presented to 
make the reader aware of the various materials synthesis strategies. The synthesis 
approaches for 2D materials are broadly divided into two types viz., top-down 
approaches and bottom-up approaches.
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3.1 Top-Down Approaches 

Top-down approach of nanomaterial synthesis involves the breakdown of bulk mate-
rial into the nanoscale. Top-down approaches to the synthesis of 2D materials involve 
chemical-based reactions or mechanical approaches. Various exfoliation techniques 
such as mechanical exfoliation, liquid-phase exfoliation, microwave-assisted exfo-
liation, photo exfoliation, etc., are included under top-down approach of 2D mate-
rial synthesis. With the use of these methods, incredibly thin nanosheets can be 
obtained. While the chemical top-down approach primarily relies on chemical reac-
tions brought about by ion exchange, the application of heat, etc., the physical top-
down approach uses mechanical force or ultrasonic wave to exfoliate layered van der 
Waals solids into single and few-layer 2D materials [35, 40]. 

Physical/mechanical exfoliation involves the use of mechanical forces to break 
down the Wan Der Vaals interactions between adjacent layers in the bulk material. 
The mechanical exfoliation method was first used to obtain graphene from graphite. 
In recent years, this simple method has gained popularity and is used to obtain high-
quality single-layer graphene. A universal, one-step, contamination-free Au-assisted 
mechanical exfoliation technique was developed and demonstrated for supercon-
ductors, magnets, metal-dichalcogenides, and elemental two-dimensional crystals. 
Effective exfoliation was possible by enhanced adhesion between the crystals and the 
substrates [41]. To obtain high-quality molybdenum disulfide (MoS2) flakes, Siepi 
et al. employed lysozyme and the exfoliated material presented both hydrophobic and 
hydrophilic groups hindering re-aggregation [42]. The material was characterized for 
its physicochemical properties and was also reported to be biocompatible in studies 
involving cell lines. According to authors, the approach can be used to produce 2D 
graphene and the denatured lysozyme can be used in surface functionalization. 

The photo-exfoliation synthesis involves the use of lasers generated from krypton 
fluoride (KrF) to breakdown the bulk material into nanoscale. Kumar et al. synthe-
sized boron nitride (BN), molybdenum disulfide (MoS2), and atomic graphene layers 
using powdered parent materials dissolved in N,N-dimethylformamide (DMF) and 
irradiated with a strong KrF laser were reported [39]. The researchers observed that 
with an increase in the laser irradiation period, the number of atomic layers and the 
lateral size of the sheets steadily decreased. The lateral size and the quantity of layers 
are also controlled critically by the laser fluence. The ratio of sheets with fewer layers 
increases while the average lateral dimension decreases from 400 nm at 1.5 J/cm2 to 
20–30 nm at 4 J/cm2. The interactions at the scale of molecules and atoms correlate 
with the laser processing parameters with the sample size. The interlayer distance 
is stretched to 6.68 and the activation energy of exfoliation is lowered, according 
to simulation and DFT calculations, by the mild out-of-plane thermal expansion of 
atomic layers followed by solvent intercalation. 

Microwave-assisted exfoliation is a new universal and rapid method to obtain 
ultrathin 2D structures using liquid-nitrogen and microwave treatments. This method 
involves the exfoliation of bulk-layered materials [43]. Common principles under-
lying the topochemical synthesis of 2D materials were documented by [44]. The
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method produces novel materials such as 2D transition metal carbides, nitrides, 
and carbonitrides by selective etching of metal from the MAX phases. Several 2D 
catalysts were prepared by microwave-assisted synthesis. These procedures can be 
classified as exfoliation, synthesis, doping, modification, and construction methods, 
based on which material properties can differ [30]. Thus, for next-generation elec-
tronic devices, photo-exfoliation synthesis, and microwave-assisted synthesis of pure 
crystals of 2D materials can be a promising approach. 

3.2 Bottom-Up Approaches 

Chemical vapor deposition (CVD) is one of the most crucial and dependable methods 
for creating 2D materials [45]. Common 2D materials such as graphene, boron nitride, 
and transition metal dichalcogenides (TMDs) are synthesized by CVD because of 
the quality of materials as well as the high process efficiency. The CVD method 
is also used for synthesizing high-quality 2D TMDs with unique and tunable elec-
tronic, optical, and chemical properties [46, 47]. Theoretical studies on the CVD 
process for obtaining traditional 2D nanomaterials (graphene, hexagonal boron 
nitride (hBN), and transition metal dichalcogenides, MoS2/WSe2) and new materials 
(silicene, phosphorene, and borophene) were performed and its utility was proved in 
understating and improving the process [48]. A multiscale/multiphysics model based 
on coupling continuum fluid mechanics and phase-field models was introduced for 
guiding the growth of CVD 2D materials, thus paving the way for synthesis-by-design 
[49]. 

Solvo-thermal and hydrothermal synthesis of 2D materials is a wet chemical 
synthesis method in which chemicals are solubilized in aqueous and organic solutions 
under high vapor pressure at high temperatures such as 300 °C [50]. Xu et al. reported 
a solvo-thermal process to create black phosphorus quantum dots (BPQDs), with an 
average size of 2.1 ± 0.9 nm. BPQDs displayed good nonlinear optical response, as 
confirmed by femtosecond laser Z-scan measurement [51]. 

Molecular beam epitaxy (MBE) is an epitaxial process, in which growth of 
the thin film takes place on a heated crystalline substrate through the interaction of 
adsorbed species supplied by atomic or molecular beams under ultrahigh vacuum 
(UHV) conditions. In this procedure, materials placed in ultrapure crucibles are 
evaporated or sublimed to produce beams with thermal energy. The deposition rate 
is typically less than 1000 nm/h, under vacuum which allows the films to grow 
epitaxially. The absence of carrier gases as well as the UHV environment results 
in the highest achievable purity in the grown films, making the material extra-pure 
[20, 52]. 

Photochemical synthesis is a recently developed technique for the synthesis of 
2D metallic nanostructures. In this unique and efficient photochemical synthesis 
method, the metal precursors are reduced to two-dimensional metal nanostructures 
by using light radiation. Here, light radiation plays a vital role and acts as a powerful 
tool to reduce metal precursors into 2D nanostructures [53]. Vanadium diselenide
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(VSe2) was converted to Vo2(r)[R] in a reductive atmosphere. It was produced in the 
form of porous nanosheets, increasing the surface area and introducing defects. The 
material containing holes was evaluated as catalyst for water-splitting applications 
[54]. 

Apart from these standard methods, newer approaches for synthesis of 2D material 
are emerging such as synthesis using salt crystals, topochemical synthesis, etching 
strategies, etc. Huang et al. described the synthesis of 2D nanomaterials using salt 
crystals for meeting the requirements of technologies for fabrication. They proposed a 
rational design of synthesis route [55]. Liu et al. review a few topochemical synthesis 
strategies such as the salt-templating method for non-layered 2D materials, the molten 
Lewis acid etching strategy for novel MXenes, and the chalcogen vapors etching and 
substitution strategy for phase-controlled 2D materials [56]. The use of phosphorene 
sheets as the phosphorus precursors and 2D templates as a general strategy for the 
bottom-up topochemical synthesis of Co2P, Ni12P5, and CoxFe2−xP was attempted 
[57]. 

For realizing large-scale applications and commercialization of 2D materials, 
scalable, energy-efficient methods will be required. 

4 Characterization of 2D Materials 

Characterization forms the basis to study the size, shape, and structural properties 
of synthesized 2D materials. In the case of multiple layers, hetero conjugations, 
and doping, it is necessary to confirm the presence of bonding and specific func-
tional groups on the material. Figure 2 describes various methods used in the char-
acterization of 2D materials along with the information on the material using the 
technique.

5 Applications of 2D Materials for Biosensing 

The transduction mechanism and the 2D material used as the sensor are the main 
factors that affect sensing applications. Several attributes of 2D materials have 
contributed to research on applications in bio-sensing. 2D materials provide a large 
surface area-to-volume ratio, increasing the interaction with the analyte resulting 
in high sensitivity and low limit of detection. Doping with nanomaterials and other 
entities that enhance conductivity is possible with 2D materials especially relying 
on conductimetric measurements. The incorporation of electrocatalytic materials is 
also preferred for lowering the redox potential. 2D materials are used in sensors 
that measure strain, which could be used especially in flexible wearable electronics. 
Several biomolecules (antibodies, antigens, oligonucleotides, etc.) can be coupled 
to the 2D materials by appropriate strategies (covalent, electrostatic, van der Waal’s,



Two-Dimensional (2D) Materials for Bio-sensing Applications 235

Fig. 2 Characterization techniques of 2D nanomaterials and their applicability

π–π interactions) resulting in surface modifications of 2D materials to increase 
selectivity and specificity for analyte detection. 

The major transducing mechanisms are optical, electrical, piezoelectrical, and 
electrochemical and specific reviews could provide more insights into the transducing 
systems which are an integral part of biosensors [58]. Figure 3 is a schematic showing 
the transducing mechanisms. Materials-specific properties which are important for 
biosensing are also a subject of several recent reviews. According to Nangare and 
Patil, BP-based 2D materials are explored for highly sensitive and selective recogni-
tion of biomolecules and environmental pollutants because of optical properties, high 
carrier mobility, stronger immobilization of receptors and biomolecules, electronic 
bridging which play an important role in the highly selective and sensitive detection 
of analyte [59]. Garg and Pamme review graphene and other 2D nanostructures in 
microfluidic electrochemical and optical sensors [60]. Microfluidics has transformed 
measurement science by offering low sample consumption, instant readout, and high 
throughput. 2D carbon materials were reviewed for their application as a photo elec-
trochemical (PEC) sensing platform. Characteristics of 2D carbon materials such as 
high surface area and ease of surface modifications for improved electrical transfer 
and attachment of bio recognition elements support their applications as biosensors 
[61]. According to Li et al., skin bioelectronics, biosensing technology, and neural 
interfaces will witness the most prominent uses of 2D materials [62].

The following section discusses specific applications related to biosensing. 
From both a historical and analytical standpoint, the most significant develop-

ments in the use of 2D materials are outlined for four main categories of analytes, 
viz. gases, ions, volatiles, and biomolecules. The discussion of sensing performance
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Fig. 3 Transduction sensing mechanisms

takes place within the framework of molecular design, structure–property relation-
ships, and technology for device fabrication (Meng et al. 2019). Figure 4 provides a 
schematic of the diverse applications of 2D materials. 

Fig. 4 Applications of 2D materials
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5.1 Detection of Metabolites, Proteins, ROS, Small Molecules 

Tao et al. have demonstrated a reliable sensing method for detecting a variety of 
targets, including metal ions, DNA, and tiny molecules, using single-stranded probe 
DNA and the hemin-graphene hybrid (GH) [63]. According to the researchers, this 
technique can be used for the quantitative detection of a wide range of analytes 
because of its benefits, such as straightforward operating process, affordable portable 
instrument, and user-friendly applications. 

2D-MOF nanomaterials were modified with specific aptamers for application as 
enzyme mimic in the detection of carcinoembryonic antigen (CEA) with a linear 
range from 1 pg/mL to 1000 ng/mL and a limit of detection (LOD) of 0.742 pg/mL 
[64]. Wu et al. describe a SPR biosensor based on a Ti3C2-MXene-based sensing 
platform and multi-walled carbon nanotube (MWCNTs)-polydopamine (PDA)-Ag 
nanoparticle (AgNPs) signal enhancer for detecting carcinoembryonic antigen (CEA) 
[65]. A monoclonal antibody was the biorecognition element and in sandwich format, 
CEA determination of 2 × 10–16 to 2 × 10–8 M and a detection limit of 0.07 fM 
was obtained. In another study, an electrically neutral nanocomposite MXC-Fe3O4-
Ru:Fe3O4 and [Ru(NH3)6]3+ was synthesized to be used as a electrochemical sensor 
with antifouling characteristics. The sensor detected as low as 0.62 pg/mL carci-
noembryonic antigen (CEA) with a linear response between 1 pg/mL and 1 μg/ 
mL. The authors employed ratiometric strategy to achieve high selectivity, accu-
racy, and sensitivity. The biosensor could detect targets present in complex samples, 
such as FBS and clinical sera [66]. Kumar et al. reported an enhanced sensitivity 
in detection of CEA when a 2D material MoS and Mxene is sandwiched between 
the silver and graphene layer of the SPR sensor. Maximum sensitivity 144.72 deg./ 
RIU and detection accuracy 2.24 was achieved [39]. Xu et al. used p-sulfonated 
calix 8 arene (SCX8)/polydopamine (PDA)/black phosphorene (BPene) nanocom-
posite as a receptor for cancer cells [67]. Through host–guest recognition, the SCX8 
in BPene@PDA SCX8 binds to folic acid (FA) to create a stable BPene@PDA 
SCX8·FA conjugate. Through FA and the folate receptor (FR) on the cancer cells, 
cancer cells can bind to the BPene@PDA SCX8·FA modified electrode, generating a 
SCX8FA FR sandwich-type compound that causes a rise in impedance that is propor-
tionate to the number of cells present. In the magnetoplasmonic biosensor, Faridi et al. 
observed minimal reflection, resonance angle shift, and transverse magneto-optical 
Kerr effect (TMOKE) responses only in the presence of the ss-DNA monolayer. In 
comparison to the standard Au/Co/Au trilayer, due to the presence of three-layer Gr 
and two-layer MoS2 on top of the Au/Py bilayer, a significant boost in sensitivity (9-
and 4-times, respectively) was observed. According to these findings, magnetoplas-
monic devices have a high DNA sensitivity attributed to the coupling of light with 2D 
materials. Investigations on the comparative performance of nanoporous graphene, 
MoS2, and titanium carbide MXene (Ti3C2) for their DNA detection performance 
and sensitivity reveal that nanoporous graphene was the most sensitive membrane 
for distinguishing the DNA bases [68]. However, the authors reported better distinc-
tion of A & T compared to C & G with MoS2. The statistical measures, viz., the



238 J. M. Rajwade et al.

Kolmogorov–Smirnov test and the absolute pairwise difference tests were employed 
in the simulation studies. Cai et al. used graphene functionalized black phosphorus 
composite (PG-BP) to create a unique, electrochemical sensor with high sensitivity 
for the detection of bisphenol A (BPA) in biological samples and everyday products 
[69]. BPA was quantified using differential pulse voltammetry under ideal circum-
stances. A good linear relationship was observed between BPA detection current in 
the concentration range (4.3 × 108 to 5.5 × 105 mol/L), with a detection limit of 7.8 
× 109 mol/L (S/N = 3). Wu et al. used cysteine (CYS) to protect BP from oxidation 
and degradation. The CYS-functionalized BP and an aptamer were used to construct 
an silicon interdigital electrode to detect malachite green (MG), which is a toxic dye. 
With the lowest detection limit for MG of 0.3 ng/L, it becomes a selective biosensor 
for future on-site MG surveillance [70]. 

A new, highly sensitivity bismuth vanadate/two dimensional-carbon nitride/ 
deoxyribonucleic acid (BiVO4/2D-C3N4/DNA) aptamer photoelectrochemical 
(PEC) sensor for Microcystin-LR (MC-LR) is described [71]. Xiang et al. devel-
oped a new BP-modified nanosensor for detecting ochratoxin (OTA) [72]. With a 
good linear electrochemical response to OTA in the concentration range of 0.3–10 g/ 
mL and a detection limit of 0.18 g/mL (S/N = 3), the sensor also exhibited strong 
anti-fouling capability, and good electrochemical stability. In real sample analysis, 
recoveries between 98.8 and 103.3% were obtained, which is a satisfactory prac-
ticability. Zhao et al. developed a novel electrochemical aptasensor based on gold 
nanoparticles decorated black phosphorus (AuNPs-BP) nanomaterial for the simul-
taneous detection of patulin (PAT) and OTA in apple juice [73]. To construct the 
aptasensor, ferrocene functionalized OTA aptamers (Fc-OTA-aptamers) and methy-
lene blue functionalized PAT aptamers (Mb-PAT-aptamers) were used. According 
to the concentrations of OTA and PAT, two different electrochemical signal alter-
ations were observed on Mb and Fc. The sensor was reported to have outstanding 
reproducibility, stability, and selectivity. The sensor was demonstrated for effective, 
simultaneous detection of PAT and OTA in apple juice. Xu et al. developed an aptamer 
based, impedimetric assay to detect mycotoxin PAT [74]. The biosensor consisted 
of black phosphorus nanosheets (BP NSs) and PAT aptamer on a glassy carbon elec-
trode (GCE). The differences in electron transfer resistance at the changed electrode 
surface serve as the basis for detection. With a 0.3 nM detection limit, this assay 
can detect PAT over a linear range spanning from 1.0 nM to 1.0 M. The modifica-
tion of the biosensor with gold nanoparticles and thiolated PAT aptamer resulted in 
enhancement of the sensor performance. 

For early diagnosis and effective therapy of a disease, the development of a single 
test that detects miRNAs and other biomarkers with high selectively and sensitivity, 
in a simple manner yet rapidly is most desirable. Rahaie and Noroozi reported the 
early detection of miR-137 and miR-142, as two Alzheimer’s biomarkers employing 
a sensitive fluorescence assay. The assay based on enzyme-free and isothermal 
hybridization chain reaction with SYBR Green and graphene oxide (GOX) achieved 
sensitive detection of the miRNAs from 0.05 to 5 nM [75]. The LOD for the newly 
constructed nanobiosensor was 82 pM. The method is promising as it will permit in
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detecting dual and multiple targets due to sensitivity, rapidity, low cost, and speci-
ficity for detection of miRNAs in blood which are present in nanomolar to femtomolar 
concentrations. 

Sun et al. developed Mn-doped Ni-based metal–organic frameworks (Mn-MOF) 
with 3D hierarchical flower-like superstructures [76]. The aptamer/BPNSs/Mn-
MOF/GCE was investigated as a smart aptasensor for the capture and selective and 
efficient detection of stress-induced phosphoprotein 1 (STIP1). With a low detec-
tion limit of 1 pg/mL, this aptasensor allowed for the efficient detection of STIP1 
throughout a wide range (2 × 10−3–1 × 104 ng/mL). This aptasensor demonstrated 
good reliability and practicability by successfully determining STIP1 in real-world 
samples. 

The electrochemical polymerization of conducting poly(3,4-
ethylenedioxythiophene) nanorods (PEDOTNRs), negatively charged BPQDs, 
and template molecules vitamin C (VC) was proposed by Zhang et al. as a novel 
molecularly imprinted electrochemical sensor [77]. Peak currents measured by 
differential pulse voltammetry (DPV) under optimal conditions showed a linear 
relationship with VC concentrations ranging from 0.01 to 4 mM with a detection 
limit of 0.0033 mM. Additionally, the imprinted electrode was demonstrated to 
show repeatability, reproducibility, stability, and selectivity for the electrochemical 
analysis of VC. It was effectively employed to detect VC in commercial drink soft 
sample. The use of 2D nanomaterials for the optical and electrochemical methods 
for detecting oxidative stress is reviewed [78]. Fang et al. demonstrated an electro-
chemiluminescence (ECL) and photothermal dual-mode biosensor based on black 
phosphorous quantum dots (BPQDs) and MXenes (that serves as a signal amplifier), 
for the detection of exosomes [79]. The constructed self-enhanced Ru(dcbpy)32 + 
@BPQDs ECL system created a strong ECL signal by minimizing the energy loss 
and shortening the electron transfer distance. Xue et al. described preparation of 
a nanocomposite containing amino-functionalized multi-walled carbon nanotubes 
(NH2-MWCNT) and in-situ deposited silver nanoparticles [80]. The material was 
used as an electrochemical sensor for simultaneous analysis of uric acid (UA), 
xanthine (XT), and hypoxanthine (HX); with an excellent linear range of 0.1–800 M. 
The concurrent electrochemical determination of clenbuterol (CLB) and ractopamine 
(RAC), was described by Ge et al. using several nanocomposites [81]. The BP 
nanohybrid was created by co-decorating with poly(3,4-ethylenedioxythiophene) 
and mono(6-mercapto-6-deoxy)-cyclodextrin nanoparticles. With relative limits of 
detection to be 0.14 and 0.12 M for CLB and RAC respectively, the sensor could 
detect the analytes from spiked beef, feed, and bovine serum samples. 

Rutin is a common flavonoid glycoside that has been extensively employed in 
clinical chemistry and human health due to its good physiologic properties. There-
fore, developing sensitive and trustworthy methods for rutin determination is crucial. 
Niu et al. [82] developed a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS) as the film and stabilizer to create a black phosphorene (BP) nanosheet 
modified glassy carbon electrode (GCE). The performance of the BP-PEDOT:PSS
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nanocomposite was assessed by SEM, EDS, and Raman spectroscopy. During anal-
ysis, high conductivity and stability were reported. A few-layer BP-based non-
enzymatic hydrogen peroxide (H2O2) sensor was reported for the first time which 
utilized BP degradation under ambient conditions [83]. The fabricated H2O2 sensor 
exhibited a considerably lower detection limit (1 × 10−7 M) compared to other elec-
trochemical methods (1 × 10−7–5 × 10−5 M). In the work carried out by Ding et al., 
hydrogen peroxide (H2O2) was detected using a modified glassy carbon electrode 
(BPQDs@ZnO/GCE) enhanced with black phosphorus quantum dots (BPQDs) [84]. 
ZnO and BPQDs together raise the conductivity of various materials. The redesigned 
electrode works well for real sample detection and demonstrates long-term durability 
and good reproducibility. The limit of detection (LOD) for H2O2 was evaluated at 
2.5 μmol/L with the signal-to-noise ratio of 3. Cai et al. described the use of an 
environmentally friendly immunosensor, based on porous graphene functionalized 
black phosphorus for the detection of leptin in biological samples [69]. Under the 
optimal conditions, the proposed immunosensor exhibited a wide linear range of 
0.150–2500 pg/mL with a low detection limit of 0.036 pg/mL. The sensor exhibited 
excellent sensitivity and anti-interference capabilities. Jiang et al. created a flexible 
enzyme catalyzed, ratiometric biosensor using constructed nanohybrids of silver 
nanoclusters (AgNCs) and metal–organic frameworks (MOFs) doped with black 
phosphorus quantum dots (BPQDs) [85]. AgNCs adhering to MOF cause an increase 
in the red-FL (response signal), while BPQDs doped into MOF just slightly alter the 
blue-FL (reference signal). This biosensor has a detection limit of 3 ng/mL and 
can detect baicalin at concentrations between 0.01 and 500 g/mL. High sensitivity, 
selectivity, and stability make this biosensor ideal for detecting baicalin in real-world 
samples. This study investigated a quick and effective semi-quantitative technique 
for adaptable FL visual detection, which can encourage the creation of sophisticated 
chemo/bio-sensors and analytic techniques. 

5.2 Detection of Diseases 

For the early identification of diseases, the development of new sensors for the 
precise detection of biomarkers in biological fluids is crucial. Vilela et al. reported a 
sensor technology based on graphene oxide and upconversion nanoparticles (NPs) for 
the targeted detection of mRNA-related oligonucleotide markers in intricate biolog-
ical fluids [86]. Low-background photon counting readout in conjunction with near-
infrared light upconversion allowed for the accurate detection of femtomolar-sized 
amounts of short oligonucleotide sequences. The sensor was proved for detection 
of mRNAs associated with prostate cancer and Alzheimer’s disease in human blood 
serum. 

The high sensitive detection of tDNA, a biomarker associated with Alzheimer’s 
disease (AD) was reported by Hua et al. [87]. In this electrochemical sensor, X-DNA 
building blocks were designed to be assembled by four DNA strands (known as S1, 
S2, S3, and S4) and expanded using DNA polymerase to form two X-DNA motifs.
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Alkaline phosphatase (ALP) was also enclosed within a network of hydrogels to 
create a porous material of the type ALP@DNAhg. Gold nanoparticles (Au@rGO) 
functionalized reduced graphene oxide was used to modify the glassy carbon elec-
trode GCE. If strand displacement successfully captures ALP@DNAhg, tDNA recy-
cling assembly for signal amplification is started. upon the addition of pyrophosphate 
and molybdate (MoO42), ALP catalyzes the reaction to create phosphomolybdate 
anions (PMo12O403) as a redox active product. The detection limit achieved was 3.4 
× 103 pM, and its amperometric signal is dependent on the concentration of tDNA 
in the range of 1.0 × 102 to 1.0 × 104 pM. With a detection limit of 36 cells/mL, the 
cytosensor demonstrated a linear relationship with LNCaP cell concentration in the 
range of 2 × 102 to 1 × 105 cells/mL. Due to particular supramolecular recognition, 
the developed cytosensing platform displayed good sensitivity, acceptable stability, 
and favorable reproducibility, exhibiting potential to be used in the detection and diag-
nosis of cancer. BP nanosheets with gold nanoparticle (AuNP) anchors were created 
by Liu et al. by in situ method [88]. The authors reported detection of circulating 
tumor cells (CTCs) after immunomagnetic separation by electrochemical method 
using BP@AuNPs@aptamer as a probe. A detection limit of 2 cells/mL was achieved 
and confirmed through the accurate detection of MCF-7 cells in human blood. In an 
assay based on the photoelectrochemical detection for the protein S100β (a biomarker 
for Alzheimer’s disease located in the brain’s astrocytes) Tabreizi et al. used rGO-Au/ 
ITO electrode bound with anti-S100β antibody as primary antibody [89]. The anti-
S100β antibody labeled with CdS quantum dots was used as a secondary antibody 
in a sandwich assay. The progressive changes in the electrochemical characteris-
tics of electrode surface were verified using cyclic voltammetry and electrochemical 
impedance spectroscopy. The technique was successfully used to identify S100β in 
samples of human serum. Another study described a non-enzyme, target-triggered 
signal amplification method based on the entropy-driven strand displacement reac-
tion (ESDR) and graphene oxide (GO) for detection of biomarkers for Alzheimer’s 
disease [90]. According to this method, hairpin structure probes (H) open upon 
binding with the Aβ-42 oligomers, thus exposing the bases which are comple-
mentary to the FAM-labeled replacement probes R (R1 and R2). The replacement 
probes hybridize with H releasing the bound Aβ-42 oligomers. The subsequent cycle 
continues, magnifying the signal. With a low limit of detection (20 pM), high accu-
racy, outstanding precision, and convenience the sensor offers an excellent possibility 
for the early diagnosis of AD. The fabrication of magnetic hematite (Fe2O3) deco-
rated electrochemically reduced graphene oxide (Fe2O3@erGO) nano-composite 
for the detection of Parkinson’s disease biomarkers is presented by Mathew et al. 
[91]. The technique uses a glassy carbon electrode (GCE) for direct electrochem-
ical reduction of self-assembled, ex-situ synthesized -Fe2O3 anchored GO to erGO 
(-Fe2O3@erGO) for the selective detection of dopamine (DA), a key biomarker 
for Parkinson’s disease. The sensor (Fe2O3@erGO/GCE) was used to analyze DA 
in commercially available pharmaceutical formulations and human serum samples, 
with satisfactory results (LOD of 0.024 μM (S/N  = 3)).
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5.3 Detection of Bacteria and Viruses 

Impedimetric methods are FDA approved methods useful in the detection of microor-
ganisms. The sensitivity of these systems can be increased by employing 2D materials 
as the electrode surface. In these types of sensing devices the presence or absence 
of bacteria, leads to changes in the Faradaic or non-Faradaic interfacial impedance, 
which is then used to determine the concentration. Several researchers also describe 
the development of colorimetric sensors to detect bacteria and viruses. A wireless 
graphene sensor with several advantages such as portability, continuous, nonde-
structive analysis was described by Mannoor et al. [92]; which contained graphene 
functionalized with antimicrobial peptides (AMPs) and a coil microantenna. The 
sensor monitored changes in resistance and detected single E. coli cell in PBS and 
∼102 CFU/mL of Helicobacter pylori in saliva. The latter was detected after implan-
tation on bovine tooth. According to the findings of Thakur et al., rGO-based FET 
sensor passivated with ultrathin layer of Al2O3 is a cost-effective, label-free sensor 
which can be produced in mass quantities for detection of pathogens in water [93]. 
A linear range (103–105 CFU/ mL) was demonstrated for E. coli. Another graphene 
biosensor functionalized with E. coli O157:H7 specific antibodies and with interdig-
itated microelectrodes as capacitors was fabricated [94]. The capture of pathogenic 
E. coli O157:H7 on the sensor surface causes (i) polarization of cell-surface charges, 
(ii) intrinsic bioactivity of the cells, and (iii) changes in the electronegativity or 
dipole moment of cell-wall and charge carrier mobility of graphene. The sensor is 
thus a label-free biosensor with good sensitivity (10–100 cells/mL), is fast, specific, 
and capable of detecting bacteria in situ. CTAB-MoS2-NS (cetyltrimethyl ammo-
nium bromide functionalized MoS2 nanosheets) were used in the polydimethyl-
siloxane (PDMS) microfluidic device employing the electrochemical impedance 
spectroscopy (EIS) technique for detection of S. typhimurium with sensitivity of 
1.79 kΩ/CFU/ mL/cm2 and the detection limit of 1.56 CFU/ mL in the detection 
range of 101–107 CFU/mL [95]. For the sensitive and selective electrochemical 
detection of uropathogenic Escherichia coli (E. coli) UTI89 bacteria in aqueous 
and serum samples, Jijie et al. reported the fabrication of gold electrodes modified 
with thin active layers of reduced graphene oxide/polyethyleneimine (rGO/PEI) [96]. 
Electrophoretic deposition (EPD) technique was used to achieve selectivity for E. 
coli, anti-fimbrial antibodies were covalently attached to pyrene-polyethyleneglycol 
(pyrene-PEG) modified electrode surface and detection limit was 10 CFU/mL. A 
Paper immunosensor (a free-standing graphene paper), with greatly enhanced sensing 
performance was described for label-free detection of E. coli. A wide linear range 
(1.5 × 102–1.5 × 107 CFU/mL), low detection limit (1.5 × 102 CFU/mL), and excel-
lent specificity was observed [97]. Using a multifunctional chemical and biochemical 
sensing platform, Li et al. detected p-aminophenol (PAP), -galactosidase (-Gal), and 
Escherichia coli (E. coli) [98]. The biosensing platform consisted of bimetallic plat-
inum palladium (PtPd) nanoparticle on the BP surface. The biochemical reaction 
involved PAP production from the substrate PAP-galactopyranoside, which indi-
cated β-galactosidase activity in the linear range of 0.2–0.8 mU/L. The enzyme is
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an indicator of total coliforms, which could be detected in the range 6 × 106–1.6 
× 108 CFU/mL. These findings are in support of a multifunctional platform based 
on 2D layered nanomaterials with bimetallic nanoelectrocatalysts for chemical and 
biological sensing. 

Gold nanoparticles (AuNPs) and anti-Shewanella antibodies (Ab) assembled on 
bovine serum albumin (BSA)-modified GO (Ab/AuNPs/BSA/GO) was described as 
a biosensor for detecting Shewanella which is particularly important in the process 
of bioremediation. Silver treatment enhanced the biosensor response [99] which 
was quantified using Anodic stripping voltammetry. Screen printed graphene probes 
immobilized with bacteriophage were used as a sensor for detection of Staphylo-
coccus arlettae, a pathogenic, coagulase-negative staphylococcus in spiked water 
and apple juice samples. The sensor characteristics were fast response time (2 min), 
low limit of detection (2 CFU), specificity, and stability over a prolonged period 
(3 months) [100]. A facile, sensitive, and reliable impedimetric immunosensor doped 
with reduced graphene sheets (RGSs) and chitosan was developed for the selective 
detection of sulphate-reducing bacteria (SRB). Faradic impedance spectroscopy was 
used and a linear relationship was obtained between 1.8 × 101 and 1.8 × 107 CFU/ 
mL [101]. Immunomagnetic beads (IMB, SiO2/Fe3O4) conjugated with Salmonella 
pullorum antibody and reduced graphene oxide coated with gold nanoparticles (rGO/ 
AuNPs) were used for sensitive detection of the food pathogen S. pullorum. The  
latter served as an electrochemical label for the assay developed on a four channel 
screen-printed carbon electrode. The assay was carried out using differential pulse 
voltammetry (DPV) for detection of 102–106 CFU/mL, with a LOD of 89 CFU/mL/ 
for S. pullorum [102]. For the rapid detection of the Enterobacter sakazakii, electro-
chemically reduced graphene oxide (ERGO) based immunosensor was developed. 
Horseradish peroxidase-labeled Enterobacter sakazakii specific antibody was used 
to enhance sensitivity. This was reported as the first screen-printed carbon electrode 
(SPCE) sensor [103]. A glassy carbon electrode coated with graphene decorated 
with a specific aptamer was used to quantify Salmonella, the food-borne pathogen. 
Electrochemical impedance was measured giving a detection limit as low as 3 CFU/ 
mL [104]. Using two-photon polymerization and graphene an enhanced biosensing 
platform was fabricated for the detection of motile bacteria [105]. 

A colorimetric sensor based on ZnFe2O4–rGO hybrid nanostructures was used to 
detect S. enterica serovar typhimurium [106]. The ZnFe2O4–rGO hybrid nanostruc-
tures conjugated with specific aptamer was a nanozyme with peroxidase activity and 
another biotin-aptamer was used as the capture probe to form a sandwich structure 
in the presence of the bacterium. The sensor had a limit of detection of 11 CFU/mL. 
In another study, Kaushal et al. described the detection of E. coli and S. typhimurium 
based on use of a specific antibody conjugated to GO-AuNP 2D hybrid material. The 
material was also proved to have antibacterial effect, which was enhanced by near 
infrared light [107]. 

Similar to bacteria, for detecting viruses graphene-based hybrid materials have 
shown promise. The synthesis of hemin-modified graphene nanosheets by a wet 
chemical method was reported and the resultant 2D material was used for the 
label-free detection of Hepatitis B virus (HBV) [108]. A free-standing reduced
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graphene oxide film was prepared and used with [Fe(CN)6]3−/4− redox system. The 
film was modified with pyrene derivatives and covalently linked with anti-rotavirus 
antibodies. The biosensor detected rotavirus using cyclic voltammetry [109]. Zhan 
et al. described colorimetric detection of respiratory virus (RSV) using a mercury-
catalyzed AuNP–GO hybrid system [110]. The GO nanosheets were dispersed in 
tannic acid (TA) which served as a reductant for chloroauric acid (HAuCl4), resulting 
in formation of AuNPs on the GO surface. The nanohybrid exhibited peroxidase-like 
activity. In presence of RSV, the peroxidase-like activity of AuNP–GO was restored 
by adding Hg2+ to the solution resulting in a colorimetric sensor. The synthesis 
of a composite comprising 3-Aminopropyltriethoxysilane (APTES) functionalized 
graphene oxide (APTES-GO) wrapped on SiO2 particles (SiO2@APTES-GO) was 
reported by Jin et al. [111]. This composite was used in a sensitive, specific impedi-
metric sensing device for dengue DNA and RNA with a 1-Femto Molar limit of detec-
tion. The norovirus-like particles (NOV-LP) were detected rapidly using antibody-
modified graphene/AuNP hybrids as a colorimetric sensor [112]. Similar to the report 
of Zhan et al., the graphene/AuNP hybrids served as a peroxidase, changing the color 
of TMB solution to blue, upon addition of H2O2. The specificity originated from the 
antibody bound on the GO/AuNP hybrid [110]. 

The nanocomposite constituting gold@palladium nanoparticles (Au@Pd NPs) 
and molybdenum disulfide functionalized multiwalled carbon nanotubes (Au@Pd/ 
MoS2@MWCNTs) with large surface area and excellent electrocatalytic properties 
was used to fabricate an immunosensor for detecting hepatitis B e antigen (HBeAg). 
A low detection limit of 26 fg/mL was achieved and concentrations in the range of 
0.1–500 pg/mL were detected successfully [113]. The development of a 2D mate-
rial viz., semiconducting transition metal dichalcogenide (TMDC) WSe2 conjugated 
with monoclonal antibody against the SARS-CoV-2 spike protein was reported as a 
FET-based biosensor for detection of SARS-CoV-2. It showed a detection limit of 
25 fg/μL in 0.01X phosphate-buffered saline (PBS) [114]. Two-dimensional (2D) 
transition-metal carbides (Ti3C2Tx MXene) were functionalized with probe DNA 
through noncovalent interactions and used as electrodes for sensitive detection of 
nucleocapsid (N) gene of SARS-CoV-2. Nucleic acid hybridization and chemoresis-
tive transduction was the principle underlying the selective and sensitive detection 
(as low as 10(5) copies/mL in saliva). The authors state that the interlayer spacing 
between MXene serves as molecular sieve [115]. Chekin et al. described a poten-
tial point-of-care assay for detection of human papillomavirus (HPV). The glassy 
carbon (GC) electrodes were modified with porous reduced graphene oxide (prGO) 
and molybdenum sulfide (MoS2) and detected the L1-major capsid protein. For speci-
ficity an RNA aptamer Sc5-c3 was used for recognition. DPV was performed and 
linear relationship was found in the range 0.2–2 ng/mL (3.5–35.3 pM) with a LOD 
of 0.1 ng/mL (1.75 pM) [116].
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5.4 Disease Control 

Shao et al. reported a thermosensitive hydrogel [poly(D,L-lactide)-poly(ethylene 
glycol)-poly(D,L-lactide) (PDLLA-PEG-PDLLA: PLEL)] and combined it with 
black phosphorus (BP) nanosheets to provide a new PTT system for the postop-
erative treatment of cancer. The BP@PLEL hydrogel has strong in vitro and in vivo 
biodegradability and biocompatibility, great near infrared (NIR) photothermal perfor-
mance, and a quick NIR-induced sol–gel transition. An in vivo PTT postoperative 
therapy technique was developed in which the sprayed BP@PLEL hydrogel, when 
exposed to NIR irradiation, permits quick gelation, establishing a gelled membrane 
on wounds, and provides high PTT efficacy to remove any remaining tumor tissues 
after tumor removal surgery. Additionally, the effective and biodegradable PTT 
system is particularly promising in the postoperative treatment of cancer due to 
its strong photothermal antibacterial activity, which helps to prevent infection [117]. 
Ye et al. made a customized photothermal vaccination using the surgically excised 
tumor and PD-1 checkpoint blocking antibody to stop metastasis and recurrence of 
the tumor. The membrane of surgically excised tumor cells was coated on black 
phosphorus quantum dot nanovesicles (BPQD-CCNVs), which were then put into a 
thermosensitive hydrogel containing GM-CSF and LPS. Gel-BPQD-CCNVs were 
hypodermically injected, and the prolonged GM-CSF release from these injections 
successfully attracted dendritic cells to collect tumor antigen. DCs were expanded 
and activated by NIR radiation and LPS, and they then moved to the lymph nodes 
to deliver antigen to CD8+ T lymphocytes. Additionally, the addition of the PD-1 
antibody greatly improved the eradication of the surgical residual and lung metastatic 
tumor by tumor-specific CD8+ T cells. This approach has a potential advantage of 
developing customized cancer vaccine [118]. With central nervous system (CNS) 
illnesses, delivery efficiency with gene transfection has been a significant problem in 
obtaining maximum therapeutic efficacy. Hsieh et al. in their study created a nanoplat-
form for gene therapy in CNS illness by combining an external NIR-laser-triggered 
assistance with neuro-specific targeting peptide [119]. A precisely controlled two-
stage near-infrared (NIR)-laser photothermal treatment on reduced graphene oxide 
(rGO) nanoparticles to modify them with polyethyleneimine (PEI), a neuro-specific 
peptide that enhances the ability to target neurons and achieve high gene transfec-
tion in neurons, was designed. In comparison to natural release, at least twice as 
much pDNA can be released from rGO-PEI-NT/pDNA using an NIR laser trigger. 
Furthermore, it has been shown that the maximum transfection effectiveness occurs 
when NT alteration is combined with external multi-stage stimuli-responsive NIR 
laser treatment in mouse (C57BL/6) brain transfection tests and in vitro differentiated 
PC-12 cell experiments. Deepa et al. reviewed the interactions between some typical 
2D materials (i.e. graphene, graphene oxide, nitrogen-doped graphene, molybdenum 
disulfide, phosphorene, silylene, and germanene) and biomacromolecules (i.e. silk 
protein, lysozyme, bovine serum albumin, bovine hemoglobin, ovalbumin, villin, 
bovine fibrinogen, DNA/RNA, glucose oxidase and chitosan) which are important 
for antibacterial and disease therapy applications [23].
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5.5 Wearable Sensors 

Specific applications of 2D materials for monitoring human body temperature, elec-
trography, sweat detection, respiratory gas, and saliva sensors are reviewed by Hassan 
et al. [120]. 2D materials (graphene-based materials, transition metal dichalco-
genides) have been used to make electrochemical sensors for monitoring small 
molecules such as H2O2, ·NO, glucose, etc. These could potentially be useful in 
applications especially for humans [121]. Wearable electrochemical sensors would 
permit real-time biomonitoring ensuring the best possible patient care. For wearable 
materials such as silk have been used in combination with 2D materials [122]. Wear-
able systems that can address both sensing and therapy are being developed. Hassan 
et al. present various aspects such as the technology needs, the parameters that can 
be monitored and the challenges [120]. Few examples of wearable sensors/devices 
based on 2D materials are presented in Table 1.

Several TMDs and their hybrids (MoS2,WS2; hybrid of MoS2 with Ag nanopar-
ticles, SnO2, Cu2S and graphene) were proved to be promising materials for the 
fabrication of gas sensors [139] because of remarkable semiconducting properties 
with a tunable bandgap, depending on their thickness and doping molecules. Kim 
et al. have demonstrated that Ti3C2Tx exhibits both low electrical noise and a strong 
response signal for volatile organic compounds (VOCs) [140]. Graphene hybrids 
were used in disposable sensors for monitoring various analytes important in human 
health care [120]. The work of Wang et al. presents in-depth information on wearable 
sensors [141]. Along with wearable sensors, point-of-care analytical testing requires 
reliable product design, scalability, and low-cost manufacturing for 2D materials. 
Parameters such as mass production, low cost, stability, and ease of transport of the 
MOFs nanomaterials, as well as the ability for visual detection will make this sensor 
suitable for point-of-care (POC) testing in remote or resource-poor areas [142]. 

6 Toxicological Effects 

Increasing applications of 2D materials in physical, chemical, and biological sciences 
especially for sensors has led to research on new materials. During production, trans-
portation, applications, and destruction cycle several interactions between the biotic 
and abiotic components in the environment occur. A careful study of the toxico-
logical effects of the 2D materials on humans and the environment is essential to 
ensure safety. Just like nanomaterials, in vitro and in vivo toxicity need to be estab-
lished using high-throughput methods because mishandling materials without an 
understanding of the potential effects can result in severe, chronic health issues 
and even loss of lives [58, 143, 144]. Extensive evaluation of the inhalation toxi-
city, skin irritation, inflammatory responses, carcinogenicity, and genotoxicity are 
required across several model species and humans along with toxicogenomic studies.
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Table 1 The 2D materials-based wearable sensors for human applications 

Analyte/Application 2D material used in the 
application 

Response detection/ 
Stimulation system 

Reference 

Glucose and uric acid (UA) in 
saliva 

Uricase immobilized on 
graphene 

Organic 
electrochemical 
transistors (OECTs) 

[123] 

Moisture (humidity) on skin Reduced graphene 
oxide-polyurethane 
composite 

Conductive 
elastomers 

[124] 

High-resolution 
neurophysiological recording 

Graphene-based, 
carbon-layered electrode 
array 

Optical interference [125] 

Electrocardiography (ECG) Graphene films on 
polyethylene 
terephthalate (PET) 
substrates and graphene 
paper 

Alternating current 
impedance 
spectroscopy 

[126] 

Electrocardiography (ECG) Graphene-coated Ag/ 
AgCl electrode 

Impedance [127] 

Electromyographical signals Cell-sheet-graphene 
hybrid 

Electrically and/or 
optically 

[128] 

Skin tactile sensor MoS2 and graphene Piezoresistive effect [129] 

Electrooculography (EOG) Graphene on PMMA Electrical [130] 

Subtle and large human 
motions 

Reduced graphene oxide 
on textile 

Electrical resistance [131] 

Subtle pulse beat and 
movement in real-time 

Wrinkled graphene film 
(WGF)/interconnected 
polyvinyl alcohol (PVA) 
nanowires/interdigital 
electrodes 

Piezoresistive effect [132] 

Screening for arteriosclerotic 
disease and monitoring health 

Janus graphene film Pressure [133] 

Kinesthetic sensing Graphene-based 
composite fiber sensor 
with a “compression 
spring” structure 

Electrical 
conductivity 

[134] 

Monitoring respiration, joint 
movement and pulses in 
real-time 

MXene-sponge Piezoresistive sensor [135] 

Detection of human motions Composite films of 
reduced graphene oxide 

Strain sensor [136] 

Detection of pulse MXene/reduced graphene 
oxide (MX/rGO) hybrid 

Piezoresistive sensor [137]

(continued)
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Table 1 (continued)

Analyte/Application 2D material used in the
application

Response detection/
Stimulation system

Reference

Monitoring diverse stimuli 
such as weak gas flow, acoustic 
sound, wrist pulse pressure, 
respiration, and foot pressure 

GO/PVDF composite film Piezoresistive 
pressure sensing 

[138] 

Monitoring glucose level in 
tear fluid and intraocular 
pressure 

Graphene-AgNWs hybrid Electrical resistance 
and capacitance 

[128]

Several studies indicate antimicrobial characteristics of the 2D materials [145– 
147]. Although several 2D materials are biocompatible, differences in toxicity of 
materials are reported. The observed effects are highly dependent on the cell lines 
(primary or established) used for testing [148, 149]. The toxicity is highly influenced 
by size, shape, chemical composition, stabilizing/functionalizing material, surface 
charge, impurities/dopants, duration of exposure, etc. [144]. In a recent review, by 
Naikoo et al., the findings of studies on the toxicity/compatibility of graphene family, 
MXenes, chalcogenides, and 2D oxides as sensing materials are provided. The envi-
ronmental toxicity and exposure toxicity of materials used for biosensors for clinical 
analysis and non-implantable applications are more important [150]. 

7 Challenges 

Although new 2D materials are designed for several biological sensing applica-
tions and proof-of-the-concept studies are presented, it is only after achieving a 
large-scale synthesis at low production costs, and reliable product design, sensors 
can be commercialized [120]. Especially for 2D TMD materials to be applied in 
wearable and flexible biosensors, techniques for scalable synthesis of materials at 
industrial scale, device fabrication, and studies on the material-substrate interactions 
are extremely important [29, 151]. The latter may lead to inflammatory responses, 
toxicity, and ultimately rejection by the biological system. The 2D materials used 
for biosensing applications require surface modifications with biomolecules such 
as antibodies, aptamers, proteins, and antigens which increase their specificity and 
selectivity toward the analyte to be tested. Thus, assessment of the in vivo biocom-
patibility of these 2D materials is the main challenge for their clinical use [29, 144, 
152, 153]. Further, implantable and wearable devices will also require studies with 
respect to biomimetic mechanical properties, long-term stability, and functionality 
before commercialization. Thus, devices/sensors employing robust materials with 
environmentally safe, reliable, and reproducible characteristics have to be devel-
oped for commercialization. Further, the establishment of uniform regulations and
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risk assessment guidelines would require participation of researchers and regulatory 
agencies. 

8 Conclusion 

The chapter presents information on the characteristics and routes of synthesis for 
2D materials such as graphene, transition metal dichalcogenides (TMDs), hexag-
onal boron nitride (hBN), black phosphorus (BP), silicene, etc. Due to their peculiar 
layered nature, and materials characteristics such as extremely high surface area 
to volume ratio, tunable band gap, the possibility of doping, and possibilities for 
surface modifications with specific biomolecules for bio-recognition the develop-
ment of sensors for biological applications is possible. The research on applications 
of these materials in the biosensing of small biomolecules, bacteria, viruses, disease 
biomarkers, etc., is summarized. The mechanical properties and flexible nature of 2D 
materials have led to the inclusion of these in wearable electronics for biomonitoring. 
However, careful assessment of toxicity, biocompatibility, and design and implemen-
tation of strategies for safe disposal is required. Scalable production methods, mate-
rial characterization protocols, and the establishment of uniform regulations and risk 
assessment guidelines would help the commercialization of 2D materials as sensor 
platforms. 

References 

1. Dubertret, B., Heine, T., Terrones, M.: The rise of two-dimensional materials. Acc. Chem. 
Res. 48, 1–2 (2015). https://doi.org/10.1021/ar5004434 

2. Prasad, S.V.S., Mishra, R.K., Gupta, S., Prasad, S.B., Singh, S.: Introduction, history, 
and origin of two dimensional (2D) materials. In: Materials Horizons: From Nature to 
Nanomaterials, pp. 1–9 (2021). https://doi.org/10.1007/978-981-16-3322-5_1/COVER 

3. Choudhary, K., Tavazza, F.: Discovery and characterization of 2D materials and their 
heterostructures. Inc (2020). https://doi.org/10.1016/B978-0-12-817678-8.00001-4 

4. Mueller, T., Malic, E.: Exciton physics and device application of two-dimensional transition 
metal dichalcogenide semiconductors. Npj 2D Mater. Appl. 2, 1–12 (2018). https://doi.org/ 
10.1038/s41699-018-0074-2 

5. Ahn, E.C.: 2D materials for spintronic devices. Npj 2D Mater. Appl. 4 (2020). https://doi.org/ 
10.1038/s41699-020-0152-0 

6. Zhang, H.: Ultrathin two-dimensional nanomaterials. ACS Nano 9, 9451–9469 (2015). https:// 
doi.org/10.1021/acsnano.5b05040 

7. Dutta, T., Yadav, N., Wu, Y., Cheng, G.J., Liang, X., Ramakrishna, S., Sbai, A., Gupta, R., 
Mondal, A., Hongyu, Z., Yadav, A.: Electronic properties of 2D materials and their junctions. 
Nano Mater. Sci. (2023). https://doi.org/10.1016/j.nanoms.2023.05.003 

8. Kanungo, S., Ahmad, G., Sahatiya, P., Mukhopadhyay, A., Chattopadhyay, S.: 2D materials-
based nanoscale tunneling field effect transistors: current developments and future prospects. 
Npj 2D Mater. Appl. 6 (2022). https://doi.org/10.1038/s41699-022-00352-2 

9. Akinwande, D., Brennan, C.J., Bunch, J.S., Egberts, P., Felts, J.R., Gao, H., Huang, R., Kim, 
J.S., Li, T., Li, Y., Liechti, K.M., Lu, N., Park, H.S., Reed, E.J., Wang, P., Yakobson, B.I.,

https://doi.org/10.1021/ar5004434
https://doi.org/10.1007/978-981-16-3322-5_1/COVER
https://doi.org/10.1016/B978-0-12-817678-8.00001-4
https://doi.org/10.1038/s41699-018-0074-2
https://doi.org/10.1038/s41699-018-0074-2
https://doi.org/10.1038/s41699-020-0152-0
https://doi.org/10.1038/s41699-020-0152-0
https://doi.org/10.1021/acsnano.5b05040
https://doi.org/10.1021/acsnano.5b05040
https://doi.org/10.1016/j.nanoms.2023.05.003
https://doi.org/10.1038/s41699-022-00352-2


250 J. M. Rajwade et al.

Zhang, T., Zhang, Y.W., Zhou, Y., Zhu, Y.: A review on mechanics and mechanical properties 
of 2D materials—graphene and beyond. Extrem. Mech. Lett. 13, 42–77 (2017). https://doi. 
org/10.1016/j.eml.2017.01.008 

10. Tan, T., Jiang, X., Wang, C., Yao, B., Zhang, H.: 2D material optoelectronics for information 
functional device applications: status and challenges. Adv. Sci. 7 (2020). https://doi.org/10. 
1002/advs.202000058 

11. Choi, W., Choudhary, N., Han, G.H., Park, J., Akinwande, D., Lee, Y.H.: Recent development 
of two-dimensional transition metal dichalcogenides and their applications. Mater. Today 20, 
116–130 (2017). https://doi.org/10.1016/j.mattod.2016.10.002 

12. Shanmugam, V., Mensah, R.A., Babu, K., Gawusu, S., Chanda, A., Tu, Y., Neisiany, R.E., 
Försth, M., Sas, G., Das, O.: A review of the synthesis, properties, and applications of 2D 
materials. Part. Part. Syst. Charact. 39 (2022). https://doi.org/10.1002/ppsc.202200031 

13. Baig, N.: Two-dimensional nanomaterials: a critical review of recent progress, properties, 
applications, and future directions. Compos. Part A Appl. Sci. Manuf. 165, 107362 (2023). 
https://doi.org/10.1016/j.compositesa.2022.107362 

14. Sun, P.Z., Xiong, W.Q., Bera, A., Timokhin, I., Wu, Z.F., Mishchenko, A., Sellers, M.C., Liu, 
B.L., Cheng, H.M., Janzen, E., Edgar, J.H., Grigorieva, I.V., Yuan, S.J., Geim, A.K.: Unex-
pected catalytic activity of nanorippled graphene. Proc. Natl. Acad. Sci. 120, 2017 (2023). 
https://doi.org/10.1073/pnas.2300481120 

15. Ryu, B., Wang, L., Pu, H., Chan, M.K.Y., Chen, J.: Understanding, discovery, and synthesis 
of 2D materials enabled by machine learning. Chem. Soc. Rev. 51, 1899–1925 (2022). https:// 
doi.org/10.1039/d1cs00503k 

16. Varghese, S.S., Varghese, S.H., Swaminathan, S., Singh, K.K., Mittal, V.: Two-dimensional 
materials for sensing: graphene and beyond. Electron. 4, 651–687 (2015). https://doi.org/10. 
3390/electronics4030651 

17. Kumbhakar, P., Jayan, J.S., Sreedevi Madhavikutty, A., Sreeram, P.R., Saritha, A., Ito, 
T., Tiwary, C.S.: Prospective applications of two-dimensional materials beyond laboratory 
frontiers: a review. IScience 26, 106671 (2023). https://doi.org/10.1016/j.isci.2023.106671 

18. Wang, Q.H., Kalantar-Zadeh, K., Kis, A., Coleman, J.N., Strano, M.S.: Electronics and 
optoelectronics of two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 7, 
699–712 (2012). https://doi.org/10.1038/nnano.2012.193 

19. Cheng, J., Gao, L., Li, T., Mei, S., Wang, C., Wen, B., Huang, W., Li, C., Zheng, G., Wang, H., 
Zhang, H.: Two-dimensional black phosphorus nanomaterials: emerging advances in electro-
chemical energy storage science. Springer Singapore (2020). https://doi.org/10.1007/s40820-
020-00510-5 

20. Cheng, P., Zhang, W., Zhang, L., Gou, J., Wong, P.K.J., Chen, L.: Molecular beam epitaxy 
fabrication of two-dimensional materials. Elsevier Inc. (2019). https://doi.org/10.1016/B978-
0-12-816187-6.00004-2 

21. Nandee, R., Chowdhury, M.A., Shahid, A., Hossain, N., Rana, M.: Band gap formation of 2D 
materialin graphene: future prospect and challenges. Results Eng. 15, 100474 (2022). https:// 
doi.org/10.1016/j.rineng.2022.100474 

22. Cao, X., Shi, J.J., Zhang, M., Jiang, X.H., Zhong, H.X., Huang, P., Ding, Y.M., Wu, M.: Band 
gap opening of graphene by forming heterojunctions with the 2D carbonitrides nitrogenated 
holey graphene, g-C3N4, and g-CN: electric field effect. J. Phys. Chem. C 120, 11299–11305 
(2016). https://doi.org/10.1021/acs.jpcc.6b03308 

23. Deepa, C., Rajeshkumar, L., Ramesh, M.: Preparation, synthesis, properties and characteri-
zation of graphene-based 2D nano-materials for biosensors and bioelectronics. J. Mater. Res. 
Technol. 19, 2657–2694 (2022). https://doi.org/10.1016/j.jmrt.2022.06.023 

24. Xie, H., Li, Z., Cheng, L., Haidry, A.A., Tao, J., Xu, Y., Xu, K., Ou, J.Z.: Recent advances in 
the fabrication of 2D metal oxides. IScience 25, 1–30 (2022). https://doi.org/10.1016/j.isci. 
2021.103598 

25. Hu, X., Liu, K., Cai, Y., Zang, S.-Q., Zhai, T.: 2D oxides for electronics and optoelectronics. 
Small Sci. 2, 2200008 (2022). https://doi.org/10.1002/smsc.202200008

https://doi.org/10.1016/j.eml.2017.01.008
https://doi.org/10.1016/j.eml.2017.01.008
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1016/j.mattod.2016.10.002
https://doi.org/10.1002/ppsc.202200031
https://doi.org/10.1016/j.compositesa.2022.107362
https://doi.org/10.1073/pnas.2300481120
https://doi.org/10.1039/d1cs00503k
https://doi.org/10.1039/d1cs00503k
https://doi.org/10.3390/electronics4030651
https://doi.org/10.3390/electronics4030651
https://doi.org/10.1016/j.isci.2023.106671
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1007/s40820-020-00510-5
https://doi.org/10.1007/s40820-020-00510-5
https://doi.org/10.1016/B978-0-12-816187-6.00004-2
https://doi.org/10.1016/B978-0-12-816187-6.00004-2
https://doi.org/10.1016/j.rineng.2022.100474
https://doi.org/10.1016/j.rineng.2022.100474
https://doi.org/10.1021/acs.jpcc.6b03308
https://doi.org/10.1016/j.jmrt.2022.06.023
https://doi.org/10.1016/j.isci.2021.103598
https://doi.org/10.1016/j.isci.2021.103598
https://doi.org/10.1002/smsc.202200008


Two-Dimensional (2D) Materials for Bio-sensing Applications 251

26. Zhou, K., Shang, G., Hsu, H., Han, S., Roy, V.A.L., Zhou, Y.: Emerging two-dimensional 
metal oxides: from synthesis to device integration. Adv. Mater. 2207774, 2207774 (2022). 
https://doi.org/10.1002/adma.202207774 

27. Guo, Y., Ma, L., Mao, K., Ju, M., Bai, Y., Zhao, J., Zeng, X.C.: Eighteen functional monolayer 
metal oxides: wide bandgap semiconductors with superior oxidation resistance and ultrahigh 
carrier mobility. Nanoscale Horiz. 4, 592–600 (2019). https://doi.org/10.1039/c8nh00273h 

28. Yuan, H., Wang, H., Cui, Y.: Two-dimensional layered chalcogenides: from rational synthesis 
to property control via orbital occupation and electron filling. Acc. Chem. Res. 48, 81–90 
(2015). https://doi.org/10.1021/ar5003297 

29. Mia, A.K., Meyyappan, M., Giri, P.K.: Two-dimensional transition metal dichalcogenide 
based biosensors: from fundamentals to healthcare applications. Biosensors 13, 1–28 (2023). 
https://doi.org/10.3390/bios13020169 

30. Wang, Z., Wang, G., Liu, X., Wang, S., Wang, T., Zhang, S., Yu, J., Zhao, G., Zhang, L.: 
Two-dimensional wide band-gap nitride semiconductor GaN and AlN materials: properties, 
fabrication and applications. J. Mater. Chem. C 9, 17201–17232 (2021). https://doi.org/10. 
1039/d1tc04022g 

31. Zhang, K., Lui, V.C.H., Chen, Y., Lok, C.N., Wong, K.K.Y.: Delayed application of silver 
nanoparticles reveals the role of early inflammation in burn wound healing. Sci. Rep. 10, 1–12 
(2020). https://doi.org/10.1038/s41598-020-63464-z 

32. Gogotsi, Y., Anasori, B.: The rise of MXenes. ACS Nano 13, 8491–8494 (2019). https://doi. 
org/10.1021/acsnano.9b06394 

33. Tahir, M.B., Fatima, N., Fatima, U., Sagir, M.: A review on the 2D black phosphorus materials 
for energy applications. Inorg. Chem. Commun. 124, 108242 (2021). https://doi.org/10.1016/ 
j.inoche.2020.108242 

34. Deng, B., Tran, V., Xie, Y., Jiang, H., Li, C., Guo, Q., Wang, X., Tian, H., Koester, S.J., 
Wang, H., Cha, J.J., Xia, Q., Yang, L., Xia, F.: Efficient electrical control of thin-film black 
phosphorus bandgap. Nat. Commun. 8 (2017). https://doi.org/10.1038/NCOMMS14474 

35. Wang, J., Li, G., Li, L.: Synthesis strategies about 2D materials. In: Two-Dimensional Mate-
rials—Synthesis, Characterization and Potential Applications, pp. 1–20 (2016). https://doi. 
org/10.5772/63918 

36. Alwarappan, S., Nesakumar, N., Sun, D., Hu, T.Y., Li, C.Z.: 2D metal carbides and nitrides 
(MXenes) for sensors and biosensors. Biosens. Bioelectron. 205, 113943 (2022). https://doi. 
org/10.1016/j.bios.2021.113943 

37. Zhu, J., Ha, E., Zhao, G., Zhou, Y., Huang, D., Yue, G., Hu, L., Sun, N., Wang, Y., Lee, 
L.Y.S., Xu, C., Wong, K.Y., Astruc, D., Zhao, P.: Recent advance in MXenes: a promising 
2D material for catalysis, sensor and chemical adsorption. Coord. Chem. Rev. 352, 306–327 
(2017). https://doi.org/10.1016/j.ccr.2017.09.012 

38. Ali Khan, A., Tahir, M.: Constructing S-scheme heterojunction of CoAlLa-LDH/g-C3N4 
through monolayer Ti3C2-MXene to promote photocatalytic CO2 re-forming of methane to 
solar fuels. ACS Appl. Energy Mater. 5, 784–806 (2022). https://doi.org/10.1021/acsaem.1c0 
3266 

39. Kumar, P., Dey, A., Roques, J., Assaud, L., Franger, S., Parida, P., Biju, V.: Photoexfoliation 
synthesis of 2D materials. ACS Mater. Lett. 4, 263–270 (2022). https://doi.org/10.1021/acs 
materialslett.1c00651 

40. Dong, R., Zhang, T., Feng, X.: Interface-assisted synthesis of 2D materials: trend and 
challenges. Chem. Rev. 118, 6189–6325 (2018). https://doi.org/10.1021/acs.chemrev.8b0 
0056 

41. Huang, L., Hu, Z., Jin, H., Wu, J., Liu, K., Xu, Z., Wan, J., Zhou, H., Duan, J., Hu, B., Zhou, 
J.: Salt-assisted synthesis of 2D materials. Adv. Funct. Mater. 30, 1–27 (2020). https://doi. 
org/10.1002/adfm.201908486 

42. Siepi, M., Morales-Narváez, E., Domingo, N., Monti, D.M., Notomista, E., Merkoçi, 
A.: Production of biofunctionalized MoS2 flakes with rationally modified lysozyme: a 
biocompatible 2D hybrid material. 2D Mater. 4 (2017). https://doi.org/10.1088/2053-1583/ 
aa7966

https://doi.org/10.1002/adma.202207774
https://doi.org/10.1039/c8nh00273h
https://doi.org/10.1021/ar5003297
https://doi.org/10.3390/bios13020169
https://doi.org/10.1039/d1tc04022g
https://doi.org/10.1039/d1tc04022g
https://doi.org/10.1038/s41598-020-63464-z
https://doi.org/10.1021/acsnano.9b06394
https://doi.org/10.1021/acsnano.9b06394
https://doi.org/10.1016/j.inoche.2020.108242
https://doi.org/10.1016/j.inoche.2020.108242
https://doi.org/10.1038/NCOMMS14474
https://doi.org/10.5772/63918
https://doi.org/10.5772/63918
https://doi.org/10.1016/j.bios.2021.113943
https://doi.org/10.1016/j.bios.2021.113943
https://doi.org/10.1016/j.ccr.2017.09.012
https://doi.org/10.1021/acsaem.1c03266
https://doi.org/10.1021/acsaem.1c03266
https://doi.org/10.1021/acsmaterialslett.1c00651
https://doi.org/10.1021/acsmaterialslett.1c00651
https://doi.org/10.1021/acs.chemrev.8b00056
https://doi.org/10.1021/acs.chemrev.8b00056
https://doi.org/10.1002/adfm.201908486
https://doi.org/10.1002/adfm.201908486
https://doi.org/10.1088/2053-1583/aa7966
https://doi.org/10.1088/2053-1583/aa7966


252 J. M. Rajwade et al.

43. Zhu, X., Li, Y.: Review of two-dimensional materials for electrochemical CO2 reduction from 
a theoretical perspective. Wiley Interdiscip. Rev. Comput. Mol. Sci. 9, 1–13 (2019). https:// 
doi.org/10.1002/wcms.1416 

44. Xie, X., Zhou, Y., Huang, K.: Advances in microwave-assisted production of reduced graphene 
oxide. Front. Chem. 7, 1–11 (2019). https://doi.org/10.3389/fchem.2019.00355 

45. Yu, J., Li, J., Zhang, W., Chang, H.: Synthesis of high quality two-dimensional materials via 
chemical vapor deposition. Chem. Sci. 6, 6705–6716 (2015). https://doi.org/10.1039/c5sc01 
941a 

46. Deokar, G., Jin, J., Schwingenschlögl, U., Costa, P.M.F.J.: Chemical vapor deposition-grown 
nitrogen-doped graphene’s synthesis, characterization and applications. Npj 2D Mater. Appl. 
6, 1–17 (2022). https://doi.org/10.1038/s41699-022-00287-8 

47. You, W.X., Tsai, C.P., Su, P.: Short-channel effects in 2D negative-capacitance field-effect 
transistors. IEEE Trans. Electron Devices 65, 1604–1610 (2018). https://doi.org/10.1109/ 
TED.2018.2805716 

48. Bhowmik, S., Govind Rajan, A.: Chemical vapor deposition of 2D materials: a review of 
modeling, simulation, and machine learning studies. IScience 25, 103832 (2022). https://doi. 
org/10.1016/j.isci.2022.103832 

49. Momeni, K., Ji, Y., Chen, L.Q.: Computational synthesis of 2D materials grown by chemical 
vapor deposition. J. Mater. Res. 37, 114–123 (2022). https://doi.org/10.1557/s43578-021-003 
84-2 

50. Choi, S.H., Yun, S.J., Won, Y.S., Oh, C.S., Kim, S.M., Kim, K.K., Lee, Y.H.: Large-scale 
synthesis of graphene and other 2D materials towards industrialization. Nat. Commun. 13, 
1–5 (2022). https://doi.org/10.1038/s41467-022-29182-y 

51. Xu, Y., Wang, Z., Guo, Z., Huang, H., Xiao, Q., Zhang, H., Yu, X.F.: Solvothermal synthesis 
and ultrafast photonics of black phosphorus quantum dots. Adv. Opt. Mater. 4, 1223–1229 
(2016). https://doi.org/10.1002/adom.201600214 

52. Dong, J., Zhang, L., Dai, X., Ding, F.: The epitaxy of 2D materials growth. Nat. Commun. 
11 (2020). https://doi.org/10.1038/s41467-020-19752-3 

53. Shelke, N.T., Late, D.J.: Synthesis and characterization of 2D materials. Inc (2021). https:// 
doi.org/10.1016/B978-0-12-821993-5.00003-0 

54. Najafi, M.D., Kowsari, E., Naderi, H.R., Chinnappan, A., Ramakrishna, S., Ehsani, A., 
Shokravi, A.: Functionalization of graphene oxide via chromium complexes coordinated on 5-
aminopyridine-2-carboxylic acid as a symmetric supercapacitor electrode materials in energy 
storage devices. Compos. Sci. Technol. 211, 108844 (2021). https://doi.org/10.1016/j.compsc 
itech.2021.108844 

55. Huang, Y., Guo, J., Li, Y., Li, H., Fan, D.E.: 2D-material-integrated micromachines: competing 
propulsion strategy and enhanced bacterial disinfection. Adv. Mater. 34, 1–10 (2022). https:// 
doi.org/10.1002/adma.202203082 

56. Liu, N., Chang, L., Wu, J., Fang, J., Xiao, X.: Emerging topochemical strategies for designing 
two-dimensional energy materials. Micromachines 12, 1–17 (2021). https://doi.org/10.3390/ 
mi12080867 

57. Yang, S., Chen, G., Ricciardulli, A.G., Zhang, P., Zhang, Z., Shi, H., Ma, J., Zhang, J., Blom, 
P.W.M., Feng, X.: Topochemical synthesis of two-dimensional transition-metal phosphides 
using phosphorene templates. Angew. Chem. - Int. Ed. 59, 465–470 (2020). https://doi.org/ 
10.1002/anie.201911428 

58. Sulleiro, M.V., Dominguez-Alfaro, A., Alegret, N., Silvestri, A., Gómez, I.J.: 2D materials 
towards sensing technology: from fundamentals to applications. Sens. Bio-Sens. Res. 38 
(2022). https://doi.org/10.1016/j.sbsr.2022.100540 

59. Nangare, S., Patil, P.: Poly(allylamine) coated layer-by-layer assembly decorated 2D carbon 
backbone for highly sensitive and selective detection of Tau-441 using surface plasmon reso-
nance biosensor. Anal. Chim. Acta 1271, 341474 (2023). https://doi.org/10.1016/j.aca.2023. 
341474 

60. Garg, M., Pamme, N.: Microfluidic (bio)-sensors based on 2-D layered materials. TrAC -
Trends Anal. Chem. 158 (2023). https://doi.org/10.1016/j.trac.2022.116839

https://doi.org/10.1002/wcms.1416
https://doi.org/10.1002/wcms.1416
https://doi.org/10.3389/fchem.2019.00355
https://doi.org/10.1039/c5sc01941a
https://doi.org/10.1039/c5sc01941a
https://doi.org/10.1038/s41699-022-00287-8
https://doi.org/10.1109/TED.2018.2805716
https://doi.org/10.1109/TED.2018.2805716
https://doi.org/10.1016/j.isci.2022.103832
https://doi.org/10.1016/j.isci.2022.103832
https://doi.org/10.1557/s43578-021-00384-2
https://doi.org/10.1557/s43578-021-00384-2
https://doi.org/10.1038/s41467-022-29182-y
https://doi.org/10.1002/adom.201600214
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1016/B978-0-12-821993-5.00003-0
https://doi.org/10.1016/B978-0-12-821993-5.00003-0
https://doi.org/10.1016/j.compscitech.2021.108844
https://doi.org/10.1016/j.compscitech.2021.108844
https://doi.org/10.1002/adma.202203082
https://doi.org/10.1002/adma.202203082
https://doi.org/10.3390/mi12080867
https://doi.org/10.3390/mi12080867
https://doi.org/10.1002/anie.201911428
https://doi.org/10.1002/anie.201911428
https://doi.org/10.1016/j.sbsr.2022.100540
https://doi.org/10.1016/j.aca.2023.341474
https://doi.org/10.1016/j.aca.2023.341474
https://doi.org/10.1016/j.trac.2022.116839


Two-Dimensional (2D) Materials for Bio-sensing Applications 253

61. Tan, A.Y.S., Lo, N.W., Cheng, F., Zhang, M., Tan, M.T.T., Manickam, S., Muthoosamy, K.: 
2D carbon materials based photoelectrochemical biosensors for detection of cancer antigens. 
Biosens. Bioelectron. 219, 114811 (2023). https://doi.org/10.1016/j.bios.2022.114811 

62. Li, S., Ma, L., Zhou, M., Li, Y., Xia, Y., Fan, X., Cheng, C., Luo, H.: New opportunities for 
emerging 2D materials in bioelectronics and biosensors. Curr. Opin. Biomed. Eng. 13, 32–41 
(2020). https://doi.org/10.1016/j.cobme.2019.08.016 

63. Tao, Y., Lin, Y., Ren, J., Qu, X.: A dual fluorometric and colorimetric sensor for dopamine 
based on BSA-stabilized Au nanoclusters. Biosens. Bioelectron. 42, 41–46 (2013). https:// 
doi.org/10.1016/j.bios.2012.10.014 

64. Zeng, Y., Wang, M., Sun, Z., Sha, L., Yang, J., Li, G.: Colorimetric immunosensor constructed 
using 2D metal–organic framework nanosheets as enzyme mimics for the detection of protein 
biomarkers. J. Mater. Chem. B 10, 450–455 (2022). https://doi.org/10.1039/d1tb02192c 

65. Wu, Q., Li, N., Wang, Y., Liu, Y., Xu, Y., Wei, S., Wu, J., Jia, G., Fang, X., Chen, F., Cui, X.: A 
2D transition metal carbide MXene-based SPR biosensor for ultrasensitive carcinoembryonic 
antigen detection. Biosens. Bioelectron. 144, 111697 (2019). https://doi.org/10.1016/j.bios. 
2019.111697 

66. Yang, H., Xu, Y., Hou, Q., Xu, Q., Ding, C.: Magnetic antifouling material based ratio-
metric electrochemical biosensor for the accurate detection of CEA in clinical serum. Biosens. 
Bioelectron. 208, 114216 (2022). https://doi.org/10.1016/j.bios.2022.114216 

67. Xu, Y., Sprick, R.S., Brownbill, N.J., Blanc, F., Li, Q., Ward, J.W., Ren, S., Cooper, A.I.: 
Bottom-up wet-chemical synthesis of a two-dimensional porous carbon material with high 
supercapacitance using a cascade coupling/cyclization route. J. Mater. Chem. A 9, 3303–3308 
(2021). https://doi.org/10.1039/d0ta11649a 

68. Cao, Z., Yadav, P., Barati Farimani, A.: Which 2D material is better for DNA detection: 
graphene, MoS2, or MXene?, Nano Lett. 22, 7874–7881 (2022). https://doi.org/10.1021/acs. 
nanolett.2c02603 

69. Cai, J., Gou, X., Sun, B., Li, W., Li, D., Liu, J., Hu, F., Li, Y.: Porous graphene-black phos-
phorus nanocomposite modified electrode for detection of leptin. Biosens. Bioelectron. 137, 
88–95 (2019). https://doi.org/10.1016/j.bios.2019.04.045 

70. Wu, L.,  Xu, Z.,  Meng,  Q., Xiao,  Y., Cao, Q.,  Rathi,  B., Liu, H.,  Han,  G., Zhang,  J., Yan, J.:  
A new aptamer/black phosphorous interdigital electrode for malachite green detection. Anal. 
Chim. Acta 1099, 39–45 (2020). https://doi.org/10.1016/J.ACA.2019.11.026 

71. Li, Y., Bu, Y., Jiang, F., Dai, X., Ao, J.P.: Fabrication of ultra-sensitive photoelectrochemical 
aptamer biosensor: based on semiconductor/DNA interfacial multifunctional reconciliation 
via 2D–C3N4. Biosens. Bioelectron. 150, 111903 (2020). https://doi.org/10.1016/J.BIOS. 
2019.111903 

72. Xiang, Y., Camarada, M.B., Wen, Y., Wu, H., Chen, J., Li, M., Liao, X.: Simple voltammetric 
analyses of ochratoxin A in food samples using highly-stable and anti-fouling black phos-
phorene nanosensor. Electrochim. Acta 282, 490–498 (2018). https://doi.org/10.1016/j.electa 
cta.2018.06.055 

73. Zhao, H., Qiao, X., Zhang, X., Niu, C., Yue, T., Sheng, Q.: Simultaneous electrochemical 
aptasensing of patulin and ochratoxin A in apple juice based on gold nanoparticles decorated 
black phosphorus nanomaterial. Anal. Bioanal. Chem. 413, 3131–3140 (2021). https://doi. 
org/10.1007/S00216-021-03253-3/METRICS 

74. Xu, J., Qiao, X., Wang, Y., Sheng, Q., Yue, T., Zheng, J., Zhou, M.: Electrostatic assembly 
of gold nanoparticles on black phosphorus nanosheets for electrochemical aptasensing of 
patulin. Microchim. Acta 186, 1–8 (2019). https://doi.org/10.1007/S00604-019-3339-3/MET 
RICS 

75. Rahaie, M., Noroozi, S.K.: A nanobiosensor based on graphene oxide and DNA binding dye 
for multi-microRNAs detection. Biosci. Rep. 39, 1–11 (2019). https://doi.org/10.1042/BSR 
20181404 

76. Sun, Z., Jin, H., Sun, Y., Jiang, X., Gui, R.: Mn-doping-induced hierarchical petal growth of 
a flower-like 3D MOF assembled with black phosphorous nanosheets as an electrochemical 
aptasensor of human stress-induced phosphoprotein 1. Nanoscale 12, 14538–14548 (2020). 
https://doi.org/10.1039/D0NR02342F

https://doi.org/10.1016/j.bios.2022.114811
https://doi.org/10.1016/j.cobme.2019.08.016
https://doi.org/10.1016/j.bios.2012.10.014
https://doi.org/10.1016/j.bios.2012.10.014
https://doi.org/10.1039/d1tb02192c
https://doi.org/10.1016/j.bios.2019.111697
https://doi.org/10.1016/j.bios.2019.111697
https://doi.org/10.1016/j.bios.2022.114216
https://doi.org/10.1039/d0ta11649a
https://doi.org/10.1021/acs.nanolett.2c02603
https://doi.org/10.1021/acs.nanolett.2c02603
https://doi.org/10.1016/j.bios.2019.04.045
https://doi.org/10.1016/J.ACA.2019.11.026
https://doi.org/10.1016/J.BIOS.2019.111903
https://doi.org/10.1016/J.BIOS.2019.111903
https://doi.org/10.1016/j.electacta.2018.06.055
https://doi.org/10.1016/j.electacta.2018.06.055
https://doi.org/10.1007/S00216-021-03253-3/METRICS
https://doi.org/10.1007/S00216-021-03253-3/METRICS
https://doi.org/10.1007/S00604-019-3339-3/METRICS
https://doi.org/10.1007/S00604-019-3339-3/METRICS
https://doi.org/10.1042/BSR20181404
https://doi.org/10.1042/BSR20181404
https://doi.org/10.1039/D0NR02342F


254 J. M. Rajwade et al.

77. Zhang, Z., Li, Y., Xu, J., Wen, Y.: Electropolymerized molecularly imprinted polypyrrole deco-
rated with black phosphorene quantum dots onto poly(3,4-ethylenedioxythiophene) nanorods 
and its voltammetric sensing of vitamin C. J. Electroanal. Chem. 814, 153–160 (2018). https:// 
doi.org/10.1016/J.JELECHEM.2018.02.059 

78. Garg, M., Gupta, A., Sharma, A.L., Singh, S.: Advancements in 2D materials based biosensors 
for oxidative stress biomarkers. ACS Appl. Bio Mater. 4, 5944–5960 (2021). https://doi.org/ 
10.1021/acsabm.1c00625 

79. Fang, D., Zhao, D., Zhang, S., Huang, Y., Dai, H., Lin, Y.: Black phosphorus quantum 
dots functionalized MXenes as the enhanced dual-mode probe for exosomes sensing. Sens. 
Actuators, B Chem. 305, 127544 (2020). https://doi.org/10.1016/j.snb.2019.127544 

80. Xue, T., Sheng, Y., Xu, J., Li, Y., Lu, X., Zhu, Y., Duan, X., Wen, Y.: In-situ reduction of Ag+ 

on black phosphorene and its NH2-MWCNT nanohybrid with high stability and dispersibility 
as nanozyme sensor for three ATP metabolites. Biosens. Bioelectron. 145, 111716 (2019). 
https://doi.org/10.1016/j.bios.2019.111716 

81. Ge, Y., Qu, M., Xu, L., Wang, X., Xin, J., Liao, X., Li, M., Li, M., Wen, Y.: Phosphorene 
nanocomposite with high environmental stability and antifouling capability for simultaneous 
sensing of clenbuterol and ractopamine. Microchim. Acta. 186 (2019). https://doi.org/10. 
1007/s00604-019-3908-5 

82. Niu, X., Weng, W., Yin, C., Niu, Y., Li, G., Dong, R., Men, Y., Sun, W.: Black phospho-
rene modified glassy carbon electrode for the sensitive voltammetric detection of rutin. J. 
Electroanal. Chem. 811, 78–83 (2018). https://doi.org/10.1016/j.jelechem.2018.01.038 

83. Yan, S., Wang, B., Wang, Z., Hu, D., Xu, X., Wang, J., Shi, Y.: Supercritical carbon 
dioxide-assisted rapid synthesis of few-layer black phosphorus for hydrogen peroxide sensing. 
Biosens. Bioelectron. 80, 34–38 (2016). https://doi.org/10.1016/j.bios.2016.01.043 

84. Ding, H., Tang, Z., Zhang, L., Dong, Y.: Electrogenerated chemiluminescence of black phos-
phorus nanosheets and its application in the detection of H2O2. Analyst  144, 1326–1333 
(2019). https://doi.org/10.1039/c8an01838c 

85. Jiang, X., Jin, H., Sun, Y., Sun, Z., Gui, R.: Assembly of black phosphorus quantum dots-
doped MOF and silver nanoclusters as a versatile enzyme-catalyzed biosensor for solution, 
flexible substrate and latent fingerprint visual detection of baicalin. Biosens. Bioelectron. 152, 
112012 (2020). https://doi.org/10.1016/j.bios.2020.112012 

86. Vilela, P., El-Sagheer, A., Millar, T.M., Brown, T., Muskens, O.L., Kanaras, A.G.: Graphene 
oxide-upconversion nanoparticle based optical sensors for targeted detection of mRNA 
biomarkers present in Alzheimer’s disease and prostate cancer. ACS Sens. 2, 52–56 (2017). 
https://doi.org/10.1021/acssensors.6b00651 

87. Hua, X., Zhou, X., Guo, S., Zheng, T., Yuan, R., Xu, W.: Determination of Alzheimer 
biomarker DNA by using an electrode modified with in-situ precipitated molybdophos-
phate catalyzed by alkaline phosphatase-encapsulated DNA hydrogel and target recycling 
amplification. Microchim. Acta 186, 2–9 (2019). https://doi.org/10.1007/s00604-019-3283-2 

88. Liu, S., Luo, J., Jiang, X., Li, X., Yang, M.: Gold nanoparticle–modified black phosphorus 
nanosheets with improved stability for detection of circulating tumor cells. Microchim. Acta. 
187 (2020). https://doi.org/10.1007/s00604-020-04367-8 

89. Tabrizi, M.A., Ferré-Borrull, J., Kapruwan, P., Marsal, L.F.: A photoelectrochemical sandwich 
immunoassay for protein S100β, a biomarker for Alzheimer’s disease, using an ITO electrode 
modified with a reduced graphene oxide-gold conjugate and CdS-labeled secondary antibody. 
Microchim. Acta 186 (2019). https://doi.org/10.1007/s00604-018-3159-x 

90. Zhou, J., Meng, L., Ye, W., Wang, Q., Geng, S., Sun, C.: A sensitive detection assay based on 
signal amplification technology for Alzheimer’s disease’s early biomarker in exosome. Anal. 
Chim. Acta 1022, 124–130 (2018). https://doi.org/10.1016/j.aca.2018.03.016 

91. Mathew, G., Dey, P., Das, R., Chowdhury, S.D., Paul Das, M., Veluswamy, P., Neppo-
lian, B., Das, J.: Direct electrochemical reduction of hematite decorated graphene oxide 
(α-Fe2O3@erGO) nanocomposite for selective detection of Parkinson’s disease biomarker. 
Biosens. Bioelectron. 115, 53–60 (2018). https://doi.org/10.1016/j.bios.2018.05.024

https://doi.org/10.1016/J.JELECHEM.2018.02.059
https://doi.org/10.1016/J.JELECHEM.2018.02.059
https://doi.org/10.1021/acsabm.1c00625
https://doi.org/10.1021/acsabm.1c00625
https://doi.org/10.1016/j.snb.2019.127544
https://doi.org/10.1016/j.bios.2019.111716
https://doi.org/10.1007/s00604-019-3908-5
https://doi.org/10.1007/s00604-019-3908-5
https://doi.org/10.1016/j.jelechem.2018.01.038
https://doi.org/10.1016/j.bios.2016.01.043
https://doi.org/10.1039/c8an01838c
https://doi.org/10.1016/j.bios.2020.112012
https://doi.org/10.1021/acssensors.6b00651
https://doi.org/10.1007/s00604-019-3283-2
https://doi.org/10.1007/s00604-020-04367-8
https://doi.org/10.1007/s00604-018-3159-x
https://doi.org/10.1016/j.aca.2018.03.016
https://doi.org/10.1016/j.bios.2018.05.024


Two-Dimensional (2D) Materials for Bio-sensing Applications 255

92. Mannoor, M.S., Tao, H., Clayton, J.D., Sengupta, A., Kaplan, D.L., Naik, R.R., Verma, 
N., Omenetto, F.G., McAlpine, M.C.: Graphene-based wireless bacteria detection on tooth 
enamel. Nat. Commun. 3 (2012). https://doi.org/10.1038/ncomms1767 

93. Thakur, B., Zhou, G., Chang, J., Pu, H., Jin, B., Sui, X., Yuan, X., Yang, C.H., Magruder, M., 
Chen, J.: Rapid detection of single E. coli bacteria using a graphene-based field-effect tran-
sistor device. Biosens. Bioelectron. 110, 16–22 (2018). https://doi.org/10.1016/j.bios.2018. 
03.014 

94. Pandey, A., Gurbuz, Y., Ozguz, V., Niazi, J.H., Qureshi, A.: Graphene-interfaced electrical 
biosensor for label-free and sensitive detection of foodborne pathogenic E. coli O157:H7. 
Biosens. Bioelectron. 91, 225–231 (2017). https://doi.org/10.1016/j.bios.2016.12.041 

95. Singh, C., Ali, M.A., Kumar, V., Ahmad, R., Sumana, G.: Functionalized MoS2 nanosheets 
assembled microfluidic immunosensor for highly sensitive detection of food pathogen. Sens. 
Actuators, B Chem. 259, 1090–1098 (2018). https://doi.org/10.1016/j.snb.2017.12.094 

96. Jijie, R., Kahlouche, K., Barras, A., Yamakawa, N., Gharbi, T., Szunerits, S., Boukherroub, 
R., Jijie, R., Kahlouche, K., Barras, A., Yamakawa, N., Bouckaert, J.: Reduced graphene 
oxide/polyethylenimine based immunosensor for the selective and sensitive electrochemical 
detection of uropathogenic Escherichia coli. To cite this version: HAL Id: hal-01925128 
(2019) 

97. Wang, Y., Ping, J., Ye, Z., Wu, J., Ying, Y.: Impedimetric immunosensor based on gold 
nanoparticles modified graphene paper for label-free detection of Escherichia coli O157: H7. 
Biosens. Bioelectron. 49, 492–498 (2013). https://doi.org/10.1016/j.bios.2013.05.061 

98. Li, Z., Fu, Y., Zhu, Q., Wei, S., Gao, J., Zhu, Y., Xue, T., Bai, L., Wen, Y.: High-
stable phosphorene-supported bimetallic Pt-Pd nanoelectrocatalyst for p-Aminophenol, β-
Galactosidase, and escherichia coli. Int. J. Electrochem. Sci. 15, 3089–3103 (2020). https:// 
doi.org/10.20964/2020.04.41 

99. Wen, J., Zhou, S., Yuan, Y.: Graphene oxide as nanogold carrier for ultrasensitive electro-
chemical immunoassay of Shewanella oneidensis with silver enhancement strategy. Biosens. 
Bioelectron. 52, 44–49 (2014). https://doi.org/10.1016/j.bios.2013.08.022 

100. Bhardwaj, N., Bhardwaj, S.K., Mehta, J., Mohanta, G.C., Deep, A.: Bacteriophage immo-
bilized graphene electrodes for impedimetric sensing of bacteria (Staphylococcus arlettae). 
Anal. Biochem. 505, 18–25 (2016). https://doi.org/10.1016/j.ab.2016.04.008 

101. Wan, Y., Lin, Z., Zhang, D., Wang, Y., Hou, B.: Impedimetric immunosensor doped with 
reduced graphene sheets fabricated by controllable electrodeposition for the non-labelled 
detection of bacteria. Biosens. Bioelectron. 26, 1959–1964 (2011). https://doi.org/10.1016/j. 
bios.2010.08.008 

102. Fei, J., Dou, W., Zhao, G.: Amperometric immunoassay for the detection of Salmonella 
pullorum using a screen-printed carbon electrode modified with gold nanoparticle-coated 
reduced graphene oxide and immunomagnetic beads. Microchim. Acta 183, 757–764 (2016). 
https://doi.org/10.1007/s00604-015-1721-3 

103. Hu, X., Dou, W., Fu, L., Zhao, G.: A disposable immunosensor for Enterobacter sakazakii 
based on an electrochemically reduced graphene oxide-modified electrode. Anal. Biochem. 
434, 218–220 (2013). https://doi.org/10.1016/j.ab.2012.11.013 

104. Ma, X., Jiang, Y., Jia, F., Yu, Y., Chen, J., Wang, Z.: An aptamer-based electrochemical 
biosensor for the detection of Salmonella. J. Microbiol. Methods 98, 94–98 (2014). https:// 
doi.org/10.1016/j.mimet.2014.01.003 

105. Li, B., Tan, H., Anastasova, S., Power, M., Seichepine, F., Yang, G.Z.: A bio-inspired 3D 
micro-structure for graphene-based bacteria sensing. Biosens. Bioelectron. 123, 77–84 (2019). 
https://doi.org/10.1016/j.bios.2018.09.087 

106. Wu, S., Duan, N., Qiu, Y., Li, J., Wang, Z.: Colorimetric aptasensor for the detection of 
Salmonella enterica serovar typhimurium using ZnFe2O4-reduced graphene oxide nanos-
tructures as an effective peroxidase mimetics. Int. J. Food Microbiol. 261, 42–48 (2017). 
https://doi.org/10.1016/j.ijfoodmicro.2017.09.002 

107. Kaushal, S., Pinnaka, A.K., Soni, S., Singhal, N.K.: Antibody assisted graphene oxide coated 
gold nanoparticles for rapid bacterial detection and near infrared light enhanced antibacterial

https://doi.org/10.1038/ncomms1767
https://doi.org/10.1016/j.bios.2018.03.014
https://doi.org/10.1016/j.bios.2018.03.014
https://doi.org/10.1016/j.bios.2016.12.041
https://doi.org/10.1016/j.snb.2017.12.094
https://doi.org/10.1016/j.bios.2013.05.061
https://doi.org/10.20964/2020.04.41
https://doi.org/10.20964/2020.04.41
https://doi.org/10.1016/j.bios.2013.08.022
https://doi.org/10.1016/j.ab.2016.04.008
https://doi.org/10.1016/j.bios.2010.08.008
https://doi.org/10.1016/j.bios.2010.08.008
https://doi.org/10.1007/s00604-015-1721-3
https://doi.org/10.1016/j.ab.2012.11.013
https://doi.org/10.1016/j.mimet.2014.01.003
https://doi.org/10.1016/j.mimet.2014.01.003
https://doi.org/10.1016/j.bios.2018.09.087
https://doi.org/10.1016/j.ijfoodmicro.2017.09.002


256 J. M. Rajwade et al.

activity. Sens. Actuators, B Chem. 329, 129141 (2021). https://doi.org/10.1016/j.snb.2020. 
129141 

108. Guo, Y., Deng, L., Li, J., Guo, S., Wang, E., Dong, S.: Hemin–graphene hybrid nanosheets 
with intrinsic peroxidase-like activity for label-free colorimetric detection of single-nucleotide 
polymorphism. ACS Nano 5, 1282–1290 (2011). https://doi.org/10.1021/nn1029586 

109. Liu, F., Choi, K.S., Park, T.J., Lee, S.Y., Seo, T.S.: Graphene-based electrochemical biosensor 
for pathogenic virus detection. Biochip J. 5, 123–128 (2011). https://doi.org/10.1007/s13206-
011-5204-2 

110. Zhan, L., Li, C.M., Wu, W.B., Huang, C.Z.: A colorimetric immunoassay for respiratory 
syncytial virus detection based on gold nanoparticles-graphene oxide hybrids with mercury-
enhanced peroxidase-like activity. Chem. Commun. 50, 11526–11528 (2014). https://doi.org/ 
10.1039/c4cc05155f 

111. Jin, S.A., Poudyal, S., Marinero, E.E., Kuhn, R.J., Stanciu, L.A.: Impedimetric dengue 
biosensor based on functionalized graphene oxide wrapped silica particles. Electrochim. Acta 
194, 422–430 (2016). https://doi.org/10.1016/j.electacta.2016.02.116 

112. Ahmed, S.R., Takemeura, K., Li, T.C., Kitamoto, N., Tanaka, T., Suzuki, T., Park, E.Y.: Size-
controlled preparation of peroxidase-like graphene-gold nanoparticle hybrids for the visible 
detection of norovirus-like particles. Biosens. Bioelectron. 87, 558–565 (2017). https://doi. 
org/10.1016/j.bios.2016.08.101 

113. Gao, Z., Li, Y., Zhang, X., Feng, J., Kong, L., Wang, P., Chen, Z., Dong, Y., Wei, Q.: Ultra-
sensitive electrochemical immunosensor for quantitative detection of HBeAg using Au@Pd/ 
MoS2@MWCNTs nanocomposite as enzyme-mimetic labels. Biosens. Bioelectron. 102, 
189–195 (2018). https://doi.org/10.1016/j.bios.2017.11.032 

114. Fathi-Hafshejani, P., Azam, N., Wang, L., Kuroda, M.A., Hamilton, M.C., Hasim, S., 
Mahjouri-Samani, M.: Two-dimensional-material-based field-effect transistor biosensor for 
detecting COVID-19 virus (SARS-CoV-2). ACS Nano 15, 11461–11469 (2021). https://doi. 
org/10.1021/acsnano.1c01188 

115. Chen, W.Y., Lin, H., Barui, A.K., Gomez, A.M.U., Wendt, M.K., Stanciu, L.A.: DNA-
functionalized Ti3C2Tx MXenes for selective and rapid detection of SARS-CoV-2 nucle-
ocapsid gene. ACS Appl. Nano Mater. 5, 1902–1910 (2022). https://doi.org/10.1021/acsanm. 
1c03520 

116. Chekin, F., Bagga, K., Subramanian, P., Jijie, R., Singh, S.K., Kurungot, S., Boukherroub, 
R., Szunerits, S.: Nucleic aptamer modified porous reduced graphene oxide/MoS2 based 
electrodes for viral detection: application to human papillomavirus (HPV). Sens. Actuators, 
B Chem.  262, 991–1000 (2018). https://doi.org/10.1016/j.snb.2018.02.065 

117. Shao, J., Ruan, C., Xie, H., Li, Z., Wang, H., Chu, P.K., Yu, X.F.: Black-phosphorus-
incorporated hydrogel as a sprayable and biodegradable photothermal platform for postsur-
gical treatment of cancer. Adv. Sci. 5 (2018). https://doi.org/10.1002/advs.201700848 

118. Ye, X., Liang, X., Chen, Q., Miao, Q., Chen, X., Zhang, X., Mei, L.: Surgical tumor-derived 
personalized photothermal vaccine formulation for cancer immunotherapy. ACS Nano 13, 
2956–2968 (2019). https://doi.org/10.1021/acsnano.8b07371 

119. Hsieh, T.Y., Huang, W.C., Da Kang, Y., Chu, C.Y., Liao, W.L., Chen, Y.Y., Chen, S.Y.: 
Neurotensin-conjugated reduced graphene oxide with multi-stage near-infrared-triggered 
synergic targeted neuron gene transfection in vitro and in vivo for neurodegenerative disease 
therapy. Adv. Healthc. Mater. 5, 3016–3026 (2016). https://doi.org/10.1002/adhm.201600647 

120. Hassan, J.Z., Raza, A., Din Babar, Z.U., Qumar, U., Kaner, N.T., Cassinese, A.: 2D material-
based sensing devices: an update. J. Mater. Chem. A 6016–6063 (2023). https://doi.org/10. 
1039/d2ta07653e 

121. Munteanu, R.E., Moreno, P.S., Bramini, M., Gáspár, S.: 2D materials in electrochemical 
sensors for in vitro or in vivo use. Anal. Bioanal. Chem. (2020). https://doi.org/10.1007/s00 
216-020-02831-1 

122. Lu, W., Yu, P., Jian, M., Wang, H., Wang, H., Liang, X., Zhang, Y.: Molybdenum disulfide 
nanosheets aligned vertically on carbonized silk fabric as smart textile for wearable pressure-
sensing and energy devices. ACS Appl. Mater. Interfaces 12, 11825–11832 (2020). https:// 
doi.org/10.1021/acsami.9b21068

https://doi.org/10.1016/j.snb.2020.129141
https://doi.org/10.1016/j.snb.2020.129141
https://doi.org/10.1021/nn1029586
https://doi.org/10.1007/s13206-011-5204-2
https://doi.org/10.1007/s13206-011-5204-2
https://doi.org/10.1039/c4cc05155f
https://doi.org/10.1039/c4cc05155f
https://doi.org/10.1016/j.electacta.2016.02.116
https://doi.org/10.1016/j.bios.2016.08.101
https://doi.org/10.1016/j.bios.2016.08.101
https://doi.org/10.1016/j.bios.2017.11.032
https://doi.org/10.1021/acsnano.1c01188
https://doi.org/10.1021/acsnano.1c01188
https://doi.org/10.1021/acsanm.1c03520
https://doi.org/10.1021/acsanm.1c03520
https://doi.org/10.1016/j.snb.2018.02.065
https://doi.org/10.1002/advs.201700848
https://doi.org/10.1021/acsnano.8b07371
https://doi.org/10.1002/adhm.201600647
https://doi.org/10.1039/d2ta07653e
https://doi.org/10.1039/d2ta07653e
https://doi.org/10.1007/s00216-020-02831-1
https://doi.org/10.1007/s00216-020-02831-1
https://doi.org/10.1021/acsami.9b21068
https://doi.org/10.1021/acsami.9b21068


Two-Dimensional (2D) Materials for Bio-sensing Applications 257

123. Liao, C., Mak, C., Zhang, M., Chan, H.L.W., Yan, F.: Flexible organic electrochemical tran-
sistors for highly selective enzyme biosensors and used for saliva testing. Adv. Mater. 27, 
676–681 (2015). https://doi.org/10.1002/adma.201404378 

124. Trung, T.Q., Duy, L.T., Ramasundaram, S., Lee, N.E.: Transparent, stretchable, and rapid-
response humidity sensor for body-attachable wearable electronics. Nano Res. 10, 2021–2033 
(2017). https://doi.org/10.1007/s12274-016-1389-y 

125. Park, D.W., Schendel, A.A., Mikael, S., Brodnick, S.K., Richner, T.J., Ness, J.P., Hayat, M.R., 
Atry, F., Frye, S.T., Pashaie, R., Thongpang, S., Ma, Z., Williams, J.C.: Graphene-based 
carbon-layered electrode array technology for neural imaging and optogenetic applications. 
Nat. Commun. 5 (2014). https://doi.org/10.1038/ncomms6258 

126. Lou, C., Li, R., Li, Z., Liang, T., Wei, Z., Run, M., Yan, X., Liu, X.: Flexible graphene 
electrodes for prolonged dynamic ECG monitoring. Sensors (Switzerland) 16, 1–12 (2016). 
https://doi.org/10.3390/s16111833 

127. Yapici, M.K., Alkhidir, T., Samad, Y.A., Liao, K.: Graphene-clad textile electrodes for elec-
trocardiogram monitoring. Sens. Actuators B Chem. 221, 1469–1474 (2015). https://doi.org/ 
10.1016/j.snb.2015.07.111 

128. Kim, J., Kim, M., Lee, M.S., Kim, K., Ji, S., Kim, Y.T., Park, J., Na, K., Bae, K.H., Kim, 
H.K., Bien, F., Lee, C.Y., Park, J.U.: Wearable smart sensor systems integrated on soft contact 
lenses for wireless ocular diagnostics. Nat. Commun. 8 (2017). https://doi.org/10.1038/nco 
mms14997 

129. Park, M., Park, Y.J., Chen, X., Park, Y.K., Kim, M.S., Ahn, J.H.: MoS2-based tactile sensor 
for electronic skin applications. Adv. Mater. 28, 2556–2562 (2016). https://doi.org/10.1002/ 
adma.201505124 

130. Ameri, S.K., Kim, M., Kuang, I.A., Perera, W.K., Alshiekh, M., Jeong, H., Topcu, U., Akin-
wande, D., Lu, N.: Imperceptible electrooculography graphene sensor system for human– 
robot interface. Npj 2D Mater. Appl. 2, 1–7 (2018). https://doi.org/10.1038/s41699-018-
0064-4 

131. Yang, Z., Pang, Y., Han, X.L., Yang, Y., Yang, Y., Ling, J., Jian, M., Zhang, Y., Ren, T.L.: 
Graphene textile strain sensor with negative resistance variation for human motion detection. 
ACS Nano 12, 9134–9141 (2018). https://doi.org/10.1021/acsnano.8b03391 

132. Liu,  W., Liu, N.,  Yue,  Y., Rao, J.,  Cheng,  F., Su,  J., Liu, Z.,  Gao,  Y.: Piezoresistive pressure  
sensor based on synergistical innerconnect polyvinyl alcohol nanowires/wrinkled graphene 
film. Small 14, 1–8 (2018). https://doi.org/10.1002/smll.201704149 

133. Song, Z., Li, W., Bao, Y., Wang, W., Liu, Z., Han, F., Han, D., Niu, L.: Bioinspired microstruc-
tured pressure sensor based on a Janus graphene film for monitoring vital signs and cardio-
vascular assessment. Adv. Electron. Mater. 4, 1–9 (2018). https://doi.org/10.1002/aelm.201 
800252 

134. Cheng, Y., Wang, R., Sun, J., Gao, L.: A stretchable and highly sensitive graphene-based fiber 
for sensing tensile strain, bending, and torsion. Adv. Mater. 27, 7365–7371 (2015). https:// 
doi.org/10.1002/adma.201503558 

135. Yue, Y., Liu, N., Liu, W., Li, M., Ma, Y., Luo, C., Wang, S., Rao, J., Hu, X., Su, J., Zhang, 
Z., Huang, Q., Gao, Y.: 3D hybrid porous Mxene-sponge network and its application in 
piezoresistive sensor. Nano Energy 50, 79–87 (2018). https://doi.org/10.1016/j.nanoen.2018. 
05.020 

136. Liu, Q., Chen, J., Li, Y., Shi, G.: High-performance strain sensors with fish-scale-like 
graphene-sensing layers for full-range detection of human motions. ACS Nano 10, 7901–7906 
(2016). https://doi.org/10.1021/acsnano.6b03813 

137. Ma, Y., Yue, Y., Zhang, H., Cheng, F., Zhao, W., Rao, J., Luo, S., Wang, J., Jiang, X., Liu, Z., 
Liu, N., Gao, Y.: 3D synergistical MXene/reduced graphene oxide aerogel for a piezoresistive 
sensor. ACS Nano 12, 3209–3216 (2018). https://doi.org/10.1021/acsnano.7b06909 

138. Lee, Y., Park, J., Cho, S., Shin, Y.E., Lee, H., Kim, J., Myoung, J., Cho, S., Kang, S., Baig, C., 
Ko, H.: Flexible ferroelectric sensors with ultrahigh pressure sensitivity and linear response 
over exceptionally broad pressure range. ACS Nano 12, 4045–4054 (2018). https://doi.org/ 
10.1021/acsnano.8b01805

https://doi.org/10.1002/adma.201404378
https://doi.org/10.1007/s12274-016-1389-y
https://doi.org/10.1038/ncomms6258
https://doi.org/10.3390/s16111833
https://doi.org/10.1016/j.snb.2015.07.111
https://doi.org/10.1016/j.snb.2015.07.111
https://doi.org/10.1038/ncomms14997
https://doi.org/10.1038/ncomms14997
https://doi.org/10.1002/adma.201505124
https://doi.org/10.1002/adma.201505124
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1021/acsnano.8b03391
https://doi.org/10.1002/smll.201704149
https://doi.org/10.1002/aelm.201800252
https://doi.org/10.1002/aelm.201800252
https://doi.org/10.1002/adma.201503558
https://doi.org/10.1002/adma.201503558
https://doi.org/10.1016/j.nanoen.2018.05.020
https://doi.org/10.1016/j.nanoen.2018.05.020
https://doi.org/10.1021/acsnano.6b03813
https://doi.org/10.1021/acsnano.7b06909
https://doi.org/10.1021/acsnano.8b01805
https://doi.org/10.1021/acsnano.8b01805


258 J. M. Rajwade et al.

139. Abdel-Karim, R., Reda, Y., Abdel-Fattah, A.: Review—nanostructured materials-based 
nanosensors. J. Electrochem. Soc. 167, 037554 (2020). https://doi.org/10.1149/1945-7111/ 
ab67aa 

140. Kim, S., Nam, S.N., Park, C.M., Jang, V, Taheri-Qazvini, N., Yoon, Y.: Effect of single and 
multilayered Ti3C2TX MXene as a catalyst and adsorbent on enhanced sonodegradation of 
diclofenac and verapamil. J. Hazard. Mater. 426 (2022). https://doi.org/10.1016/j.jhazmat. 
2021.128120 

141. Wang, Y., Li, T., Li, Y., Yang, R., Zhang, G.: 2D-materials-based wearable biosensor systems. 
Biosensors 12, 1–19 (2022). https://doi.org/10.3390/bios12110936 

142. Zeng, R., Gong, H., Li, Y., Li, Y., Lin, W., Tang, D., Knopp, D.: CRISPR-Cas12a-derived 
photoelectrochemical biosensor for point-of-care diagnosis of nucleic acid. Anal. Chem. 
(2022). https://doi.org/10.1021/acs.analchem.2c01373 

143. Arora, S., Peters, A.L., Agy, C., Menchine, M.: A mobile health intervention for inner 
city patients with poorly controlled diabetes: proof-of-concept of the TExT-MED program. 
Diabetes Technol. Ther. 14, 492–496 (2012). https://doi.org/10.1089/dia.2011.0252 

144. Rohaizad, N., Mayorga-Martinez, C.C., Fojtů, M., Latiff, N.M., Pumera, M.: Two-dimensional 
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Two-Dimensional Material-Based Novel 
Drug Delivery System 

Subhamoy Banerjee and Ruchira Mukherjee 

Abstract The research on nanoscience and technology has unraveled many exciting 
properties of materials which are markedly different from its bulk phase. The inven-
tion of graphene not only gifted an interesting molecule with many new properties; but 
also it motivated the researchers to work on the whole new set of materials which are 
atomically thin in one direction. These materials are called 2-dimensional material or 
2D material. In this book chapter, our primary area of discussion is on 2D material-
based drug delivery. We have classified the 2D materials into six different types 
namely graphene, transition metal dichalcogenides, MXenes, black phosphorus, 
hexagonal boron nitride, and graphitic carbon nitirde and briefly discussed its prop-
erties. The unique properties like very high surface area, optical tunability, low or no 
photobleaching, etc., made them attractive theranostic agent. Most of the materials 
are good contrasting agent. Also, they can exert photodynamic therapy, generate 
reactive oxygen species, and take advantage of size modification to kill bacterial and 
cancer cells. Recent research works have been discussed in the current chapter. 

Keywords 2D materials · Graphene · Graphene oxides · TMD · MXene · Black 
phosphorus · Cancer therapeutics 

1 Introduction 

Reduction in size of a material to the nanoscale unravels many new properties. 
Some of the unique properties of the nanoparticles which are different than their 
bulk counterparts are high surface-to-volume ratio, unique optical properties for 
metal and metal oxide nanoparticles, improved catalytic activities owing to higher 
surface area, quantum confinement effect which is more prominent in nanoscale. 
However the nanoparticles are three-dimensional materials. The reduction of size
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takes place in all three dimensions (e.g.—nanoparticles or nanocubes) or either of any 
dimensions (e.g.—nanotube). But reduction in dimensionality further offers many 
new possibilities. The discovery of graphene by Giem and Novoselov in 2004 opened 
the world of 2 dimensional (2D) materials [1]. Typically 2 dimensional materials 
are one or few molecules thick nanomaterials. Graphene is the best example of 2 
dimensional materials which is one atom thick hexagonal lattice of carbon atoms. 
The properties of 2D materials are as follows. 

1.1 Quantum Effect 

The reduction of dimension leads to quantum confinement effect. Quantum confine-
ment appears when the dimension of the material approaches de Broglie wavelength 
of the electron. The energy level becomes discrete and forms bandgap. As a result, 
bandgap exhibits size-dependent effects and optical and electronic properties can be 
modulated by controlling size. In 2D material like graphene nanoribbon, quantum 
confinement leads to transform its semimetallic property to semiconducting prop-
erty. Also, the quantum tunneling effect is observed in 2D material. Excitons (the 
bound state of electron and hole) are enhanced due to Coulombic interaction in 2D 
materials which increases optical properties [2, 3]. 

1.2 Mechanical Strength 

As the 2D sheets are characterized as one or few atoms thick structure, they show 
wonderful mechanical properties like intrinsic strength and stiffness. Some of 2D 
materials exhibit anisotropic mechanical property like differential response to stress 
depending on the direction or angle of applied force. The fracture toughness of the 
2D materials is relatively low which means the structure may collapse if a critical 
crack length is reached. Although, they are highly flexible and bendable. This makes 
them attractive candidates for foldable electronic gadgets [4]. 

1.3 Optical Property 

Due to the quantum confinement effect, 2D materials show tunable and diverse optical 
properties. Also, due to their similar refractive index with their surrounding, 2D 
materials show low reflectance. Some of the transition metal dichalcogenides show 
strong photoluminescence. Nonlinear optical property is also exhibited by different 
2D materials like graphene, metal chalcogenides, black phosphorus, hexagonal boron 
nitride, etc. [2].



Two-Dimensional Material-Based Novel Drug Delivery System 261

1.4 Electrical Property 

Some of the 2D material like metal chalcogenides and graphene is conductive owing 
to the high electron mobility over its surface. Electrical conductivity of dichalco-
genides depends on their finite bandgap, which confers both semiconducting and 
metallic properties. Being a 2D material, the defects and doping can be introduced 
and conduction property can be modified [5]. 

1.5 Thermal Conductivity 

Thermal conductivity is the ability of a material to conduct heat. Being 2D mate-
rial, graphene has superior thermal conductivity due to its sp2 bonding. Phonon 
scattering, lattice vibration, etc., confers 2D material excellent thermal conduc-
tivity. Also, 2D-layered materials exhibit anisotropic thermal conductivity. Also, 
they exhibit thermoelectric property [6]. 

1.6 Chemical Reactivity 

Owing to its high surface-to-volume ratio, 2D materials exhibit high chemical reac-
tivity. As the 2D materials are prone to oxidation, surface modification with different 
functional groups is comparatively easier. As a result, 2D materials can have more 
than one reactive property. Due to this property, they can interact with varieties of 
substrates and can act as environmental sensor [7]. 

Due to its unique properties, 2D materials have been investigated to construct 
supercapacitor, ultra-sensitive sensors for nanolectronics, biosensors, drug delivery 
platform, and many more. In the current chapter, we shall briefly introduce different 
types of 2D materials (Fig. 1), and its application in biomedical field. Next we shall 
discuss the role of 2D materials as a drug delivery agent in detail.

2 Types of 2D Materials 

Researchers are working on different types of 2D materials. Here some of the most 
prominent 2D materials will be discussed. An overview of properties and application 
of the 2D materials are discussed in Table 1.
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Fig. 1 Different properties of 2D materials which have promising applications in science 
engineering, technology, and medicine

2.1 Graphene 

It is a hexagonal arrangement of carbon atoms with one or few atoms thickness. 
It has a honeycomb structure with sp2 hybridization with inter-atomic distance of 
0.142 nm and lattice constant of 0.246 nm. The presence of three σ bonds in each 
lattice stabilizes the structure. The presence of π bonds vertical to the lattice plane 
confers the electrical conductivity property of graphene. Graphene nanoribbon is 
a structure of interest as energy barrier changes with size. It has huge potential in 
the manufacturing of electronic gadgets. Graphene has nearly 98% transparency in 
visible light owing to its one atom thickness. Multilayer graphene has tunable optical 
property with diverse applications. Graphene is the most conductive material at room 
temperature given its excellent electron mobility. The conductivity of graphene is 
106 S/m. The sp2 hybridized bond shares an extra π electron which is mobile in room 
temperature. The partial overlapping of conduction band and valence band makes 
graphene a semimetal. The electrons present at the higher energy level of valence and 
move freely to conduction band without any external energy. This type of electron 
transport in graphene is called anomalous quantum Hall effect. The distribution of 
electrons at valence and conduction band makes a cone shape for both. The point 
at which both cones meet is called Dirac point. Due to these wonderful properties, 
graphene is applied to electronic devices, supercapacitors, drug delivery vehicle, 
highly efficient catalyst, etc. [8].
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Table 1 Different key properties and proposed or potential applications of different 2D materials 

Material Properties Potential application 

Graphene Monolayer of C atom, sp2 bonded, bond length 
0.142 nm, lattice constant 0.246 nm, tensile 
strength 130 GPa, Young’s modulus 1 TPa, 
conductivity 106 S/m 

Smart window, solar 
panel, touch panel, 
bioengineering, 
filtration, composite 
material, energy storage 

Transition metal 
dichalcogenides 

Thickness varies depending on composites, e.g. 
MoS2 0.65 nm thick, spin–orbit coupling results 
in spin–orbit splitting of few hundred meV 
valence band and few meV conduction band, 
e.g.—MoS2 148 meV (VB) and 3 meV (CB), 
composed of 3 atomic planes, hexagonal lattice, 
2nd harmonic generation 

Nonlinear optics, 
valleytronics 
(manipulation of K 
valley for quantum 
computation), sensor 

MXenes Higher X-ray attenuation, dark color, reflect IR, 
ceramic photothermal agent, although properties 
vary with type of MXene composite 

Energy storage, 
super-capacitor, 
photocatalysis, water 
purification, SERS 
substrate, photonic 
diode, triboelectric 
generator, imaging 
agent 

Black phosphorus Heat of formation −39 kJ/mol, orthorhombic 
planed, honeycomb structure of phosphorus, 
3s23p3 electronic configuration 

Sensor technology, 
imaging, drug delivery 

Hexagonal boron 
nitride (hBN) 

Low density (2.27 g cm−3), high melting point 
(2600 °C), band gap −5.9 eV, nonreactive 

Sensor, photodetector, 
piezoelectric device 

Graphitic carbon 
nitride 

Low band gap energy (2.7 eV), low electrical 
conductivity (0.9 × 10−9 Sm−1), tunable band 
gap energy 

Dye degradation, 
hydrogen generation, 
LED, filtration, and air 
purification

2.2 Transition Metal Dichalcogenides (TMDs) 

The semiconductor property of TMDs is of special interest as 2D material. The 
common formula of TMD is MX2 where M is the metal such as Molybdenum (Mo) 
or Tungsten (W) and X denotes chalcogenides which is salt of chalcogens (Group 
16 elements of the periodic table such as sulfur (S), selenium (Se), and tellurium 
(Te)). TMDs have energetically most stable structures are 2H (trigonal prismatic) or 
1T phase (octahedral). The stacking configuration and distortion further attribute to 
the structural variability of TMDs. MoS2 and WS2 are two TMDs naturally found 
in nature in layered crystal form [9]. TMDs are superconductive in nature. The 
superconducting state of the 2D TMDs is of the Kosterlitz–Thouless type, which 
was proven by the voltage–current characteristic measured at the critical temperature 
(3 K) [9].
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2.3 MXenes 

Another important 2D material with huge potential for application in biomedical field 
is known as MXenes. It is a group of material consisting of early transition metals 
(M) with intermittent stacking of various layers of C and N (X) and terminated with 
a surface functional group Tx/Tz. The general formula is Mn+1XnTx, where n = 1–3 
[10]. First 2D MXene was synthesized by hydrofluoric acid (HF) mediated exfoliation 
of bulk titanium aluminum carbide (Ti3AlC2) (MAX phase) to 2D titanium carbide 
(Ti3C2) layers. The precursor MAX phase has a general formula Mn+1AXn with 
ternary carbide or nitride. In MAX phase, M is early transition metal, A is group 
IIIA or IVA elements and X is either carbon or nitrogen with n = 1–3. The exfoliation 
of A happens as M-X bond is stronger than M-A bond. The early transition metals 
are group III Scandium (Sc) group IV Titanium (Ti), Zirconium (Zr) and Hafnium 
(Hf) and group V Chromium (Cr) and Molybdenum (Mb). As the MXenes are high 
atomic number materials, they have better X-ray attenuation capacity and used in 
CT imaging. 

2.4 Black Phosphorus (BP) 

BP is a new member of layered material family. It is stable form of phosphorus 
at room temperature. It is a layered structure of phosphorus atoms like graphene. 
Phosphorus has 3s23p3 electronic configuration in BP and is bound with each other 
via sp3 hybridization. As a result, each P atom is bound with four adjacent P atoms and 
creates a pucker structure. As a result of puckering, each single layer of BP has two 
layers and two different types of interatomic binding. It has a band gap energy of 0.3– 
1.5 eV. Although the band gap strongly depends on number of layers. The integration 
ability of BP with silicon has made it an interesting candidate for optoelectronic 
devices. The narrow band gap of BP is advantageous for infrared detection, and 
fiber optics-based communication. Atomic force microscopy (AFM) study revealed 
the zigzag and arm chair conformation for BP. Direct band gap, high ON–OFF 
current ratio, surface electron mobility, etc., contribute to its excellent electrical 
property. BP nanosheet has been used as field effect transistor (FET) for sensing 
application. BP nanosheet coupled with gold nanoparticles and antibodies used to 
determine IgG [11]. BP is also explored as a potential electrochemical biosensors. 
Aptamer functionalized BP is used to determine cardiac myoglobin as a biomarker 
[12]. BP nanoparticles (BPNP) were also used for fluorescent-based detection. The 
tunable size, composition, etc., confer Black phosphorus quantum dots (BPQDs) 
higher quantum yield, photostability, and wide range of desired fluorescence [13]. 
The instability of BP in aqueous environment is exploited in colorimetric biosensing 
assay.
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2.5 Hexagonal Boron Nitride (hBN) 

Hexagonal boron nitride is a layered material similar to graphene and BP. hBN is 
single atom thin with alternating arrangement of B and N. The band gap in hBN 
is almost −5.9 eV, thus it acts as an efficient insulator. It is of special interest 
due to its high thermal conductivity, non-reactive nature, and tribological proper-
ties make it a lubricant and ceramic material. It can be deposited on graphene as 
monolayer and the heterostructure of graphene and hBN nanosheet exhibit supe-
rior electrical properties and exact planar structure. hBN is an excellent dielectric 
substrate which can be used in FET. The planar and compact structure is used as a 
spacer in tunneling devices. The hBN stacked graphene heterostructure is used as a 
pressure sensor, spin-valve devices, efficient photo detectors, nano-generators, etc. 
2D hBN nanosheets are not symmetric crystals. As a result, it exhibits piezoelec-
tric effect [14]. This property is exploited in fabrication of actuators, more efficient 
sensors, and nanoelectronic devices. hBN exhibits 99% transparency in near UV to 
far red spectrum (250–900 nm). The optical band gap of monolayer hBN is 6.07 eV 
[14]. The wide optical band gap and luminescent property in UV region make hBN 
as attractive candidate for photon emission, UV laser source, and deep UV detectors. 
hBN monolayer has much improved mechanical and thermal properties. It is used 
with polymers to improve different physical properties. Thermal expansion coeffi-
cient decreases and elastic modulus increases for polymethyl methacrylate (PMMA). 
The elastic modulus and strength of polyvinyl alcohol-hBN nanocomposite increase 
with increment of hBN amount [15]. 

2.6 Graphitic Carbon Nitride (gC3N4) 

Graphitic carbon nitride is an organic semiconductor which can be used as photo-
catalyst and optoelectronic device. Visible light-induced hydrogen evolution reac-
tion (HER) and efficient conversion of solar energy has turned researcher’s interest 
toward gC3N4. The simple synthesis process, low band gap energy (2.7 eV), ability 
to absorb light energy in visible spectrum, etc., makes it an interesting component 
for light emitting diode, phototransistor, photodetector, etc. Different gC3N4 layered 
composite materials have been synthesized with metal, metal organic framework, 
conducting polymer, graphene, etc., which has expanded its use [16]. 

3 Application of 2D Material in Biomedical Field 

The unique structural features of 2D materials make it an interesting candidate for 
biomedical applications. In this section, we shall briefly discuss different facets of 
biomedical engineering where 2D materials are applied (Fig. 2).
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Fig. 2 Biomedical applications of 2D materials which are broadly classified into 3 sections— 
bioimaging, biosensor, and tissue engineering 

3.1 Bioimaging 

The advancement in imaging techniques has developed the field of theranostics. 
Generally, fluorescent dyes are used to visualize different cellular events. But, due to 
their photobleaching event when interrogated with laser light, the imaging process 
has a limited life span. Hence, the search for alternative material has led to 2D 
materials which are good contrasting agents. Hence it is used in different imaging 
applications like magnetic resonance imaging (MRI), photoacoustic imaging (PA), 
surface-enhanced Raman scattering (SERS), computed tomography (CT), positron 
emission-computed tomography imaging (PET), etc. 

3.1.1 Computed Tomography (CT) 

It is a very important medical imaging technique routinely used for diagnostic 
process. TMDs and MXenes are considered as ideal candidate for CT imaging. 
Being high atomic number element, they can absorb X-rays through their inner shell 
electrons and attenuate the energy. As a result, MXenes can be used as a contrasting 
agent. PEG-functionalized WS2 was used as contrasting agent. Hounsfield unit (HU) 
values are used to measure CT, and PEG-WS2 showed 22.01 HU L/g as compared 
to ipromide, an iodine-based commercial contrasting agent (15.9 HU L/g) [17]. In 
different other theranostic application (some of which are discussed in Sect. 4), 
CT-based in vivo detection has been addressed. 

3.1.2 Magnetic Resonance Imaging (MRI) 

Another important and widely applied diagnostic imaging technique is MRI. It has 
several advantages viz. noninvasive, large spatial resolution, and nice contrast in 3D 
tissue. 2D materials have been explored as contrasting agent in MRI. Ti3C2T flakes
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have been covalently functionalized with a chelating agent, diethylenetriaminepen-
taacetic acid (DTPA) and complexed with gadolinium ion (Gd3+). Functionalization 
conferred paramagnetic response to the intrinsically diamagnetic Ti3C2T flakes for 
MRI. Flake concentration-dependent magnetic relaxation time helped to identify 
spatial distribution of flakes [18]. In different theranostic applications, MXenes have 
been used. MnOx/Ti3C2 composite MXenes have been designed as a theranostic 
agent and cellular location tracking synthesized compound was done using T1-MRI 
[19]. Mn2+ ion bound on Ti3C2 was synthesized and PEG was functionalized on the 
surface. The synthesized material acted as contrasting material in tumor cells and 
detected by T1-MRI [20]. 

3.1.3 Photoacoustic Imaging (PAI) 

PAI requires contrasting agents and 2D material-based materials have strong 
absorbance in NIR range. As a result, these materials can be used for PAI. Very 
brief laser pulse applied on 2D materials which are associated with acoustic wave 
generation (PA wave) and ultrasonic transducer-based signal receiving and computer-
based image construction [21]. Different theranostic applications of 2D materials are 
discussed in Sect. 4, one of the dual-mode imaging is PAI [22, 23]. 

3.2 Biosensing 

Easy surface modification, functional group addition, and high surface-to-volume 
ratio have made 2D materials as attractive agent for biosensing application. Based 
on the mode of detection, three different types of biosensors are prepared—optical, 
electrical, and electrochemical. Optical plasmonic biosensors made of 2D TMDs 
are highly sensitive and have stronger response than conventional noble metal-based 
biosensors [24]. 2D MoS2 FET-based biosensor has been able to detect prostate 
specific antigen (PSA), a biomarker for prostate cancer at the nM range [25]. N-doped 
graphene functionalized with Cu–Ni nanoparticles is used to nonenzymatically detect 
glucose and H2O2 [26]. In order to detect circulating DNA, poly-xanthurenic acid 
(PXA) film functionalized MoS2 nanosheets-based electrochemical sensor has been 
constructed and circulating DNA was detected in femto molar to atto molar range 
[27]. Cardiac troponin T (cTnT) detection was made using anti-cTnT covered C dot 
functionalized on MoS2 nanosheets using FRET principle. Typical detection range 
was 01–50 ng/mL [28]. There are many such applications are published which is out 
of the scope of this chapter.
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4 2D Material-Based Drug Delivery System 

Smart drug delivery system is the next big challenge in pharmaceutical industry. 
A plethora of drug has been discovered and its pharmacokinetics and pharmaco-
dynamics is well studied. But for most of the drugs, the efficiency obtained in lab 
condition is not found when the drug is administered or prescribed to the patients. 
One of the major reasons is bulk fraction of the drug is lost before reaching the target. 
As a result, higher amount of drug dosage is prescribed which causes unintended 
side effect. As a result, precise, in situ, and on-demand drug delivery is under intense 
research. Besides nanoparticle-mediated drug delivery system, 2D materials have 
gained attention as a drug delivery agent. 2D nanomaterial-based nanomedicines 
hold some advantages over conventional drugs like it is more biocompatible, target 
specific; limited side effects, lower photobleaching effect, etc. 

4.1 Graphene and Its Oxides 

Graphene is the most studied 2D material in the field of biomedicine. Its antibacte-
rial action is exerted via different modes like physical damage by its sharp edges, 
wrapping, and photothermal ablation. Also, it exerts oxidative stress via reactive 
oxygen species (ROS) and charge transfer [29]. Dental caries is a result of biofilm 
formation by Streptococcus mutans and some other types of bacteria. Graphene 
oxide (GO) has been tested for its antibacterial effect on S. mutans and as a result, 
it may be used as anticaries agent. GO with more oxygen carrying functional 
groups show higher bactericidal effect at lower concentration which was ascertained 
by different techniques like 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) reduction assay, colony forming unit (CFU) counting, etc. [30]. In 
another study, polydopamine-curcumin (PDA-Cur) composite is functionalized on 
GO to prepare GO/PDA-Cur nanocomposite and tested on Staphylococcus aureus 
which is causative agent for different infectious diseases. The nanocomposite was 
irradiated with white light and curcumin acts as photosensitizer. The photodynamic 
effect induced by the nanocomposite was able to reduce the S. aureus count to the 
4th order of magnitude (99.99%). ROS generated by white light and mechanical 
damage of bacterial cell wall caused the reduction of bacterial number [31]. Tetracy-
cline is an important antibiotic. Polyethyleneimine (PEI) modified GO (p-GO) was 
used as carrier for tetracycline hydrochloride (TCH) to exert synergistic effect on 
Gram-positive S. aureus and Gram-negative E. coli. pGO acted as a carrier for TCH 
and helps in delivery of TCH [32]. Copper oxide nanoparticles or nanowires have 
antibacterial activities. 3-dimesional nanocomposite of GO and CuO nanowire has 
been synthesized. Light induced antibacterial mechanism had been observed against 
Gram negative E. coli. The authors proposed 3 steps for light induced antibacterial 
activity which are as follows: Transfer of electron from CuO to rGO followed by



Two-Dimensional Material-Based Novel Drug Delivery System 269

localization of electrons on excess electrons on rGO functional groups and release 
of bactericidal ROS [33]. 

Anticancer effect of graphene and its oxide along with other components has 
been investigated. Different physical properties like size, shape, and charge on the 
surface play important role in the induction of apoptosis in cancer cells. The shape 
is widely regarded as an important parameter for nanomaterial. The lamellar struc-
ture of the graphene confers an inherent advantage as a nanotherapeutic platform 
as it has a large surface area. The interaction of the nanoparticles with surface 
receptor depends on the shape of the nanoparticle. Also, the phagocytosis of parti-
cles by cells depends on size, shape, and surface charge [34]. Still the toxicity of 
graphene oxide sheets is a debatable topic. It has been observed that smaller size 
of the sheets has lower toxicity. Graphene oxide nanoplatelets with dimension of 
50 nm2 were synthesized from stacked graphite nanofiber. It was administered with 
cisplatin, a common water soluble anticancer drug to nonsmall cell lung cancer 
cell line A549 for synergistic action. It was found that co-administration potenti-
ated the effect of cisplatin on A549 [35]. In another study, to enhance the anti-
cancer effect of daunorubicin, magnetic nanoparticle-based core–shell system was 
synthesized. Daunorubicin-loaded fluorescence resonance energy transfer (FRET) 
system MnFe2O4@SiO2@graphene quantum dots were prepared as a pH-sensitive 
nanoplatform. In the FRET system, daunorubicin acted as acceptor and graphene-
based platform as donor. pH-sensitive drug release was tested on breast cancer cell 
line MCF-7. It was estimated that at pH 5.5, 60% drug was released in 48 h. The 
cytotoxic efficiency of the system reached 95% [36]. Graphene oxide (GO) itself 
inhibits tubulin assembly. It disrupts the structural integrity of the protein and blocks 
the cell cycle at the S phase. It showed higher ROS mediated cytotoxicity toward 
colon cancer cell line HCT116 over noncancerous human embryonic kidney cell 
line HEK239 [37]. Reduced graphene oxide (rGO) nanosheet was synthesized using 
thiourea (T). The anticancer efficacy of T-rGO nanosheet was investigated against 
human colon cancer cell line HT29. Cell viability was decreased along with DNA 
fragmentation was observed [38]. In another study, GO nanoplatelet was incorporated 
into alginate emulsion. Then doxorubicin (DOX) was encapsulated via electrostatic 
interaction in alginate-GO nanogel. pH change accelerated the release of DOX. The 
higher accumulation of DOX inside the A549 was observed and showed higher cyto-
toxic ability when assisted by photothermal therapy [39]. The efficacy of GO and 
vanillin functionalized GO (V-rGO) was tested on human acute monocytic leukemia 
cell line (THP-1). GO and V-rGO induce oxidative stress-mediated apoptosis of the 
cells. The charge transfer on the GO or rGO surface caused inflammatory response 
in the cell [40]. Osteosarcoma is another type of cancer which is recalcitrant to many 
chemotherapeutic agents. In one study, cell penetrating peptide (CPP) modified and 
polyethylene-glycol- (PEG-) grafted GO (pGO) functionalized with photosensitive 
agents HPPH (2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha) and epiru-
bicin tested on osteosarcoma cell line MG-63 and osteosarcoma xenograft mice. Due 
to the elevated amount of reactive singlet oxygen, the composite system has higher 
cytotoxic effect on MG-63. Similarly, in mice, the size of the tumor was reduced 
[41]. In another study, anticancer efficacy was checked for pristine graphene, reduced



270 S. Banerjee and R. Mukherjee

graphene oxide, and graphene oxide on glioblastoma cell line U87MG. Microarray 
and qRT-PCR assay revealed that GO causes more downregulation of oxidative phos-
phorylation genes of complex I, III, IV, and V which results in decreased ATP level 
[42]. Many more such experimental studies have concluded that graphene and its 
derivatives may act as potent nanomedicine and drug delivery platform. 

4.2 Materials Beyond Graphene 

Besides graphene, MXenes are other candidates of special interest as drug delivery 
platform. Ti3C2 and Ti3C2-SP (soyabean phospholipid) nanosheets have been synthe-
sized and used to load DOX to it. It has found high DOX loading capacity, of 211%. 
pH-responsive drug release was observed. Also, photothermal ablation was observed 
when near-infrared (NIR) laser (wavelength 880 nm) was irradiated for 5 min. The 
efficacy was tested on murein breast cancer cell line 4T1 and BALB/c xenograft mice 
model. Tumor eradication was observed and multimodal activity of Ti3C2 MXenes 
was shown in the study [43]. In another study, polyvinyl pyrrolidone (PVP) based 2D 
Ti3C2 was synthesized and two anti-cancer drugs namely DOX which are topoiso-
merase II inhibitor and deferasirox, an iron chelator was loaded on it. The dual drug 
promoted apoptosis in colorectal and hepatocellular carcinoma cell lines and down-
regulation of transferrin receptor. Tumor regression was also observed in BALB/c 
nude mice [22]. Another strategy used to kill cancer cells is called enzyme dynamic 
therapy (EDT). Glucose oxidase (GOX) and chloroperoxide (CPO) were conjugated 
with 2D Ti3C2 and acted as enzyme nanoreactor (as dubbed by the authors). Hypoxic 
cytotoxin drug tirapazamine (TRZ) was conjugated on it. The system was loaded in 
a membrane vesicle expressing CD47. Due to camouflaging, the Ti3C2-GOX-CPO/ 
TPZ vesicle was target-specific and selectively engulfed by cancer cells. Once the 
membrane was internalized, Ti3C2-GOX-CPO/TPZ system was released. GOX and 
CPO generated HClO through cascade reaction inside the cell which further acti-
vated TPZ and killed the cancer cell [44]. Other than cancer therapeutics, multiple 
stimul-responsive hydrogel with MXenes have been used for wound healing purpose. 
MXene-wrapped magnetic nanoparticle was entrapped in dual polymeric poly (N-
isopropyl acrylamide)-alginate meshwork. Thus synthesized MXene-based hydrogel 
was used to deliver wound healing drug in photo and magneto responsive manner 
[45]. Many more researches have been conducted using MXenes as stimuli responsive 
drug delivery platform. 

Black phosphorus nanosheet (BPNS) is another 2D material used as drug delivery 
platform in cancer therapy owing to its stimuli-responsive nature. BPNS is a good 
light absorbing material. This property is used for photothermal therapy and ROS 
generation upon absorbing light. Dual responsive BPNS-based nanosystem has been 
synthesized as carrier for photosensitizer. The lack of oxygen in tumor microenvi-
ronment is one of the major obstacles faced by photosensitizers. BPNS-based dual 
responsive self-oxygen supporting system was synthesized to kill the cancer cells.
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The platform was functionalized with folate and blocker DNA duplex of 5' Cy5-
aptamer-heme and 3' heme labeled oligonucleotides. The resulting heme dimer would 
attenuate its peroxidase activity. After the aptamer target recognition, fluorescence is 
turned on. The peroxidase became active and converted H2O2 to reactive oxygen thus 
continued the supply of oxygen in hypoxic environment. As a result, photodynamic 
therapy efficiency increased and killed cancer cells in vitro and in vivo [46]. In the 
extension of the previous study, dual mode monitoring oxygen supply system was 
developed using Rhodamine B (RhB) encapsulated manganese dioxide (R-MnO2) as  
O2 supplier. Peptide functionalized black phosphorus labeled by fluorescein isothio-
cyanate (FITC) was used as theranostic agent. After reaching in low pH environment 
of cancer cells, R-MnO2 was dissociated and generated oxygen from H2O2. As a  
result, hypoxia-mediated resistance to PDT was circumvented. The presence of Mn2+ 

and RhB facilitated dual mode monitoring via MRI and fluorescence imaging. This 
theranostic agent was able to kill the cancer cells [23]. In another study, incorporation 
of cuprous ion (Cu2+) on BP (Cu2+-BP nanosheet) enabled chemodynamic therapy 
enhanced PTT. Also, Cu2+ can be tracked through PET imaging. In this study, both 
rapid degradation and photothermal stability were achieved at the same time. Cu2+ 

incorporation accelerated BP degradation and cytotoxic hydroxyl radical produc-
tion [47]. In another study, polydopamine (PDA) functionalized BP NS was used 
to target mitochondria. PDA-BPNS was functionalized with chlorine e6 (Ce6) and 
tripolyphosphate (TPP) and formed unique BP@PDA–Ce6&TPP NSs. The presence 
of Ce6-generated ROS and TPP-guided mitochondria targeting enhanced cytotoxic 
ability of the nanosystem. The nanosystem was used on both HeLa cell line and 
mouse model. NIR light-mediated PTT and dual mode imaging guided theranostic 
system had been developed [48]. Platinum-based anticancer drugs namely DACHPt 
and Pt(NH3)2 were complexed with BP NS to form BP/DACHPt and BP/Pt(NH3)2 
complexes. The drugs were loaded onto BP NS and released in lower pH and NIR 
stimulation. The complexes were tested on HeLa, HepG2, and A549 cell lines and 
killed the cells [49]. MnOx/Ti3C2 nanosheet had been designed as theranostic agent 
and used to kill tumor cells using hyperthermia via photothermal agent. Dual mode 
tracking was achieved by MRI and photoacoustic imaging and PTT was initiated by 
NIR laser when synthesized material reached the tumor microenvironment [19]. 

Another important drug delivery application of 2D material is protein delivery 
for therapeutic purpose. Nanomaterial-based protein delivery is an established field 
of research. Different methodologies have been applied to deliver functional form 
of protein to the cells, e.g., liposome-mediated delivery [50, 51]; hydrogel-mediated 
delivery [52, 53]; nanocomposite based delivery [54–56]; aptamer-based delivery 
[57, 58], etc. Usage of 2D materials like GO, MXene, etc., has advantage like capture 
and release of protein in its functional form. In one study, catalase is used as a 
model protein functionalized on Ti3C2Tx. It was tested on macrophage cell line 
RAW264.7 to check its cytotoxic effect [59]. In another study, NIR-mediated release 
of hepatic growth factor (HGF) from Ti3C2@Agarose hydrogel inside the cell to 
remotely activate the c-met mediated pathway to promote proliferation, migration, 
etc. Also, authors have loaded tumor necrosis factor-α (TNF-α) in the composite 
hydrogel and released in the cell upon NIR irradiation [60]. GO nanosheets can adsorb
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Fig. 3 Overview of the working mechanism of 2D material-based drug delivery against cancer 
cells. Different types of 2D material-based drug delivery agents are activated using NIR laser rays 
inside the cells and induce oxidative stress 

protein on its surface. Ovalbumin adsorbed on GO nanosheet has successfully crossed 
dendritic cell membrane and elicits immune response through CD8+ cells [61]. Bone 
morphogenetic protein-2 (BMP-2) is required in high dose for bone regeneration 
but it has side effects. For controlled delivery of BMP-2, it is encapsulated in GO 
nanoflakes suspended in fibrin gels. It showed significant osteogenic differentiation 
of human bone marrow-derived mesenchymal stem cells in in vitro experiment. In 
vivo experiment also showed promising result with bone regeneration with a lower 
dose [62]. An overview on the working mechanism of 2-D materials is graphically 
represented in Fig. 3. 

5 Conclusion and Future Prospect 

In this chapter, the application of 2D material in different biomedical fields has 
been discussed with strong focus on drug delivery system. Different properties of 
2D material have been discussed. 2D materials are characterized into 6 different 
types in which some properties like electrical and thermal conductivity; ease of 
functionalization due to large surface area, etc., are common. Also, its electronic 
structure and unique characteristics were also discussed. The diverse range of source 
materials used for synthesis gave rise to the varieties of 2D material. Graphene is the 
hexagonal arrangement of C atoms with one or few atoms thickness. TMDs are next



Two-Dimensional Material-Based Novel Drug Delivery System 273

type of material with empirical formula MX2 where M is the metal (Mo and W) and X 
is S, Se, and Te. Another important 2D material is MXenes where M is early transition 
metal and X is C and N. Black phosphorus is another type of 2D material where 
phosphorus is stable at room temperature. Phosphorus is arranged on BP similar to 
the way C is arranged on graphene. Another material of interest is hexagonal boron 
nitride. It is a layered material similar to graphene and BP. The last type discussed 
in this chapter is graphitic carbon nitride. These structural features and varieties of 
materials have been used in various applications ranging from supercapacitors to 
nanoelectronic devices. Also, due to electron absorbing ability of high molecular 
weight transition metals, 2D materials like TMDs and MXenes are used in CT, MRI, 
PAI, etc. Also, ease of surface functionalization and electronic properties are explored 
in the field of biosensor. Various 2D materials like GO, rGO, TMDs, etc., have 
been extensively used in chemical [63, 64], electrochemical [65–67], and electronic 
biosensing using FET [68, 69]. 

The main focus of the current chapter is 2D material-based drug delivery. We 
have subdivided the section into two parts: graphene and its oxide (GO and rGO) 
based delivery and 2D materials other than graphene like TMDs, MXenes, BP, etc. 
Various applications of graphene have been further subdivided into antibacterial and 
anticancer therapeutics. The role of graphene, GO, and rGO as drug delivery agent 
and therapeutic agent is explored in this section. The application of graphene-based 
drug delivery and mode of antibacterial mechanism for recalcitrant and pathogenic 
strains like S. mutans, S. aureus, etc., have been discussed. Unlike conventional 
drugs, these platforms offer light-induced controlled drug delivery. Graphene-based 
nanotherapeutic platforms have been extensively tested as anticancer therapeutic 
module. Besides piggybacking chemotherapeutic agents like cisplatin, dauxorubicin, 
daunorubicin, etc., it acted as pH-sensitive nanoplatform and killed cancer cells 
using photothermal effect. MXenes have also been investigated as a drug delivery 
platform for cancer therapeutics. High drug loading capacity is an added advantage 
for MXenes. Also PDT and PTT can be achieved when irradiated with NIR. Also, 
enzyme dynamic therapy was used to kill the cancer cells by generating toxic HClO 
ions. BP is a good light absorbing material and generates ROS. Using suitable func-
tional groups on it, BP was able to generate oxidative stress even in low oxygen 
condition in tumor microenvironment. Also, it was used as a theranostic agent where 
the nanoplatform was induced to exert PDT when it reaches the desired site. One 
of the major obstacles of the 2D materials to be used inside the body is its prob-
able toxicity due to nonspecific interaction with biological components. Due to very 
high surface, it may interact different cells in the blood or metabolites or ions or 
circulating DNA or RNA. Any material used as therapeutic component must be well 
studied for its interaction with different biological components, toxicity, absorption, 
circulation half-life, and excretion [70]. Hence, long road is ahead before 2D based 
drug delivery comes from bench to bedside.
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Two-Dimensional Graphene Quantum 
Dots in Drug Delivery Applications 

Mohd Jahir Khan, Agung Wibowo, and Chularat Sakdaronnarong 

Abstract Graphene quantum dots (GQDs) possess properties like a large surface 
area, photostability, and biocompatibility, and they can be tailored simply over in-
situ synthesis and post-synthesis. GQDs can be altered with biomolecules such as 
polysaccharides, proteins, DNA, and polymers to generate a hybrid QD system. 
GQDs and other molecules in hybrid systems serve as carriers for drug delivery 
of several anticancer treatments. The use of these substances to modify GQDs 
reduces their cytotoxicity and increases effectiveness as carriers. Because they are 
less toxic and more biocompatible, the GQDs are potential candidates for biolog-
ical purposes such as bioimaging, delivering therapeutic agents, and theranostics. 
This chapter discusses recent breakthroughs in the synthesis of GQDs and their drug 
delivery applications. Physicochemical, optical, and biological characteristics such 
as size, chemical composition-dependent fluorescence, therapies, biocompatibility, 
and cellular toxicity are extensively investigated and summarized. It also provides 
vital insight into the fact that the performance of QDs as a drug delivery carrier is 
dependent on a combination of particle formulation factors and the level of cellular 
absorption. 

1 Introduction 

Graphene is a two-dimensional (2D) hexagonal structure composed of a flat mono-
layer densely packed with carbon atoms [1]. The graphene exhibit sp2 bonded carbon 
networks with a zero band gap property [2]. Therefore, it has no photoluminescence 
(PL) in virgin form, and it owns limitations of optoelectronic possibilities. Eda et al. 
[3] reported that introducing the defect into the structural graphite can be efficient 
strategic to produce graphene oxide (GO), resulting in emitting PL performance [3]. 
The structural defect can be achieved either by inducing oxygen-containing groups or
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by the removal of carbon from the graphene structure. The other profound properties 
of graphene are good transparency, light strength, and thermal conductivity [4]. 

The latest discovery of GQDs offers unique properties, including PL, water solu-
bility, high photostability, excellent biocompatibility, and low cost. GQDs are one 
or a few functionalized graphene nanofragments with multiple atomic layers and 
few functional groups (e.g. oxygen and hydrogen), with a lateral size below 100 nm 
[5]. GQDs, unlike graphene, display band gaps due to quantum confinement and 
exhibit photoluminescence which mostly emerges from delocalized excitations [6, 
7]. GQDs received a lot of interest because of its unique electrical, thermal, and 
mechanical properties in a range of areas: biomedicine, sensors, material compos-
ites, energy-related materials, and ultra-thin materials [8–10]. The PL properties of 
GQDs are extremely valuable in biomedical applications that include drug delivery 
[11], bioimaging [9, 12], photothermal therapy [13], and diagnostic [14]. GQDs 
are frequently confused with carbon dots (CDs) because both exhibit PL charac-
teristics, however there are some differences. GQDs are made up of sp2-hybridized 
carbon with strong crystallinity, whereas CDs are made up of sp3-hybridized carbon 
with a spherical shape [10, 15, 16]. Fluorescence is a type of photoluminescence 
that is commonly used in modern research and practical applications. Fluorescent 
compounds are referred to either fluorochromes or fluorophores. The compounds 
have spectral properties that allow them to absorb light in particular wavelengths 
(photon excitation) and then emit light at higher wavelengths (photon emission) 
[17, 18]. The photon emission of GQDs during PL can be used as an optical signal 
interpretation for disease detection [19], thermal generating for photodynamic [20], 
and monitoring the metabolism of drugs in the body for drug delivery [21] etc.  

2 Graphene Quantum Dots Synthesis 

The known approaches for synthesizing GQDs can be broadly classified into two 
types (top-down and bottom-up) (Fig. 1). Bottom-up approaches require complex 
reaction pathways along with particular organic components, making optimization 
difficult. As a result, the top-down strategy, which involves cutting big blocks of 
carbon materials into little bits, is preferable. The inexpensive plentiful carbon 
sources were required for this process. On the other hand, relatively simple, and 
easy synthesis is another beneficial factor.

2.1 Top-Down Strategy 

A number of approaches for synthesizing GQDs are included within the top-down 
approach. They include electrochemical oxidation, chemical oxidation, chemical 
vapor deposition, hydrothermal oxidation, ultrasonic-aided oxidation, and pulsed
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Fig. 1 Schematic diagram showing GQDs synthesis via bottom-up and top-down methods 
(reprinted/reproduced with the permission of Ref. [22], copyright 2012, Chemical Communications)

laser ablation. Each of these approaches could possibly be combined in a top-down 
method for GQD synthesis. 

2.2 Bottom-Up Strategy 

The starting materials in the bottom-up technique of GQDs synthesis include small 
molecules including amino acids, citric acid, small sugar molecules, and phenyl 
compounds. Bottom-up strategies often include molecular carbonization, electron 
beam irradiation, and microwave methods. 

3 Properties of GQDs 

3.1 Optical Property 

Generally, GQDs, like carbon quantum dots (CQDs), provide strong optical absorp-
tion in the ultraviolet region with a long tail extending to the visible region. Mostly, 
it has an absorption band ranging 230–270 nm and an absorption peak around 
320 nm which associate with π–π transition of C=C bonds and n–π* transition 
of C=O respectively [23, 24]. The surface passivation of various elements (e.g., 
sulfur, nitrogen, boron) has been reported to change the absorption and emission of 
GQDs. Other important factors i.e., surface functional groups, size, and edge defect,
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affects the optical property of GQDs (Fig. 2). Wang et al. noted that PL is the most 
outstanding feature of GQDs [25] in which the performance of PL relies on emission 
wavelength and intensity [26]. Photoluminescence is a process in which a molecule 
absorbs a photon at a certain wavelength. This light absorption makes molecules get 
excitation from one exited state to higher energy exited state. At the excited state 
molecules are unstable, therefore, they return to the initial state by emitting light 
(light emission). The PL of GQDs can be influenced by various factors, including 
size [27], pH [7], solvent [28] surface functional group [29–31], heteroatom doping 
[32], etc. 

Both the intensity and wavelength are crucial to assess fluorescence (FL) perfor-
mance. Therefore, several approaches are conducted to improve these properties 
of GQDs [10]. Jin et al. reported PL property can be improved by increasing the 
bandgap [7]. Liu et al. reported that particle size plays an important role to optimize 
fluorescence properties since decreasing the particle size leads to a growing role 
of emission centers at their edges [27], thus reducing their band gap. The photo-
luminescence characteristics and quantum yield of GQDs were investigated in a 
previous report before and after doping with boron. The band gap was reduced and 
the absorption and photoluminescence/fluorescence spectra exhibited significantly

Fig. 2 Effect of particle size: a bandgap energy and b PL emission at 350 nm of excited wavelength; 
c appearance of GQDs under 365 nm of irradiation (reprinted/reproduced with the permission of 
Ref. [33] copyright 2012, Journal of Physical Chemistry Letters) 
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red shifted phenomenon as a result of boron doping and surface modification [34]. In 
a study, Jin et al. reported that charge transfers between functional groups and GQDs 
are responsible for PL shifts. They studied GQDs synthesized from graphene oxide 
(GOs), by a two-step cutting technique and the obtained GQDs were functionalized 
with amine groups. The results showed that PL emission of functionalized GQDs 
displayed a redshift (ca. <5 nm) when compared to un-functionalized GQDs [7]. 
Introduction of a dopant (e.g., sulfur, nitrogen, and zinc) was found to changes the 
surface properties and prevents π–π stacking which can reduce photoluminescence, 
subsequently, enhancing photon emission [9]. The effect of pH against fluorescence 
has been studied and reported that a pH 7.0 generates the best fluorescent intensity 
[7, 35]. 

3.2 Quantum Confinement Effect 

Quantum confinement effect is the most favorable model for describing PL properties 
in GQDs. This effect occurs when GQDs’ size (sp2 conjugated domain) is smaller 
than the exciton Bohr radius [36]. Consequently, electron energy level changes from 
quasi-continuous energy level to discrete energy level. As the sp2 domain size grows 
up, the effective band gap enhances moderately resulting in a redshifted emission 
absorption [37–39]. The observed quantum confinement is described as increasing 
size (sp2 domains), leading to π*–π gap of low energy, but unchanging n-state levels 
(Fig. 2a). There are 2 typical wavelength emission generations (π* → n and σ* → 
π*). The relaxation of electrons from pi antibonding to nonbonding, is responsible for 
the excitation wavelength-independent PL, induced by an excitation wavelength and 
electron scattering whereas the σ* → π* recombination, crucial for PL emissions, 
generated by short-wavelength excitation. The bandgap level declining when the size 
of GQDs increased from QD10 to QD79 then causes extending wavelength emission 
(Fig. 2b) and hence tuning the appearance of GQD (Fig. 2c) with various PL colors 
from blue (QD10) to orange-red for (QD79). QD10 and QD16, presented in Fig. 2, 
represented 1.0 nm and 1.6 nm, respectively [33]. 

3.3 The Edge States 

At the armchair edges of GQDs structure, triple carbon bonds are found, and the edge 
has a carbyne-like structure (Fig. 3a), but at the zigzag edges, two unshared valence 
electrons are situated on each carbon atom at the edges (Fig. 3b) [40]. Localized 
states in zigzag-edged are pushed to the edge sites, whereas in armchair-edged are 
dispersed throughout the center. As a result, localized states at zigzag edge sites 
reduce bandgap energy [17], which is responsible for the PL characteristics [7, 40]. 
When the GQD is hexagonal in shape, the same type of edges is observed, and six 
120° angles make the hexagonal shape (Fig. 3a, b) while both types of edges (armchair
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Fig. 3 The hexagonal shapes with a armchair, b zigzag, and c hybrid armchair-zigzag edges 
of GQDs (reprinted/reproduced with the permission of Ref. [45] copyright 2020, Environmental 
Science Nano) 

and zigzag) are present in GQDs with rectangular shapes, generating four 90° angles 
(Fig. 3c). Kittiratanawasin et al. [41] discovered that the same shapes of GQDs can 
have various band gaps if the edge types are different. Lin et al. [42] examined the 
impact of the edge state on FL and showed that the carbene structures (zigzag edges) 
are more inclined to cause the induction of GQD strong luminescence than quantum 
confinement effects Zhu et al., [43] modified edge with functional groups can tune the 
PL properties, such as carboxyl and amide groups for green emission and hydroxyl 
groups for blue emission. The quantum confinement effect is an important model 
for explaining the PL behavior of GQDs. When the size of QGDs is smaller than 
their exciton Bohr radius, this phenomenon happens [44]. 

3.4 Biocompatibility 

The fundamental requirements for materials employed for biological imaging and 
drug delivery are non-cytotoxicity and biocompatibility. GQDs have been demon-
strated to be more biocompatible over traditional semiconductor quantum dots and 
CDs in in-vivo and in-vitro studies [10, 22]. The capability of a material to interact 
with its intended role in biological systems without triggering undesired biological
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reactions is referred to as biocompatibility [46]. Although, carbon-based nanomate-
rials like carbon nanotubes are less toxic than carbon fibers, and carbon nanoparti-
cles. The toxicity of carbon nanotubes enhanced significantly when surfaces contains 
carboxyl, hydroxyl, and carbonyl functional groups [47]. GQDs are made solely of 
carbon, thus, they are non-toxic and have a high solubility in water, making them an 
excellent alternative to metal-based nanoparticles [46]. Cytotoxicity tests (in-vivo 
or in-vivo) are another approach used to assess biocompatibility. However, in-vitro 
testing employing cell culture is more recommended because of the reduced number 
of experiments with animals required, lower cost, and shorter testing time [48]. 

Zhou et al. [49] used an MTT assay in the dark and under photo-irradiation to 
assess the toxicity of virgin and functionalized GQDs (GQDs-PH; GQDs functional-
ized with phenylhydrazine, GQDs-BA; functionalized with benzoic anhydride, and 
GQDs-BrPE; functionalized with 2-bromo-1-phenylethanone) (Fig. 4) against the 
Hela cells. They observed that GQDs and their derivatives had substantially the same 
vitality as control cells in dark conditions, showing strong biocompatibility (Fig. 4a). 
When exposed to light, the cells treated with different functionalized GQDs had a 
relatively low viability (Fig. 4b). This was attributed to GQDs generating reactive 
oxygen species (ROS) upon excitation. The ROS produced by GQDs were respon-
sible for the photoinduced cytotoxicity. Derivatives of GQD reduced photoinduced 
cytotoxicity that might be attributed to their lower ROS production activity, partic-
ularly GQDs-PH produced less ROS, resulting in the least cytotoxicity. In another 
report, modification of GQDs surface gave different toxicities such as GQDs modi-
fied with -OH displayed toxicity at concentration above 100 μg mL−1, whereas – 
NH2, and –COOH showed relatively low toxicity at concentration up to 200 μgmL−1 

[50]. MTT test was used to evaluate the cytotoxicity of pristine GQDs generated from 
carbon fibers in two distinct human breast cancer cell lines, MDA-MB-231 and T47D. 
The GQDs posed no cytotoxicity to the treated cells at 50 mg mL−1 concentrations. 
For long time, GQDs functionalized with phthalhydrazide-like groups and hydrazide 
groups at the edge displayed low cytotoxicity. The cell viability of three types of stem 
cells i.e., neurosphere cells, pancreas progenitor cells, and cardiac progenitor cells, 
was essentially unaffected after 72 h of incubation with 25 mg mL−1 of GQDs. Cell 
viabilities of 80% for neurosphere cells and 65% for cardiac progenitor cells were 
attained even at a concentration of 100 mg mL−1 for GQDs [51, 52].

3.5 Physical Property 

GQDs exhibits both graphene’s property as well as quantum confinement in three-
dimensional quantum dot [53]. This kind of nanoparticle is commonly produced from 
graphene and graphene oxide (GO). Graphene and graphene oxide consist of a single 
layer sp2-hybridized carbon atoms [54] which play a key role in photoluminescence 
properties [55]. Graphene itself has no functional group [56], while graphene oxide 
contains an oxygen functional group [57]. GQDs might be embellished with a range 
of functional groups including amide, amine, hydroxyl, and groups doped with certain
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Fig. 4 Viability cells at different concentrations of GQDs, GQDs-PH, GQDs-BA, and GQDs-BrPE 
in the dark (a) or in irradiation (b) (reprinted/reproduced with the permission of Ref. [49], copyright 
2017, Chemical Communications)

substances like sulfur and nitrogen to change their molecular structure and to improve 
their characteristics [58] (e.g., FL and antimicrobial properties). Strelko et al. [59] 
reported that the presence of heteroatoms, such as doping agents or functional groups, 
adds electron-donating atoms to the structures of carbon, enabling electron transfer. 
As a result, it leads to higher antibacterial ability. On the other hand, the smaller size 
which is owned by GQDs compared to graphene and graphene oxide, make GQD 
have better prospect in biomedical application [60]. 

4 Applications of GQDs in Drug Delivery 

In recent years, GQDs applications have attained major success in drug delivery [61– 
63], bio-imaging [64, 65], magnetic hyperthermia [66–68], photothermal therapy [69, 
70], antibacterial activity [71–73], and environmental protection [74]. Several studies 
employed the density functional theory (DFT) calculations, molecular dynamics 
(MD) simulations, or other methods to theoretically explore the properties of GQDs 
in order to optimize their application in drug administration. Vatanparast et al. [75] 
applied DFT simulations to study the interaction of 5-fluorouracil (FU) drug with 
doped/undoped GQDs. According to the findings, AlN and AlP-doped GQDs could 
be used as prospective FU drug carriers in the realm of nanomedicine. In another 
study, DFT simulations assisted to evaluate the suitability of GQDs and doped GQDs 
as prospective isoniazid (Iso) carriers [76]. The findings demonstrated that AlN-
and AlP-doped GQDs might be used as drug delivery vehicles. In addition, the 
DFT calculations and MD simulations have been implemented to analyze the effects 
of different N-functionalized groups on their drug delivery performance. The drug 
release performance of center N-GQDs is obviously thought to be superior than that 
of pristine GQDs and edge N-GQDs [77].
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Figure 5 depicts anti-cancer drug delivery, launch, and response. The near-infrared 
fluorescent molecule Cy5.5 (Cy) dye was covalently bonded to GQDs using a 
cathepsin D tuned peptide (Phe-AlaAla-Phe-Phe-Val-Leu-Cys, FAAFFVLC, P), and 
subsequently the functionalized GQDs were loaded with the anti-cancer drug doxoru-
bicin (DOX) via a π–π interaction mechanism and the in-vitro study on cancer cells 
was monitored. There are several strategies for drug delivery however, focusing 
solely on delivery and ignoring drug release is not improving the therapeutic impact 
of drugs. As a result, researchers are focusing on the closed interaction between drug 
delivery and release in order to optimize drug’s therapeutic impact by increasing 
delivery and release efficiency. Drug delivery and release using graphene or graphene-
based nanostructures has been shown to improve delivery efficiency and therapeutic 
benefits. 

GQDs exhibit huge surface/volume ratio, high water solubility and reduced cyto-
toxicity, as compared to graphene, making them more effective drug molecular 
loading cores [73, 79–81]. Additionally, high functionalization options of GQDs 
choices render these particles superior to other nanoparticles in drug delivery appli-
cations. The high surface/volume ratio and surface functionalization make GQDs 
an efficient carrier for drug loading and distribution. Furthermore, GQDs outper-
form quantum dots (QDs) of comparable size in terms of quantum confinement 
effects, simultaneous tracking potential because of programmable photolumines-
cence (PL) and substantially lesser toxicity due to the absence of heavy metal compo-
nents. However, the distinctive π-orbitals in the sp2-hybridized GQDs lattice can be 
exploited to link medicines with aromatic ring structures via π–π stacking, which 
broadens the potential of GQDs for drug delivery [67, 82, 83]. 

The drugs entered the target cells via the targeting ligand’s enhanced perme-
ability and retention action. GQDs, like various non-degradable nanoparticle drug 
carriers, released drugs through diffusion. Adsorbed drugs on GQDs are released

Fig. 5 Anti-cancer delivery, release, and response of GQD-based theranostic agent. (reproduced 
with the permission of Ref. [78], copyright 2017, ACS Applied Materials & Interfaces) 
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into the cytoplasm by desorption and diffusion. It has been reported that the GQDs 
can pass the blood–brain barrier (BBB) and inhibit α-synucleinopathy in Parkinson’s 
disease. The size and charge of the nanoparticles have an important effect on their 
BBB permeability. Nanoparticles of small size can easily pass the BBB and diffuse 
more effectively across the brain. Gold nanoparticles as small as 15 nm can easily 
conquer the BBB without being functionalized. Nevertheless, gold nanoparticles 
of 50 nm and larger size are unable to pass the BBB and are not detected in 
the brain. The tiny size is believed to be the primary reason for GQDs that can 
cross BBB, and also most likely cross biological barriers via the transmembrane or 
paracellular pathway [84, 85]. Biomedical experts have long been concerned about 
the integration of cancer detection and treatment. Despite significant advances in 
targeted drug delivery systems to deliver anticancer treatments to specific locations 
of interest, new nanomaterials are frequently synthesized and examined for improved 
drug delivery efficacy. While developing novel nanomaterials, scientists explored 
new drug delivery-release modalities. EPR-pH delivery-release mode [86], ligand-
pH delivery-release mode [87, 88], EPR-photothermal delivery-release mode [61], 
and core/shell-photothermal/magnetic thermal delivery release modes are the most 
common [89, 90]. 

Drug delivery schemes are uniquely developed for selective and regulated drug 
release which is critical to meet the requirement of current biomedical therapies. The 
development of nanocarriers for in-vivo drug storage along with controlled release 
with high specificity in targeted infected and/or malignant cells has taken significant 
time and effort. To enhance the drug selectivity and half-life, researcher modified 
GQDs with PEG, which increased therapeutic drug selectivity toward cancerous cells. 
Indeed, the PEG molecule dramatically enhances the half-life of GQDs by preventing 
white blood cells from recognizing it as a particle. Certainly, scientists are working 
to develop a more efficient GQDs-based vehicle for controlled drug delivery directly 
to infected cells. It has been demonstrated utilizing two types of nanoparticles, the 
first of which recognizes tumor cells and the second of which (containing therapeutic 
medications) focuses on a signal produced by the first [91, 92]. 

A GQDs-based nanomaterial was used for nucleus targeted drug delivery and 
regulated photodynamic treatment. The GQDs were doped with a nitrogen atom (N) 
to allow them to interact with (3-Aminopropyl) triethoxysilane (APTES) for nucleus 
targeted drug delivery. Fluorescence imaging was used to assess the treatment effect 
of generated ROS and nucleus-targeting drug delivery. The researchers discovered 
that by acting as both a drug carrier and a photosensitizer, the N-GQD-DOX-APTES 
could achieve nucleus-targeted delivery while also producing considerable ROS. 
Because of its small size, N-GQD is easily absorbed by cells. More importantly, as 
a drug carrier, N-GQD-DOXAPTES displayed exceptional nucleus targeting capa-
bility, which could be attributed to APTES’ charge reversal function. As a result, 
the multifunctional N-GQD-DOX-APTES system offers a high potential for multi-
modal cancer therapy. This method offers a viable way for developing multifunctional 
therapy in a single nano platform for biomedical applications [93]. Iannazzo et al. 
created a GQD-based cancer-targeted medication delivery system. The introduction 
of an anticancer medicine via a PEG linker and the targeted ligand riboflavin through
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contact with a pyrene linker became possible by multimodal nanomaterial conjuga-
tion. The nanocarrier was chemically connected to the drug through a cleavable PEG 
linker, while the targeted ligand riboflavin was attached to the GQDs using a pyrene 
linker. On three cancer cell lines, the cytotoxic activity of the manufactured drug 
delivery method GQD-PEG-BFG@Pyr-RF was studied and compared to that of the 
same nano-vector lacking the RF ligand (GQD-PEG-BFG) or the anticancer agent 
(GQD@Pyr-RF). Biological studies demonstrated that the GQDs sample had weak 
cytotoxicity, however the drug deliver system (DDS) had cytotoxic activity against 
the examined cancer cell lines with greater or equivalent potency to that of the benzo-
furan structure (BFG) alone. It opens up new possibilities for the use of cytotoxic 
anticancer drugs with substantial adverse effects [94]. 

5 Conclusions 

In conclusion, the ongoing substantial amount of GQDs research in the disciplines 
of nanomedicine and nano-theranostics is significant and promising, and clinical 
applications of GQDs are expected to be reality within the near future. It is believed 
that the future research may effectively address the current issues associated with 
the deployment of GQDs in order to build more safe and simple synthesis routes as 
well as efficient targeted drug delivery in the treatment of numerous life-threatening 
diseases. 
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Two-Dimensional (2D)-Based Hybrid 
Composites for Cancer Diagnosis 
and Therapy 

Mehdi Abedi, Mahnaz Asadi, Marzieh Mehrzadeh, Zahra Rahiminezhad, 
Younes Ghasemi, and Vahid Alimardani 

Abstract Cancer is the deadliest disease that has affected human health all over 
the world. Despite the much research that has been done in this field so far, there 
is an urgent need for improved techniques for diagnosis and treatment of cancer. 
In recent years, innovative nanomaterial-assisted therapies and diagnostics have led 
to significant enhancements in cancer treatment. In this context, two-dimensional 
nanomaterials (2DNMs) and their nanocomposites have been explored for cancer 
diagnostics and therapy due to their unique shape, size, chemical composition, 
biodegradability, and biocompatibility. The studies indicate that 2DNMs have signif-
icant potential in biomedicine, particularly in multimodal imaging, biosensors, drug/ 
gene delivery, and cancer therapy. Due to high specific surface area, 2DNMs can 
efficiently adsorb molecules via covalent or non-covalent interactions and usage as 
carriers in controlled release systems in response to external stimuli. In addition, 
unique sheet-like nanostructures and photothermal converting ability led to 2DNMs 
being promising candidates for optical therapies such as photothermal therapy (PTT), 
photodynamic therapy (PDT), and theranostic. Furthermore, integrating 2DNMs in
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nanocomposites with further functional moieties become a new class of therapeutic 
agents in biomedicine substantially improving their features for synergistic cancer 
diagnosis and therapy. This chapter highlights the current state and benefits of using 
2DNMs in cancer diagnosis and therapy and discusses the obstacles and prospects 
of their future development. Then we focus on 2DNMs applications in cancer treat-
ment including smart drug delivery systems, PTT, and PDT. Lastly, the 2DNMs 
biocompatibility is also discussed to provide a unique overview of the topic. 

1 Introduction 

Cancer’s diversity, complexity, and heterogeneity make it one of the most deadly 
diseases that affect human health over the centuries [1]. Surgery, chemotherapy, and 
radiation are the gold standards in cancer treatment, yet they all have significant 
drawbacks that lead to a high recurrence and fatality rate [2, 3]. As a result, there 
is an urgent need for improved techniques for identifying and treating cancer early 
to enhance the quality of life, raise survival rates, and, most significantly, prolong 
people’s lives [4]. Since the beginning of nanotechnology and its subsequent explo-
sion in scope, innovative cancer nanomaterial-assisted therapies and diagnostics have 
made significant strides forward in recent years [5]. The field of cancer treatment has 
seen the emergence of various nanomaterials [6]. However, new evidence suggests 
that two-dimensional nanomaterials (2DNMs) and their nanocomposites have signif-
icant benefits over zero-, one-, and three-dimensional nanomaterials for application 
in cancer diagnostics and therapy. Reasons for this include their adaptability in terms 
of structure and surface chemistry as well as their ability to take on arbitrary or 
desirable physical qualities; in particular, their high aspect ratio, ultra-high surface 
area, and ultra-high therapeutic loading capacity [7, 8]. In 2004, Novoselov et al. 
successfully exfoliated graphene (G) from graphite, marking the beginning of the 
research of 2DNMs [9–11]. Graphene’s achievements have rekindled research into 
similar ultrathin 2DNMs. Numerous 2DNMs, such as transition metal carbides and/ 
or nitrides (MXenes), transition metal dichalcogenide (TMDC), black phosphorus 
(BP), graphene oxide (GO), manganese dioxide (MnO2), layered double hydrox-
ides (LDHs), and palladium (Pd), have garnered considerable interest in the realm 
of cancer diagnosis and treatment (Table 1) [12]. The two most common methods 
for synthesizing 2DNMs are the bottom-up and top-down methods. The bottom-up 
techniques include crystal phase transition, biological synthesis, hydro-/solvothermal 
approaches, seeded growth, small molecule and ion-mediated synthesis, and nanopar-
ticle assembly. Top-down procedures include mechanical compression, exfoliation, 
and nanolithography [13].

Several types of 2DNMs have been explored, each with its own unique shape, size, 
chemical composition, biodegradability, and biocompatibility [14]. Nanomaterials 
with these varied qualities and features have significant potential in biomedicine, 
particularly in fields like multimodal imaging, biosensors, drug/gene delivery, and 
cancer therapy [15]. 2DNMs stand out because of their enormous specific surface
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Table 1 Pros and cons of 2DNMs 

2DNMs Type Pros Cons Refs. 

Metallic MXenes High specific surface area. 
high NIR absorption, high 
photothermal conversion 
efficiency 

Not easily synthesized [19] 

Gold nanosheets Optical property that can be 
tuned, size controllable 
characteristic, simple to 
produce in the lab 

Having a low tolerance 
for heat, insufficient 
photothermal 
conversion, potential 
toxicity, poor drugs 
loading capacity 

[20] 

Pd nanosheets Extreme photothermal 
conversion efficiency 

Long-term toxicity is 
unclear, and they are not 
biodegradable 

[21] 

Layered double 
hydroxides 
(LDHs) 

Superior charge density, with 
high biocompatibility, large 
potential for drug loading 

Potential toxicity [22] 

TMDCs High thermal efficiency, large 
surface area, excellent NIR 
absorbance 

Complicated preparation 
methods, size and 
thickness are hard to 
control 

[23] 

Metal-free GO, rGO Outstanding optical, 
mechanical, and electrical 
characteristics, the tendency 
to a large variety of 
wavelengths, powerful heat 
transfer. huge specific surface 
area, a high capacity for 
loading drugs 

The probability of 
reactive oxygen species 
(ROS) generation, the 
dispersion process 
exhibits inefficiency; the 
data exhibits a significant 
variation in size 

[24] 

2D boron-based 
NMs 

With high biocompatibility, 
high thermal conductivity, 
and a wide band gap, great 
PTCE, superior capacity for 
drugs loading 

Low solubility in living 
organisms, preparation is 
challenging 

[25] 

Black phosphorus 
(BP) 

photo-stable property, 
layer-dependent bandgap, 
high PTCE. non-toxic after 
decomposition, high drug 
load 

Air–water instability, 
hard to mass-prepare 

[26]

(continued)
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Table 1 (continued)

2DNMs Type Pros Cons Refs.

2D organic 
polypyrrole (PPy) 
nanosheets 

PTCE is high in NIR-I but 
low in NIR-II, affordable 
price, excellent 
biocompatibility 

Not very stable [27] 

Graphdiyne 
(GDY) 

High surface area to volume 
ratio, high PTCE, ideal for 
use in drugs and metal ion 
loading, capacity to load 
drugs excessively 

Single-layer GDY 
preparation is 
challenging, low level of 
biocompatibility, 
possible biotoxicity over 
time 

[28]

area, which allows them to efficiently adsorb molecules via covalent or non-covalent 
interactions, resulting in enhanced controlled release in response to external stimuli. 
2DNMs, with their unique sheet-like nanostructures and possible reactivity to near-
infrared (NIR) light, hold great promise for usage in optical therapies including 
photothermal therapy (PTT) and photodynamic therapy (PDT) [16, 17]. These 
benefits have led to 2DNMs being the most popular nanoplatforms for theranostic 
studies. Recently, most researchers have focused on the fabrication or optimization of 
monotherapy, despite the fact that lots of preclinical and clinical studies have shown 
that monotherapy is not as effective as expected, due to the recurrence and metastasis 
of cancer. 2D nanocomposites have the potential to become a new class of therapeutic 
agents in biomedicine if they are combined with other functional moieties in order to 
impart substantially enhanced features for synergistic cancer diagnosis and therapy 
on the 2DNMs [18]. 

This chapter focuses on the current state and benefits of using 2D nanomaterials 
in cancer detection and therapy, as well as discussing the obstacles and prospects of 
their future development. Here we focus on three of the most promising uses of 2D 
nanomaterials in cancer treatment: (1) smart drug delivery; (2) PTT; and (3) PDT. 
The biocompatibility of 2DNMs is also discussed in this chapter, which provides a 
unique overview of the topic. 

2 Diagnosis of Cancer Using 2D-Based Hybrid Composite 

Cancer’s high incidence and mortality rate make it a major public health problem 
worldwide [29]. The death rate from cancer is expected to decrease as more cases 
are caught at an earlier stage [30]. Magnetic resonance imaging (MRI), computed 
tomography (CT), endoscopy, mammography, X-rays, ultrasound, and morpholog-
ical study of cells or tissue (cytology or histopathology) are the methods that are now 
utilized in the diagnosis of many types of cancer patients. These methods are used 
to discriminate between healthy and unhealthy cells in the patient’s body. However, 
cancer diagnosis with MRI and CT scanning is standard practice [31, 32]. There is
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still a major issue with the inability to identify cancer at an early stage due to low 
sensitivity and inefficiency. Consequently, it is clear that there is an urgent need to 
create cutting-edge technology that can rapidly and accurately detect the complete 
eradication of malignant cells from the body’s tissues. Incorporating different contrast 
agents for tumor and metastasis detection into 2DNMs might open up new possi-
bilities, allowing for rapid fulfillment of multimodal imaging needs [33]. On the 
other hand, cancer cells can be identified by a wide variety of biomarkers, including 
carbohydrate antigens, enzymes, embryonic antigens, isoenzymes, proteins, onco-
genes, hormones, etc. [12]. The markers need to be examined both quantitatively and 
qualitatively for cancer detection at an early stage. So, obviously, it is evident that 
there is an immediate requirement for the development of cutting-edge technology 
that is able to identify, in a speedy and precise manner, the total malignant cells from 
the tissues of the body. This has led to the development of 2DNM-based biosen-
sors as a diagnostic tool for cancer screening. These biosensors include surface field 
effect transistors (FET), plasmon resonance (SPR), electrochemical, and fluorescent 
sensors. 

2.1 Fluorescence Biosensors 

Monitoring alterations in cellular and subcellular ions, signaling molecules, and 
metabolites has been proposed as a useful tool in the diagnosis and treatment of a 
variety of illnesses and conditions, including cancer [34]. Fluorescent biosensors are 
able to quantify or detect target molecules due to the versatility of fluorescent proteins 
or dyes in real-time applications such as protein localization or gene expression [35]. 
To this end, a number of fluorescent biosensors based on 2DNMs have been devel-
oped. GO is a 2D nanomaterial with remarkable optical and electrical characteristics, 
making it a popular component of biosensors [36]. Changes in fluorescence intensity 
or lifespan attributed to biomolecule attachment to the surface of GO can be detected 
using GO biosensors. For instance, an aptasensor based on GO as a quencher, which 
could quell the fluorescence of a single-stranded Cy5-labeled-Mucin 1 (MUC1)-
specific aptamer, could be able to detect mucin1, a glycoprotein tumor biomarker 
that appears in epithelial malignancies. This sensor possessed a wide range detection 
(0.04–10 μM) with a detection limit of 28 nM [37]. More recently, a nano biosensor 
based on a DNA-GO nanohybrid has been developed to detect deletion mutations 
causing lung cancer. In this method, mutations were detected using a Fluorescein 
amidite-labeled DNA probe with fluorescence spectrometry. Adsorption of the DNA 
probe onto the GO surface was followed by a rise in fluorescence intensity with the 
addition of target (healthy) DNA. Lung cancer was diagnosed despite the fact that 
the addition of (mutated) mDNA had no effect on the fluorescence intensity [38]. 

Transition metal dichalcogenides (TMDs) represent another type of 2DNMs that 
have exhibited significant promise in the realm of biosensing applications, primarily 
attributed to their robust photoluminescence and substantial surface area [39, 40]. 
The detection of biomolecules can be achieved through the utilization of TMDs
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biosensors, which operate by quantifying alterations in fluorescence intensity or 
energy transfer that occur between TMDs and fluorescent dyes upon binding to the 
surface of TMDs. In this setting, a number of different fluorescent biosensors based 
on 2DNMs have been created for the detection of cancer. Specifically, a molybdenum 
disulfide (MoS2)-based biosensor has been developed for the detection of miR-21, a 
breast cancer biomarker. The fluorescence biosensor was made by combining a fluo-
rescent dye-labeled DNA probe with the MoS2 2DNMs, and then introducing non-
complementary miRNA, one-base mismatched miRNA, and complementary miR-
21. Following DNA-miRNA hybridization, miR-21 can be identified by comparing 
the fluorescence signal before and after the reaction [41]. Table 2 provides a brief 
overview of the several 2DNMs employed in the development of sensitive biosen-
sors for cancer diagnosis. In summary, the 2DNMs-based platform demonstrated its 
ability to detect diverse cancer cells in-vivo and in-vitro, providing new insights into 
cancer diagnosis.

2.2 Field-Effect Transistor (FET) Biosensors 

One of the most capable, efficient, and potentially fruitful biomedical devices or 
technologies is the FET biosensor, which, unlike the conventional method, does not 
necessitate the use of fluorescent or electrochemical tags [42]. FET biosensors are 
transducers that employ FETs to detect and analyze biological substances or events. 
There are three main parts to a FET biosensor: the gate electrode, the source and 
drain electrodes, and the sensing layer that is connected to the gate electrode [43]. 
2DNMs-based FET biosensors are one FET biosensor that uses nanoscale materials 
and structures to improve the device’s sensitivity and specificity [44]. As the sensing 
layer, 2DNMs like carbon nanotubes (CNTs), G, or nanowires are commonly used 
in these biosensors because of the large surface area they offer for target molecule 
binding and fast electron transport. Target molecule binding to the sensing layer, 
modified with biological material such as an enzyme or antibody that preferentially 
attaches to a target molecule or analyte, changes the FET’s electrical properties, 
which may be monitored to determine the target molecule’s amount or presence. 
When 2DNMs are used, numerous sensing components may be integrated into a 
single device, allowing for the simultaneous detection of many analytes. As a 2D 
nanomaterial with high sensitivity to surface charge changes and good compatibility 
with standard microfabrication techniques, MoS2 has found extensive use in FET 
biosensors. For instance, miRNA-155 indicator for breast cancer was detected using 
a MoS2-based FET biosensor in human serum and cell-line samples. MoS2 flacks 
were drop-cast onto the FET surface during device fabrication, and the miRNA-
155 probe was then immobilized on the MoS2-FET. The manufactured miRNA155 
probe-MoS2-FET apparatus has a sensitivity of 0.03 fM in a range of 0.1 Fm to 
10 nM [45]. Additionally, rGO was utilized in the detection of miRNA-21(1 fM) 
in human plasma through FET biosensor technology for the purpose of diagnosing 
breast cancer. It can detect precisely matched, single-base mismatched, and entirely
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Table 2 Summary of 2DNMs-based nanocomposites in cancer diagnosis 

Type 2DNMs Application Description Refs. 

Fluorescence MoS2 Detection of 
carcinoembryonic 
antigen (CEA), a 
tumor biomarker, 
with high sensitivity 

Van der Waals force 
deposited CEA aptamer 
probe on MoS2 nanosheets 
in close proximity, initiating 
fluorescence resonance 
energy transfer and 
quenching its fluorescence 
signal. The fluorescence 
signal was recovered when 
CEA protein bound to MoS2 
nanosheets and caused the 
aptamer probe to disengage 

[50] 

MoS2 miRNA-21 The strategy relies on folic 
acid (FA)-poly(ethylene 
glycol)-functionalized MoS2 
nanosheets with adsorbed 
dye-labeled single-stranded 
DNA (ssDNA), which are 
then internalized into cancer 
cells and undergo 
hybridization with target 
miRNA, resulting in the 
release of green fluorescence 
from the nanoprobes 

[51] 

GO miRNA The GO surface physically 
adsorbed 
fluorophore-labeled DNA 
probes, dimming 
fluorescence. The 
duplex-specific nuclease 
(DSN) released target 
miRNA from the 
DNA–RNA hybrid duplex 
by cleaving probe DNA into 
tiny pieces. Thus, target 
miRNA recycling produced 
many tiny DNA pieces 

[52]

(continued)
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Table 2 (continued)

Type 2DNMs Application Description Refs.

FET rGO DNA The rGO FET biosensor 
detected DNA using peptide 
nucleic acid-DNA 
hybridization instead of 
DNA as the capture probe 

[53] 

Electrochemical AgNPs-rGO 
modified-
screen-printed 
carbon electrode 

Carcinoembryonic 
antigen (CEA) 

Using a primary antibody 
and a secondary antibody 
coupled with horseradish 
peroxidase (HRP), CEA was 
immobilized on AgNPs-rGO 
modified-SPEs to create an 
electrochemical 
immunosensor 

[54]

mismatched sequences, and it can do so without the need for miRNA-21 extraction, 
amplification, and tagging, making it useful for analyzing clinically complicated 
matrix materials, as shown in Fig. 1 [46]. Taken together, the developed 2D-based 
FET biosensors can be utilized for the detection of cancer biomarkers. A variety of 
FET biosensors based on 2DNMs has been developed for the detection of cancer 
biomarkers, as shown in the Table 2. 

Fig. 1. rGO-based FET biosensor for sensitive detection of miRNA21 [46]
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2.3 Electrochemical Biosensors 

The electrochemical sensors are now being marketed as a very sensitive technology 
that may be used in a number of chemical and biological research, including the detec-
tion of cancer biomarkers [47]. The two main components of these biosensors are 
the receptor, which binds selectively to the target analyte, and the transducer, which 
turns the biological signal into an electrical signal. The electrochemical biosensor’s 
selectivity, sensitivity, high accuracy, simplicity of operation, and compatibility with 
the downsizing of electrochemical devices make it an attractive candidate for the 
next analytical system. This technology offers novel perspectives and ample oppor-
tunities for early cancer diagnosis. 2DNMs, such as carbon nanotubes, graphene, 
and metal nanoparticles (NPs), have been used extensively in recent years due 
to their exceptional electrical and chemical characteristics in the development of 
very sensitive electrochemical biosensors, particularly for the diagnosis of cancer. 
Biomolecules like enzymes, antibodies, or DNA strands are commonly detected by 
these biosensors with acceptable specificity and selectivity, and little background 
noise, (Table 2). For example, more recently, neuron-specific enolase (NSE), a lung 
cancer biomarker, was detected using an anti-NSE-chitosan-functionalized MoS2 
electrochemical biosensor. The manufactured immunoelectrode has a sensitivity of 
3.35 μA ng−1 mL cm−2 and a wide linear detection range of 0.1–100 ng mL−1 [48]. 
Nucleic acids (DNA or RNA) are another sensitive biomarker useful for detecting 
cancer at an early stage. After tumor cells die, their DNA and cellular contents may 
be released into the bloodstream. Moreover, abnormal expression of microRNAs has 
been associated with numerous types of malignancy. Electrochemical sensors based 
on 2DNMs have been also explored to detect nucleic acid biomarkers with a rela-
tively cheap cost, a quick reaction, and a high degree of selectivity. Cytokeratin 19 
fragment 21–1 (CYFRA21-1) is a biomarker for non-small cell lung cancer, partic-
ularly squamous cell carcinoma. In this context, early diagnosis of CYFRA 21–1 
(DNA target probe) requires a novel approach. More recently, a reduced graphene 
oxide (rGO)-based label-free electrochemical DNA biosensor was developed for the 
diagnosis of non-small cell lung cancer. The glassy carbon electrode was modified 
by a single-strand DNA (ssDNA as capture probe), resulting in the determination of 
CYFRA21-1 with a wide range of 1.0 × 10–14–1.0 × 10–10 M with a detection limit 
of 2.4 fM [49]. Table 2 summarizes the different 2DNMs used in the development of 
various biosensors. Taken together, 2D-NMs-based biosensors can be used for the 
sensitive detection of various cancer biomarkers.
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3 2D-Based Hybrid Composites for Drug Delivery 

3.1 Smart Drug Delivery 

The phrase “smart drug delivery system” (SDDS) refers to a form of drug delivery 
system that may automatically transmit a signal, respond with the required action, 
provide the drugs, and then stop the administration process [55]. All smart drug 
delivery systems try to make sure that the medicine is given in the right amount, 
at the right time, and in the right place [56, 57]. SDDSs can be controlled by both 
internal and exterior signals. Internal signals include redox, pH, concentration of 
specific biomolecules, and enzyme activity. Ultrasound, electric fields, magnetic 
fields, and other forms of light are all examples of possible external signals [58]. As 
nanotechnology has progressed, a wide range of SDDSs built on this foundation have 
been used for the treatment of a wide range of disorders, most notably cancer [59]. 
In the years after graphene’s introduction as the first 2D nanomaterial, several other 
2DNMs-based SDDSs have been developed thanks to their remarkable features [15]. 

Light is one of the most popular stimuli for 2DNMs-based SDDSs because of its 
practical benefits and the ease with which it may be manipulated in vivo and in vitro 
[60]. The near infrared (NIR) spectral region is more advantageous than the visible 
region due to its lower toxicity and greater ability to penetrate tissue. The NIR light 
spectrum ranging from 700 to 1000 nm has been found to be highly advantageous 
in the field of biology. By converting the energy of the absorbed photons into heat, 
NIR-responsive nano devices can trigger the release of chemotherapeutic medicines. 
The primary benefits of NIR radiation treatment include lower toxicity to healthy 
cells, greater penetration, and reduced injury to living tissue [61, 62]. More recently, 
on the base of WS2 for NIR light controlling cancer therapy, a hollow structured 
WS2 was developed for the controlled DOX release under 808 nm laser irradiation. 
1-tetradecane (TA) was used as the phase change material to seal the DOX-loaded 
PEG-modified WS2 NPs, preventing the DOX leakage during the route to the tumor 
locations. The release of DOX and its transport to the tumor site were made possible 
by irradiation with an 808 nm laser and the conversion of NIR light into heat [63]. 

The pH-responsive SDDSs are gaining popularity due to their ability to precisely 
administer medications at certain times and sites [64]. Several organelles, including 
the lysosome and the endosome, as well as extracellular areas (including cancer cells), 
are capable of undergoing pH alterations, including the vagina, the small intestine, 
and the large intestine. For instance, the pH of the extracellular environment in 
tumors is acidic, in contrast to the pH of the internal environment, which is more 
gently basic. Because of this, pH has been thought to be a useful physiological 
property for SDDSs in their delivery to the targeted tumor locations [65]. There 
have been many reports of 2DNMs pH-responsive SDDSs, which stabilize and store 
drugs at physiological pH but only rapidly release them in the acidic environment of 
cancer cells, ensuring that the concentration of drugs reaches a peak in the cell. More 
recently, polyethyleneimine (PEI)-conjugated GQDs were used for the development 
of a pH-responsive DOX delivery system for colon cancer suppression. Drug release
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is triggered and cancer cells are inhibited when GQDs-polymer-DOX conjugates 
(GECD) are injected into the tumor lesion, where the acidic tumor microenvironment 
protonates the tertiary amine of GECD from neutral to mildly positive [66]. Table 3 
summarizes the different 2DNMs SDDSs that have been used in cancer therapy.

3.2 PTT 

PTT is increasingly being recognized as a feasible approach for treating cancer due 
to its cost-effectiveness, high selectivity, and minimal impact on healthy tissues [67]. 
Upon exposure to laser radiation, the photothermal transducing agents (PTAs) that 
have accumulated at the tumor site generate heat, leading to the destruction of cancer 
cells through thermal ablation [68]. The effectiveness of photothermal therapy for 
treating cancer is contingent upon various factors, such as the photothermal conver-
sion efficiency (PTCE) of photothermal agents (PTAs), the power intensity of the 
laser, and the duration of laser exposure. The PTT treatment settings facilitate the 
regulation of two discrete forms of cellular demise: necrosis in response to high-
energy irradiation and apoptosis in response to low-energy irradiation [69]. Tumor 
cells would be ablated due to the intense photothermal impact, while PTAs’ moderate 
local heat would cause the rupture of endo/lysosomal membranes [70]. PEG-BPEI-
rGO, synthesized from unreduced PEG-BPEI-GO, showed significantly improved 
DOX loading efficiency and good water stability due to the recovery of aromatic 
structures of GO [71]. The results of in vitro cellular experiments indicate that a 
nanocarrier loaded with DOX exhibits the capacity to effectively evade the endo-
some upon exposure to near-infrared (NIR) light. The nanocarrier was able to induce 
a significant amount of cancer cell apoptosis through the glutathione-mediated and 
light-triggered release of DOX. Through a combination of direct cell killing and the 
release of tumor-associated antigens, the local photothermal impact can facilitate the 
controlled drug release, activate antigen-presenting cells, and generate an anticancer 
immune response [72]. PEG- and FA-functionalized rGO was used to improve tumor 
accumulation on the nanoplatform, activate photothermal death of primary tumors, 
and release tumor-associated antigens; this is only one example of the many uses 
for rGO that have been developed into multifunctional nanoplatforms, as shown in 
Fig. 2 [73]. Clinical translation of the PTT synergistic antitumor immunity shows 
remarkable potential because of its many benefits over monotherapy in cancer treat-
ment. Table 3 summarizes the different 2D-NMs PTT systems that have been used 
in cancer therapy.

3.3 PDT 

PDT is a type of procedure used to destroy tumor cells. It works by using light 
of a certain wavelength to activate molecules called photosensitizers (PS). These



306 M. Abedi et al.

Table 3 Recent 2DNMs that have been used for cancer therapy and diagnosis 

Composite formulation Photosensitizer Therapy Result Refs. 

MoS2-LA-PEGa Chlorin e6 (Ce6) PDT Enhance in vitro cellular 
uptake for Ce6, enhance 
PDT of Ce6, synergistic 
cancer cell killing in vivo 
and in vitro 

[94] 

MoS2-PEG- DMA 
peptide 

Toluidine blue O 
(TBO) 

PDT/PTT High growth inhibition 
effect on cancer cell 
in vitro, enhance the tumor 
inhibition efficacy in vivo, 
significantly synergistic 
therapeutic efficiency 
in vivo in mice model 

[95] 

MoS2/indocyanine 
green/curcumin 

MoS2 PDT/PTT Excellent photothermal 
effect, relatively low 
toxicity, inhibit the P-gp 
effectively 

[96] 

MoS2/BSA/ Cy5 MoS2 PATC/ 
PDT/PTT 

A nanoplatform with four 
functions in one device 
fluorescent imaging/PAT/ 
PDT/PTT, excellent 
imaging capability, 
successful tumor 
elimination in vivo 

[97] 

MoS2/Au nanorod MoS2 PDT/PTT Synergistic effect of PTT 
and PDT, excellent 
antibacterial activity 

[98] 

MSNR/MoS2-HSA/ 
Ce6 

Ce6 Imaging/ 
PDT/PTT 

Hyperthermia generated 
by MoS2 could enhance 
the PDT effect with 
increasing blood flow, 
which would result in an 
increase in oxygen content 
in tumor tissue, successful 
in vivo imaging, 
effectively eliminate 
tumor from 4T1 
tumor-bearing mouse 

[99] 

WS2/Fe3O4/MSN/ 
PEG/DOX 

WS2 PDT/PTT Synergistic therapeutic 
effect superior to the 
respective monotherapies, 
imaging, and therapeutic 
capability in one system 

[100] 

BSA/WS2/Methylene 
blue 

Methylene blue PTT/PDT Synergistic therapeutic 
effect superior to the 
respective monotherapies, 
an effective nano platform 

[101]

(continued)
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Table 3 (continued)

Composite formulation Photosensitizer Therapy Result Refs.

MSN/WS2QDs/DOX WS2 PTT NIR and pH-responsive 
DOX release system, an 
effective nano theranostics 
platform 

[102] 

Ti3C2/MXene/DOX/ 
hyaluronic acid 

Ti3C2 PTT/PDT Excellent 
biocompatibility, 
stimuli-responsive drug 
release, tumor-specific 
accumulation, effective 
cancer cell killing, 
synergistic therapy in vivo 
and in vitro 

[93] 

Ti3C2Tx/MXene/ 
indocyanine green 

Ti3C2Tx PTT/PDT Synergistic antibacterial 
effect superior to the 
respective monotherapies 
under NIR irradiation 

[103] 

GQDsd/GOQDse GQDs and 
GOQDs 

PDT 90% of cancer cells 
treated with GQDs/ 
GOQDs were killed after 
5 min of UV exposure 

[104] 

PTX@GO-PEG-OSA GO PTT/PDT Excellent ROS generation, 
effective therapeutic 
efficacy against PTX 
resistance gastric cancer 

[105] 

a lipoic acid-terminated polyethylene glycol 
b chlorin e6 
c photoacoustic imaging tomography (PAT) 
d graphene quantum dots (GQDs) 
e graphene oxide quantum dots (GOQDs)

molecules then create ROSs which are capable of killing the tumor cells. To make 
sure the PS reaches the tumor effectively, nanocarriers are needed. Common PS used 
in PDT include porphyrins, chlorins, and dyes [75]. However, these substances have 
some disadvantages. They are usually not soluble in water, require high amounts to 
be effective, are not very selective in targeting cancer cells, take a long time to enter 
cells, need a lot of time to be eliminated from the body, can make the skin sensitive 
to light for a long time, tend to aggregate together in solutions, and lose their ability 
to react to light [76]. After being given, PSs can be taken inside by both cancer 
and normal cells. Healthy tissues can get rid of PS over time, but tumor cells can’t 
because the lymphatic system isn’t working well enough. The way PDT works is that 
it helps keep the medicine in the tumor tissues and only activates it in that specific 
area when it’s hit with radiation. This makes PDT a treatment that targets cancer 
cells specifically [77]. Right now, different treatments and tests are used together to 
achieve a theranostic effect. This can be made even better with the use of NM-based 
theranostic nanoplatforms [78, 79]. Additionally, as oxygen is an important factor in
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Fig. 2 Mechanism of PTT treatment mediated by PEG-rGO-FA- indoleamine-2,3 dioxygenase 
(IDO) inhibition (IDOi) nanosheets in combination with IDO inhibition and programmed cell 
death-ligand 1 (PD-L1) blockage for enhanced antitumor immunity [74]

successful PDT, it is essential to overcome low oxygen levels in most solid tumors 
to ensure the best possible result [80]. Several combinations of PS and 2DNMs have 
been used for cancer therapy and diagnosis. 

Wang and his team made a new Fe3O4@MoS2@SDS nanocomposite. They 
used it to fight against many different types of bacteria including Escherichia coli, 
Methicillin-resistant, Staphylococcus aureus, and Pseudomonas aeruginosa. This 
nanocomposite, when exposed to NIR radiation, produces certain radical substances 
that can kill bacteria. Furthermore, Fe3O4@MoS2@SDS can effectively prevent the 
spread of antibiotic resistance genes through conjugative plasmids [81]. Cao and 
his team made a special system using a MoS2 QDs together with PEG and FA. 
This system is able to respond to changes in the body and carry DOX for both light 
treatment and standard chemotherapy. This tiny platform can change NIR light into 
Visible light. This light activates MoS2QDs and makes them produce ROS by using 
a special type of energy transfer that kills cancer cells. Under the use of NIR light, 
they found that combining different treatments was more effective than using only 
one treatment [82]. 

Recently, researchers have been studying MXenes and graphene for their optical 
loading properties use in the medical field, specifically as important components in 
tiny technology platforms for healthcare [83, 84]. Research in the field of theranostics 
began with using graphene-based material as carriers for both a treatment substance 
and imaging agent [78, 85]. This led to further studies on using nanotechnology-based 
PDT for more specific treatment of cancer. Graphene can capture light in the NIR
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region. This makes it possible to study its potential use for treating cancer using light 
therapy, both inside and outside the body [86, 87]. GO and MXenes can be used for 
imaging. GO-based nanoplatforms have a lot of potential for use in imaging because 
they can help make fluorescent materials better. GO can make these materials more 
stable, easier to spread out, safe for living things, and improve how well they work 
with light [88]. 

Scientists are looking into new and effective ways to treat cancer. Researchers are 
studying how these nanoplatforms can work together with other therapies to improve 
cancer treatment. Tian and his team combined PEG-GO with the Ce6 as PS using 
π-π stacking. The cervical cancer cells absorbed the substance and it caused the 
production of ROS when exposed to light. The use of GO-PEG-Ce6 in the treatment 
of cancer was more effective than using Ce6 on its own [79]. Huang and Collagenous 
suggested using GO as a carrier for Ce6. Similar to previous studies, Ce6 was attached 
to folic acid-functionalized GO by π-π stacking binding. The study found that the 
system can destroy gastric cancer cells when exposed to radiation [89]. In the same 
way, Zhou and colleagues effectively incorporated hypocrellin B (HB) as PS into 
GO by using π-π stacking interaction. They demonstrated that the substance could 
produce 1O2 when exposed to radiation [90, 91]. In this research, two substances 
called hypocrellin A and 7-ethyl-10-hydroxycamptothecin were put together on GO. 
When this combination was exposed to light, it caused more lung cancer cells to die. 
This shows that chemotherapy and PDT can work together to be more effective [90]. 

Recently, Zhang and colleagues suggested using Mo2C/MXene platform to create 
tiny particles that can be used for treating cancer. These particles can be used for 
different types of cancer treatment such as PTT and PDT as well as for imaging 
using sound waves and computerized scans. Furthermore, in this study, the ability 
to produce ROS was studied by observing changes in the absorbance of a substance 
called DPBF at a specific wavelength of light (420 nm) when exposed to NIR light 
at a wavelength of 1064 nm. This ROS generation was also confirmed by observing 
that the degradation of DPBF was prevented in the presence of NaN3, which can 
stop the activity of ROS. Additionally, a combination of PTT and PDT treatments 
on liver cancer cells (HepG2) in a lab setting showed that over 80% of the cells 
underwent apoptosis depending on the amount of treatment given. This confirms that 
the production of ROS played a key role in the effectiveness of the Mo2C-mediated 
PTT/PDT therapy. The effectiveness of treating liver cancer was tested by observing 
the tumor growth in mice. After 14 days of treatment, mice that had received a 10-
min NIR exposure with Mo2C injected into the tumor showed no regrowth of the 
tumor and it was completely destroyed. On the other hand, mice in the control group, 
who did not receive any radiation or received radiation without Mo2C, had a tumor 
volume that was 4 times larger. They studied the effects of Mo2C/MXene, which is 
a type of injection used in cancer treatment. They looked at blood-related factors, 
body weight, and examined tissues after death to see if it was safe. Their findings 
showed that Mo2C/MXene is a safe option for cancer treatment [92]. 

Liu and colleagues showed that tiny sheets of Ti3C2 MXene can be used as light-
sensitive substances for a PDT system. This method combines light therapy, heat 
therapy, and chemotherapy to work together and be more effective. The researchers
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studied the production of ROS when titanium carbide nanosheets (Ti3C2 NSs) were 
in the water. They used 1,3-diphenyli-sobenzofuran (DPBF) to detect a specific type 
of reactive oxygen species called singlet 1O2. When Ti3C2 NSs are exposed to NIR 
light at a wavelength of 808 nm for 10 min, DPBF absorbs less light at 420 nm, 
which indicates the presence of 1O2. They found that Ti3C2 functionalized with 
DOX created similar levels of ROS when exposed to the same treatment, allowing 
the use of both PDT and chemotherapy together [93]. Some 2DNMs that applied for 
PDT are summarized in Table 3. 

4 Biocompatibility of 2D-Based Hybrid Composite 

Due to their distinctive mechanical, optical, and physicochemical properties, 
2DNMs have emerged as promising materials for upcoming biomedical applica-
tions. Although 2DNMs have demonstrated significant promise in state-of-the-art 
biomedical devices, significant challenges still exist for the clinical application of 
such nanomaterials in drug delivery and therapy [106]. Indeed, the majority of them 
never have a chance to pass clinical trials as a significant portion of the research 
is devoted to the general strategy and greater effectiveness of their nanoscale item 
[106]. In other words, the risk of potential health problems limits the commonsense 
biomedical applications of nanomaterials. When the human body is exposed to the 
health risks of nanomaterials through various channels (e.g., ingestion, infusion, 
inhalation, skin contact, etc.). Then, these materials may undergo several variations 
including disintegration or agglomeration that may contribute to various levels of 
poisonous quality [107]. 

One of the biggest obstacles to the successful development of these highly advan-
tageous materials in medical applications is actually health issues, which rank among 
the most important challenges facing nanomaterials. As a result, it is urgent to design 
and adopt methods for evaluating the potential danger of these engineered nanoma-
terials [108]. A few characteristics, such as a high ratio of the surface-to-volume 
(expansive dynamic surface zone), can uncover cells to these fabricated nanoma-
terials as more often as possible, expanding cellular intuitive and thus raising the 
chance of poisonous quality [109]. Additionally, it is well known that cytotoxi-
city strongly relates with various physicochemical characteristics of nanomaterials, 
including size, shape, thickness, chemical composition, and toxicity of the nano-
materials [110]. Therefore, investigation on the risk of 2DNMs shows their great 
potential for support in the biomedical field due to their low level of cytotoxi-
city. However, modification of some properties (such as surface property, chemistry, 
etc.) can improve their biocompatibility while minimizing the antagonistic natural 
impact induced by 2DNMs [111]. Recent studies have concentrated on the short-
term cytotoxicity linked to these 2DNM applications, but they have also looked into 
other biosafety issues such as long-term cytotoxicity, genotoxicity, immunotoxicity, 
biodegradability, and solubility. We haven’t yet looked into other variables that affect 
sex [112, 113].
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4.1 Graphene Family 

The concept of biocompatibility pertains to the capacity of materials to interact with 
biological cells, tissues, or the anatomical system without eliciting deleterious effects 
[114]. The biocompatibility of biological cells toward graphene-based nanomaterials 
is contingent upon their inherent properties, which may render them either suitable or 
hazardous for cellular interactions [115]. The reactivity of living cells toward nano-
materials is contingent upon an array of factors including their layer count, lateral 
dimensions, degree of purity, dosage, surface chemical properties, and hydrophilic 
nature [116]. The heterogeneity in the surface chemistries of graphene nanomaterials 
is attributable to the diverse methodological approaches employed in their synthesis, 
as well as the range of molecules and polymers accessible for surface functional-
ization [117]. In vitro assessment of nanomaterial toxicity commonly involves the 
utilization of multiple prominent cellular lineages, including phagocytic cell types 
(such as macrophages) and non-phagocytic counterparts (such as endothelial and 
epithelial cells, cancer cells, and erythrocytes) [118, 119]. 

An essential aspect of the utilization of graphene nanomaterials for medical 
purposes is the precise comprehension of their mechanism of interaction with 
cells [120, 121]. The interactions between graphene-based nanomaterials and cell 
membranes possess the potential to result in detrimental effects such as cellular 
membrane impairment and cytotoxicity [116, 122]. Cell membrane phospholipids 
are composed of a phosphate moiety attached to two fatty acyl chains. The main head 
groups comprise choline, serine, glycerol, ethanolamine, inositol, and phosphatic 
acid. The diverse head groups present in phospholipids impart unique and discernable 
characteristics to these molecules. In addition, cellular membranes possess choles-
terol molecules that perform significant functions in stabilizing the structure of the 
membrane, upholding its fluid nature, and regulating the operations of proteins asso-
ciated with it [123, 124]. Untainted graphene that lacks charges on its basal plane 
is unable to engage in electrostatic interactions with phospholipids [125]. Neverthe-
less, it exhibits a propensity to partake in hydrophobic interactions with the lipid 
tails. Furthermore, graphene backbone interactions with the cholesterol residue have 
the potential to extract or eliminate cholesterol molecules from the cell membrane, 
thereby resulting in membrane damage [116]. 

Recently, researchers exhibited that GO was able to extract phospholipids from the 
cell membranes and induce surface pores. Cells became less viable as a result of this 
effect, eventually dying. They suggest that this is due to the visual solidity between 
the hydrophobic gaps of GO and the lipid tail carbons [122]. The cellular interactions 
are significantly influenced by the surface charge as well as the surface chemistry of 
GO. GO shows a notable negative charge density due to the presence of oxygenated 
functional groups. As a result, plausible electrostatic couplings between GO and 
the membrane lipids may take place. Within this particular context, the examination 
completed by Li and colleagues revealed that the surface functionalize group had 
significant effects on cellular interaction. A collection of five lipids was synthesized 
that harbored an identical 18-carbon alkyl chain, yet their head groups had varying



312 M. Abedi et al.

charges. Utilizing the Langmuir monolayer technique, investigations were conducted 
to examine the interactions between these lipids and GO [126]. The researchers 
discovered that GO can engage in electrostatic interactions with lipid head groups 
possessing positive charges. However, no such interaction was observed with lipid 
head groups that are either neutral or negatively charged. It is a well-established fact 
that the electrical charges of phospholipids present in mammalian cell membranes 
lean toward negative or neutral polarity. It is improbable that negatively charged lipids 
would exhibit an attractive force toward GO possessing equivalent negative charges 
[127]. The findings suggest that GO with a negative charge experiences electrostatic 
repulsion when interacting with lipids bearing a similar charge [127]. 

Furthermore, the adsorption of GO onto said lipids is also facilitated by 
hydrophobic interactions between them, particularly in situations where the GO 
has a negative charge. The evidence supporting this inference is documented in the 
reference. The present study reveals that GOs possess the ability to cause perturba-
tions in the cell membrane through hydrophobic interactions, even in the absence 
of cell penetration [127]. Li and colleagues have recently explored the impact of 
the surface chemistry of GO on its interactions with lipid membranes. Pristine GO, 
hydrated GO (hGO), and rGO were utilized in this investigation. The authors have 
reported that hGO can trigger lipid peroxidation of the surface membrane, thereby 
causing membrane lysis and compromising cellular integrity [128]. The surface of 
rGO harbors free radicals endowed with reactivity as a consequence of the exis-
tence of unpaired electrons, which promote facile interaction with oxygen, ultimately 
resulting in the formation of superoxide radicals. These radicals bestow the capacity 
to instigate oxidation processes that lead to the generation of lipid peroxides by 
means of their interaction with unsaturated lipids and thiol groups of proteins. Conse-
quently, there was a breakdown of the integrity of the cellular membrane resulting in 
the demise of the cell. The epoxy moiety present in pristine GO is known to generate 
carbon radicals, albeit to a relatively lesser degree as compared to hydroxylated GO. 

In addition to the interactions between lipid membranes and nanomaterials, it has 
been observed that graphene-based nanomaterials have the capability to penetrate 
the cytoplasm owing to their small size and sharp edges. It has been observed that 
these agents have the ability to readily traverse the cell membrane, resulting in delete-
rious effects on the membrane and consequent release of intracellular content. Upon 
inhabiting living cells, they have the potential to instigate toxicity by generating 
ROS [116]. These ROS can trigger mitochondrial dysfunction by decreasing mito-
chondrial membrane potential (MMP), and also cause damage to the cell membrane 
by facilitating the release of lactate dehydrogenase (LDH). ROS has the ability to 
initiate the process of lipid peroxidation by reacting with unsaturated fatty acids of 
membrane lipids, resulting in the formation of lipid peroxides, including malondi-
aldehyde (MDA). The outcomes of the study indicate that GO possesses the ability 
to stimulate both extracellular and intracellular ROS production, even at minimal 
dosages, in a fashion that is reliant on both dose and time. Hence, the generation 
of ROS, impairment of mitochondrial function, and release of LDH are the primary 
mechanisms associated with cell death [129].
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The potential for nanomaterials to infiltrate the nucleus has implications for direct 
interaction with DNA and the potential for genotoxic effects to occur. Moreover, the 
biocompatibility and toxic effects of graphene nanomaterials can be influenced by 
various factors, including but not limited to the dosage of graphene administered, 
duration of exposure, type of cell or animal utilized in experimentation, and the 
method employed to evaluate cell viability, in both in vitro and in vivo contexts. 
Consequently, an accurate comprehension of the interplay between graphene-derived 
nanomaterials and biological entities, as well as their deleterious implications, is 
imperative for the advancement and secure application of such nanomaterials [116]. 

Several studies have demonstrated the biodistribution and in vivo toxicology of 
graphene and its functionalized derivatives following varied routes of animal admin-
istration. Liu et al. conducted a study investigating the toxicity and biodistribution 
of GO, which was dependent on its size and dosage [130]. The researchers observed 
that S-GO demonstrated primary deposition in the liver, while minimal aggregate 
formations were found in the lung and spleen. When examining the comparative 
behavior of GO particles of differing sizes, it was observed that intermediate-sized 
GO demonstrated a higher degree of accumulative behavior in the pulmonary system. 
Moreover, upon the passage of 180 min, intermediate-sized GO maintained a residual 
amount of approximately 19%, highlighting its potential for prolonged residence and 
sustained impact [130]. Analysis using transmission electron microscopy revealed 
that s-GO was found to accumulate within phagocytes, while GO particles above 
a size threshold of 1 μm were localized in the cellular interstitial space within the 
lungs [116]. 

In a separate investigation, Kurantowicz and colleagues conducted an inquiry 
into the intraperitoneal toxicity of GO, graphite, and nanodiamonds among female 
Wistar rats of six weeks. The administration of NP suspension commenced at a 
dosage of 4 mg/kg after a period of three days and was continued for either four 
or twelve weeks. Following a period of 1–3 months, the mice were subjected to 
euthanasia, and both their livers and blood samples were extracted for subsequent 
analyses [131]. The investigators identified clusters of NPs in the peritoneal cavity 
proximal to the injection site. The present study observes the presence of minute 
aggregates in the mesenteric and liver serosal membranes, thereby providing evidence 
for the efficient transportation and accumulation of NPs in the liver. During the 
observation period of either 4 weeks or 12 weeks, no significant deterioration in 
health was observed in relation to any of the tested NPs, namely GO, graphite, 
or nanodiamond. The conventional practice involves conducting blood tests and 
evaluating the levels of liver enzymes to ascertain normal liver functional ability 
and sound biocompatibility. When observed through a microscope, the lungs exhibit 
granulomatous reactions alongside interstitial fibrosis, necrosis, and notable vascular 
sclerosis [132]. Occasionally, extensive necrosis of tissues may lead to the formation 
of sizable cavities that contain a thick, dark fluid composed of fatty material. Objects 
that do not contain asbestos and contain black graphite cores exhibit similarities to 
the iron-containing materials that are typically encountered following exposure to 
asbestos. These materials are dispersed in the lungs and are occasionally discernible 
in sputum [115, 133].
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4.2 MXenes 

Currently, there exists a body of research investigating the potential biological appli-
cations of various MXenes. The biomedical utilization of Titanium Carbide MXene 
is constrained. The various carbide MXenes, including Titanium Carbide MXene 
(Ti2CTx), Tantalum Carbide MXene (Ta4C3Tx), and Niobium Carbide MXene 
(Nb2CTx) have been applied in biomedical devices [134–136]. Among the members 
of the MXene family, the extensively researched one is Ti3C2Tx, primarily attributed 
to its comparatively simple synthesis procedures [137]. One of the appealing char-
acteristics of MXene is its notable proficiency in near-infrared absorption, which is 
conducive to theranostic applications, PTT, and the collaborative treatment of cancer 
[138, 139]. 

Furthermore, MXenes have been utilized as biosensors and for bioimaging 
following their conversion into quantum dots [140–142]. Despite the growing scien-
tific inquiry into the potential applications of MXene, there is a paucity of research on 
its cytotoxicity. Broadly speaking, the employment of 2D MXenes in the domain of 
biomedicine remains at a nascent stage of development. In order to facilitate the trans-
lation of lab-scale experimentation with MXenes into practical applications within 
the biomedical industry, a rigorous evaluation pertaining to the biocompatibility and 
cytotoxicity of MXenes ought to be conducted [143]. 

The majority of scholarly investigations pertaining to the cytotoxicity of MXene 
have been concentrated on the subject of in vivo and in vitro toxicity [144–147]. 
The objective of these studies is to evaluate the interplay between cancerous and 
non-cancerous epithelial cell lines with several types of MXenes. Jastrzębska and 
colleagues conducted an inquiry into the in vitro cytotoxic potential of delaminated 
Ti3C2Tx MXene on four distinct cell lines, namely A549 and A375 (cancerous) 
and MRC-5 and HaCaT (normal), utilizing the MTT assay. The findings indicate 
that the Ti3C2Tx MXene, when present in a concentration below 62.5 mg/L, exhibits 
negligible cytotoxic effects. The findings from the microscopic images of the Ti3CTx 
MXenes revealed a notable degree of agglomeration on the cell surface, attributed 
to the pronounced attraction between MXene and the cell membrane [148]. 

The cytotoxicity of Ti3C2MXene was observed to be contingent upon the specific 
cell lines evaluated. The cell viability of cancerous A549 cells was found to be signif-
icantly lower (ranging from 20 to 90%) in comparison to various other normal cell 
types (with a range of 70–100%), and this disparity was contingent upon the concen-
tration of Ti3C2 MXene. In addition, it was observed that the Ti3C2Tx MXenes 
exhibit toxicity toward cancer cells. The normal cells were found to have experi-
enced a minimal reduction in their viability. It has been demonstrated that the mech-
anism of response underlying the toxicity exhibited on cancer cells is attributable 
to the generation of ROS, the levels of which surpass the established threshold of 
oxidative stress for such cells. This phenomenon ultimately results in the dyeing 
of malignant cells [148]. The Ti3C2 material exhibits a negative zeta potential, 
which can be attributed to terminal functional groups such as –F, –OH, and = 
O, as well as the surface passivation of TiO2. The robust electrostatic interaction
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between the negatively-charged surface of MXene and the positively-charged phos-
phatidylcholine lipid results in a compromised cellular membrane integrity [120]. 
Scheibe et al. conducted an investigation into the in vitro cytotoxic impacts of various 
Ti3C2Tx MXenes and corresponding precursors on human fibroblasts and HeLa cells. 
The study findings revealed that the exposure of cells to increased concentrations of 
TiC triggered significant harmful impacts on cell viability, originating from mechan-
ical stress and the generation of oxide radicals. According to their findings, Ti3C2Tx 

MXene appears to exhibit a cytocompatibility rate of over 80% when administered to 
non-malignant cells within the concentration range of 10–400 μg/mL. The findings 
indicate that MXenes exhibit cytotoxicity effect that is influenced by the dose and 
chemical composition. 

The prior research has provided insight into the mechanism by which the cytotox-
icity of MXene originates. The primary mechanism of toxicity attributed to MXene 
involves the production of ROS and physical interaction. Intracellular ROS can 
induce protein and DNA damage ultimately culminating in cell death upon the infil-
tration of MXene through cellular membranes in the presence of water, triggering 
ROS generation. The hydroxyl radical (·OH) and its reactive oxidative species (ROS) 
are of significant interest to researchers in various fields. This highly reactive and 
unstable molecule has been implicated in a range of biological processes, including 
aging, inflammation, and cancer. Studies have shown that ·OH can damage lipids, 
proteins, and DNA, leading to cellular dysfunction and ultimately, disease. However, 
the intricate mechanisms by which ·OH mediates these effects are not fully under-
stood. This highlights the need for further investigation into the biology of OH and 
ROS, as well as their potential therapeutic implications. 

An additional mechanism underlying the toxicity of MXene pertains to its robust 
adherence to the cellular membrane. The direct interaction between MXene and the 
cell membrane is facilitated through an array of fundamental physicochemical forces, 
including ionic interaction, hydrophobic interactions, van der Waals forces, as well 
as receptor-ligand binding. Consequently, membrane destabilization ensued along 
with the impairment of cellular integrity. The interaction between MXene and the 
cell membrane leads to the accrual of MXene, culminating in cell demise [149]. 

Furthermore, besides considering the oxidative state of MXenes, another impor-
tant factor to take into account when studying them is their size. There is a sugges-
tion that these substances may exhibit cytotoxic properties toward living organisms, 
including microbes. In a recent study, ArabiShamsabadi et al. systematically investi-
gated the impact of varying lateral dimensions of Ti3C2 MXene nanosheets, ranging 
from 0.09 to 4.40 μm, on the inhibition of Bacillus subtilis and Escherichia coli. 
Their findings suggest Ti3C2 MXene nanosheets with reduced lateral dimensions 
(0.09 μm) exhibit superior antimicrobial efficacy against bacterial species. This 
phenomenon can be attributed to the diminutive lateral dimensions of MXene, which 
facilitate its facile penetration into the cytosol, resulting in damage to the cytoplasmic 
constituents in the bacterial DNA [144]. Wu and colleagues endeavored to investi-
gate the cytotoxic properties of Ti3C2 nanosheets utilizing a select methodology. 
The transmission electron microscopy (TEM) findings reveal that the incorporation 
of Ti3C2 nanosheets with a width of 2 μm occurred within the neural stem cells at
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concentrations exceeding 25 μg/mL. This study indicates that the cellular viability 
subsequent to the application of MXene was contingent upon the lateral dimensions 
of the MXene sheet [150]. 

4.3 Chalcogenides 

In contemporary scholarly discourse, considerable attention has been directed toward 
the investigation of 2D TMDs among the diverse range of chalcogenides. Amongst 
these, there exist TMDs that have received considerable attention with regard to 
their in vitro assessments, namely MoS2, WS2, and WSe2 [151]. Primarily, the MoS2 
nanomaterials from the TDG cohort have received the greatest amount of research 
attention. The biocompatibility of the materials was further examined utilizing cell 
lines including leukemia, lung carcinoma, and human embryonic epidermal fibrob-
lasts cells [152]. Upon exposure of the human embryonic epidermal fibroblasts cell 
line to the highest concentration of 3.52 mg of substance 1 for a duration of 48 h, 
it was observed that the administered particles did not produce any considerable 
effect on the cell growth. However, the present study revealed that the administration 
of 3.52 mg/l of MoS2 particles solely resulted in roughly 10% of cellular demise, 
thereby reflecting a considerably elevated level of inherent toxicity. 

Of the various TMDs, those containing sulfur (S), tellurium (Te), polonium (Po), 
or selenium (Se) are prevalent in their availability. Upon decomposition, the chalco-
genides liberate unbound Te or Se moieties which are responsible for inducing 
pronounced toxic effects in both human organisms and the surrounding environ-
ment [153, 154]. It has been established that elevated levels of Selenium (Se) pose 
significant deleterious health effects in animals, including but not limited to alopecia, 
vision impairment, and premature mortality [155]. Moreover, the exposure of indi-
viduals to acute Te has been observed to result in the suppression of sebaceous 
and salivary glands, in conjunction with the paralysis of the secretory nerves, and 
a significant occurrence of inactivity [156]. Furthermore, introduction of either of 
these two moieties, including chalcogenides, can lead to substitution of sulfur iota 
within proteins and peptides [157]. 

Furthermore, while pursuing the advancement of two-dimensional materials based 
on Te or Se, noxious gases, such as H2Se or H2Te, are emitted, posing a detrimental 
impact on both the natural environment and the ecosystem [158]. In addition to the 
chemical composition of the materials, it has been demonstrated that the exfoliation 
technique can profoundly impact the in vitro and in vivo behavior of transition 
metal dichalcogenide (TMD) materials, as well as their potential for toxicity. As 
an illustration, when compared with MoS2, the lithographically-exfoliated printing 
plate of MoS2 (Lit-MoS2) and Pluronic F87 (PF87-MoS2) dispersed the material to a 
greater extent. This dispersion had detrimental effects on cells, including significant 
inflammatory and pro-fibrotic responses [159]. In comparison to Agg-MoS2, it is  
advocated (reported) that 2D-MoS2 nanomaterials exhibit a higher level of safety in 
relation to lung injury.
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Moreover, in a separate investigation, Yin et al. substituted the surface of MoS with 
chitosan, resulting in an augmentation of biocompatibility. Consequently, a decline 
was noted in the KB and Panc-1 cell lines, which respectively belong to human epithe-
lial cancer [160]. In vitro findings suggest that surface modification of 2D nanosheets 
can effectively mitigate the toxicities associated with these materials, rendering them 
suitable for biomedical applications with minimal risks. In addition, atomically thin 
TMDCs exhibit a diverse range of advantageous characteristics, including robust 
photothermal response, fluorescence, and modest conductivity, which hold signif-
icant promise for numerous biomedical applications. Nonetheless, these materials 
lack inherent biocompatibility and necessitate supplementary functionalization for 
their successful integration into biological systems. Additionally, it may be neces-
sary to implement supplementary functionalization to augment the sensitivity of 
diagnostic utilities or to bestow additional functionalities upon TMDCs, such as 
drug delivery, DNA sensing, or contrast imaging. The functionalization process of 
TMDCs is deemed relatively straightforward owing to their remarkable surface-
to-volume ratio. This process can be achieved through non-covalent or covalent 
methods. 

Non-covalent functionalization is frequently applied to TMDCs during experi-
mentation. Maintaining the intrinsic characteristics of 2D TMDC is of crucial signif-
icance, particularly in scenarios where extraction of their functional groups is an 
integral part of the diagnostic or delivery mechanism. The functionalization process 
typically entails the physisorption of the intended probe or drug carriers onto the 
comparatively expansive basal plane of the TMDC, thereby enabling optimal loading 
and engagement with the neighboring milieu. The process of covalent modification 
entails the creation of chemical bonds between the targeted chemical group and 
the surface of the TMDC with the purpose of functionalization. The occurrence of 
this phenomenon can be attributed to particular reaction mechanisms, such as thiol 
chemistry in the context of sulfur-containing TMDCs [161, 162]. 

Moreover, in spite of the fact that the cytotoxicity of TMDCs in organic frame-
works has appeared to be generally low, the instruments taking put some time recently 
and after its cellular take-up or utilize as a restorative specialist has not been totally 
caught on however, particularly its bio-distribution, debasement within the body and 
its ensuing excretion. Harmfulness to non-targeted zones (sits) of the organic frame-
work has too not been thoroughly considered however and will be fundamental 
some time recently any clinical trials can take put. 2DNMs, aside from TMDCs, 
namely boron nitride (BN) and graphene, possess the potential for functionaliza-
tion and may provide practical benefits when applied in conjunction with TMDCs 
in biological systems. The functionalization of TMDCs for biomedical applications 
remains in its early developmental phase, yet it has demonstrated substantial poten-
tial as a novel nanomaterial capable of facilitating synergistic therapy, multi-modal 
imaging, highly sensitive biosensing, and externally regulated in vivo drug release. 
This unique capability has proven difficult due to present biodegradable materials 
such as liposomes, nanocrystals, micelles, and hydrogels [163–165]. Consequently, 
there are significant opportunities and requisite efforts for the functionalization of
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TMDCs in order to render them genuinely practicable nanomaterials in the arena of 
biomedical applications. 

4.4 2D Oxides 

Numerous 2D oxides exhibit pronounced reactivity and toxicity, particularly when 
they are observed in the form of NPs. This is attributed to their manifestation of 
augmented catalytic performance and elevated dissolution rates with a reduction 
in the size of the 2D metal oxide. An example of a metal oxide exhibiting two-
dimensional properties is V2O5. This compound possesses significant toxicity and 
is well-recognized for its status as a highly poisonous substance [166]. The present 
2D material is abundantly released in the atmosphere through natural phenomena 
such as volcanic eruptions and forest fires, thereby posing a significant threat to the 
environment. Additionally, it is known to exhibit genotoxic effects [167]. Research 
conducted by Uche et al. exhibited that exposure to V2O5 has deleterious effects 
on the liver and testes of guinea pigs, as well as inhibits the developmental stage 
of mice [168]. Similarly, MoO3, a 2D oxide material, exhibits notable toxicological 
characteristics. Whilst this 2D material serves as the building block for other 2D 
materials, such as MoS2, its impact on human and animal health has also been 
documented. An illustration of this scenario can be observed in the case of MoO3 

solids, whereby the ingestion of doses of 1. 2–6 g has been demonstrated to result 
in mortality in both guinea pigs and rats [158]. Nonetheless, the manifestation of 
toxicity is contingent solely upon the solid state of MoO3, whereas the existence of 
gaseous MoO3 does not elicit any lethal effects. 

Numerous investigations have indicated that CuO NPs exhibit cytotoxic features 
across various cell lines. The aforementioned phenomenon has been observed in 
the study conducted by Morris et al. wherein it was exhibited that the size of NPs 
elicits a toxic response in Beas-2B cells that is sensitive to serum [169]. The study 
revealed that the implementation of CuO NPs served as stimuli and prompted the 
squamous differentiation of Beas-2B cells in the presence of serum. Furthermore, 
the present study investigated the cellular internalization of CuO NPs of differing 
dimensions. The findings revealed a reduction in the hydrodynamic diameter upon 
exposure to serum within the cell culture medium. Additionally, it was observed that 
the serum augments the aggregate cell area and induces dose-dependent cytotoxicity 
in CuO NPs of greater diameters. As such, the present investigation has demonstrated 
that the dimensions of CuO NPs, coupled with the associated serum levels in cellular 
culture, exert a discernible influence on the efficacy of Beas-2B cells. It can be inferred 
that the toxicity of CuO NPs is influenced by various factors such as particle size, 
shape, surface properties, chemical composition, and concentration [170]. Numerous 
studies have demonstrated that the toxicity of NPs is significantly influenced by the 
surface coatings they possess. The application of chitosan as a coating material for 
copper NPs has been demonstrated to mitigate the adverse impact of in vitro toxicity, 
while concurrently limiting the occurrence of inflammatory response in pulmonary
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cells [171]. Further investigation into the physical and chemical characteristics of 
NPs, encompassing attributes such as dissolution kinetics, surface modifications, and 
route of exposure, is essential to gain an improved understanding and mitigate the 
toxicity associated with 2DNMs [172]. 

5 Conclusion 

The unique physicochemical properties of 2DNMs, such as their large surface area, 
simplicity of functionalization, photothermal ability, luminous ability, and high ion 
mobility, make them attractive for application in cancer diagnosis and therapy. The 
2DNMs offer a number of benefits over traditional pharmaceuticals, including excel-
lent stability, biocompatibility, increased permeability, and precise targeted admin-
istration. A greater capacity for loading drugs is afforded by the larger surface area. 
Oxygen-containing groups that are found in 2DNMs are easily functionalized with 
a wide variety of functional groups, including polymers, ligands, and other NMs. 
Particularly noteworthy is the possibility that functionalizing 2DNMs with PEG may 
improve their biocompatibility, drug loading capacity, and stability. An additional 
discovery that is worthy of notice is that the PTT may be enhanced by the straight-
forward synchronization of 2DNMs, such as functionalization, changes in thera-
peutic state, and prolonged exposure to NIR. 2DNMs may also help achieve further 
imaging and integrated therapeutic features. It is hypothesized that 2DNMs’ partic-
ular or targeted drug delivery capacity is improved by tumor ligands that connect with 
them. Surface-functionalized or coated 2DNMs have the potential to serve as a nano-
platform for the detection and treatment of cancer. Since exposure to 2DNMs can 
cause serious health problems, studying their biocompatibility is an important area 
of study. According to the available research, 2DNMs may generate oxidative stress 
and ultimately lead to cell death when exposed to larger doses over longer periods of 
time. In addition, 2DNMs’ biocompatibility may be improved by functionalization. 
However, other investigations showed that 2DNMs were not hazardous to healthy 
cells at all, but they were very toxic to cancer cell lines. Toxic effects of 2DNMs can 
differ between cell lines and materials utilized to make them. The study of 2DNMs’ 
interactions with different cell lines is of the utmost importance. To summarize, 2D-
NMs are distinct and promising nanomaterials for improved cancer diagnostics as 
well as cancer treatment, and the therapeutic limits of these nanomaterials may be 
circumvented with the assistance of various pharmacological and physicochemical 
approaches.
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Two-Dimensional (2D) Based Hybrid 
Polymeric Nanoparticles as Novel 
Potential Therapeutics in the Treatment 
of Hepatocellular Carcinoma 

Alok Raghav and Goo-Bo-Jeong 

Abstract Liver cancer, or primary hepatic malignancy, accounts for the sixth most 
common form of human cancer worldwide, and among this, 90% of liver cancer 
cases exhibit hepatocellular carcinoma (HCC). Due to several associated limitations, 
current drug-based therapies for treating HCC are insufficient for an effective and 
efficient approach. Combination therapies with two-dimensional (2D) hybrid nano-
materials enhance the performance of the biocompatible nanomaterials in HCC treat-
ment. 2D hybrid nanomaterials delivered an effective potential in ablating tumours. 
Many researchers exploited the 2D hybrid nanomaterials in the treatment and diag-
nostic of various diseases including graphene oxide, reduced graphene oxide, tran-
sition metal dichalcogenides (MoS2, WS2, MoSe2, NbSe2, TiS2, ZrS2, TaS2, and 
WSe2), g-C3N4, transition metal oxides (TiO2 and MnO2), layered double hydrox-
ides, hexagonal boron nitride, black phosphorus, boron nitride, bismuth selenide, 
and MXenes, but here we explored their potential in effective treatment of HCC. 
The market potential of nanomaterials is widely expanding due to their potential 
to overcome several limitations associated with pharmacological-based treatment 
approaches commercially available, including side effects, bioavailability, stability, 
and efficiency. 

1 Introduction 

Liver cancer, or primary hepatic malignancy, accounts for the sixth most common 
form of human Cancer worldwide and among this, 90% of the liver cancer cases 
exhibit hepatocellular carcinoma (HCC) [1, 2]. The major risk factors for HCC 
include hepatitis B and C infections, fatty liver disease, and excess alcohol intake 
[3]. Among these risk factors, hepatitis B virus infection is among the prominent
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risk factors for developing HCC, which alone accounts for 50% of cases [4]. Unre-
lenting virological response (UVR) with the usage of antiviral drugs has significantly 
diminished the risk of HCC attributed to hepatitis C virus infection [5]. However, 
in the West, nonalcoholic steatohepatitis (NASH) attributed to metabolic disorders, 
including diabetes mellitus and obesity, is increasing at an alarming rate, contributing 
to the aetiology of HCC [6, 7]. Age is also considered to be the contributory risk factor 
in the progression of nonalcoholic fatty liver disease (NAFLD) related HCC. One 
of the previously published studies observed that patients with NAFLD-attributed 
HCC were more aged compared to virus-associated HCC [8]. Age-associated gut 
microbiota modulation in patients presenting NAFLD is also considered to be at 
high risk of developing HCC [9]. The global age-standardized rate of primary liver 
cancer per 100,000 populations in 2019 by country and territory is shown in Fig. 1.

World Health Organization (WHO) considers liver cancer the prime cause of 
cancer-related mortalities worldwide. It is also estimated that in the year 2020, about 
0.83 million people died due to it [10]. In Asia, HCC is among the most common 
forms of liver cancer, accounting for 0.5 million deaths with 0.6 million new cases in 
2020 [11, 12]. Asian men demonstrated higher incidence and mortality compared to 
Asian women, making it fourth highest incidence and second highest mortality. More-
over, among Asian women, liver cancer accounted for the seventh-highest incidence 
and sixth-highest mortality in 2020 [10], as shown in Fig. 2.

A sharp decline in the average annual percent change (AAPC) in incidence rates 
was observed in cases of liver cancer in South Korea (−2.2%), Japan, China (−1.6%), 
and the Philippines (−1.7%) as documented by a previously published study [12]. 
On the contrary, South-Western Asian countries, including Israel, showed a hike in 
AAPC [12]. In another report published by GLOBOCAN 2020, countries including 
Iran, Afghanistan, Qatar, Azerbaijan, Iraq, and Nepal also showed a worrying trend 
[13]. Studies demonstrated that eastern Asia, northern Africa, and Micronesia had 
the highest incidence rates, while the highest mortality rates were shown by eastern 
Asia, northern Africa, and south-eastern Asia [14, 15]. With the increased incidence 
and mortality rates of HCC in several parts of the world, it is necessary to focus on 
such issues with newer technologies and interventions. 

Several staging approaches were fabricated to classify HCC, including Hong 
Kong Liver Cancer (HKLC), Cancer of the Liver Italian Program (CLIP), Okuda, 
Barcelona Clinic Liver Cancer (BCLC), American Association for the Study of Liver 
Diseases (AASLD) [16, 17]. Among these staging approaches, the latter two were 
widely used worldwide. Some other staging regimes involve the classification of HCC 
using molecular genetics, metabolism, immunological properties, and chromosomal 
arrangements [18]. 

Current interventional approaches for HCC include liver resection, transplanta-
tion, transarterial therapy, the implication of tyrosine kinase inhibitors (systemic 
therapy), and local ablative therapy. Moreover, along with conventional thera-
pies, several drugs, including sorafenib, lenvatinib, atezolizumab, and bevacizumab, 
along with chemotherapeutic agents such as doxorubicin (DOX), showed restricted 
effects along with associated extrinsic and intrinsic drug resistance [19]. Table 1 
demonstrates the clinical trials of a combination of drugs.
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Fig. 1 The global age-standardized rate of primary liver cancer per 100,000 populations in 2019 
by country and territory. (A) ASMR in 2019; (B) ASIR in 2019; and (C) ASDR in 2019. ASMR, 
age-standardized mortality rate. ASIR, age-standardized incidence rate. ASDR, age-standardized 
DALYs rate (Adopted from Reference No. 3 under the terms of the common creative license 4.0)

Despite multiple pharmacological interventions, treatment of advanced-stage 
HCC does not fulfill the standard health outcomes. Such unsatisfied outcomes may be 
attributed to several reasons, including drug-associated adverse effects, low bioavail-
ability, high toxicity, non-specific delivery of pharmacological agents, high cost 
at large-scale production, immune complications, and anaphylactic responses [20].
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Fig. 2 Estimated age-standardized incidence rates (ASIR) of primary liver cancer in Asia in 2020. 
Graph production: IARC (http://gco.iarc.fr/today), World Health Organization

Table 1 Clinical trials of combination therapy for advanced HCC 

Name Study type Drugs Target 

NCT03434379 Phase II Atezolizumab Bevacizumab PDL-1 

NCT03794440 Phase II/III Sintilizumab VEGF 

NCT03463876 Phase II Camerlizumab PDL-1 

NCT03764293 Phase III VEGF 

NCT03006926 Phase Ib Lenvatinib Multikinase 

NCT03713593 Phase III PD1

Novel nanomaterial-based theranostics is widely implicated in drug delivery, diag-
nosis of severe to rare diseases, wound dressings, and cancer treatment. The market 
potential of nanomaterials is widely expanding due to their potential to overcome 
several limitations associated with pharmacological-based treatment approaches 
commercially available, including side effects, bioavailability, stability, and effi-
ciency. Several published literature exploited the potential of 2D-nanomaterials 
because these exhibit ultra-thin architectures (thickness of at least one atomic layer) 
with good physical characteristics (high surface-area-to-volume ratio) and stability 
(high atoms presence). Some of the potential 2D nanomaterials include graphene, 
graphene oxide (GO), Transition metal dichalcogenide (TMDs), and Transition metal 
oxides (TMOs) [21–23]. To overcome such limitations, researchers are now exploring 
the possibility of using two-dimensional (2D) hybrid polymeric nanoparticles as 
novel theranostics for treating HCC.

http://gco.iarc.fr/today
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Liver cancer or primary hepatic malignancy accounts for the sixth most common 
form of human Cancer worldwide, and among this, 90% of liver cancer cases exhibit 
hepatocellular carcinoma (HCC) [2, 24]. The major risk factors for HCC include 
hepatitis B and C infections, fatty liver disease, and excess alcohol intake [25]. 
Among these risk factors, hepatitis B virus infection is among the prominent risk 
factors for developing HCC, which alone accounts for 50% of cases [26]. Unrelenting 
virological response (UVR) using antiviral drugs has significantly diminished the 
risk of HCC attributed to hepatitis C virus infection [5]. However, in the West, 
nonalcoholic steatohepatitis (NASH) attributed to metabolic disorders, including 
diabetes mellitus and obesity, is increasing at an alarming rate, contributing to the 
aetiology of HCC [6, 7]. Age is also considered to be the contributory risk factor 
in the progression of nonalcoholic fatty liver disease (NAFLD) related HCC. One 
of the previously published studies observed that patients with NAFLD-attributed 
HCC were more aged compared to virus-associated HCC [27]. Age-associated gut 
microbiota modulation in patients presenting NAFLD is also considered to be at high 
risk of developing HCC [9]. 

World Health Organization (WHO) considers liver cancer the prime cause of 
cancer-related mortalities worldwide. It is also estimated that in 2020, about 0.83 
million people died due to it [28]. In Asia, HCC is among the most common forms 
of liver cancer, accounting for 0.5 million deaths, with 0.6 million new cases in 2020 
[12, 29]. Asian men demonstrated higher incidence and mortality compared to Asian 
women, making it fourth highest incidence and second highest mortality. Moreover, 
among Asian women, liver cancer accounted for the seventh-highest incidence and 
sixth-highest mortality in 2020 [28]. A sharp decline in the average annual percent 
change (AAPC) in incidence rates was observed in cases of liver cancer in South 
Korea (−2.2%), Japan, China (−1.6%), and the Philippines (−1.7%) as documented 
by a previously published study [12]. On the contrary, South-Western Asian coun-
tries, including Israel, showed a hike in AAPC [12]. In another report published by 
GLOBOCAN 2020, countries including Iran, Afghanistan, Qatar, Azerbaijan, Iraq, 
and Nepal also showed a worrying trend [13]. Studies demonstrated that eastern Asia, 
northern Africa, and Micronesia have the highest incidence rates, while the highest 
mortality rates were shown by eastern Asia, northern Africa, and south-eastern Asia 
[15, 30] (Figs. 1, 2, and 3). With the increased incidence and mortality rates of HCC 
in several parts of the world, it is necessary to focus on such issues with newer 
technologies and interventions.

Several staging approaches were fabricated to classify HCC, including Hong 
Kong Liver Cancer (HKLC), Cancer of the Liver Italian Program (CLIP), Okuda, 
Barcelona Clinic Liver Cancer (BCLC), American Association for the Study of Liver 
Diseases (AASLD) [16, 31]. Among these staging approaches, the latter two were 
widely used worldwide. Some other staging regimes involve the classification of HCC 
using molecular genetics, metabolism, immunological properties, and chromosomal 
arrangements [18]. 

Current interventional approaches for HCC include liver resection, transplanta-
tion, transarterial therapy, the implication of tyrosine kinase inhibitors (systemic 
therapy), and local ablative therapy. Moreover, along with conventional therapies,
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Fig. 3 Overview of the targeted agents approved for HCC. ATEZO atezolizumab, BEV beva-
cizumab, CAM camrelizumab, LEN lenvatinib, PEM pembrolizumab, NIV nivolumab, IPI ipil-
imumab ( (Adopted from Reference No. 19 under the terms of the common creative license 
4.0)

several drugs, including sorafenib, lenvatinib, atezolizumab, and bevacizumab, along 
with chemotherapeutic agents such as doxorubicin (DOX), showed restricted effects 
along with associated extrinsic and intrinsic drug resistance [32]. 

2 Epidemiology of Hepatocellular Carcinoma 

Hepatocellular carcinoma is one of the primary causes of mortality among patients 
with chronic liver diseases. Despite available data, there is a great disparity among the 
regions reflecting India’s prevalence and etiological considerations. National Cancer 
Registry Program (NCRP), which coordinates with the Indian Council of Medical 
Research (ICMR) and the National Centre for Disease Informatics and Research 
(NCDIR), Bengaluru, from 28 Population-Based Cancer Registries (PBCR) and 58 
Hospital-Based Cancer Registries (HBCR) for the period between 2012 and 2016, 
does not specifically mention about liver cancer. In India, the first Cancer Registry 
was conducted by the Indian Cancer Society (ICS), covering a large population 
size from Mumbai, Pune, Aurangabad, and Nagpur. Hence, due to these limita-
tions, it doesn’t represent the entire country. According to India, the mortality due 
to HCC in the male population was estimated to be 6.8/100000, according to the 
ICMR consensus document [33]. In the Asian population, hepatitis B Virus and 
Hepatitis C virus are among the significant causes of HCC. However, NAFLD is also 
among the contributory cause of HCC [34]. Tertiary care centres in India demon-
strate a large number of HCC cases [35–39]. One of the previously published studies
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reported that HCC incidence was 2.8/100000 in the population in the year 2015; 
among them, males contributed 3.9 while females contributed 1.6 [39]. Another 
study found that the incidence of HCC in patients with liver cirrhosis was 1.6/100 
persons [36]. Another prospective study from Kerala over the period of 2 years (2018 
to 2020) was accepted as the largest survey practiced in India [40]. Liver Imaging 
Reporting and Data System (LI-RADS) and computerized tomography/magnetic 
resonance imaging (CT/MRI) scan along with liver biopsy are some of the diag-
nostic tools of HCC according to the Indian National Association for Study of the 
Liver (INASL) consensus [41]. It is comforting to note that hepatitis B virus (HBV) 
as an etiological factor has contributed to only 7% of the entire cohort, indicating the 
reaping benefit of successful HBV vaccination in the state and high literacy rate. A 
recently published cohort study from 2007–2009 to 2013–2015 found that NAFLD 
is among the most common etiological factors for HCC [42]. 

3 Pathophysiology of Hepatocellular Carcinoma 

The pathophysiology of HCC exhibits complex multifactor mechanisms. HCC 
progression and hepatocytes’ malignant transformation depend on the interplay 
between various factors, including genetic predisposition, viral and non-viral 
elements, the severity of liver disease, and the cellular microenvironment at its early 
stage. It was seen that nearly 80% of liver cirrhotic patients develop HCC attributed 
to molecular alterations [43]. Viral elements include etiological infections associ-
ated with HCV and HBV, while the non-viral elements include alcohol consump-
tion, NASH, and use of aflatoxin, tobacco, and aristolochic acid, which have been 
identified as a trigger of cancer mechanisms in the liver [44]. In addition to the afore-
mentioned factors, some specific immune and molecular causes were identified as an 
initiator of HCC [44]. In this respect, studies of such molecular and immunological 
checkpoints are necessary to understand the onset, progression, and treatment using 
biopharmaceuticals for these targets. Some of the major checkpoints were extensively 
studied elsewhere [45–47]. 

4 Potential of 2D Nanomaterials as an Anticancer 
Candidate for Treatment of HCC 

2D nanomaterials have been exploited well for the treatment of almost all types of 
cancers and, therefore, emerging as novel anticancer therapeutics candidates. Such 
nanomaterials exhibit unique features such as high surface area, ultra-thin thickness, 
planar structure, and good physicochemical properties. Such 2D nanomaterials are 
comprised of atoms bound in a single layer in nanosheet form [48]. Previous studies 
claimed that 2D nanomaterials, including graphite carbon nitride (GCN), hexagonal
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boron nitride (HBN), group-VA semiconductors, transition metal carbides (TMCs), 
and transition metal dichalcogenides (TMDs) showed improved dispersibility within 
the aqueous medium and can have the potential for effective cancer treatment [49– 
52]. It has been shown that some of the 2D nanomaterials including graphene oxide, 
reduced graphene oxide, transition metal dichalcogenides (MoS2, WS2, MoSe2, 
NbSe2, TiS2, ZrS2, TaS2, and WSe2), g-C3N4, transition metal oxides (TiO2 and 
MnO2), layered double hydroxides, hexagonal boron nitride, black phosphorus, 
boron nitride, bismuth selenide, and MXenes have been recently developed and 
explored for the application in various therapeutics to treat diseases. 

Studies explored the potential of 2D nanomaterials for the treatment and diagnosis 
of Cancer due to improved transportability, efficient drug distribution, controlled drug 
release, and increased chemotherapy efficacy [53]. Among the most explored nature 
of 2D nanomaterials, their controlled release approaches with the drugs were most 
appreciated by researchers worldwide. Such stimuli (commonly pH and tempera-
ture) activated 2D nanomaterials were fabricated to release the anticancer drugs to 
the tumour niche to enhance chemotherapeutic agents’ effect further or increase 
systematic toxicity. Therefore, such materials provide a strong synergistic effect to 
treat Cancer effectively with good outcomes. 

In one of the previous studies, ultra-small graphene oxide nanomaterials conju-
gated with polyethylene glycol (PEG) loaded with C6 ceramide were used to 
assess the antitumor effect against HCC in combination with sorafenib [54]. The 
authors found that GO 2D nanomaterials significantly enhanced the C6 ceramide 
cellular uptake within the tumour cells primarily via a clathrin-mediated mecha-
nism [54]. Such an approach produced a synergistic effect when used with sorafenib 
against HCC. Furthermore, the authors reported that this approach was effective in 
subverting multidrug resistance (MDR) in HCC cells mediated through Akt mech-
anism [54]. This 2D GO nanomaterial significantly inhibits tumour growth and 
improves the survival outcome in HCC, thereby proposing a potential therapeutic 
target in drug-resistant HCC. 

In another study, it was found that graphene oxide plane/nanofilm (nfGO) with 
chicken embryo liver extract (CELE) effectively reduced the population of HepG2 
cells in the G0/G1 phase and an increased the population in G2/M and altered expres-
sion of proto-oncogenes ( focal adhesion kinase ( fak), e-cadherin, n-cadherin, β-
catenin) [29]. This 2D GO nanomaterial approach was found to increase the secretion 
of integrins proteins responsible for suppressing the HepG2 cancer cell growth [55]. 
The author of another study showed that 2D GO nanomaterials exhibit reduced 
expression of laminin-binding α3 integrin and fibronectin binding α5 subunits in 
HepG2 cancer cells [56, 57]. 

Ultrahigh photothermal conversion efficiency with significant computed tomog-
raphy performance was seen with the combination of Au nanorods with Bi2S3 film. 
This approach was proven to be a promising nanotheranostic agent for PT/PA/ 
CT imaging. Subsequently, it was found that poly (N-vinylpyrrolidone)-modified 
Au@Bi2S3 NBs (Au@Bi2S3-PVP NBs) loaded with doxorubicin were extremely 
effective in delivery to cancer cells and increasing the outcome during chemotherapy 
[58]. Gold nanoparticles (Aunps) were evaluated with some phytochemical extract
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for antitumor activity and biosafety in HepG2 cells [59]. The authors found that 
the combination of Aunps with the phytochemical extract is significantly efficient 
compared to plant extract alone against the HepG2 cells and thereby concluded that 
gold nanoparticles can be used as two-dimensional nanomaterials for liver cancer 
treatment [60]. In another study, the functionalized carbon nanotubes with carboxy-
lation and esterification in the presence of polyethylene glycol (PEG) were loaded 
with doxorubicin and evaluated against human liver cancer cells (HepG2) and found 
effective against liver cancer through activation of caspases 3, 8 and 9 along with 
apoptosis pathway proteins Bcl-2 and BAX [61]. The synthesized DOX-loaded nano-
material exhibited increased cytotoxicity and apoptosis in liver HepG2 cells and 
suggests that the DOX-loaded nanocarrier possesses strong anticancer properties 
and could be an applicable and potential drug carrier for liver cancer chemotherapy 
[61]. In another study, multiwalled functional carbon nanotubes (MWCNTs) with 
human serum albumin (HSA) further irradiated with 2W 808 nm laser beam showed 
effective internalization of HAS-MWCNTs mediated through albondin (aka Gp60) 
receptors present on the membrane of the HepG2 cells and mediate the caveolin medi-
ated endocytosis [62]. The study showed that within 30 min of the cellular uptake, 
the apoptosis rate increased from 88.24 to 92.34% [62]. 166Ho-labeled hydrox-
yapatite particles were seen for their anticancer effects against liver cancer [59]. 
The authors concluded that 166Ho-HA exhibited promising features as an agent for 
liver cancer therapy in preliminary studies and warrants further investigation [63]. 
Naturally occurring hydroxyapatite can scavenge the sodium from the cytoplasm, 
thereby disrupting the internal homeostasis and activating apoptosis pathways [64]. 
The authors investigated the hydroxyapatite against liver cancer HepG2 cells and 
observed that as the concentration of sodium decreased by one-third due to the pres-
ence of hydroxyapatite, the rate of HepG2 cells apoptosis was increased and can 
be used as a potential anticancer candidate for the treatment of liver cancer [64]. In 
one previously published study, authors explored the 2D nanomaterial potential of 
hyaluronic acid-coated copper–aluminum layered double hydroxide (LDH) incorpo-
rated with doxorubicin for the treatment of HCC [65]. With the significant cellular 
uptake by the HepG2 cells, it produced a synergistic effect against the HCC [65]. In 
another study, the authors developed pH-sensitive layered double hydroxides incor-
porated with siRNA against hepatocellular carcinoma mediating via NR2F6 and 
PD-L1 checkpoint synergistically [66]. 

5 Biocompatibility of 2D Nanomaterial 

As increasing research focuses on exploring the potential of 2D nanomaterials in 
biomedical therapeutics, nanotoxicity, and biocompatibility must be addressed thor-
oughly. All 2D nanomaterials were not explored for safety information extensively 
except graphene. Unfortunately, the biocompatibility and nanotoxicity of layered 
2D nanomaterials cannot be inferred directly from their bulk counterparts because 
nano-bio interactions between 2D nanomaterials and biological entities are unique
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and heavily dependent on numerous nanomaterial physicochemical parameters. 
Such parameters include surface area, concentration, shape, lateral size, distribution, 
number of layers, chemical composition, and surface charge. Despite the impor-
tance of these physicochemical parameters in influencing nanomaterial biocompat-
ibility and nanotoxicity, we find that there have been few studies that look at the 
individual effects of certain factors, such as shape, stability, surface charge, and 
purity. In one of the previously published studies, biocompatibility and nanotoxi-
cology concentration-dependent behaviour of graphene, rGO, and GO were studied 
in hMSCs and other cells, including human erythrocytes, U87, U118 glioblastoma 
cells, and skin fibroblasts [67, 68]. It was also found that fluorinated graphene showed 
concentration-dependent toxicological effects on A549 cells due to the presence of 
fluorinated atoms [68]. In a separate study, graphene at a concentration of 100 μg/ 
mL showed significant toxicity on neural phaeochromocytoma-derived PC12 and 
A549 cells due to the generation of reactive oxygen species (ROS) [69]. It was 
also suggested that graphene-based nanomaterials were among the potent toxicants 
for phospholipid bilayer [69]. Another study reported that a few layers of MoS2 
nanosheets with small dimensions of 1 μM were safe and showed no cytotoxic effects 
[69]. Moreover, higher concentrations showed the toxicity. In another study, human 
lung cancer epithelial cells (A549) were found alive even after prolonged nano-
material exposures when interacting with these TMD nanomaterials. Interestingly, 
ultrasmall MoS2 nanodots functionalized with glutathione (MoS2-GSH nanodots) 
are extremely biocompatible, have no detectable in vitro cytotoxicity, and can be 
rapidly removed from the body via urine [69]. The cellular viability of 4T1 cells was 
found to be high even after 24-h exposure to MoS2-GSH nanodots at a high concen-
tration of 200 g/mL. In the presence of these nanomaterials, oxidative stress was not 
induced, and cellular membrane integrity was preserved. Furthermore, because of 
their ultrasmall size, the intravenously administered MoS2-GSH nanodots achieved 
efficient body clearance via the renal route, unlike bigger MoS2 nanoflakes [70]. 

6 Molecular Operators of Hepatocellular Carcinoma 

In patients with liver cirrhosis, the neoplasm advances through a sequential cascade of 
histopathological modulations, ultimately initiating HCC. Histomorphological char-
acteristics of HCC include highly vascularized tumours with prominent acinar and 
wide trabeculae and loss of Kupffer cells and reticulin network [71]. In advanced 
HCC, tumours were found to be encapsulated with positive septae for CD34 and 
α-smooth muscle actin (SMA). Studies have found that mature hepatocytes are the 
primary cells responsible for HCC origin and progression in addition to liver stromal 
cells [71, 72]. Studies in the past demonstrated that repetitive stress to regener-
ating hepatocytes triggers genetic lesions that initiate transformation and oncogen-
esis progression [73]. The study observed that alterations in cyclin-A2 or E1 proteins 
of the cell cycle favour the progression of HCC, especially in non-cirrhotic patients, 
which is further mediated by activation of E2F and ATR transcriptional pathways
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along with inactivation of RB1 and PTEN [74]. In patients with NASH, CD8 + 
PD1 + T cells promote hepatocyte death, favouring the micro-environment for HCC 
pathogenesis and progression [75]. On the contrary, somatic, genomic, and epige-
netic modulations also trigger the HCC. A study showed the single nucleotide poly-
morphisms (SNP) of PNPLA3 (rs738409), TM6SF2 (rs585542926), and HSD17B13 
(rs72613567) predispose to liver carcinogenesis that increases the probability of HCC 
[76]. Genotoxic compounds, including aflatoxin B1 and aristolochic acid (promote 
inversion of T to A), were known to trigger somatic mutations that again increased 
the risk of HCC progression [72]. 

7 Checkpoint Targets of Hepatocellular Carcinoma 

Hepatocellular carcinoma pathogenesis is triggered by several mechanistic pathways 
that involve numerous checkpoints and can be explored as targeted therapies in HCC. 
The following checkpoints were considered to play a pivotal role in HCC. 

7.1 Wnt–β-Catenin Signalling 

7.1.1 Ctnnb1 

A CTNNB1-related active mutation is a major canonical component of the Wnt 
signalling pathway and is exhibited in nearly 11–41% of patients with liver cancer 
[74–76]. CTNNB1 is actively involved in synthesizing actin cytoskeleton respon-
sible for halting cell division [77]. Indeed, mutations of CTNNB1 were reported 
to be significantly correlated with TERT promoter, NFE2L2, MLL2, ARID2, and 
APOB [78, 79]. Studies related to human HCC found that CTNNB1 mutations 
concurrently occurred with the upregulation of Met, Myc, or Nrf2 [79–81]. Drugs, 
including sorafenib and gamma-secretase inhibitors, were also studied as effective 
targets indulging the CTNNB1 mechanism [82, 83]. 

7.1.2 Adenomatous Polyposis Coli (APC) 

Human APC mutations originated within the central core region of the open reading 
frame (ORF), commonly known as MCR (mutation cluster region), that produces 
truncated proteins [83, 84]. Moreover, this event triggers the loss of several factors, 
including β-catenin binding sites (20R), nuclear localization sequences (NLS), axin 
binding sites (ABS), and C-terminal basic domain (CTBD), which are responsible for 
cytoskeletal interfaces. Sporadic APC mutations are considered to be the contributory 
factor for tumorigenesis. Mutations in APC significantly modulate the Wnt–β-catenin 
signalling, which in turn initiates the origin and progression of HCC.
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7.1.3 AXIN1 

AXIN1 mutations were found to be associated with nearly 5–19% of patients with 
liver cancer [53, 54]. AXIN1 negatively regulates the Wnt/β-catenin signalling by 
modulating the expression of β-catenin [85]. A study found that upregulated expres-
sion of wild-type AXIN1 intimidated the cellular proliferation in HCC along with 
induction of programmed cell death and thereby can be used as a molecular target 
to treat HCC [85]. In continuation with this study, another author used adenovirus-
mediated gene transfer of AXIN1 and initiated HCC cell apoptosis [86]. AXIN was 
found to be an inhibitor of tankyrase 1 and 2 through XAV 939 and hence can be 
used as a novel therapeutic target within Wnt signalling [87]. 

7.2 Telomere Maintenance 

7.2.1 TERT 

TERT promoter mutations were known to be associated with the pathogenesis of 
HCC. Previous studies reported that the TERT promoter showed mutation at the 
upstream of ATG translation start site at positions −124 (G > A) and −146 (G > 
A) [88, 89]. Mutations in TERT promoter sequences produce a de novo consensus 
binding region for the ETS (E-twenty-six) transcription factor that further triggers 
the increased production of TERT proteins that attenuate the telomerase activity and 
length [90, 91]. A recent study reported mutation of the TERT promoter in HCC 
patients at −297 (C > T) upstream of the ATG translational region, generating an 
AP2 consensus sequence [92]. It has been found that the protein expressed by the 
RB/E2F gene regulates the activity of the TERT promoter and contributes to liver 
cancer [93]. A past study also showed that TERT gene activation was triggered by the 
binding of RNA-binding fox-1 homolog 3 (RBFOX3) with AP2β, which activates 
telomerase and promotes HCC [94]. Another study found that SP1 and YAP1 activate 
the TERT gene expression in the HepG2 cell line [95]. 

7.3 Cell Cycle Regulation 

7.3.1 TP53 

Nearly 13–48% of patients with liver cancer exhibit TP53 mutations [74, 75]. TP53 
gene suppresses the tumours by arresting the growth and apoptosis of cancerous 
cells [74]. A previously published study from West demonstrated that mutations in 
the TP53 gene, especially in patients with HCC, are associated with poor health 
outcomes and prognosis [75]. Another study found that non-inflamed tumors exhibit 
T-cell exclusion mediated either through TP53 gene mutations or an intermediate
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class [96, 97]. Authors of another study concluded that TP53 mutations, especially 
hot spot mutations at R249S and V157F, were associated with poor outcomes and 
prognosis of patients with HCC [98]. 

7.3.2 Tumour Necrosis Factor-Related Apoptosis-Inducing Ligand 
(TRAIL)/DR4/DR5. 

TRAIL receptor 2/DR5 is a member of the TNF receptor family and is associated with 
chromosome 8p21-22. The study has reported mutations of TRAIL-R2 in cancer [99]. 
A similar study detected single point mutation in the DR5 domain among 1% of HCC 
patients, suggesting its importance in the pathogenesis of carcinogenesis [99]. TRAIL 
and IER3 proteins were found to trigger the inhibition of Wnt/β-catenin signalling 
[100]. The study suggested that the TRAIL/IER3/β-catenin axis plays an important 
role in HCC and can be explored as a checkpoint or therapeutic target against HCC 
[100]. DR4/5 clustering and oligomerization mediated by TRAIL protein recruit 
several adaptor factors to generate a death-inducing signalling complex (DISC) 
that, in turn, further activates the caspases-8 and 10 within this complex along with 
TRADD and RIP kinases [101–105]. 

7.3.3 CDKN2A, CCND1, FGF3, FGF4 or FGF19 

Nearly 8% of the HCC cases seem to exhibit CDKN2A deletion mutation [78]. It 
was known that CDKN2A is also a tumour suppressor gene that triggers the arresting 
of the cell cycle at the G1 and G2 phases and can act as a potential checkpoint for 
HCC therapy. Moreover, it also inhibits the expression of CDK4/6 and MDM2, 
which are responsible for oncogenic action [106]. A previous study reported that 
loss of CDKN2A in patients with HCC attenuates the rise of CDK4/6 inhibitors in 
the advanced stage [107]. In liver cancer, it was found that nearly 5–7 and 4–6% of 
the patients exhibit mutations of CCND1 and FGF3, FGF4, or FGF19, respectively 
[79]. It was studied that augmentation of CCND1, FGF3, FGF4, or FGF19 in patients 
with resected HCC is associated with poor prognosis and outcome [57]. A plausible 
study showed suppression of 11q13.3 amplicon by anti-FGF19 antibody along with 
anti-sense RNA mediated knockdown of FGF19 or CCND1 [108]. 

8 Oxidative Stress 

Hepatocytes exhibit numerous fatty acids that trigger oxidative stress along with 
endoplasmic reticulum (ER) stress. Furthermore, these stresses cause cellular damage 
and inflammation [109]. One of the animal studies found that ER stress can cause 
NASH-triggered HCC due to the activation of several pathways, including NF- κB 
and TNF [110]. One of the previously published studies suggested that ER stress is
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mediated through the activation of hepatosteatosis and secondly due to the promotion 
of SREBP1 activation and increasing the process of lipogenesis [90]. In association 
with steatosis, ER stress generates ROS in hepatocytes, which are the primary cause 
of oxidative stress and oncogenic mutations. These ROS trigger the lipotoxic death of 
hepatocytes and thereby activate the macrophages. Further release of TNF-α also trig-
gers the activation of chemokines and growth factors that attenuate the inflammatory 
microenvironment of hepatocytes [110]. In addition, ROS production induces DNA 
damage due to mitochondrial dysfunction and hence contributes to the pathophysi-
ology of HCC in humans [111]. The previously published study found that mTORC2 
activations within the hepatocytes trigger the concentration of sphingolipid glucosyl-
ceramide, thereby increasing ROS generation and leading to HCC [111]. Impaired 
cholesterol metabolism also triggers the pathophysiology of HCC [94]. A clinical 
study demonstrated the trend of HCC in patients and found that NASH posed a higher 
risk for HCC pathogenesis than NAFLD [111]. 

9 Conclusion 

Despite several drugs in the pharmaceutical market, HCC is a highly uncontrollable 
cancer that tends to metastasize to distant organs, including the lungs and stomach. 
Moreover, the gap between the etiology and genetic mutations contributes to poor 
treatment outcomes. The current boom in nanotechnology can provide new hope 
for the early intervention and treatment of HCC without any associated side effects, 
as in the case of drugs. Nanotechnology offers alterations to several nanoparticles, 
including 2D nanomaterial that have been widely implicated in biomedical research 
related to cancer therapeutics. 2D nanomaterial improves the accessibility of drugs to 
human cells and increases their metabolic tendency along with delayed and prolonged 
therapeutic action. Its modified surface area offers greater drug loading and mitigates 
the side effects of drugs. Enhanced penetration and retention mechanisms and active 
targeting exhibit highly specific targeted anticancer therapeutics. Due to their low or 
negligible toxicity, enhanced biocompatibility, and biodegradability, anticancer 2D 
nanomaterial have also been the research focus. 
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Potential of 2D Materials: Novel Insights 
and Applications in Colorectal Cancer 
Research 

Mohd Younis , Sanjeev Kumar Digra, Ashma Gupta, Vijaya Anand, 
and Parvinder Kumar 

Abstract Colorectal cancer (CRC) is a prevalent and potentially fatal disease world-
wide. Despite advances in conventional cancer research, there is a need for innovative 
approaches to improve early detection, targeted therapy, and patient outcomes. Two-
dimensional (2D) materials have become a potential area in cancer research due to 
their distinctive features and wide range of uses. This comprehensive article explores 
the insights and applications of 2D materials in CRC research. We discuss the proper-
ties and synthesis methods of prominent 2D materials, together with graphene, tran-
sition metal dichalcogenides (TMDs), and black phosphorus (BP). Furthermore, we 
explore the use of 2D materials in tissue engineering, drug administration, imaging, 
and CRC biosensing. Specifically, we examine their potential in detecting CRC 
biomarkers, delivering therapeutics with enhanced precision, improving imaging 
modalities for accurate diagnosis and monitoring, and facilitating tissue regenera-
tion for effective treatment. We also address the challenges and future directions in 
the integration of 2D materials in CRC research, including biocompatibility, toxicity 
concerns, and translational hurdles. This article highlights the promising applica-
tions of 2D materials in CRC research and emphasizes their potential to revolutionize
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cancer diagnostics, therapeutics, and personalized medicine, ultimately improving 
outcomes for CRC patients. 

Keywords 2D materials · Colorectal cancer · Biosensing · Drug delivery ·
Imaging · Tissue engineering 

1 Background on Colorectal Cancer 

In terms of cancer-related morbidity and mortality, colorectal cancer (CRC) is a 
serious worldwide health concern [1]. It is brought on by the unchecked expansion 
of aberrant cells in the colon or rectum and is impacted by a complex combina-
tion of genetic, environmental, and lifestyle factors [2, 3]. Despite improvements in 
screening programmes and treatment choices, CRC is a primary cause of cancer-
related mortality, highlighting the need for ongoing research and innovation in this 
sector. Recent years have seen a substantial increase in interest in the developing 
field of two-dimensional (2D) materials, particularly in the fields of biomedicine 
and cancer research [4]. 2D materials, which are atomically thin sheets, have a 
high surface-to-volume ratio, excellent mechanical strength, and exceptional elec-
trical and optical properties [5]. These characteristics make them intriguing candi-
dates for applications in CRC research, offering novel insights and potential solu-
tions to address the challenges associated with early detection, targeted therapy, and 
personalized medicine. 

The significance of research on 2D materials in CRC lies in its potential to trans-
form the landscape of CRC diagnostics and treatment [6]. By harnessing the distinc-
tive properties of 2D materials, researchers can develop innovative approaches that 
improve the sensitivity and specificity of CRC detection, enhance targeted drug 
delivery, and advance imaging modalities for accurate diagnosis and monitoring [7]. 
Furthermore, 2D materials have the potential for tissue engineering applications due 
to their capacity to generate biomimetic circumstances that aid in investigating CRC 
evolution and creating personalized treatment modalities [8]. The objective of this 
article is to comprehensively review the current state of research on 2D materials 
in the context of CRC. Our aim is to shed light on the characteristics and fabri-
cation processes of well-known 2D materials, including graphene, transition metal 
dichalcogenides (TMDs), and black phosphorus (BP). Additionally, we will examine 
their uses in biosensing, drug administration, imaging, and tissue engineering in CRC 
research. 

This article’s scope thoroughly examines the possibilities of 2D materials in CRC 
research, emphasizing the fresh perspectives and uses they provide. We will go over 
the difficulties and restrictions that come with using 2D materials in CRC research, 
including issues with biocompatibility, toxicity, and translational barriers. Moreover, 
we will address the future directions and opportunities for further exploration in this 
rapidly evolving field. This article intends to stimulate additional study and collab-
oration by highlighting the potential of 2D materials in CRC research, ultimately
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opening the door for the creation of novel strategies and personalized interventions 
that can enhance patient outcomes in the management of CRC. 

2 Overview of 2D Materials 

2D materials are a class of nanomaterials that have thicknesses in the nanometer range 
while possessing an extensive lateral dimension, often extending to micrometres or 
more. Unlike traditional bulk materials with three dimensions, 2D materials are 
atomically thin and exhibit unique properties due to their reduced dimensionality 
[9]. Some of the most prominent 2D materials include graphene, TMDs, hexagonal 
boron nitride, and BP. They are made up of one or more layers of atoms organized in 
a two-dimensional lattice, and they display special qualities that set them apart from 
their bulk counterparts [10]. The medicinal, electronics, and energy applications are 
just a few of the scientific and technological disciplines that have taken notice of the 
extraordinary capabilities of 2D materials. 

2.1 Properties of 2D Materials: 

Their atomic thickness determines the length and width of 2D materials, and they 
are macroscopic in size [11]. They have a high surface-to-volume ratio because of 
their reduced dimensionality, which results in excellent physical and chemical prop-
erties [12]. Some key properties of 2D materials include: Mechanical Strength: 2D 
materials possess exceptional mechanical strength, making them highly resistant to 
deformation and breakage [13]. For instance, graphene, a well-known 2D material, 
is one of the strongest materials ever discovered. Electrical Conductivity: Many 
2D materials exhibit high electrical conductivity, enabling efficient charge transport 
[14]. Graphene, for example, is an excellent conductor of electricity due to its unique 
electronic band structure. Optical Properties: 2D materials exhibit intriguing optical 
properties, including transparency, light absorption, and emission [12]. Their unique 
band structures allow for efficient light-matter interactions, making them useful for 
optical applications Fig. 1. Chemical Reactivity: The exposed surfaces of 2D mate-
rials provide a large number of reactive sites, enabling various chemical reactions 
and functionalization [10]. This reactivity can be harnessed for tailored applications 
and surface modifications.

2.2 Prominent 2D Materials 

Several prominent 2D materials have been extensively studied, each with its distinct 
properties and potential applications. Some notable examples include: Graphene:
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Fig. 1. Chemical structures of a graphene and its different forms b graphene quantum dot c reduced 
graphene oxide d graphene oxide and their processes (Pubchem)

Graphene is renowned for its high mechanical strength, electrical conductivity, and 
thermal conductivity. It is made up of a single sheet of carbon atoms organized in a 
hexagonal lattice [14, 15]. It has immense potential in electronics, energy storage, and 
biomedical applications. Transition Metal Dichalcogenides: the layered compounds 
called TMDs, such as tungsten diselenide, tungsten sulfide, and molybdenum disul-
fide, have unusual electrical characteristics [16]. In their monolayer form, they show 
a transition from an indirect to a direct band gap, making them excellent for photo-
voltaics and optoelectronics (Fig. 2a–c). Black Phosphorus: BP is another intriguing 
2D material with a layered structure known as BP (Fig. 2d). It is desirable for appli-
cations in electronics, optoelectronics, and energy storage due to its configurable 
band gap, high carrier mobility, and outstanding electrochemical characteristics [17, 
18].
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Fig. 2 Structures of a TMD Monolayer, black are transition metal atoms and yellow are the 
chalcogen atoms b hexagonal TMD monolayer (wikipedia.org/wiki/Transition_metal dichalco-
genide_monolayers), c crystal structures of TMD ball and stick model (The American Mineralogist 
Crystal Structure Database) and d chemical structure of BP (wikipedia.org/wiki/Allotropes_of_ 
phosphorus) 

3 Synthesis and Characterization Techniques 

There are several methods for synthesizing 2D materials, each tailored to specific 
material properties and applications. Some common synthesis techniques include: 
Mechanical Exfoliation: This method involves peeling individual layers from a bulk 
material using adhesive tape or other mechanical means. It was famously used to 
isolate graphene for the first time. While simple and effective, this technique is 
limited to small-scale production. Chemical Vapor Deposition (CVD): CVD involves 
the growth of 2D materials on a substrate by reacting precursor gases at high temper-
atures. This technique allows for large-scale production of high-quality 2D materials 
like graphene and TMDs. Liquid Exfoliation: In this approach, bulk materials are 
dispersed in a solvent, and ultrasonic or shear forces are applied to exfoliate the layers 
into 2D flakes. Liquid exfoliation is versatile and enables the production of various 
2D materials. Sol–Gel Method: This technique involves the hydrolysis and conden-
sation of metal-containing precursors to produce 2D metal oxides or hydroxides. 
Subsequent thermal treatment can lead to the formation of 2D materials. Electro-
chemical Exfoliation: Here, an electrical potential is applied to a bulk material to 
exfoliate it into 2D layers. This method is relatively simple and can produce large
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quantities of 2D materials [19]. These methods enable the controlled production of 
high-quality 2D materials with desired thicknesses and sizes. 

Characterizing 2D materials is crucial to understand their structural, chemical, and 
electronic properties. Several techniques are employed for this purpose: Scanning 
Electron Microscopy (SEM): SEM provides high-resolution images of the surface 
morphology of 2D materials, allowing researchers to observe their size, shape, and 
arrangement. Transmission Electron Microscopy (TEM): TEM is used to investi-
gate the atomic structure of 2D materials. It provides information about their lattice 
spacing and crystal defects at the atomic level. Atomic Force Microscopy (AFM): 
AFM measures the surface topography of 2D materials at the nanoscale by scan-
ning a sharp tip over the surface. It is valuable for characterizing thickness, rough-
ness, and mechanical properties [20]. X-ray Diffraction (XRD): XRD is employed 
to analyse the crystal structure and phase purity of 2D materials by measuring the 
diffraction patterns of X-rays interacting with the material’s lattice. Raman Spec-
troscopy: Raman spectroscopy provides information about the vibrational modes of 
2D materials, offering insights into their chemical composition, number of layers, 
and defects. X-ray Photoelectron Spectroscopy (XPS): XPS is used to determine the 
elemental composition and chemical state of 2D materials by analysing the binding 
energies of core electrons. Fourier Transform Infrared Spectroscopy (FTIR): FTIR 
is employed to study the vibrational modes of 2D materials, providing information 
about their chemical bonding and functional groups. Electrical and Optical Char-
acterization: Techniques like Hall effect measurements, electrical conductivity, and 
optical absorption spectroscopy are used to assess the electrical and optical properties 
of 2D materials [21]. 

The combination of synthesis and characterization techniques allows researchers 
to produce high-quality 2D materials and gain a comprehensive understanding of 
their structure and properties. This knowledge is crucial for optimizing their use 
in various applications, including drug delivery systems, biosensing, imaging, and 
tissue engineering in colorectal cancer and other fields. 

4 Biosensing Applications 

4.1 Functionalization Strategies of 2D Materials 
for Biosensing 

2D materials are intriguing candidates for biosensing applications, such as the detec-
tion of cancer biomarkers, due to their special characteristics. To enhance their 
sensing capabilities, 2D materials can be functionalized through various strategies. 
In order to enable the selective and sensitive detection of target analytes, function-
alization entails altering the surface of 2D materials with certain molecules, such as 
antibodies, aptamers or DNA probes [22]. Functionalization can be achieved through
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covalent or non-covalent methods. Covalent functionalization is the process of chemi-
cally directly attaching functional molecules to the surface of 2D materials [23]. Van 
der Waals forces, stacking, electrostatic interactions, and other weak interactions 
are used in non-covalent functionalization to immobilize functional molecules on 
surfaces [22, 24]. 

4.2 Detection of CRC Biomarkers Using 2D Materials 

CRC biomarkers are essential for early disease detection, prognosis, and moni-
toring. 2D materials can be utilized to detect specific CRC biomarkers, offering 
improved sensitivity and selectivity compared to traditional detection methods [25]. 
For instance, the functionalization of 2D materials with specific antibodies or 
aptamers enables the recognition and binding of target biomarkers present in biolog-
ical samples [26]. Several CRC indicators, including DNA mutations, carbohydrate 
antigen 19–9 (CA19-9), and carcinoembryonic antigen (CEA), can be found utilizing 
2D materials-based biosensors [27]. The interaction between the biomarker and the 
functionalized 2D material surface can induce changes in electrical conductivity, 
optical properties, or other measurable signals, allowing for the sensitive detection 
and quantification of the biomarker [25]. 

4.3 Early Diagnosis and Monitoring of CRC Using 2D 
Materials 

Early diagnosis and effective monitoring of CRC are crucial for improving patient 
outcomes and reducing mortality rates. 2D materials have shown great potential in 
enhancing early diagnosis and monitoring of CRC due to their unique properties, 
which enable highly sensitive and specific detection of biomarkers associated with 
the disease. Early detection is possible with 2D materials-based biosensors since they 
make it possible to identify CRC biomarkers in a sensitive and specific manner [27]. 
Here are some ways 2D materials are being utilized for early diagnosis and moni-
toring of CRC: Biosensing of CRC Biomarkers: 2D materials, such as graphene and 
TMDs, can be functionalized with specific receptors or antibodies that recognize CRC 
biomarkers [27]. These biomarkers may include proteins, DNA mutations, or other 
molecules that are indicative of CRC. When the biomarkers bind to the functionalized 
2D material surface, changes in the material’s electrical, optical, or mechanical prop-
erties occur. These changes can be measured and quantified, enabling the detection 
and quantification of CRC biomarkers with high sensitivity and specificity. 

Liquid Biopsy: Liquid biopsy is a non-invasive method that analyses tumour-
derived material in body fluids, such as blood or stool. 2D materials can be used 
as biosensors in liquid biopsy platforms to detect circulating tumour cells, cell-free
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DNA, or exosomes shed by CRC tumours. The ability to detect and analyse these 
biomarkers minimally invasively can facilitate early detection and monitoring of 
CRC progression. 2D materials’ large surface area and superior electrical conduc-
tivity enable effective signal transduction and amplification, resulting in increased 
detection sensitivity [28]. Point-of-Care Diagnostics: The unique properties of 2D 
materials allow for the development of portable and rapid diagnostic devices for 
CRC. These point-of-care devices can be used in clinical settings or even remote 
areas to provide real-time results, allowing for timely diagnosis and monitoring of 
CRC patients. 2D materials can accelerate the creation of point-of-care tools for 
practical and quick CRC biomarker screening [27]. These portable biosensors can 
be used for on-site testing, enabling early diagnosis in resource-limited settings or 
remote areas. 

Imaging Enhancements: 2D materials can act as contrast agents in various imaging 
modalities, such as MRI and optical imaging. When functionalized with targeting 
ligands, these materials can accumulate at the site of CRC tumours, enhancing 
the visualization and precise localization of cancerous lesions. This can aid in the 
early detection of CRC and help monitor treatment responses over time. Real-Time 
Monitoring of Treatment Response: Monitoring treatment response is crucial for 
tailoring therapeutic strategies for individual CRC patients. By using 2D material-
based biosensors, changes in biomarker levels or other disease-related molecules can 
be monitored over the course of treatment. This real-time monitoring can provide 
valuable insights into the efficacy of the treatment and the need for adjustments in the 
therapeutic regimen. Personalized Medicine: The use of 2D materials in early diag-
nosis and monitoring can contribute to personalized medicine approaches in CRC. 
By analysing specific biomarkers or disease-related changes in individual patients, 
treatment plans can be tailored to optimize therapeutic outcomes for each patient. 

In addition to early diagnosis, 2D materials-based biosensors hold promise for 
continuous monitoring of CRC. By incorporating these biosensors into wearable or 
implantable devices, real-time monitoring of biomarkers can be achieved, allowing 
for personalized treatment adjustments and disease progression tracking. The utiliza-
tion of 2D materials in biosensing applications for CRC biomarkers offers exciting 
possibilities for improving early diagnosis, prognosis, and monitoring of the disease 
[26]. The construction of extremely specialized and trustworthy biosensors is made 
possible by the functionalization techniques and sensitive detecting capabilities of 
2D materials. Continued research in this field may help create novel diagnostic instru-
ments and personalized treatment plans for CRC. The integration of 2D materials 
in early diagnosis and monitoring of CRC holds tremendous potential to improve 
patient outcomes. Their unique properties enable sensitive and specific detection of 
CRC biomarkers, facilitating early diagnosis and real-time monitoring of treatment 
responses. The development of 2D material-based biosensors and imaging enhance-
ments offers promising avenues for advancing personalized medicine strategies in 
CRC management. The sustained research in this area will likely lead to further 
advancements in CRC diagnostic and monitoring, ultimately improving patient 
survival rates and quality of life.
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5 Drug Delivery Systems 

5.1 Utilizing 2D Materials as Drug Carriers 

As drug carriers in drug delivery systems, 2D materials have special benefits. They 
are desirable candidates for encapsulating and delivering medicinal compounds due 
to their huge surface area, high loading capacity, and adjustable characteristics [29]. 
Numerous 2D materials, including graphene, TMDs, and BP, have demonstrated 
promise for use in drug delivery systems [4]. The capacity of 2D materials to shield 
the medications from deterioration and maintain their stability during storage and 
transit is one of the main benefits of employing them as drug carriers. The exterior 
of 2D materials can be modified to provide a controlled release of drugs, allowing 
for sustained and targeted delivery to the desired site. Below are the key aspects of 
utilizing 2D materials as drug carriers in drug delivery systems: Dressing capacity: 
2D materials possess a high surface area-to-volume ratio, allowing for efficient drug 
loading. The large surface area allows drug molecules to be adsorbed, absorbed, or 
chemically bonded to the 2D material surface. This high drug loading capacity is 
particularly advantageous for hydrophobic or poorly water-soluble drugs that have 
limited solubility in biological fluids. Controlled drug release: The controlled and 
sustained release of drugs is essential for optimizing therapeutic outcomes and mini-
mizing adverse effects. 2D materials can be engineered to achieve controlled drug 
release profiles, ensuring that drugs are released at a controlled rate over an extended 
period [29]. The release rate can be modulated by altering the surface properties, 
functionalization, or stacking of 2D materials, allowing for tailored drug delivery to 
meet specific therapeutic needs. 

Enhanced stability: Drugs encapsulated or bound to 2D materials are protected 
from degradation by environmental factors such as light, temperature, and pH. This 
enhanced stability is crucial for preserving the drug’s efficacy during storage, trans-
portation, and delivery to the target site. The surface of 2D materials can be function-
alized with targeting ligands, such as antibodies, peptides, or aptamers, that recognize 
and bind to specific receptors overexpressed on the surface of target cells, including 
cancer cells in CRC. By attaching these targeting ligands, 2D materials can act as 
vehicles to deliver drugs selectively to the desired site, increasing the drug’s concen-
tration at the target site while minimizing exposure to healthy tissues, thus reducing 
systemic side effects [6]. Synergistic therapy: 2D materials can be used to deliver 
multiple drugs simultaneously, allowing for combination therapy. This approach is 
particularly beneficial in CRC treatment, involving multiple pathways and targets. 
The co-delivery of multiple drugs can enhance therapeutic efficacy by simultane-
ously addressing various aspects of the disease, such as inhibiting tumour growth, 
promoting apoptosis, or suppressing angiogenesis. Response to stimuli: Some 2D 
materials possess stimuli-responsive behaviour, meaning that they can release drugs 
in response to specific external triggers, such as changes in pH, temperature, or light. 
This property can be harnessed to develop smart drug delivery systems, where drugs
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are released only at the tumour site or in response to other specific conditions within 
the body [30, 31]. 

5.2 Targeted Delivery to CRC Cells 

To improve therapy efficacy and reduce adverse effects in the context of CRC, targeted 
delivery of therapeutic drugs to cancer cells is crucial [6]. Targeting ligands that 
precisely recognize and bind to receptors overexpressed on CRC cells, such as anti-
bodies, peptides, or aptamers, can be added to 2D materials [30]. By adding targeting 
ligands to 2D materials, CRC cells may selectively take them up. This increases 
the concentration of treatment medicines at the tumour site while minimizing off-
target effects [6]. This targeted delivery approach improves the therapeutic index and 
reduces the dosage required for effective treatment, minimizing toxicity to healthy 
tissues [31, 32]. Utilizing 2D materials as drug carriers in drug delivery systems 
offers exciting opportunities to enhance therapeutic agents’ efficacy, specificity, and 
controlled release. The properties of 2D materials, such as their high surface area, 
tunable properties, and ability to be functionalized, make them attractive candidates 
for targeted and personalized drug delivery in CRC and other diseases. Continued 
research in this field holds the potential to revolutionize drug delivery strategies, 
leading to improved treatment outcomes and reduced side effects in CRC and other 
medical applications. 

5.3 Enhanced Therapeutic Efficacy and Reduced Side Effects 

By increasing the solubility, stability, and controlled release of anticancer medicines, 
2D materials can improve their therapeutic efficacy [29]. Because 2D materials have 
a wide surface area, they have a higher drug-loading capacity, allowing more thera-
peutic agents to be transported to the tumour site [33, 34]. Additionally, the special 
qualities of 2D materials, such as their capacity to penetrate cell membranes, can 
make it easier for medications to be delivered intracellularly, improving their ther-
apeutic efficacy. The controlled release capabilities of 2D materials can be utilized 
to achieve sustained drug release, ensuring a continuous therapeutic effect over an 
extended period. Photothermal therapy (PTT) is a non-invasive therapeutic approach 
that utilizes the photothermal effect of 2D materials to selectively ablate cancer cells. 
When exposed to near-infrared (NIR) light, 2D materials efficiently convert light into 
heat, leading to localized hyperthermia and cancer cell destruction. In CRC, PTT 
has shown promising results as an alternative or complementary treatment modality. 
Photodynamic therapy (PDT), 2D materials can also serve as photosensitizers in PDT, 
a therapeutic approach that utilizes light-induced reactive oxygen species (ROS) to 
destroy cancer cells. When combined with light, 2D materials can generate ROS,
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inducing cell death in CRC cells. PDT holds the potential for localized and targeted 
treatment of CRC. 

By specifically targeting CRC cells and delivering therapeutic agents with 
improved efficiency, 2D materials-based drug delivery systems have the potential 
to enhance treatment outcomes while minimizing negative effects [33, 35]. This 
approach can contribute to personalized and precision medicine strategies for CRC, 
improving patient quality of life and overall therapeutic efficacy. There is significant 
potential for the targeted and effective delivery of therapeutic drugs to CRC cells 
through the use of 2D materials as drug carriers in drug delivery systems (Fig. 3). 
The unique properties of 2D materials allow for controlled release, enhanced drug 
stability, and increased drug loading capacity. By harnessing the potential of 2D 
materials, we can develop innovative drug delivery systems that improve treatment 
outcomes in CRC while minimizing adverse effects on healthy tissues. 

Fig. 3 Schematic diagram represents the utilization of grapheme, TMD, and BP in diagnosing, 
imaging, biosensing and transporting drugs, genetic materials to CRC cells and biomedical 
advancements
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6 Imaging and Diagnostics 

6.1 Role of 2D Materials in Improving Imaging Techniques 

Magnetic resonance imaging (MRI), computed tomography (CT), and photoacoustic 
imaging (PA) are only a few of the imaging methods utilized in CRC diagnosis that 
have demonstrated significant improvement with the use of 2D materials [36–38]. 
High surface area, biocompatibility, and tunable optical and magnetic properties are 
just a few of the special qualities of 2D materials that make them useful instruments 
for improving imaging modalities. [5, 8]. In MRI, 2D materials can be utilized as 
contrast agents to improve the signal contrast between normal and cancerous tissues. 
Their magnetic properties can enhance the relaxation rates of water protons, resulting 
in increased signal intensity and improved image contrast [39, 40]. Additionally, the 
enormous surface area of 2D materials makes it possible to load contrast agents effi-
ciently, allowing for focused and accurate imaging of CRC tumours. 2D materials can 
be used as contrast agents in CT imaging to increase X-ray attenuation and enhance 
the visibility of tumour tissues. Their high atomic number and density enable effi-
cient X-ray absorption, leading to enhanced image contrast [41, 42]. Additionally, the 
surface functionalization of 2D materials can facilitate their selective accumulation 
in tumour tissues, allowing for precise tumour localization and improved imaging 
resolution. 

6.2 Contrast Agents and Imaging Enhancements Using 2D 
Materials 

2D materials can serve as effective contrast agents and imaging enhancers in various 
imaging modalities. Imaging techniques’ sensitivity, resolution, and specificity can 
be enhanced by taking advantage of their special optical and magnetic features. 
2D materials like graphene oxide and BP can be functionalized for optical imaging 
using fluorescent dyes or near-infrared probes [43, 44]. This functionalization enables 
targeted imaging of CRC tumours by specifically binding to cancer cells or specific 
biomarkers [45, 46]. Additionally, the robust features of 2D materials for light-matter 
interaction enable higher optical signal production, resulting in improved imaging 
sensitivity. In addition to optical imaging, 2D materials can be utilized as agents for 
multimodal imaging, where multiple imaging modalities are combined to provide 
complementary information. By incorporating 2D materials with both optical and 
magnetic properties, multimodal imaging techniques such as MRI/optical imaging 
or CT/optical imaging can be employed for accurate tumour localization, precise 
characterization, and improved diagnostic accuracy [8, 47, 48].



Potential of 2D Materials: Novel Insights and Applications in Colorectal … 363

6.3 Precise Tumour Localization and Characterization 
with 2D Materials 

Precision tumour localization and characterization in CRC are made possible by 
the use of 2D materials in imaging and diagnostics. Specific binding to CRC cells 
or tumour-associated biomarkers can be accomplished by functionalizing 2D mate-
rials with targeted ligands, such as antibodies or peptides [49–51]. This targeted 
approach allows for accurate tumour localization, distinguishing cancerous tissues 
from healthy tissues. A thorough evaluation of CRC tumours is also made possible by 
the special qualities of 2D materials, such as their high surface area and controllable 
optical and magnetic properties [48, 52]. For instance, the functionalization of 2D 
materials with specific probes can provide information about molecular markers, gene 
expression patterns, or cellular metabolism within the tumour microenvironment 
[53]. This characterization aids in understanding tumour heterogeneity, predicting 
treatment response, and guiding personalized treatment strategies. 

By leveraging the capabilities of 2D materials in imaging and diagnostics, precise 
tumour localization and comprehensive characterization of CRC tumours can be 
achieved [54, 55]. This advancement can contribute to improved diagnostic accuracy, 
personalized treatment planning, and better patient outcomes in CRC management. 
In summary, 2D materials play a vital role in improving imaging techniques, acting 
as contrast agents and imaging enhancers in MRI, CT, and optical imaging. They 
enable precise tumour localization and characterization, providing valuable infor-
mation about CRC tumours. The integration of 2D materials in imaging modalities 
offers great potential for enhancing diagnostics, guiding treatment decisions, and 
monitoring the therapeutic response in CRC. 

7 Tissue Engineering and Regenerative Medicine 

7.1 Integration of 2D Materials in Scaffolds for CRC Cell 
Growth 

Regenerative medicine and tissue engineering have the potential to create novel 
methods for analysing the course of CRC and assessing prospective treatments [56]. 
Integrating 2D materials into scaffolds offers unique opportunities to mimic the 
tumour microenvironment and facilitate CRC cell growth in a controlled in-vitro 
setting [57]. Scaffolds provide a three-dimensional framework supporting cell adhe-
sion, proliferation, and differentiation, resembling the native tissue environment [58]. 
The outstanding qualities of 2D materials, such as their high surface area, electrical 
conductivity, and mechanical strength, can improve the scaffolds’ performance and 
usefulness [8, 59]. A suitable platform for cell development and tissue regeneration
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can be created by the scaffolds’ 2D materials, which can encourage CRC cell adhe-
sion and proliferation [60]. The surface properties of 2D materials can be modified 
to promote cell–matrix interactions, enhance cell adhesion receptors, and facilitate 
cell signalling processes, thus influencing CRC cell behaviour and function [61, 62]. 
Furthermore, to encourage desired cell behaviours and direct tissue regeneration in 
the setting of CRC, 2D materials can be functionalized with certain molecules, such 
as growth factors, peptides, or extracellular matrix components. A deeper knowledge 
of cancer progression and therapeutic responses is made possible by the controlled 
release of bioactive chemicals from the 2D material-functionalized scaffolds, which 
can replicate the signalling cues present in the tumour microenvironment. 

7.2 Impact on Understanding Cancer Progression 
and Evaluating Therapies 

Integrating 2D materials in scaffolds for CRC cell growth provides valuable insights 
into cancer progression and enables the evaluation of potential therapies [57]. 
Researchers can explore the interactions between CRC cells, surrounding stromal 
cells, and the extracellular matrix in a controlled and repeatable manner by using 
biomimetic systems replicating the tumour microenvironment [63–65]. These 2D 
material-based scaffolds can be used to investigate various aspects of CRC, including 
tumour invasion, angiogenesis, and the formation of metastases [66]. Systematic 
investigation of the impact of particular parameters on cancer growth, such as matrix 
stiffness, topographical cues, or the presence of inflammatory mediators, is made 
possible by the scaffolds’ ability to be precisely controlled in terms of composition 
and qualities [58, 67]. 

Additionally, integrating 2D materials in the scaffolds enables the evaluation 
of potential therapeutic approaches for CRC. Researchers can test the efficacy of 
anticancer drugs, nanoparticles, or gene therapy vectors within these biomimetic 
systems [67, 68]. The use of 2D materials in the scaffolds can improve therapeutic 
targeting, increase drug delivery, and shed light on how CRC cells react to various 
treatments [69, 70]. Overall, the integration of 2D materials in scaffolds for CRC 
cell growth offers a powerful platform for understanding cancer progression and 
evaluating potential therapies. These biomimetic systems provide a controllable and 
tunable environment that closely resembles the tumour microenvironment, enabling 
researchers to study CRC cell behaviour, tumour-stroma interactions, and therapeutic 
responses. The insights collected from these studies can help create more efficient 
CRC treatment plans and personalized medicine techniques.
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8 Challenges and Future Directions 

8.1 Toxicity and Biocompatibility Considerations 

The potential applications of 2D materials, such as graphene, TMDs, and BP, in 
various fields, including biomedicine, highlight the need to understand their toxicity 
and biocompatibility profiles thoroughly. As these materials come into contact with 
living organisms, including cells and tissues, their effects on biological systems must 
be carefully evaluated. Assuring the safety and biocompatibility of 2D materials used 
in CRC research is one of the main issues. While 2D materials offer unique proper-
ties and functionalities, their potential toxicity must be carefully evaluated to avoid 
adverse effects on healthy tissues and organs. It is crucial to thoroughly investigate 
the biocompatibility of 2D materials by assessing their interactions with cells, tissues, 
and biological systems [71]. Understanding the potential toxicity mechanisms, such 
as oxidative stress or inflammation, is essential for designing safe and biocompatible 
applications. Additionally, proper surface functionalization and modifications can 
enhance the biocompatibility of 2D materials, reducing potential cytotoxicity and 
improving their overall safety profile [72]. 

Here are some key considerations regarding the toxicity and biocompatibility of 
2D materials: Physicochemical Properties: The physicochemical properties of 2D 
materials, such as size, shape, surface charge, and surface functionalization, play a 
critical role in determining their interactions with biological systems. For example, 
the size of 2D materials can influence their cellular uptake and biodistribution, while 
surface functionalization can affect their biocompatibility and potential for targeted 
drug delivery. Clearance and Biodegradation: The biocompatibility of 2D materials 
is influenced by their clearance and biodegradation rates. Ideally, the materials should 
be cleared from the body over time without causing excessive accumulation or long-
term retention in vital organs. The biodegradability of 2D materials is particularly 
important for materials intended for temporary use or as drug carriers [71]. Immune 
Response: The interaction of 2D materials with the immune system is critical for 
assessing their biocompatibility. A robust immune response can lead to inflammation 
and potential adverse effects. Modulating the surface chemistry or functionalization 
of 2D materials can help minimize immunogenicity and promote biocompatibility. 

Potential Toxicity Mechanisms: Understanding the potential toxicity mechanisms 
of 2D materials is essential for developing safe applications. For instance, generating 
reactive oxygen species (ROS) due to the interaction of 2D materials with biological 
environments can lead to oxidative stress and cellular damage. Studying these mech-
anisms aids in designing strategies to mitigate toxicity. Surface Functionalization: 
Surface functionalization of 2D materials can significantly influence their biocom-
patibility [72]. By modifying the surface with biocompatible molecules or coat-
ings, researchers can tailor the interaction of 2D materials with biological systems, 
reducing potential cytotoxicity and improving their overall safety profile. Assessing 
the toxicity and biocompatibility of 2D materials is crucial for their safe application 
in biomedicine and other fields. A thorough understanding of their interactions with
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biological systems and careful surface functionalization and modification will pave 
the way for developing safe and effective 2D material-based biomedical applications. 

8.2 Scalability and Clinical Translation of 2D Materials 

Scalability is crucial for the clinical translation of 2D materials in CRC research. The 
synthesis and production methods of 2D materials need to be optimized to ensure 
large-scale production without compromising their properties and quality. Incor-
porating 2D materials into several applications, including drug delivery systems, 
biosensing platforms, and tissue engineering scaffolds, will be made easier by devel-
oping scalable production procedures [73, 74]. Furthermore, clinical translation 
requires rigorous testing and validation of the safety and efficacy of 2D materials-
based technologies. Preclinical studies, including animal models and ex vivo experi-
ments, are essential to demonstrate the effectiveness and safety of these materials in 
CRC treatment and diagnosis. Before in vivo investigations, researchers conducted 
in vitro studies to assess the cytotoxicity and biocompatibility of 2D materials using 
cell culture models. These studies evaluate the impact of 2D materials on cell viability, 
proliferation, apoptosis, and cellular functions [73]. It is essential to use relevant cell 
types to ensure that the results reflect the potential biological response of specific 
tissues or organs. In vivo, studies involving animal models are conducted to evaluate 
the biocompatibility of 2D materials in a complex biological environment. These 
studies assess systemic toxicity, biodistribution, tissue accumulation, and potential 
immune responses. In-depth investigation of the long-term effects of 2D materials is 
essential to ensure their safety for biomedical applications [74]. Long-term biocom-
patibility studies, biodistribution analyses, and thorough toxicity assessments are 
necessary to ensure the clinical viability of 2D materials. 

8.3 Emerging Trends and Potential Synergies 

As the field of 2D materials in CRC research continues to advance, emerging trends 
and potential synergies with other therapies are being explored. Combination thera-
pies involving 2D materials, such as their integration with conventional chemotherapy 
drugs, immunotherapies, or targeted therapies, hold promise for enhanced treatment 
outcomes. The unique possessions of 2D materials, such as their capability to deliver 
therapeutic agents, act as imaging contrast agents, or modulate the tumour microenvi-
ronment, can be synergistically combined with other treatment modalities to improve 
therapeutic efficacy. For instance, the targeted delivery of chemotherapy to CRC cells 
can be improved by using 2D materials as drug carriers, and the immunomodulatory 
effects of these materials can be used to increase the effectiveness of immunother-
apies [45, 75]. Furthermore, combining 2D materials with emerging technologies, 
such as nanomedicine, gene editing, or microfluidics, can open up new avenues for
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CRC research and therapy [76, 77]. These synergistic approaches can potentially 
revolutionize CRC treatment by overcoming drug resistance, enhancing early diag-
nosis, and enabling personalized treatment strategies [78]. The key benefits and draw-
backs of graphene, reduced-graphene oxide, graphene oxide, graphene quantum dot, 
TMD, and BP for biomedical applications (Table 1). The integration of 2D materials 
in CRC research faces challenges related to toxicity and biocompatibility, scalability 
for clinical translation, and ensuring long-term safety. However, by addressing these 
challenges and leveraging emerging trends and potential synergies, 2D materials 
are promising for advancing CRC diagnosis, treatment, and personalized medicine. 
Continued research and association among scientists, engineers, and clinicians will 
drive the field forward, benefiting CRC patients and improving clinical outcomes.

9 Conclusion 

The promise of 2D materials in CRC research has been underlined in this thor-
ough work. The incorporation of 2D materials into a number of CRC-related fields, 
including biosensing, drug delivery systems, imaging and diagnostics, and tissue 
engineering, offers fresh perspectives and potential uses that have the potential to 
have a big impact on the industry. The main conclusions of this article show that 
the unique qualities of 2D materials, like high surface area, controllable optical and 
magnetic properties, and biocompatibility, make them useful instruments in CRC 
research. The functionalization strategies of 2D materials enable the biosensing of 
CRC biomarkers, facilitating early diagnosis and monitoring of the disease. Addition-
ally, the targeted delivery of drugs to CRC cells made possible by their usage as drug 
carriers improves therapy effectiveness while minimizing negative effects. Integra-
tion of 2D materials in imaging techniques improves imaging modalities, enabling 
precise tumour localization and characterization. In tissue engineering, 2D mate-
rials integrated into scaffolds provide platforms for studying CRC progression and 
evaluating therapies. These outcomes have significant ramifications for upcoming 
CRC research. Utilization of 2D materials can advance our understanding of CRC 
biology, tumour microenvironment, and therapeutic response. It can lead to the devel-
opment of innovative diagnostic tools, targeted therapies, and regenerative medicine 
approaches for CRC treatment. Moreover, the integration of 2D materials in clinical 
settings can contribute to personalized medicine, improving patient outcomes and 
enhancing treatment efficacy. 

Future research should concentrate on tackling the issues related to 2D mate-
rials, such as toxicity and biocompatibility considerations, in order to develop the 
subject. Additional in-depth in vitro and in vivo research is required to fully assess 
the security and long-term impacts of these compounds. The scalability of synthesis 
and manufacturing processes should be optimized to enable the translation of 2D 
materials into clinical practice. Additionally, the integration of 2D materials with 
other emerging technologies and therapies should be explored to harness their syner-
gistic effects. Combination therapies that combine 2D materials with conventional
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Table 1 The key benefits and drawbacks of grapheme, TMD, BP, and related materials for 
biomedical applications 

S.No Properties Benefits Drawbacks Ref 

1 Graphene 1. High electrical and 
thermal 

conductivities 
2. High control on 
functionalization 

1. Hydrophobicity 
2. High cost 
3. Difficult workability 
4. Small production 

[79, 80] 

2 Reduced graphene oxide 1. High electrical and 
thermal 

conductivities 
2. Good control of 
functionalization 
3. Less expensive than 

neat 
graphene 

1. Hydrophobicity 
2. Difficult workability 
3. Properties related to 

production 
methodology used 

[80, 81] 

3 Graphene oxide 1. Water dispersibility 
2. Polar 

functionalization 
3. Low cost 
4. Easy workability 

1. Lower electrical and 
thermal 

conductivity 
2. Surface random 
functionalization 
3. Poor control of 

post-preparation 
functionalization 

[79, 80] 

4 Graphene quantum dot 1. Increased effective 
viewing 

angles 
2. High capability to 

absorb light 
3. Have a lifetime of 

upto 14 years 
4. Compatible with chip 
technology 

1. Hard to control the 
size of the 

particles 
2. Overall conversion 
efficiency is lower 
3. Lower temperature 
operation 

[82] 

5 TMD 1. High yield, facile 
preparation 

, and low cost 
2. Applied to 

preoperative CT, 
MR and PA imaging 

1. Maintaining their 
structural 

and chemical stability 
2. Dependent upon 

additional 
composite materials 

[83, 84] 

6 BP 1. Rapid synthesis 
process 

2. Uses in biosensing 
bioimaging, 

drug delivery, and cancer 
therapy 
3. Good 

biocompatibility and 
low 

cytotoxicity 

1. Low yield 
2. Limited ability to 

control 
size, shape, and thickness 
3. Presence of chemical 

traces 
from the adhesive tapes 
4. Poor air stability 

[85, 86]
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treatments, immunotherapies, or emerging technologies can potentially enhance ther-
apeutic outcomes and overcome treatment resistance. The potential of 2D materials 
in CRC research is vast, with implications for diagnostics, therapeutics, and tissue 
engineering. Further investigation and integration of 2D materials in clinical settings 
hold promise for improving CRC management and patient outcomes. The collabo-
ration between researchers, clinicians, and engineers will be crucial in realizing the 
full potential of 2D materials in CRC research and clinical practice. 

10 Contributions 

MY drafted the original manuscript, SKG, VA, AG, and PK made critical suggestions 
available. The final manuscript was read and approved by all writers. 

11 Acceptance of Participation and Ethical Clearance 

Not relevant. 

12 Permission to Publish 

Not relevant. 

13 Conflicts of Interest 

The writers say they have no conflicting agendas. 

References 

1. Hossain, M.S., Karuniawati, H., Jairoun, A.A., Urbi, Z., Ooi, D.J., John, A., Lim, Y.C., Kibria, 
K.K., Mohiuddin, A.K., Ming, L.C., Goh, K.W.: Colorectal cancer: a review of carcinogen-
esis, global epidemiology, current challenges, risk factors, preventive and treatment strategies. 
Cancer 29, 732–741 (2022) 

2. Sawicki, T., Ruszkowska, M., Danielewicz, A., Niedźwiedzka, E., Arłukowicz, T., Przy-
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An Overview of Two-Dimensional 
Materials and Their Applications 
in Dentistry 

Mohmed Isaqali Karobari and Ali A. Assiry 

Abstract Due to their multitudinous properties, including physiochemical, antibac-
terial, mechanical, and stem cell differentiating and bone regenerative properties, 
research on the applications of two-dimensional (2D) materials in dentistry has 
recently garnered increased attention. Although their functionality has been exten-
sively studied in a variety of medical applications, the biocompatibility of 2D 
materials in dentistry has received scant attention. In addition, the buccal environ-
ment differs significantly from that of the body, which must be taken into account 
when evaluating biocompatibility requirements for dental applications. This chapter 
provides a comprehensive analysis of the 2D material properties and their applica-
tions in various dental disciplines, as well as a discussion of their future perspectives 
that will guide future research. 

Keywords Two-dimensional materials · Graphene · Bioactive glass ·
Endodontics · Implants · Restorative dentistry 

1 Introduction 

Since graphene’s exfoliation in 2004, two-dimensional (2D) materials have attracted 
the interest of researchers towards nanomaterials [1]. The 2D materials are nanomate-
rials that exhibit a freestanding sheet-like structure [2]. The thickness of 2D materials 
is usually a few angstroms to a few nanometers, whereas the lateral size may range

M. Isaqali Karobari (B) 
Dental Research Unit, Centre for Global Health Research, Saveetha Institute of Medical and 
Technical Sciences, Chennai, Tamil Nadu 600077, India 
e-mail: dr.isaq@gmail.com 

Centre for Dental Health Research, Saveetha Dental College & Hospitals, Saveetha Institute of 
Medical and Technical Sciences University, Chennai, Tamil Nadu 600077, India 

A. A. Assiry 
Preventive Dental Science Department, Faculty of Dentistry, Najran University, Najran, Kingdom 
of Saudi Arabia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
N. Talreja et al. (eds.), Two-dimensional Hybrid Composites, Engineering Materials, 
https://doi.org/10.1007/978-981-99-8010-9_14 

375

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-8010-9_14&domain=pdf
mailto:dr.isaq@gmail.com
https://doi.org/10.1007/978-981-99-8010-9_14


376 M. Isaqali Karobari and A. A. Assiry

from tens of nanometers to micrometres or greater [3]. This makes their thickness-to-
lateral size ratio high [4]. To date, multitudinous 2D materials have been identified, 
such as graphene, silicene, germanene, and their derivatives. In contrast to three-
dimensional (3D) bulk materials, 2D materials possess a number of unique properties, 
such as an exceptionally high specific surface area, carrier mobility, optical proper-
ties, and thermal conductivity, allowing them to be utilized in a broad range of disci-
plines like optics, sensors, phototherapy, and storage of energy [5]. Few 2D materials 
display excellent biodegradability and biocompatibility, proving their applicability 
in biomedicine. Since the surface of 2D materials does not have dangling bonds, 
enabling a new technique for enhancing the biocompatibility, biodegradability, or 
stability of particular 2D materials and expanding their biomedical applications can 
be used with photonic materials [6]. 

In a dental setting, materials used in the oral cavity are in constant contact with 
saliva and are susceptible to mastication, abrasion, and extreme temperatures, which 
can lead to mechanical failures and replacement over time. In addition, they remain 
in close contact with oral tissues for an extended period; consequently, they must be 
highly biocompatible and noncytotoxic to function effectively while interacting with 
the host tissues. Thus, recent trends show increased attention towards developing 
dental materials with enhancing properties. 

To date, there have been no comprehensive studies describing the function of 
various 2D materials in dentistry; however, numerous studies evaluating the proper-
ties of individual dental materials have been reported. The majority of them concen-
trated on using 2D materials to enhance mechanical properties, biocompatibility, cell 
growth, differentiation, and antibacterial properties. Various disciplines of dentistry 
have reported the functions and applications of 2D materials such as graphene and its 
derivatives, silica-based compounds, molybdenum, tungsten disulphide, and boron 
[7–9]. Although research on 2D materials in dentistry is still in its infancy, their 
unique properties and potential to function as biomaterials, either alone or in conjunc-
tion with other materials, present numerous clinical application opportunities. This 
chapter provides a comprehensive overview of the functions and applications of 
various 2D materials in various dental specialities. Figure 1 depicts different types 
of 2D materials that are involved in dentistry.

2 Two-Dimensional Materials, Synthesis, and Properties 

2.1 Graphene 

Graphene is the strongest, thinnest, and most promising 2D carbon-based material. 
Andre Geim and Konstantin Novoselov effectively isolated graphene in 2004 and 
demonstrated its exceptional mechanical, physiochemical, and optical properties 
[10]. To date, there are nearly 3,000 studies investigating the function of graphene-
based materials in various dental applications. Graphene and its derivatives have been
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Fig. 1 Different 2D materials involved in various aspects of dentistry

investigated for applications in dentistry, bone cement, dental implants, and scaffold 
engineering [11] due to their exceptional biocompatibility and conductivity. 

Graphene, with its one-atom-thick layer, is currently the strongest and thinnest 
material. Its structure entails six-membered rings stacked parallelly, consisting of 
one sp2-hybridized carbon atom layer organized in a hexagonal setting (Fig. 2) [12]. 
Graphene’s strong mechanical strength, wide surface area, superior conductivity, etc., 
piqued curiosity [13]. Graphene and graphene-based materials like reduced graphene 
oxide (rGO) and graphene oxide (GO), with identical structures but distinct functional 
groups, have more flexible physical and chemical properties. There are two graphene 
synthesis methods: top-down and bottom-up [14]. The top-down method includes 
chemical exfoliation, mechanical exfoliation, and liquid-phase exfoliation, while 
the bottom-up methods include chemical vapour deposition (CVD) and solid-phase 
deposition methods. Figure 3 illustrates different isolation methods of graphene.

In 2004, Novoselov et al. isolated graphene using mechanical exfoliation methods 
with adhesive tape; graphene was subsequently desorbed and obtained [10]. However, 
the yield was extremely low despite the absence of chemical groups and high purity. 
During the process of liquid-phase exfoliation, Van der Waals forces between graphite 
layers are weakened by graphite suspension forces in a solvent that is organic. Then,
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Fig. 2 Structure of graphene and its derivatives 

Fig. 3 Different isolation methods of graphene

ultrasonic waves at a voltage were used to convert graphite into graphene sheets 
[15]. This method is advantageous for small-scale graphene synthesis, even though 
the yield is still low. The chemical exfoliation method can produce graphene synthesis 
on a large scale. GO is produced by stirring or ultrasonic reaction of graphite with 
sodium nitrate, sulfuric acid, and potassium permanganate in water. GO exfolia-
tion requires high temperatures of 1,000 °C. Subsequently, reducers transform GO 
into rGO. In the end, heat or chemical treatments transform rGO into graphene. 
Moreover, bottom-up methods, such as CVD exfoliation, are the most successful 
methods, as their economical and abundant synthesis of improved-quality graphene 
monolayer on metal surfaces is widely accepted. From methane, ethane, or propane, 
high-temperature pyrolysis forms carbon atoms on metal foils like Ru, Pt, Cu, Fe, 
Ni, and Fe. Thereby, graphene was produced from free carbon atoms [16]. In order 
to develop graphene-based dental materials, it is necessary to assess their bioac-
tive, biocompatibility, cytotoxicity, and antibacterial properties. Few studies have
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reported that GO’s toxicity to fibroblasts is dose-dependent [17], and as GO concen-
tration increased, so did in vivo toxicity. In addition, certain graphene-based 2D 
materials induced tissue inflammation in and around the dental implants’ soft and 
bone tissue [18]. The ability to stimulate cell differentiation is another character-
istic of this type. Multiple in vitro experiments have revealed that graphene and 
graphene-based products can induce dental pulp regeneration and osteogenic differ-
entiation [19–21]. While researching the ability of dental pulp stem cells (DPSCs) to 
undergo osteogenic differentiation, osteogenic genes, and proteins were discovered 
to be upregulated on graphene. Graphene-based nanomaterials have also been shown 
to possess neurogenic differentiation capability [22]. In addition, the GO-modified 
scaffold promoted periodontal tissue regeneration in vivo [23]. Last but not least, the 
antibacterial property of biomaterials is crucial for their application, and numerous 
studies have confirmed the antibacterial effect of graphene-based materials [24]. 

2.2 Silicate-Based Compounds 

Silicon acts as a half-metallic compound that, at high temperatures, oxidizes to form 
silicon dioxide (SiO2). Silicates are esters and salts of mono-silicic acid (H4SiO4). 
Silicate and silicate compounds can often be used as filling materials in various dental 
fillers. Some of the silicate-based compounds include composites, compomers, glass-
ionomer cement (GICs), and adhesive systems. They exhibit various physiochemical 
properties, which can be regulated depending on their application. 

Wilson and Kent first introduced GICs as dental fillers in the late 1960s [25]. 
Glass-ionomer cement (GICs) were constructed from silicate and carboxylate cement 
containing crystalline and liquid components. Combining strontium-fluoro-silicate 
and calcium-aluminium–silicate glasses with polycarbonic and polyacrylic acids 
produces precipitates of these substances. The subsequent acid–base response 
produces a silica gel matrix [26]. The fillers are created by simultaneously melting 
the various components between 1200 and 1550 degrees Celsius. GICs may bind 
to hard dental tissues via carboxylate groups of chain-like acid molecules. Dental 
composite resins are complex substances composed of an organic matrix, such as 
bisphenol A-glycidyl methacrylate, and an inorganic filler, such as silica. Typically, 
silane is employed as a bridge between these two organic and inorganic phases [27]. 
The filler material frequently determines the properties of the resin, such as wear 
resistance, mechanical strength, and translucency. 

In addition, silica glass containing only SiO2 molecules contains very few metallic 
impurities. They are mechanically weaker but exhibit superior strength when etched 
with resin bonding and can be used as resin-bonding cement. Silica-based ceramic 
crowns demonstrate superior optical properties due to their higher translucent nature 
than crowns based on zirconia or alumina. Due to greater translucency, silica/glass-
based systems demonstrate superior esthetics compared to crowns based on zirconia 
or alumina when used on tooth preparations with favourable tooth colour [28].
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2.3 Molybdenum and Tungsten Disulfide 

Similar to graphene, tungsten disulfide (WS2) and molybdenum disulfide (MoS2) are  
layered transition metal dichalcogenides (TMDCs). These composites are generated 
using materials having a multilayered arrangement, which includes an even surface 
of hexagonal (H) crystals of respective metals, either Mo or W, incorporated within 
two layers of sulfur atoms with anionic charge, which are 2H-WS2 and 2H-MoS2, 
respectively. In specific circumstances, these potentially precarious structures can 
bend and close in on themselves, connecting the edge atoms to form graphite-like 20– 
200 nm particles [29]. The unique orientation of WS2 and MoS2 nanoparticles makes 
them outstanding dense lubricants, enhancing wear and friction characteristics under 
dry and wet conditions on various load levels [30]. WS2 nanoparticles penetrating 
into the interaction between rubbed surfaces may cause this. Nanoparticles alter and 
exfoliate as the load between bodies increases. Thus, Coating the interface asperities 
permits low-shear force movement among the two interacting bodies. 

Graphene’s exfoliation from bulk graphite allows the “Scotch tape method” 
to generate more graphene-like 2D materials [31]. Mechanical exfoliation, like 
graphene, is suitable only for low-yield production and has disadvantages in modu-
lating layer number and sheet size. Chemical exfoliation increases production more 
than mechanical exfoliation. However, sonication throughout the method leads to 2D 
lattice arrangement defects and lowers flake size to a minimum of a few 1000 nm, 
restricting 2D nanosheet applications in big-scale integrated circuits as well as 
electronic devices [32]. Currently, regulated exfoliation of 2D TMDCs with large-
area homogeneity continues to be challenging. CVD could produce wafer-scale 2D 
TMDCs as a continuous single film of a specific thickness. 

2.4 Boron 

Numerous elements and mixtures have been capable of forming 2D materials since 
the discovery of graphene. Boron’s orientation on the periodic table is more myste-
rious than that of its peers. It possesses various bulk stages, and even more diverse 
are its nanostructures, which include planar and cage-like clusters, nanowires, 1D 
nanotubes, nanofilms, and 2D sheets. It is complementary to graphene, hexagonal 
boron nitride (h-BN), and TMDCs due to the 2D boron’s metallic nature. It is an 
isomorph of graphene with an identical layered structure. CVD remains the preferred 
technique for synthesizing 2D boron [33]. 2D-hBN is a more recent 2D material 
that attracted significant interest due to its different characteristics like high-thermal 
stability, corrosion resistance, electric insulation, easy synthesis, and chemical inert-
ness. It can be easily incorporated with other 2D materials like graphene and TMDCs 
to be used in multiple electronic and optical devices. Despite its insulating proper-
ties, 2D-hBN’s properties and functionalities can be enhanced using several tech-
niques such as hybridization, substitution, and doping, allowing it to be an ideal
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material type for different applications. In addition, various other boron-containing 
compounds were reported to have superior strength and anti-inflammatory, anti-
fungal, and cariostatic activity. Combined with biomaterials, they may play a role in 
osteogenic development or differentiation [34]. 

3 Applications in Dentistry 

Owing to their improved methods of synthesis, expanded types and derivatives, 
and enhanced properties, various 2D materials have been shown to have applications 
across different fields of dentistry. Figure 4 illustrates the different applications of 2D 
dental materials. Table 1 indicates the various properties and functions of graphene-
based materials. 

Fig. 4 Different applications of 2D materials across various fields of dentistry
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Table 1 Various applications, properties, and functions of various graphene-based materials 

Function Graphene-based 
materials 

Properties Application type 

Periodontal tissue 
regeneration 

GO Osteogenic 
differentiation 

Scaffolds 

GO Cementoblast 
differentiation 

Scaffolds 

Dental implants Monolayer graphene Osteogenic 
differentiation 

Coatings 

GO/HA Osteogenic 
differentiation 

Coatings 

rGO Osteogenic 
differentiation 

Coatings 

GO Antibacterial property Coatings 

Collagen member GO Roughness and stiffness Coatings 

Graphene Anti-inflammatory 
properties 

Coatings 

Bone tissue 
engineering 

Graphene/HA Biomimetic 
mineralization 

Scaffolds 

rGO Osteogenic 
differentiation 

Coatings 

rGO/HA Mineralization Scaffolds 

GO/chitosan Osteogenic 
differentiation 

Coatings 

Dental pulp 
regeneration 

Graphene dispersion Neural differentiation Scaffolds 

rGO Neural differentiation Scaffolds 

GO Osteogenic 
differentiation 

Scaffolds 

3.1 Endodontics 

Root canal treatment is the most common procedure where an affected root canal 
is cleaned to treat pathogens, disinfect the remaining infested tissue, and evade 
additional infection, and a dental filling is used to seal the space. With multiple 
contributing factors such as persisting infection and choice of dental filling material, 
endodontic file separation has recently become a recurring issue affecting root canal 
treatment success rates [35]. In a recent photodynamic therapy, indocyanine green 
(ICG), a nontoxic photosensor material used for effective root canal disinfection, has 
concerns regarding its stability and aggregation. However, when used in conjugation 
with GO, it reduced bacterial activity remarkably and enhanced the ICG’s bioavail-
ability and stability [36]. Similarly, incorporating graphene into silver nanoparti-
cles increased sodium hypochlorite’s efficacy, biocompatibility, and antibacterial 
properties, a common intracanal irrigant [37].
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The most popular bioactive cements, such as Biodentine and Endocem-Zr, have 
limitations such as a long setting time and a high pull-out bond strength. According 
to one study, incorporating graphene nanosheets reduced both types of cement’ 
setting time [38]. Another recently developed cement, mineral trioxide aggregate 
(MTA), has obtained acceptance in endodontic treatments because of its potential 
to promote odontoblast differentiation and calcium deposition [39]. Nonetheless, its 
limited physical properties, such as poor wear resistance and brittleness, limit its 
application. The reinforcement of graphene nanomaterials (GFN) has been shown 
to improve grain size refinement, brittle index, and fracture durability. Furthermore, 
GFN incorporation promoted the proliferation of human osteoblastic cells (hFOB) 
[40]. A small amount of GO (0.03%) added to Portland cement can boost its tensile 
and compressive strength by 40% [39]. Overall, the incorporation of graphene into 
dental cement improves pore refinement, thereby strengthening and inhibiting bacte-
rial invasion. In addition, silicate-based compounds are widely used as fillers in dental 
filling materials like composites, calcium silicate cements, and adhesive systems. 
These fillers in these materials enhance their mechanical properties like thermal 
expansion coefficient and physical resistance. A boron-rich diet improved the mineral 
composition of teeth. Studies have shown that boron exerts a cariogenic effect, as 
it was determined that boron levels in healthy non-carious teeth were shown to be 
greater compared to carious teeth [41]. The combination of boron in dental materials 
has been further shown to regulate the development of dental caries development, 
exhibiting significant antibacterial effects [42]. 

3.2 Periodontics 

Barrier membranes are key biomaterials in periodontal bone defect treatment via 
guide tissue and bone regeneration. They separate soft connective tissue from regen-
erating bone to allow bone growth and quicker mesenchymal cell differentiation 
into odontoblast/osteoblast. Studies have aimed to modulate barrier membranes to 
enhance their biocompatibility. Radunovic et al. demonstrated the effects of collagen 
membrane coated with GO on metabolic activity and viability of DPSCs [23]. Results 
revealed that GO coating regulates inflammation and promotes DPSCs differentia-
tion, owing to the large surface area of GO. Furthermore, an in vivo study demon-
strated the wound-healing ability of GO in dogs. The GO scaffold successfully 
regenerated cementum-like tissue formation prior to alveolar bone formation [23]. 

Recently, irrigation with of boronic acid revealed possible adjuvant in treating mild 
to moderate gingivitis and thus serves as a prognostic and treatment strategy in peri-
odontal disease [43–45]. AN0128, a B-containing synthetic boronic acid, has been 
extensively explored. In vitro, this demonstrated anti-inflammatory and antibacte-
rial properties towards periodontal disease caused by bacteria Treponema denticola, 
Prevotella intermedia, Eubacterium nodatum, and P. gingivalis [46]. Silica-based 
bioactive glass (BG) is a non-crystalline ceramic that binds to living tissues and 
induces fresh tissue development whilst disintegrating gradually; consequently, BG
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is regarded as a desirable target for tissue engineering applications [47]. Incorpo-
rating a variety of polymers with BG granules in composite resins helps overcome 
the limitations of BG crystallization. Modified BG, BGMS100 was incorporated with 
polyethylene glycol (PEG) and collagen to form BGMS/C compound for dental appli-
cations, showing improved cell proliferation. BG-containing products like PerioGlas 
induce periodontal bone regeneration when packed inside the periodontal defect site 
[48]. Furthermore, during endodontic treatment, PerioGlas promotes effective apical 
bone structure regeneration [49]. Another BG product, ERMI (endosseous ridge 
maintenance implant), is introduced in periodontics to aid in maintaining alveolar 
ridge height from resorption. Moreover, BG revealed remarkable improvement in 
gingivitis-related signs such as gingival bleeding and plaque formation [50]. Topical 
application of BG reduced inflammation of gingival tissues in patients with gingivitis 
[51]. 

3.3 Implantology 

Osseointegration requires implant material with osteogenic characteristics, whereas 
a tight epithelial sealing inhibiting bacterial invasion is necessary at the soft tissue 
contact. Infection by bacteria and colonization from seal leaks at any interface may 
impede osteogenesis and cause bone loss. Among several alternatives, Ti and its 
composites remain the vastly popular biomaterial of choice for dental implants [52]. 
Recent studies have demonstrated that altering the properties of titanium, such as 
surface topography, composition, and geometry, can impact the efficiency of osseoin-
tegration, making it an excellent coating material [53]. Coating titanium substrate 
with graphene, the surface hydrophobic property of graphene reduced the surface 
adhesion of bacteria such as S. mutans and S. Sanguinis [54]. Another study revealed 
that GO-Ti substrate facilitated PDLSC adhesion, differentiation, and proliferation 
compared to the of Na-Ti substrate [55]. GO/chitosan/hydroxyapatite-Ti composite 
exhibited superior bioactivity in vivo by enhancing the bone marrow stem cell attach-
ment, differentiation, and proliferation, and superior osseointegration in vitro [56]. 
GO incorporation on Ti surface enabled SP and BMP-2’s dual delivery, with most of 
the fresh bone regeneration in the murine calvarium occurring on Ti implants. BGs 
pose a higher prospect of bonding and integrating with human tissue in comparison 
to metal implants, owing to their excellent bioactivity and biocompatibility. Surface 
coating with BGs offers various advantages like restoring injured tissue as well 
as injured bone, integrating effectively to the host body’s environment, enabling 
tissue restoration, and degradation at a rate identical to tissue restoration. Novel 
glass compositions have been suggested for coatings and dental fillings [57]. This 
configuration flexibility enables researchers to add functions like Sr2 + -enhanced 
bone growth and Cu2-enhanced angiogenesis. For example, to address the thermal 
expansion differential between Bioglass and titanium, the Na2O and CaO in the 
Bioglass system are changed with K2O and MgO, respectively [58]. BG-coated 
implants revealed increased bone development and corrected thermal expansion
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coefficients using precise composition proportions when compared to non-coated 
implants. Moreover, research has demonstrated that upon releasing ions such as 
boron, dental material exhibits antimicrobial, acid-resistant, and remineralization 
properties [59]. In addition, the impact of incorporating boron on the biocompatibility 
and strength of sintered implants was examined. 

3.4 Restorative Dentistry 

Because of its excellent linear thermal expansion coefficient and dynamic fluo-
ride release, glass ionomers (GI) have recently been used in various clinical func-
tionalities. Recent efforts are being made to combine nanomaterial obtained from 
graphene into swiftly accessible GI for strengthening. Graphene-based materials 
incorporated with GI improved their physiochemical characteristics only to an extent 
[60]. However, when mixed with glass ionomer, fluoride graphene generates GICs/ 
FG composite, significantly enhancing the mechanical and antimicrobial proper-
ties of glass ionomer [61]. Reinforcing resin matrices made of polymers containing 
graphene gold nanoparticles as fillers improved conversion and surface attributes, 
improving dental nanocomposite physicochemical properties [62]. Moreover, GFNs 
are proposed as a potential antibiofilm as well as antimicrobial filler in dental 
adhesives because they significantly inhibit the attachment and development of S. 
mutans. 

Burke et al. arguably suggested silica/glass-based ceramic crowns as ideal for 
restorations [63]. A study has suggested that applying ceramic crowns made entirely 
of silica/glass in conjunction with different resin cements presents the potential to 
give a more aesthetically pleasing alternative over standard ceramic–metal crowns 
[64]. In restoration dentistry, MTA is suggested as a promising material for direct 
capping and preserving pulp vitality, owing to its excellent biocompatibility and 
bioactive properties [65]. Another silicate composite, Biodentine, is suggested in 
both direct and indirect pulp capping. It has also been used as enamel and dentine 
restorative material [66]. Biodentine is an effective choice for deep dental caries 
treatment, including reversible pulpal inflammation cases. BiodentineTM’s bioac-
tive characteristics may seal pulp-dentin, improving pulp response and tooth decay 
tissues. 

The remineralization of hard dental tissues (enamel and dentin) is a complex issue 
that dentists worldwide face on a regular basis. BGs can release huge quantities of 
phosphate and calcium ions when treated with an acidic medium, remineralizing 
hard dental tissues based on previous studies [67–70]. BGs derivatives like Bioglass 
and fluoride bioactive glass have demonstrated promising remineralizing results in 
enamel and dentine tissues. Furthermore, bio-silicate (P2O5–Na2O–CaO–SiO2), a 
wholly crystalline bioactive glass–ceramic, is proposed for the DH treatment by 
hydroxyl carbonate apatite incorporation in exposed dentinal tubules [71].



386 M. Isaqali Karobari and A. A. Assiry

3.5 Tissue Regeneration 

In designing biomaterials for bone tissue regeneration applications in dentistry, 
osteointegration, and stem cell differentiation are key factors to be taken into account. 
Graphene is the most extensively studied 2D material for its role in tissue engineering 
applications. Figure 5 illustrates the applications of graphene-based materials in 
dental tissue regeneration. It is shown to facilitate cell processes such as cell attach-
ment, cell differentiation, and proliferation in dental tissues. Unique properties like 
high surface area, functionalization feasibility, and mechanical strength are ideal for 
tissue engineering. Several methods to synthesize graphene-based materials for bone 
tissue engineering include CVD, electrospinning, solvent casting, and freeze-dying 
methods [56, 72–74]. CVD may produce tissue engineering scaffolds and graphene 
films. Using CVD, dental pulp stem cells (DPSCs) are utilized to evaluate graphene-
incorporated dental materials’ biocompatibility, proliferation, and cell differentia-
tion. DPSCs entail a muti potency, allowing them to differentiate into odontoblasts, 
which aid in bone matrix formation and dentine regeneration in tooth [75]. 

GO-coated substrates were shown to improve the cell attachment and proliferation 
of DPSCs and further upregulated the expression of RUNX2 proteins, which play 
a role in the differentiation of osteoblasts [76]. CVD-based graphene films showed 
better osteogenic functionalities for bone tissue regeneration, and their scaffolds

Fig. 14.5 Graphene-based materials incorporated in scaffold materials for tissue regeneration (A), 
dental coatings for osteointegration (B), directed bone membrane regeneration (C), and drug delivery 
systems (D) 
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facilitate osteogenesis in vivo [21]. Moreover, combining GO on polyether ether 
ketone (PEEK)-based materials enhanced antibacterial effects against oral bacteria 
(Porphyromonas gingivalis) and proliferation in embryonic osteoblast MC3T3-E1 
[77]. Furthermore, graphene coating on titanium implants has been shown to enhance 
antibacterial properties and cell proliferation [78]. GO and silver composite coatings 
can be incorporated with NiTi alloy implants to facilitate dental pulp fibroblasts’ 
biocompatibility and lower inflammatory responses. It demonstrated anti-corrosive 
properties and upregulated expression levels of a few anti-inflammatory mediators 
like IL-6 and IL-8 [79]. 

Overall, biocompatible substrates with graphene-based materials facilitate cell 
adhesion, viability, and proliferation. In addition, silica-based biomaterials like 
calcium silicate (CS) are recently been studied for their excellent antimicrobial, 
biocompatibility, osteogenesis, and osteoinduction properties. CS bone cement was 
proposed for marrow capping, where it was found that light-cured CS bone cement 
as an indirect pulp capping agent can be a reliable and simple strategy for the 
restoration of severe caries teeth [80]. Due to their unique physical, biological, 
and mechanical properties, molybdenum disulfide-based materials find widespread 
use in biomedicine. The application of bioactive glass scaffolds containing MoS2 
nanoparticles in bone tissue engineering was evaluated. It was discovered that the 
polymer coating layer and the presence of MoS2 nanoparticles in the polymer matrix 
enhance the mechanical properties of the scaffolds, which also demonstrate a high 
radiation-shielding property [81]. 

4 Conclusions and Future Perspectives 

Evidently, though there are many applications and advantages of 2D materials in 
dentistry, the research is still in its infancy with most studies in in vivo and in vitro 
stages. These findings are yet to be validated in humans. Over the years, many 
challenges have been resolved through multitudinous studies. Almost all materials 
exhibited excellent physiochemical properties such as anti-inflammatory, antimi-
crobial, biocompatibility, and bioactive properties. The research on 2D materials 
mainly focussed on two aspects: first, to construct novel dental materials using indi-
vidual materials and second, to alter the properties and integrate the common dental 
materials. Among all the 2D-based materials, graphene was the most extensively 
studied material for its application in dentistry. GFNs enhanced biomaterials’ phys-
ical, chemical, and mechanical properties, bearing immense potential for developing 
novel dental therapeutic approaches. Silicate-based compounds like calcium-silicate 
cement and Bioactive glass are one of the extensively studied dental biomaterials. 
BG composites have been created to improve BGs’ bioactive characteristics. Boron-
containing compounds are still making their way into applications as dental materials 
with their excellent antimicrobial and anti-inflammatory properties. Molybdenum 
disulfide is the least explored 2D material in dentistry, with few studies iterating
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its role in orthodontic stainless archwires with strong mechanical properties. Molyb-
denum disulfide and titanium disulfide are often incorporated as a coating to enhance 
the properties of other biomaterials. This chapter provides an overview of different 
2D materials, their synthesis, and their role in different disciplines of dentistry. 

Emphasis should be put on the safety and toxicity of 2D materials in an oral setting 
to ensure harmless application. Moreover, recent research in regenerative medicine 
has accumulated so many findings, making it more promising in the near future. 
GFNs and BGs have been widely studied in vitro and in vivo across various human 
body tissues; however, no human clinical trials have been conducted, and detailed 
studies are still lacking in oral setup. Therefore, additional studies are required 
into their in-depth interactive mechanisms within oral tissues, such as antimicrobial 
properties, cell signaling, osteogenesis, and metabolic pathways. 
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two trace elements in carious, non-carious, primary, and permanent teeth. Eur. Oral Res. 54(2), 
77–80 (2020) 
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Abstract The integration of two-dimensional (2D) materials in agriculture holds 
tremendous potential for revolutionizing farming practices and promoting sustain-
able and efficient agricultural systems. The potential benefits of these materials 
in agriculture are diverse and impactful. These materials offer advantages such as 
precise nutrient delivery, improved crop growth and productivity, soil remediation 
and pollution control, enhanced pesticide and fertilizer efficiency, water manage-
ment, and irrigation. By leveraging the unique properties and functionalities of 2D 
materials and combining them with other materials, we can address key agricultural 
challenges and endorse resource efficiency. Continued research and development in 
the field of agriculture are crucial to unlocking their full potential. Ongoing efforts 
should focus on improving material synthesis and fabrication techniques, optimizing 
performance, scalability, and cost-effectiveness, and assessing long-term efficacy 
and safety. Collaboration and interdisciplinary research play a vital role in fostering 
innovation, knowledge exchange, and practical application in real-world agricultural 
settings. The insinuations of these materials for sustainable and efficient agricultural 
practices are momentous. These materials contribute to food security, water conserva-
tion, and climate resilience. They align with sustainable development goals, including 
zero hunger, clean water and sanitation, sustainable cities and communities, respon-
sible consumption and production, and climate action. Addressing key agricultural 
challenges can pave the way for a more sustainable, resilient, and food-secure future. 
Future directions and potential breakthroughs in the field of hybrid materials in agri-
culture include the development of multifunctional materials, integration with the 
Internet of Things (IoT) technology, collaboration, and interdisciplinary research, and 
the establishment of supportive policies and regulatory frameworks. These improve-
ments will further enhance these materials’ performance, functionality, and practical 
implementation in agriculture. Hence, the integration of these hybrid materials in 
agriculture offers immense opportunities for transforming farming practices and
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achieving sustainable and efficient agricultural systems. The recap of potential bene-
fits, the importance of continued research and development, and the implications 
for sustainable agriculture highlight the significance of them in addressing key agri-
cultural challenges and promoting resource efficiency. With ongoing advancements, 
2D-based hybrid materials have the potential to revolutionize the agricultural sector 
and contribute to a more sustainable and food-secure future. 

Keywords Two-dimensional materials · Hybrid materials · Graphene · Nutrient 
delivery · Soil remediation · Pesticide efficiency 

1 Introduction 

Agriculture is vital in ensuring food security and sustainable development, nour-
ishing a growing global population. However, traditional agricultural practices face 
numerous challenges, including diminishing arable land, environmental degradation, 
and increasing demands for food production [1]. Innovative approaches incorporating 
advanced materials have emerged to address these challenges and enhance the effi-
ciency of agricultural systems. Among these materials, two-dimensional (2D) based 
hybrid materials have shown great promise in revolutionizing the agriculture industry. 
Two-dimensional materials refer to thin sheets of materials with only one or a few 
atoms in thickness [2]. These materials possess unique properties due to their ultra-
thin nature, high surface-to-volume ratio, and exceptional mechanical, electrical, and 
chemical properties [3, 4]. They have garnered significant attention in various scien-
tific disciplines, including materials science, electronics, energy storage, and agri-
culture [2]. The utilization of 2D-based hybrid materials in agriculture offers several 
advantages over conventional practices [5]. Firstly, their large surface area allows 
for increased absorption and retention of nutrients and water, leading to improved 
plant growth and development. Secondly, their unique electrical and optical proper-
ties enable the development of sensors and actuators that can monitor and regulate 
various environmental factors, optimizing crop growth conditions [6]. Additionally, 
the incorporation of 2D materials into hybrid structures can enhance mechanical 
strength, stability, and durability, ensuring long-term performance in agricultural 
applications. 

Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, is 
one of the most extensively studied 2D materials [7, 8]. Its exceptional electrical 
conductivity, thermal stability, and mechanical strength make it an ideal candidate 
for various agricultural applications [9, 10]. For instance, graphene-based sensors can 
detect soil moisture, temperature, and nutrient levels in real-time, providing precise 
data for efficient irrigation and fertilization. Graphene-based nanocomposites have 
also demonstrated the ability to improve soil water-holding capacity and nutrient 
retention, reducing water and fertilizer consumption while enhancing crop yields 
[11, 12]. Transition metal dichalcogenides (TMDs) are another class of 2D materials 
that hold tremendous potential in agriculture. These materials exhibit unique optical
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and electronic properties, making them suitable for applications such as photocatal-
ysis and plant disease detection. TMD-based hybrid materials have shown promise 
in the removal of pollutants from soil and water, contributing to soil remediation 
and environmental sustainability [13, 14]. Moreover, the integration of TMDs with 
conventional materials can enhance the efficiency of pesticide delivery systems, 
reducing chemical usage and minimizing environmental risks [15]. 

The synthesis and fabrication of 2D-based hybrid materials for agriculture require 
precise control and manipulation of the material’s structure and properties. Various 
techniques such as chemical vapor deposition (CVD) [16, 17], physical vapor deposi-
tion (PVD) [18], and electrochemical deposition have been employed to synthesize 
2D materials with desired properties. The combination of these techniques with 
conventional fabrication methods allows for the development of hybrid materials 
with tailored characteristics suitable for specific agricultural applications. The poten-
tial applications of 2D-based hybrid materials in agriculture are vast and diverse. 
Improved nutrient delivery systems can be achieved through the incorporation of 2D 
materials in fertilizers, enabling controlled release and efficient utilization of nutri-
ents by plants. Enhanced crop growth and productivity can be realized by optimizing 
environmental conditions using 2D-based sensors and actuators. Additionally, the 
remediation of contaminated soils and water bodies can be facilitated by the use of 
2D-based adsorbents and catalysts [14]. 

Despite the significant potential of 2D-based hybrid materials, several challenges 
need to be addressed for their widespread implementation in agricultural systems. 
Environmental and health concerns associated with the use of these advanced mate-
rials require thorough investigation to ensure their safe and sustainable use [19]. 
Furthermore, economic feasibility and scalability need to be considered to ensure 
the practicality of these materials for small-scale and large-scale farming opera-
tions. Continued research and development efforts are required to overcome these 
challenges and further unlock the full potential of 2D-based hybrid materials in 
agriculture. The future perspectives of 2D-based hybrid materials in agriculture 
are highly promising. Ongoing research aims to explore new combinations of 2D 
materials with other components to enhance their functionality and performance. 
For instance, the integration of these materials with biodegradable polymers can 
lead to the development of environmentally friendly and sustainable agricultural 
products [20]. Additionally, nanotechnology and material engineering advancements 
will enable the production of 2D-based hybrid materials with tailored properties for 
specific agricultural needs. 

One area of future exploration is the development of smart nanomaterials that can 
respond to environmental stimuli and regulate plant growth processes [21]. These 
materials can potentially release growth-promoting substances, such as hormones or 
signaling molecules, in response to specific conditions, optimizing plant develop-
ment and increasing crop yields. Furthermore, the integration of nano sensors into 
2D-based hybrid materials can facilitate real-time monitoring of crop health, pest 
infestation, and disease outbreaks, enabling early detection and targeted intervention 
[22]. The utilization of 2D-based hybrid materials in precision agriculture is another 
area of great interest. Precision agriculture aims to optimize farming practices by
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using technology and data-driven decision-making. By incorporating 2D materials 
into precision farming systems, farmers can gather accurate and timely information 
about soil conditions, nutrient levels, and plant health, leading to efficient resource 
management and reduced environmental impact. Collaboration between scientists, 
engineers, agronomists, and farmers is crucial for the successful implementation of 
2D-based hybrid materials in agriculture. The interdisciplinary nature of this field 
requires a holistic approach, considering not only the technical aspects but also 
the social, economic, and environmental implications [23]. Regulatory frameworks 
and policies need to be developed to ensure these materials’ safe and responsible 
use, addressing concerns related to human health, ecosystem impact, and ethical 
considerations. 

Therefore, two-dimensional-based hybrid materials hold tremendous potential to 
revolutionize the agriculture system. Their unique properties and functionalities offer 
new opportunities to address the challenges faced by traditional farming practices. 

2 Overview of Various Two-Dimensional Materials 
in Agriculture 

Two-dimensional (2D) materials are a class of materials that hold a layered structure 
with a thickness of only a few atomic layers or a single layer. These materials are 
composed of atoms or molecules arranged in a two-dimensional plane, unveiling 
unique properties due to their ultrathin nature [4]. The confinement of electrons 
in the plane leads to significant changes in their electronic, optical, thermal, and 
mechanical properties compared to their bulk counterparts. There are numerous 2D 
materials available with befitting features for agriculture systems (Table 1). Some of 
them are given as follows:

2.1 Graphene 

Graphene is the most well-known and extensively studied 2D material and is 
composed of a single layer of carbon atoms arranged in a hexagonal lattice, exhibiting 
exceptional electrical conductivity, high mechanical strength, and excellent thermal 
properties. These characteristics make it suitable for various agricultural applica-
tions, including sensors, nanocomposites for soil improvement, and water filtration 
systems [7, 8].
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Table 1 Varied types of two-dimensional (2-D) materials in agriculture along with their functions 

S. no Type of 2D material Important functions in agriculture 

i. Graphene [8] Augments nutrient absorption and transport in 
plants 

Improves soil moisture retention and water-use 
efficiency 

Acts as a barrier against pests and diseases 

ii. Transition Metal Dichalcogenides 
(TMDs) [13] 

Enhances photosynthesis and plant growth 

Improves crop yield and stress tolerance 

Provides antimicrobial properties for disease 
control 

iii. Boron Nitride [25] Serves as a protective coating for seeds and 
fertilizers 

Facilitates controlled release of nutrients in the 
soil 

iv. Molybdenum Disulfide (MoS2) [34] Acts as a biosensor for detecting plant diseases 

Augments water filtration and purification 

v. Silicene [31] Enhances plant root development and nutrient 
uptake 

Improves soil structure and water retention 

vi. MXene [30] Improves water and nutrient uptake efficiency 

Acts as a protective barrier against soil erosion 

vii. Phosphorene [35] Boosts plant growth and photosynthesis 

Improves nitrogen fixation in leguminous crops 

Increases nutrient efficiency in the soil 

viii. Black Phosphorus [32] Acts as a nanocarrier for targeted delivery of 
agrochemicals 

Expands nutrient absorption in plant roots

2.2 Transition Metal Dichalcogenides (TMDs) 

TMDs are a class of 2D materials composed of transition metal atoms (e.g., molyb-
denum, tungsten) bonded to chalcogen atoms (e.g., sulphur, selenium). They exhibit 
unique electronic and optical properties due to quantum confinement effects. TMDs 
have shown potential in agricultural applications such as photocatalysis for water 
splitting and degradation of pollutants, as well as in the advance of nano sensors for 
detecting plant diseases and monitoring environmental parameters [13, 14].
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2.3 Boron Nitride (BN) 

BN is a 2D material composed of boron and nitrogen atoms settled in a hexagonal 
lattice, similar to graphene. However, unlike graphene, BN is an insulator with excep-
tional thermal stability and high chemical resistance [24]. BN has potential appli-
cations in agriculture as a protective coating for crop seeds, letting for controlled 
release of nutrients and protection against pests and diseases [25]. 

2.4 Phosphorene 

Phosphorene is a 2D material composed of phosphorus atoms agreed in a puck-
ered lattice structure. It displays high carrier mobility and excellent semiconducting 
properties [26]. Phosphorene has potential applications in agriculture, such as in the 
development of high-performance sensors for monitoring soil conditions, optimizing 
irrigation, and detecting nutrient deficiencies in plants [27]. 

2.5 Metal Oxides 

Metal oxides, such as titanium dioxide (TiO2) and zinc oxide (ZnO), can be fabricated 
into 2D forms [28]. These materials have photocatalytic properties and can be used 
for water purification, eliminating organic pollutants and harmful microorganisms 
from agricultural water sources. 

2.6 MXenes 

These are a family of 2D materials formed by selectively etching layers from layered 
transition metal carbides, nitrides, or carbonitrides known as MAX phases [29]. 
MXenes exhibit high electrical conductivity and excellent mechanical properties. 
They have potential applications in agricultural sensors, energy storage devices, and 
water treatment systems [30]. 

2.7 Silicene 

It is a 2D material composed of a single layer of silicon atoms arranged in a honey-
comb lattice structure, similar to graphene. It shows unique electronic properties 
and has potential applications in electronics, optoelectronics, and energy storage
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devices. Silicene has garnered noteworthy attention due to its compatibility with 
existing silicon-based technology [31]. 

2.8 Black Phosphorus 

Black phosphorus, also known as phosphorene, is a 2D material composed of phos-
phorus atoms arranged in a layered structure. It exhibits a high carrier mobility, 
making it suitable for electronics and photonics applications. Black phosphorus 
has shown promise in areas such as transistors, photodetectors, and energy storage 
devices [32, 33]. 

2.9 Hexagonal Boron Nitride (h-BN) 

Hexagonal boron nitride, often referred to as “white graphene”, is a 2D material 
composed of alternating boron and nitrogen atoms arranged in a hexagonal lattice 
structure [36]. It is an insulator with excellent thermal and chemical stability. h-BN 
is commonly used as a dielectric material in electronics, as a lubricant due to its low 
friction properties, and as a protective coating for various applications. 

2.10 Metal Dichalcogenides (MoS2, WS2 etc.) 

These are a class of 2D materials composed of a transition metal atom (such as 
molybdenum or tungsten) bonded with chalcogen atoms (such as sulphur or sele-
nium). They exhibit a layered structure with excellent semiconducting properties 
[37]. Metal dichalcogenides have gained attention for their potential applications in 
electronics, optoelectronics, catalysis, and energy storage [34]. 

2.11 Metal–Organic Frameworks (MOFs) 

Metal–organic frameworks are a class of 2D materials consisting of metal ions or clus-
ters coordinated with organic ligands. They possess high porosity and large surface 
areas, making them suitable for applications such as gas storage and separation, drug 
delivery, and catalysis [38]. MOFs have the potential to improve soil fertility and 
nutrient management in agriculture.



400 S. R. Padhan et al.

2.12 Phosphorene Oxide 

Phosphorene oxide is a 2D material derived from black phosphorus by introducing 
oxygen functionalities. It exhibits unique properties and can be used for applica-
tions such as energy storage, sensing, and catalysis [39]. Phosphorene oxide has 
shown potential for use in agriculture, particularly in the development of efficient 
electrochemical sensors [35] for soil analysis and plant health monitoring. 

2.13 Carbon Nitride 

Carbon nitride is a 2D material composed of carbon and nitrogen atoms. It exhibits a 
range of electronic and optical properties, depending on the composition and struc-
ture. Carbon nitride materials have potential applications in photocatalysis, water 
splitting, and energy conversion devices [40, 41]. They can contribute to sustain-
able agriculture by harnessing solar energy for various processes, such as water 
purification and crop growth enhancement. 

It is important to note that the field of 2D materials is continuously expanding, 
and new materials with unique properties are being discovered and synthesized. 
Each material enjoys unique properties that can be tailored for specific applications 
in agriculture, electronics, energy, and other fields. The versatility and tunability of 
2D materials make them promising candidates for addressing the challenges and 
advancing innovation in innumerable industries. Therefore, 2D materials hold great 
promise for transforming agricultural systems with their unique properties, such as 
large surface area, high conductivity, and adsorption capabilities, enabling enhanced 
nutrient delivery, water management, soil remediation, disease and pest management, 
and upgraded crop growth and quality. Graphene, TMDs, BN, phosphorene, metal 
oxides, and MXenes are just a few specimens of the diverse range of 2D materials that 
can be utilized in agriculture. By harnessing the potential of these materials and fitting 
them into agricultural practices, we can pave the way for a more sustainable, efficient, 
and resilient agricultural industry [42]. Continued research and development efforts 
in this field are crucial to further explore the capabilities of 2D materials and realize 
their full potential in addressing the challenges of modern agriculture. 

3 Synthesis and Fabrication Techniques of Hybrid 
Materials in Agriculture 

Hybrid materials, which combine two or more different materials with complemen-
tary properties, have gained significant attention in the field of agriculture. These 
materials offer unique functionalities and enhanced performance that can revolu-
tionize agricultural practices and address various challenges. To harness the potential
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of hybrid materials, it is crucial to understand the synthesis and fabrication techniques 
involved in their production. Some of the techniques are explained as below (Fig. 1). 

Fig. 1 Different synthesis 
and fabrication techniques of 
2D-hybrid materials
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3.1 Solution-Based Methods 

Solution-based methods are extensively used for synthesizing hybrid materials in 
agriculture. One common technique is the sol–gel method, where precursor solutions 
are mixed and undergo hydrolysis and condensation reactions to form a gel-like 
structure followed by subsequent drying and heat treatment result in the formation 
of hybrid materials [43]. This procedure allows for the incorporation of different 
materials, such as 2D materials, polymers, nanoparticles, and organic compounds, 
into the final product. Solution-based methods offer versatility and control over the 
composition, morphology, and properties of these materials [44]. 

3.2 Chemical Vapour Deposition (CVD) 

Chemical vapour deposition is a technique frequently employed for the synthesis of 
2D materials and their integration into hybrid materials. In CVD, precursor gases are 
introduced into a reaction chamber, where they decompose and deposit on a substrate 
to form a thin film. By controlling the reaction parameters, such as temperature, 
pressure, and gas composition, hybrid materials can be fabricated with precise switch 
over the composition and morphology. CVD allows for the growth of large-area films 
and the integration of multiple materials, enabling the development of complex hybrid 
structures [16, 17]. 

3.3 Electrospinning 

Electrospinning is a versatile technique used for fabricating hybrid materials in the 
form of nanofibers. In this course, a high voltage is applied to a polymer solution or 
melt, causing it to form a charged jet that is drawn towards a grounded collector [45]. 
By incorporating 2D materials, nanoparticles, or other additives into the polymer 
solution, hybrid nanofibers with enhanced properties can be shaped. Electrospinning 
offers control over fibre diameter, porosity, and surface area, making it suitable 
for applications like controlled-release systems, filtration membranes, and tissue 
engineering scaffolds in agriculture. 

3.4 Layer-By-Layer Assembly 

Layer-by-layer (LbL) assembly is a technique used for fabricating thin films with 
precise control over the layer thickness and composition. This method involves 
the sequential adsorption of oppositely charged materials onto a substrate [46].
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By alternating between different materials, such as polymers, 2D materials, and 
nanoparticles, hybrid thin films can be constructed with tailored properties. LbL 
assembly allows for the incorporation of multiple components, enabling the design 
of functional coatings, sensors, and controlled-release systems for agricultural 
applications. 

3.5 In Situ Growth and Modification 

In situ growth and modification techniques involve the synthesis or incorporation 
of materials directly within the agricultural system. For example, 2D materials can 
be grown on substrates or incorporated into hydrogels or porous structures through 
direct synthesis or modification techniques [47]. These in situ techniques enable the 
integration of hybrid materials into specific agricultural environments, such as soil 
amendments or plant growth substrates, facilitating their direct interaction with crops 
and enhancing their performance in agricultural systems. 

3.6 Self-Assembly 

Self-assembly is a technique where materials organize themselves into ordered struc-
tures through molecular interactions. By designing the molecular structure and prop-
erties of the components, self-assembly can be used to fabricate hybrid materials with 
specific functionalities. For example, amphiphilic molecules can self-assemble into 
micelles or vesicles that encapsulate 2D materials or nanoparticles, creating hybrid 
structures with controlled release properties or enhanced stability [46]. 

3.7 Physical Mixing and Blending 

Physical mixing and blending involve the simple mixing of different materials 
to create hybrid composites. This technique is straightforward and cost-effective, 
making it suitable for large-scale production [48]. By combining 2D materials with 
polymers, nanoparticles, or other additives, hybrid composites can be formed with 
improved mechanical, thermal, or electrical properties. Physical mixing and blending 
offer flexibility in controlling the composition and concentration of the materials, 
allowing for customized hybrid materials for specific agricultural applications.



404 S. R. Padhan et al.

3.8 Templating and Replication 

Templating and replication techniques involve using templates or molds to create 
hybrid materials with desired structures. For example, 2D materials can be used 
as templates to fabricate hierarchical hybrid structures by filling their interlayer 
spaces with other materials [49]. Alternatively, replica molding can be employed 
to transfer the surface texture and properties of one material onto another, creating 
hybrid materials with unique surface functionalities. 

3.9 3D Printing 

3D printing, also known as additive manufacturing, is a technique that allows for the 
fabrication of complex three-dimensional structures layer by layer. By incorporating 
2D materials, polymers, or nanoparticles into the printing materials, hybrid structures 
with tailored compositions and functionalities can be created. 3D printing offers 
precise control over the geometry and internal architecture of the fabricated objects, 
enabling the development of customized agricultural tools, sensors, and structures 
[50]. 

3.10 Electrochemical Deposition 

Electrochemical deposition involves the electrodeposition of materials onto a 
conductive substrate using an electrolyte solution. By controlling the deposition 
parameters, such as current density and deposition time, hybrid materials can be 
synthesized with controlled composition, morphology, and thickness. Electrochem-
ical deposition is a versatile technique that can be used to integrate 2D materials, 
nanoparticles, or other materials onto electrodes, enabling the development of hybrid 
electrochemical sensors or energy storage devices for agricultural applications. 

The field of hybrid materials in agriculture continues to advance with the develop-
ment of new synthesis and fabrication techniques. Each method offers unique advan-
tages in terms of control over composition, structure, and properties. Solution-based 
methods, chemical vapour deposition, electrospinning, layer-by-layer assembly, 
in situ growth and modification, self-assembly, physical mixing and blending, 
templating and replication, 3D printing, and electrochemical deposition are just 
some of the techniques employed to create hybrid materials with enhanced func-
tionalities for agricultural systems [44]. By leveraging these techniques, researchers 
and engineers can tailor hybrid materials to address specific challenges in crop yield 
improvement, soil quality enhancement, and sustainable agriculture [48].
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4 Applications of 2D-Based Hybrid Materials 
in Agriculture 

The 2D materials are going to be the backbone of next generation agriculture to 
produce more by expensing less. Some of its potential applications are outlined and 
summarized below (Fig. 2). 

4.1 Improved Nutrient Delivery Systems 

Efficient nutrient delivery is essential for promoting healthy plant growth and maxi-
mizing agricultural productivity. Traditional methods of nutrient application, such as 
soil fertilization and foliar spraying, often suffer from issues such as nutrient leaching, 
low absorption rates, and uneven distribution [51]. In recent years, the integration 
of two-dimensional (2D) hybrid materials in agriculture has shown great promise 
in addressing these challenges. By combining the unique properties of 2D materials 
with other materials, hybrid systems offer innovative solutions for improving nutrient 
delivery and enhancing plant nutrition. This document aims to explore the concept of 
improved nutrient delivery systems through 2D-hybrid materials in agriculture and 
highlight their potential benefits and applications.

Fig. 2 Various applications of 2D-based hybrid materials in Agriculture 
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4.2 Enhanced Nutrient Retention and Controlled Release 

One of the key advantages of using 2D-hybrid materials in nutrient delivery systems 
is their ability to enhance nutrient retention and facilitate controlled release [52]. By 
incorporating 2D materials, such as graphene or transition metal dichalcogenides 
(TMDs), into nutrient carriers or matrices, hybrid materials can improve the adsorp-
tion and retention of nutrients. These materials possess large surface areas and high 
adsorption capacities, allowing them to effectively bind and retain essential nutrients, 
preventing their loss through leaching. Additionally, the controlled release proper-
ties of hybrid materials can be tailored by adjusting factors such as composition, 
morphology, and interlayer spacing, enabling nutrients to be released gradually over 
time, matching the plant’s uptake requirements. 

4.3 Improved Nutrient Uptake Efficiency 

2D-hybrid materials can also enhance nutrient uptake efficiency by promoting root 
growth and improving nutrient absorption. Incorporating 2D materials into soil 
amendments or hydrogels can enhance soil structure, porosity, and water-holding 
capacity, thereby creating a favourable environment for root development. The 
increased surface area of 2D materials facilitates the adsorption of nutrients in the 
root zone, making them readily available for plant uptake [53]. Furthermore, the 
use of hybrid materials can enhance the solubility and bioavailability of nutrients, 
ensuring their effective absorption by plant roots and reducing nutrient wastage. 

4.4 Targeted Nutrient Delivery and Site-Specific Application 

The precise targeting of nutrients to specific plant organs or growth stages is critical 
for optimizing nutrient utilization and minimizing environmental impact. 2D-hybrid 
materials offer the potential for targeted nutrient delivery through functionalization 
and modification. For example, hybrid materials can be engineered to respond to 
specific triggers such as pH, temperature, or enzymatic activity, enabling controlled 
nutrient release at specific plant growth stages or in response to environmental cues. 
This targeted approach ensures that nutrients are delivered directly to the intended 
sites, reducing the risk of wastage and optimizing plant nutrient uptake efficiency) 
[52].
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4.5 Reduced Environmental Impact 

Improved nutrient delivery systems through 2D-hybrid materials have the potential 
to reduce the environmental impact associated with conventional nutrient applica-
tion methods. The controlled-release nature of hybrid materials minimizes nutrient 
leaching, decreasing the risk of water contamination and eutrophication [54]. Addi-
tionally, the site-specific nutrient delivery enabled by hybrid materials ensures that 
nutrients are delivered where they are most needed, reducing excess nutrient applica-
tion and subsequent environmental pollution [55]. These sustainable nutrient delivery 
systems contribute to environmentally responsible agricultural practices and promote 
the conservation of natural resources [56]. 

5 Enhanced Crop Growth and Productivity 

The global population is steadily increasing, putting significant pressure on agricul-
tural systems to meet the rising demand for food. To address this challenge, innovative 
approaches are required to enhance crop growth and productivity [52, 57]. One such 
approach is the integration of two-dimensional (2D) hybrid materials in agricul-
ture. These materials, combined with other components, offer unique properties and 
functionalities that can positively impact crop performance [58]. 

5.1 Improved Nutrient Availability 

Optimal nutrient availability is essential for promoting plant growth and maximizing 
crop productivity. 2D-hybrid materials play a significant role in improving nutrient 
availability and uptake efficiency. By incorporating 2D materials, such as graphene 
or transition metal dichalcogenides (TMDs), into fertilizers or soil amendments, 
hybrid systems can enhance nutrient retention and release characteristics [53]. The 
high surface area and adsorption capacity of 2D materials enable them to bind and 
retain nutrients, preventing their loss through leaching. Moreover, these materials can 
improve the solubility and bioavailability of nutrients, making them more accessible 
to plant roots and increasing their uptake efficiency. 

5.2 Enhanced Water Management and Efficiency 

Water scarcity is a major challenge in agriculture, particularly in regions with limited 
water resources. 2D-hybrid materials offer the potential to improve water manage-
ment and efficiency in crop production. By incorporating hydrophilic 2D materials
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into soil amendments or mulches, hybrid systems can enhance water retention in the 
root zone, reducing water loss through evaporation and improving the availability 
of water to plants [59]. Additionally, the use of 2D materials with water-responsive 
properties allows for controlled water release, ensuring that plants receive water when 
needed. This improved water management can lead to better crop growth, especially 
in drought-prone areas, and contribute to sustainable water usage in agriculture [58]. 

5.3 Enhanced Pest and Disease Management 

Pests and diseases pose significant threats to crop health and productivity. Integrating 
2D-hybrid materials in pest and disease management strategies can provide novel 
solutions to combat these challenges. For instance, incorporating antimicrobial 2D 
materials into crop protection formulations can enhance the efficacy of pesticides, 
reducing the risk of disease outbreaks and improving crop health. Similarly, the use of 
2D materials with insect-repellent properties can help deter pests and minimize crop 
damage [60]. The antimicrobial and insect-repellent functionalities of 2D-hybrid 
materials offer environmentally friendly alternatives to conventional pesticide use, 
promoting sustainable pest and disease management practices [61]. 

5.4 Enhanced Stress Tolerance and Resilience 

Crop plants often face various environmental stresses, such as heat, drought, salinity, 
and heavy metal contamination, which can negatively impact their growth and 
productivity. 2D-hybrid materials have shown potential in enhancing stress toler-
ance and resilience in crops [62]. By incorporating stress-responsive 2D materials 
into plant growth substrates or seed coatings, hybrid systems can provide plants 
with additional protection and support under challenging environmental conditions 
[63]. These materials can help regulate plant responses to stress, mitigate oxida-
tive damage, and promote the production of stress-related signalling molecules, 
ultimately enhancing crop resilience and productivity in adverse environments. 

6 Soil Remediation and Pollution Control 

Soil pollution is a significant environmental issue that affects agricultural productivity 
and poses risks to human health. Contamination of soil by heavy metals, pesticides, 
industrial pollutants, and other toxic substances can have detrimental effects on 
plant growth, soil fertility, and ecosystem health. In recent years, the integration 
of two-dimensional (2D) hybrid materials in agriculture has emerged as a promising 
approach for soil remediation and pollution control [64]. These materials, combined
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with other components, offer unique properties and functionalities that can effectively 
remove, immobilize, or degrade pollutants in the soil. 

6.1 Contaminant Adsorption and Immobilization 

One of the key advantages of using 2D-hybrid materials in soil remediation is their 
high adsorption capacity and affinity for contaminants. Certain 2D materials, such 
as graphene oxide and layered double hydroxides, possess large surface areas and 
abundant functional groups that can effectively adsorb a wide range of pollutants 
and heavy materials [65]. By incorporating these materials into soil amendments or 
barriers, hybrid systems can enhance the removal and immobilization of contami-
nants. The adsorption mechanisms involve electrostatic interactions, ion exchange, 
and surface complexation, allowing 2D-hybrid materials to selectively capture and 
retain pollutants, preventing their movement through the soil profile and reducing 
the risk of groundwater contamination. 

6.2 Pollutant Degradation and Transformation 

In addition to adsorption and immobilization, some 2D-hybrid materials possess 
inherent catalytic properties that can facilitate pollutant degradation and transfor-
mation. For example, certain transition metal dichalcogenides (TMDs) and metal– 
organic frameworks (MOFs) can serve as catalysts for the degradation of organic 
pollutants through processes like photocatalysis or advanced oxidation [55]. These 
materials can generate reactive oxygen species or promote redox reactions, breaking 
down pollutants into less toxic compounds or mineralizing them into harmless 
substances. The integration of such materials in soil remediation strategies offers 
the potential for in situ pollutant degradation and the restoration of soil quality. 

6.3 Enhanced Microbial Activity and Bioremediation 

Microorganisms play a crucial role in the degradation and detoxification of pollu-
tants in the soil. 2D-hybrid materials can enhance microbial activity and facilitate 
bioremediation processes. By incorporating materials with antimicrobial properties 
or those that can promote microbial growth and activity, hybrid systems create a 
favourable environment for pollutant-degrading microorganisms [66]. These mate-
rials can serve as carriers for beneficial microorganisms, providing protection, nutri-
ents, and a suitable microenvironment for their growth and activity. This synergy 
between 2D materials and microorganisms can accelerate the natural biodegradation 
processes and enhance the effectiveness of bioremediation strategies.
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6.4 Reduced Environmental Risk and Enhanced Soil Health 

The use of 2D-hybrid materials in soil remediation and pollution control offers several 
benefits in terms of reducing environmental risks and enhancing soil health. By effec-
tively adsorbing or degrading pollutants, these materials can mitigate the mobility and 
bioavailability of contaminants, reducing their potential for environmental exposure 
and subsequent risks to ecosystems and human health [67]. Moreover, the immobi-
lization or transformation of pollutants can lead to the restoration of soil fertility and 
the enhancement of soil structure and microbial activity. This, in turn, promotes the 
recovery of soil health, nutrient cycling, and plant growth, contributing to sustainable 
agricultural practices [68]. 

7 Enhanced Pesticide and Fertilizer Efficiency 

Pesticides and fertilizers play a crucial role in modern agriculture by protecting 
crops from pests and providing essential nutrients for optimal growth. However, their 
excessive and inefficient use can have detrimental effects on the environment, human 
health, and agricultural sustainability. To address these challenges, the integration 
of two-dimensional (2D) hybrid materials in agriculture has emerged as a promising 
approach to enhance the efficiency and effectiveness of pesticides and fertilizers 
[69]. These materials, combined with other components, offer unique properties and 
functionalities that can improve pesticide targeting, reduce environmental pollution, 
and enhance fertilizer utilization [70]. 

7.1 Enhanced Pesticide Targeting and Delivery 

One of the key advantages of using 2D-hybrid materials in agriculture is their ability 
to improve pesticide targeting and delivery. By incorporating these materials into 
pesticide formulations or coatings, hybrid systems can enhance the adhesion and 
absorption of pesticides to plant surfaces, improving their efficacy and reducing the 
amount of pesticide required [71]. The high surface area and functionalization of 2D 
materials allow for better interaction with pests and enhance the penetration of active 
ingredients into plant tissues. This targeted and controlled delivery of pesticides 
reduces off-target effects, minimizes environmental pollution, and ensures maximum 
pest control efficiency [72].



Two-Dimensional-Based Hybrid Materials for Agriculture System 411

7.2 Reduced Pesticide Drift and Volatilization 

Pesticide drift and volatilization are significant concerns in agricultural practices, 
as they can lead to unintended contamination of neighbouring crops, water bodies, 
and ecosystems. 2D-hybrid materials offer the potential to reduce pesticide drift and 
volatilization by incorporating them into drift-reducing formulations or as adjuvants 
[73]. These materials can improve the viscosity and surface tension of spray solutions, 
enhancing droplet size and reducing drift. Additionally, the use of 2D materials with 
barrier properties can limit the release of volatile pesticides into the atmosphere, 
minimizing the potential for air pollution and human exposure. 

7.3 Enhanced Fertilizer Utilization and Nutrient Efficiency 

Fertilizer efficiency is a critical aspect of sustainable agriculture, as excessive fertil-
izer use not only wastes resources but also leads to nutrient runoff, water pollu-
tion, and soil degradation. 2D-hybrid materials offer solutions to enhance fertilizer 
utilization and nutrient efficiency. By incorporating these materials into fertilizer 
formulations or soil amendments, hybrid systems can improve nutrient retention, 
slow-release properties, and nutrient availability to plants [72]. The high adsorption 
capacity of 2D materials allows them to bind and hold nutrients, preventing their 
leaching and loss from the root zone. This ensures that plants have a continuous and 
balanced supply of nutrients, leading to improved nutrient uptake, reduced fertilizer 
application, and minimized environmental impact. 

8 Smart and Controlled Release Systems 

The controlled release of pesticides and fertilizers can optimize their effectiveness 
and minimize waste. 2D-hybrid materials enable the development of smart and 
controlled release systems for agricultural inputs. These materials can be functional-
ized with stimuli-responsive properties, such as pH, temperature, or moisture sensi-
tivity, allowing for the release of active ingredients based on specific environmental 
conditions or plant needs [74]. This precise control over the release of pesticides 
and fertilizers ensures targeted application, minimizes losses, and maximizes their 
efficacy, resulting in improved crop protection and nutrient management [75]. 

The integration of 2D-hybrid materials in agriculture offers significant potential 
to enhance the efficiency and effectiveness of pesticides and fertilizers. Through 
improved pesticide targeting and delivery, reduced drift and volatilization, enhanced 
fertilizer utilization, and smart release systems, these materials contribute to 
sustainable agricultural practices.
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9 Optimization in Irrigation and Water Management 
Techniques 

Water scarcity and the efficient management of water resources are critical chal-
lenges in agriculture. With growing global population and changing climatic condi-
tions, sustainable water management practices are essential for ensuring food secu-
rity and optimizing agricultural productivity. The integration of two-dimensional 
(2D) hybrid materials in water management and irrigation systems has emerged as 
a promising approach to enhance water use efficiency, improve soil moisture reten-
tion, and mitigate water-related stresses in agriculture which are discussed in detail 
as follows. 

9.1 Enhanced Water Retention and Soil Moisture Control 

One of the key advantages of using 2D-hybrid materials in agriculture is their ability to 
improve water retention and control soil moisture. These materials, such as graphene 
oxide and layered double hydroxides, possess high water-holding capacity due to 
their large surface areas and unique interlayer structures [76]. By incorporating these 
materials into soil amendments or hydrogels, hybrid systems can enhance the water-
holding capacity of soils, reducing water loss through evaporation and promoting 
efficient water uptake by plant roots [77]. This ensures better soil moisture manage-
ment, particularly in arid and semi-arid regions, leading to improved plant growth, 
reduced irrigation requirements, and increased water use efficiency. 

9.2 Smart Irrigation Systems and Water Sensors 

2D-hybrid materials also enable the development of smart irrigation systems and 
water sensors. By integrating these materials into sensors or membranes, hybrid 
systems can detect and regulate soil moisture levels in real time [78]. These sensors 
can provide accurate information on soil moisture content, enabling farmers to opti-
mize irrigation scheduling and prevent overwatering or underwatering of crops. 
Additionally, the use of 2D materials in irrigation membranes can help control the 
release of water, ensuring a steady and controlled water supply to plants [79]. This 
targeted irrigation approach minimizes water waste and optimizes water distribution, 
contributing to water conservation and sustainable irrigation practices.
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9.3 Water Purification and Desalination 

In regions where water quality is a challenge, 2D-hybrid materials offer potential 
solutions for water purification and desalination [80]. Certain 2D materials, such 
as graphene-based membranes, exhibit excellent filtration properties, allowing them 
to selectively remove contaminants, impurities, and salts from water sources [81]. 
These materials can be used in water treatment systems to improve water quality 
for irrigation purposes. Additionally, the integration of 2D materials in desalination 
processes, such as reverse osmosis, can enhance the efficiency of saltwater conversion 
into freshwater, expanding the availability of irrigation water in coastal regions. 

9.4 Reduced Water Loss and Runoff 

Water loss and runoff are significant concerns in agriculture, as they result in inef-
ficient water use and potential environmental pollution [82]. The use of 2D-hybrid 
materials can help address these issues by reducing water loss and runoff. By incor-
porating these materials into mulching films, irrigation tapes, or hydrophilic coatings, 
hybrid systems can minimize water evaporation from the soil surface and prevent 
excessive runoff [69]. This allows for better utilization of irrigation water, reduces 
the need for frequent irrigation, and minimizes the risk of nutrient leaching and soil 
erosion. 

Moreover, the adoption of 2D-hybrid materials in water management requires 
awareness and education among farmers and stakeholders. It is essential to promote 
knowledge transfer and provide training on the benefits, applications, and proper 
utilization of these materials. Additionally, supportive policies, incentives, and 
financial mechanisms can facilitate the adoption of innovative water management 
technologies, including 2D-hybrid materials, in agriculture. 

10 Current Challenges in the Development 
and Implementation of 2D-Based Hybrid Materials 
in Agriculture 

The integration of two-dimensional (2D) materials in agriculture has opened up 
new possibilities for enhancing crop productivity, improving resource efficiency, 
and promoting sustainable agricultural practices [83]. The unique properties of 2D 
materials, such as graphene and transition metal dichalcogenides, make them attrac-
tive for a range of applications in agriculture. However, despite their potential, there 
are several challenges that need to be addressed for the successful development 
and implementation of 2D-based hybrid materials in agriculture. Some of the major 
challenges are explained as follows (Fig. 3).
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Fig. 3 Current challenges in the development and implementation of 2D-based hybrid materials 
in agriculture 

10.1 Scalability and Cost-Effectiveness 

One of the primary challenges in the development and implementation of 2D-
based hybrid materials in agriculture is achieving scalability and cost-effectiveness. 
Currently, the production of high-quality 2D materials is mostly limited to the labora-
tory scale, which poses challenges in meeting the demand for large-scale agricultural 
applications [84]. Developing scalable synthesis methods and production techniques 
is crucial to make 2D-based hybrid materials economically viable and accessible 
to farmers. Additionally, efforts should be made to optimize the production process 
and reduce the cost of manufacturing these materials, ensuring their affordability for 
widespread use in agriculture [85].
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10.2 Material Stability and Durability 

Another challenge is ensuring the stability and durability of 2D-based hybrid mate-
rials in agricultural environments. Agricultural systems are exposed to various harsh 
conditions, including temperature fluctuations, moisture, and chemical interactions 
[83]. It is essential to assess the long-term stability and performance of 2D materials 
under these conditions to ensure their effectiveness and reliability. Strategies such 
as functionalization, encapsulation, and composite formulations can be explored 
to enhance the stability and durability of 2D materials, enabling their sustained 
performance in agricultural applications. 

10.3 Compatibility with Existing Agricultural Practices 

The compatibility of 2D-based hybrid materials with existing agricultural practices is 
crucial for their successful implementation. It is essential to consider the integration 
of these materials into conventional agricultural systems without requiring significant 
modifications or disruptions to existing practices [52]. Compatibility includes factors 
such as the formulation of 2D materials into existing products, their interaction with 
soil and crops, and their potential impact on the environment. Collaboration between 
scientists, engineers, and farmers is essential to ensure that the use of 2D-based 
hybrid materials aligns with established agricultural practices and facilitates their 
adoption in the field. 

10.4 Environmental and Health Implications 

Understanding the potential environmental and health implications of 2D-based 
hybrid materials is critical for their safe and sustainable use in agriculture. While 2D 
materials offer numerous benefits, their interaction with the environment and living 
organisms must be carefully assessed [66]. Studies should be conducted to evaluate 
the long-term effects of these materials on soil health, crop growth, microbial commu-
nities, and ecosystem dynamics. Additionally, the potential release of nanoparticles or 
toxic components from 2D materials should be investigated to minimize any adverse 
effects on human health and the environment. Regulations and guidelines should be 
developed to ensure the responsible and sustainable use of 2D-based hybrid materials 
in agriculture.
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11 Knowledge and Awareness 

Another challenge lies in raising awareness and disseminating knowledge about 2D-
based hybrid materials among farmers, agricultural practitioners, and policymakers. 
Many stakeholders may have limited familiarity with these emerging technologies 
and their potential applications in agriculture. Efforts should be made to bridge the 
knowledge gap through education, training programs, workshops, and information-
sharing platforms [86]. Collaborative initiatives between researchers, industry, and 
agricultural organizations can facilitate knowledge transfer and technology adoption, 
promoting the successful integration of 2D-based hybrid materials in agricultural 
systems. 

12 Standardization and Quality Control 

Establishing standardized protocols and quality control measures for the produc-
tion, characterization, and application of 2D-based hybrid materials is essential [87]. 
Consistency in material properties, performance, and functionality is crucial for 
ensuring reproducibility and reliability across different agricultural settings. Devel-
oping standardized testing methods and quality assurance guidelines will enable 
farmers and agricultural practitioners to make informed decisions about the selection 
and utilization of 2D-based hybrid materials. 

13 Regulatory and Policy Frameworks 

The development and implementation of regulatory and policy frameworks specific 
to 2D-based hybrid materials in agriculture are important [52]. These frameworks 
should address aspects such as safety assessments, labelling requirements, and envi-
ronmental risk assessments. Clear guidelines will provide regulatory certainty and 
foster responsible use, ensuring that the potential benefits of 2D-based hybrid mate-
rials are realized while minimizing any potential risks to human health and the 
environment. 

14 Long-Term Efficacy and Performance Monitoring 

Long-term efficacy and performance monitoring of 2D-based hybrid materials in 
agricultural systems are crucial to assess their sustained effectiveness. Monitoring 
studies should evaluate factors such as material degradation, nutrient release rates, 
pest and disease control, and overall crop performance over extended periods [88].
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These studies will provide valuable insights into the long-term benefits and limita-
tions of using 2D-based hybrid materials, allowing for continuous improvement and 
optimization of their agricultural applications. 

14.1 Adoption and Economic Viability 

Encouraging the adoption of 2D-based hybrid materials in agriculture requires 
demonstrating their economic viability and return on investment for farmers. Cost– 
benefit analyses and case studies that showcase the potential economic advantages 
of using these materials, such as increased crop yield, reduced inputs, and improved 
resource efficiency, can incentivize farmers to incorporate them into their agricultural 
practices [83]. Additionally, exploring funding mechanisms, subsidies, or incentives 
for farmers to adopt 2D-based hybrid materials can help overcome initial financial 
barriers. 

Therefore, while the integration of 2D-based hybrid materials in agriculture 
presents immense potential, several challenges need to be addressed to ensure 
their successful development and implementation. Overcoming scalability and cost-
effectiveness barriers, ensuring material stability and compatibility with existing 
practices, assessing environmental and health implications, and promoting knowl-
edge exchange and Collaboration are crucial steps in realizing the full benefits of 
2D-based hybrid materials for sustainable agriculture. By addressing these chal-
lenges, we can unlock the transformative potential of these materials and pave the 
way for a more efficient, resilient, and sustainable agricultural future. 

15 Future Directions and Potential Breakthroughs 
in the Field 

The integration of two-dimensional (2D) materials in agriculture has demonstrated 
immense potential for enhancing crop productivity, resource efficiency, and sustain-
ability. As researchers continue to explore the applications of 2D-based hybrid mate-
rials in agriculture, several future directions and potential breakthroughs are emerging 
which are summarized in this section below. 

15.1 Development of Novel 2D Materials 

One of the key future directions is the development of novel 2D materials tailored 
specifically for agricultural applications. Researchers are exploring the synthesis 
and characterization of new materials with enhanced properties, such as improved
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stability, durability, and selectivity. The discovery of new 2D materials or the modi-
fication of existing ones can lead to breakthroughs in areas such as controlled 
release of nutrients, targeted delivery of agrochemicals, and improved stress toler-
ance in crops [69]. The exploration of materials beyond graphene and transition 
metal dichalcogenides opens up new possibilities for addressing specific agricultural 
challenges. 

15.2 Smart and Responsive Systems 

Future breakthroughs in 2D-based hybrid materials will involve the development 
of smart and responsive systems for precision agriculture. Integration of sensors, 
actuators, and stimuli-responsive materials with 2D hybrids can enable real-time 
monitoring and precise control of agricultural processes. These systems can detect 
and respond to environmental changes, nutrient deficiencies, or pest infestations, 
triggering targeted actions for optimized resource utilization and crop manage-
ment [89]. Such smart systems have the potential to revolutionize the way we 
monitor and manage agricultural systems, leading to increased efficiency and reduced 
environmental impact. 

15.3 Nanotechnology and Nanoscale Delivery Systems 

Nanotechnology holds great promise for the future of 2D-based hybrid materials 
in agriculture. Researchers are exploring the use of nanoscale delivery systems 
to improve the targeted delivery and controlled release of nutrients, pesticides, 
and growth-promoting substances [90]. Nanoencapsulation and nanocarrier tech-
nologies can protect active compounds, increase their stability, and enhance their 
bioavailability [75]. The combination of 2D materials with nanotechnology offers 
opportunities for precise and efficient delivery of agrochemicals, minimizing their 
environmental impact and improving their efficacy. 

15.4 Bioinspired and Biocompatible Approaches 

Future breakthroughs in 2D-based hybrid materials will likely involve bioinspired 
and biocompatible approaches. Researchers are looking to nature for inspiration, 
studying the principles and mechanisms employed by plants and microorganisms 
to overcome environmental challenges [91]. By mimicking these natural processes, 
it is possible to develop bioinspired materials that exhibit enhanced functionality 
and adaptability. Biocompatible materials can integrate seamlessly with biological 
systems, promoting symbiotic interactions and minimizing any potential harm to the
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environment or organisms. These approaches have the potential to revolutionize pest 
and disease management, soil remediation, and crop enhancement strategies. 

15.5 Data-Driven Agriculture and Machine Learning 

The integration of 2D-based hybrid materials with data-driven agriculture and 
machine learning techniques represents a promising direction for future break-
throughs [92]. By harnessing the power of big data, advanced analytics, and machine 
learning algorithms, it is possible to develop predictive models for crop growth, 
disease outbreaks, and resource requirements. The integration of sensor data, satel-
lite imagery, and real-time monitoring with 2D-based hybrid materials can enable 
proactive decision-making, precise resource allocation, and optimized crop manage-
ment [93]. This data-driven approach has the potential to revolutionize the efficiency 
and sustainability of agricultural systems. 

15.6 Integration of Renewable Energy Sources 

The integration of renewable energy sources with 2D-based hybrid materials offers 
exciting possibilities for the future of agriculture. Harnessing solar energy through 
the use of photovoltaic materials integrated with 2D-based hybrid materials can 
provide a sustainable and efficient energy source for agricultural systems [94]. The 
integration of solar panels made from 2D materials, such as graphene, can capture 
solar energy and convert it into electricity to power various agricultural processes. 
This integration can reduce reliance on conventional energy sources and promote 
greener and more sustainable farming practices. 

15.7 Multifunctional Materials 

Future breakthroughs in 2D-based hybrid materials will involve the develop-
ment of multifunctional materials that can perform multiple tasks simultaneously. 
Researchers are exploring the incorporation of different functionalities into a single 
material, such as nutrient delivery, water retention, and pest control [95]. This inte-
gration can lead to the development of advanced materials that offer comprehensive 
solutions for multiple agricultural challenges. Multifunctional materials can stream-
line agricultural processes, reduce the need for multiple applications, and enhance 
overall efficiency [79].
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15.8 Integration of Internet of Things (IoT) 

The integration of 2D-based hybrid materials with the Internet of Things (IoT) 
technology presents a significant opportunity for the future of agriculture [78]. By 
connecting sensors, devices, and agricultural equipment through wireless networks, 
farmers can monitor and control various aspects of their operations remotely. This 
integration can facilitate real-time data collection, analysis, and decision-making, 
leading to optimized resource management, reduced waste, and improved produc-
tivity [79]. The combination of 2D-based hybrid materials and IoT can enable 
precision agriculture on a large scale. 

15.9 Collaboration and Interdisciplinary Research 

To unlock the full potential of 2D-based hybrid materials in agriculture, collaboration, 
and interdisciplinary research are essential. Collaboration between material scien-
tists, agronomists, engineers, and farmers can facilitate knowledge exchange, inno-
vation, and the practical implementation of these materials in agricultural systems 
[52]. Interdisciplinary research efforts can address complex agricultural challenges 
from multiple perspectives, leading to holistic solutions that consider the social, 
economic, and environmental aspects of agriculture. 

15.10 Policy and Regulatory Support 

The future success of 2D-based hybrid materials in agriculture relies on the develop-
ment of supportive policies and regulatory frameworks. Governments and regulatory 
bodies need to keep pace with advancements in the field and establish guidelines for 
the safe and responsible use of these materials [52]. Supporting research funding, 
promoting technology transfer, and providing incentives for the adoption of 2D-based 
hybrid materials can accelerate their development and implementation in agriculture. 

The future of 2D-based hybrid materials in agriculture holds tremendous potential 
for transforming farming practices, enhancing resource efficiency, and promoting 
sustainability. With ongoing advancements, we can anticipate a future where 
agriculture is more sustainable, efficient, and resilient.
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16 Conclusion 

The integration of two-dimensional (2D) materials in agriculture has the potential 
to revolutionize farming practices and pave the way for sustainable and efficient 
agricultural systems. The utilization of 2D-based hybrid materials in agriculture 
offers a wide range of potential benefits. These materials have shown promise in 
enhancing nutrient delivery systems, improving crop growth and productivity, reme-
diating soils, increasing pesticide and fertilizer efficiency, managing water resources, 
and mitigating environmental pollution. By leveraging the unique properties of 2D 
materials and combining them with other materials, we can achieve enhanced func-
tionality and performance, resulting in more sustainable and efficient agricultural 
practices. 

Continued research and development in the field of 2D-based hybrid materials in 
agriculture are crucial for unlocking their full potential. There is still much to discover 
and understand about these materials, including their synthesis and fabrication tech-
niques, performance under different environmental conditions, long-term efficacy, 
and safety aspects. Furthermore, exploring novel 2D materials, integrating them with 
emerging technologies such as nanotechnology and IoT, and investigating their inter-
actions with plants, soil microorganisms, and ecosystems will further advance our 
knowledge and capabilities. Research and development efforts should focus on opti-
mizing the properties and functionalities of 2D-based hybrid materials, improving 
their scalability, cost-effectiveness, and environmental compatibility, and addressing 
any potential risks or limitations associated with their use. Additionally, collaborative 
research endeavours that bring together scientists, engineers, agronomists, policy-
makers, and farmers will facilitate the exchange of knowledge, foster innovation, 
and promote the practical application of these materials in real-world agricultural 
settings. 

The implementation of 2D-based hybrid materials in agriculture aligns with the 
broader goals of sustainable development, including the United Nations’ Sustain-
able Development Goals (SDGs). These materials have the potential to contribute to 
multiple SDGs, such as zero hunger, clean water and sanitation, sustainable cities and 
communities, responsible consumption and production, and climate action. There-
fore, by addressing key agricultural challenges and promoting resource-efficient prac-
tices, 2D-based hybrid materials can play a vital role in achieving a more sustainable, 
resilient, and food-secure future. 
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