


Miniaturized Electrochemical 
Devices 

Evidently, electrochemical sensing has revolutionized the electroanalytical detections 
in the world. Since the 19th century, a huge amount of growth has been visible 
on various fronts, such as biosensors, energy devices, semiconductor devices, 
communication, embedded systems, sensors etc. However, the major research gap 
lies in the fact that most of the reported literatures are bulk systems; hence there are 
limitations for practical applications. 

Research in these domains has been carried out by both academia and industry, 
whereby academics is the backbone whose intellectual outputs have been widely 
adopted by the industry and implemented for consumers at large. In order to 
impart portability to the electrochemical sensors for point-of-care application, the 
collaboration of electrochemistry, microfluidics, electronics and communication 
as an interdisciplinary forum is crucial. The miniaturization, automation, IoT 
enabling and integration are the requirements for building the mentioned research 
gap. The conversion of electrochemical sensing theoretical concepts to practical 
applications in real time via miniaturization and integration of microfluidics will 
enhance this domain. In this context, of lately, several research groups have 
developed miniaturized microdevices as electrochemical-sensing platforms. This 
has led to a demand of offering a reference book as a guideline for the PhD programs 
in electrochemistry, MEMS, electronics and communication. Undoubtedly, this will 
have a huge impact for R&D in industries, public-funded research institutes and 
academic institutions. 

The book will provide a single forum to understand the current research trends and 
future perspectives of various electrochemical sensors and their integration in 
microfluidic devices, automation and point-of-care testing. For students, the book 
will become a motivation for them to explore these areas for their career standpoints. 
For the professionals, the book will become a thought-provoking stage to manoeuvre 
the next-generation devices/processes for commercialization.  
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1.1 INTRODUCTION 

Electrochemical micromachining (ECMM) is an advanced micromachining process 
used for the processing of conducting as well as semiconducting materials. In this 
process, the material to be machined (referred to as a workpiece) is connected to an 
external DC process energy source (PES) and a counter-electrode (referred to as a tool) 
is connected to the negative terminal of the PES. In between these two electrodes, an 
electrically conducting fluid (referred to as an electrolyte) is supplied, which completes 
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the electrical circuit. In the gap between these two electrodes (referred to as inter- 
electrode gap (IEG)), an electric field is established and material starts dissolving from 
the workpiece at an ionic level. If the tool material is inert to the electrolyte solution 
used, no material gets removed from it in the process and therefore, the tool has 
theoretically infinite life. This feature of ECMM makes it one of the most promising 
techniques for micromachining operations (McGeough 1974). The difference between 
ECMM and electrochemical machining (ECM) is in terms of the dimension of the tool 
used, the magnitude of the applied potential, the IEG, the conductivity of the elec-
trolyte used, and the relative tool/workpiece feed rate (De Barr and Oliver 1968). The 
form of the tool determines the shape and dimensions of the workpiece; hence, pre-
defined tool forms are utilised to create the required features on the workpiece. In 
ECMM, the tool dimensions are generally in the order of a few micrometres and, 
hence, result in a high current density on the workpiece surface beneath the tool. 

According to the classical theory of ECM, positive metal ions leave the workpiece 
during electrolysis, and electrons leave the tool to reach the opposite ends. The 
quantification of the physical change occurring at the workpiece surface is done using 
the first and second law of electrolysis proposed by Michael Faraday in the early 19th 
century. E. Shiptalsky, a Russian physicist, devised ECM in 1911. In 1929, Russian 
engineers V. N. Gusev and L. Rozhkov improved the technique, and in 1959, the 
Anocut Engineering Company (U.S.) commercialised the ECM model. This tech-
nology gained popularity in the 1960s and 1970s for machining hard, intricately 
formed aerospace materials. It was also used in the tool manufacturing industries of 
Russia and Western Europe. By the end of the 1990s, the ECM was used for ma-
chining many types of materials in aerospace, textile, biomedical, and automotive 
industries. Electrochemical manufacturing processes can be classified into four cat-
egories as electrochemical machining, electrochemical micromachining, electro-
chemical polishing and electrochemical deposition, where material removed or 
deposited are based on Faraday’s laws of electrolysis. Pulsed voltage as input in ECM 
resulted in localised material dissolution and led to the evolution of ECMM. The 
schematic of ECM is shown in Figure 1.1(a). The variation in current density causes 
the selective dissolving of metal from the anode’s surface, therefore replicating the 
form of the tool on the workpiece, as shown in Figure 1.1(b). A pump supplies high- 
velocity electrolyte between two electrodes to flush away reaction products and 
disperse heat. The IEG must be maintained at a minimum (5–50 m) to reduce re-
sistance and increase current flow across the gap, which increases material removal 
(MRR) (B. Bhattacharyya, Munda, and Malapati 2004). 

ECM and ECMM can be differentiated by the differences in the dimensions of 
tool diameter, IEG, electrolyte flow velocity, tool/workpiece feed rate and applied 
potential. ECMM employs an intermittent voltage supply consisting of a current 
pulse and a relaxation phase of zero current, which enables more efficient removal 
of electrolysis products from the constricted IEG (Bijoy Bhattacharyya 2015b). 

Following are some advantages of the ECM/ECMM process:  

1. The surface of the machined workpiece is free of burrs and has a good 
surface finish (Ra between 0.05 µm to 0.4 µm) (B. Bhattacharyya, Munda, 
and Malapati 2004). 
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2. The tool and workpiece are not in contact while machining. Thus, the 
surface of the workpiece is devoid of mechanical residual stresses.  

3. No heat-affected zone is created and, hence, thermal stresses are absent in 
the machined workpiece. 

4. The process performance is independent of the physical and thermal prop-
erties of the workpiece.  

5. Protracted tool life. 

Following are the limitations of the ECM/ECMM process:  

1. The tool and workpiece materials must conduct electricity.  
2. Sand inclusions and spots in the material of the workpiece make it difficult 

to machine the component.  
3. The stray current in the machining zone of ECMM cannot be eliminated 

completely. They cause unwanted material removal and reduce machining 
accuracy and surface finish.  

4. For each new micro-fabrication, new research is essential. So, for the 
process to be cost effective, higher production numbers are required. 

Micromachining is a subtractive manufacturing process that employs mechanical 
microtools with defined cutting-edge geometries in the fabrication of parts or features 

FIGURE 1.1 (a) Schematic of ECM. (b) Anodic dissolution of metals.    
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in the micrometer range at least for some of their dimensions (Mativenga 2018). 
Communications, optics, computers, MEMS, micro-fluids, automotive, biomedical, 
aerospace, electronics, refrigeration, and air conditioning industries have been 
adapting micromachining rapidly due to increasing product complexity. The market is 
migrating towards smaller products due to availability, cost, energy, space limitations, 
and for better technology. Advanced engineering materials can be machined using a 
variety of micromachining techniques, which are chosen depending on requirements 
such as accuracy, surface finish, cost, and production rate. 

1.1.1 FARADAY’S LAWS OF ELECTROLYSIS 

The two fundamental laws of electrolysis stated by Michael Faraday, in the year 
1834, serve as the foundation for electrodeposition and dissolution processes. The 
statements can be represented as (Bijoy Bhattacharyya 2015a):  

1. The mass of a substance deposited on the electrode or dissolved from it 
during electrolysis is directly proportional to the quantity of current passed.  

2. The mass of different elemental materials deposited or dissolved for a given 
quantity of electricity is directly proportional to the elements equivalent 
weight. 

Faraday’s laws can be mathematically represented as shown in Equation (1.1): 

m =
ItA

zF
(1.1)  

where, 

m = mass (g), 
I = current (amp), 
t = time (s), 
A = gram equivalent weight of anode material (g/mol), 
z = valency number of anode material, and 
F = Faraday’s constant (≈ 96,500 C/mol). 

1.1.2 MATERIAL REMOVAL RATE 

Material removal rate in ECM/ECMM can be expressed in three different forms as: 
MRRg for mass material removal rate in g/s MRRv for volumetric removal rate in 
mm3/s and MRRI for liner material removal rate in m/s (Jain 2011). The following 
assumptions are made for simplifying the analysis:  

i. Electrical conductivity (k) of the electrolyte is to remain constant in IEG.  
ii. The electrodes’ conductivity is very large compared to that of electrolyte.  

iii. The anode dissolution occurs at one fixed valency. 
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iv. Across the electrodes, the effective working voltage is (V V), where 
V is the applied voltage and V is a fraction of V that includes over-
voltage, electrode voltage, etc. 

From Equation (1.1), MRRg can be calculated as 

MRR =
IA

zF
g (1.2)  

where is current efficiency which is the ratio of actual mass of the material 
dissolved to theoretical mass dissolved. 

MRRv can be evaluated from Equation (1.2) as 

MRR =
IA

zF
v

a

(1.3)  

where a is the anode material density (g/mm3). 
MRRI is evaluated as 

MRR =
JA

zF
I

a

(1.4)  

where J is the current density which is expressed as 

J
I

A
= (1.5)  

where A is the common electrode area (mm2) through which the current flows. 
Current density can also be expressed as 

J =
k(V V)

h
(1.6)  

where h is IEG. In ECM/ECMM, the tool is usually fed at a constant rate towards 
the workpiece. At equilibrium, MRRI (the rate of reduction in material thickness) is 
equal to the rate at which the tool is fed to the workpiece (feed rate). Thus, on 
substituting the value of current density from Equation (1.6) in Equation (1.4), the 
feed rate (f) can be expressed as 

f =
Ak(V V)

zh Fe a

(1.7)  

where he is the IEG when the equilibrium is attained. 
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1.1.3 WORKING PRINCIPLE OF ECMM 

The anodic dissolution occurs because of simultaneous oxidation and reduction 
phenomena when the electric current flows through the system. The motion of cations 
and anions present in the electrolyte solution are responsible for the charge flow and 
hence the material removal from the anode takes place as shown in Figure 1.1(b). 

Depending on the nature of the electrolyte used, the reactions can be summarized 
as follows (McGeough 1974):  

i. In acidic electrolytes (e.g., HCl, H2SO4) 

Reactions at anode: 

M M + zez+ (1.8)  

where M is the metal, z is the valency of the metal ion, and e is the charge of the 
electron. 

Reactions at cathode: 

2H + 2e H+
2 (1.9)  

ii. In neutral electrolytes (e.g., NaNO3, NaCl) 

Reaction at the anode: 

M M + zez+ (1.10)  

or 

zM + z(OH) M(OH) + ez (1.11)  

Reaction at the cathode: 

2H O + 2e 2(OH) + H2 2 (1.12)  

The hydroxyl ions formed at the cathode and metal ions from the anode react in the 
bulk electrolyte to form metal hydroxide (McGeough 1974). 

e.g., 

M + 2(OH) M(OH)2+
2 (1.13)  

iii. In alkaline electrolytes (e.g., KOH, NaOH) 

Reaction at the anode: 

M + z(OH) M(OH) + zez (1.14) 
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Reaction at the cathode: 

2H O + 2e 2(OH) + H2 2 (1.15)  

The produced metal hydroxide forms as sludge and precipitates in the solution, 
which is filtered out from the liquid. 

1.1.4 ECMM SETUP 

The experimental setup of ECMM consists of a PES, electrolyte supply system 
which holds a pump and a purifier, xyz axes and computer numerical control (CNC) 
motion controller, workpiece table, machining chamber, and micro-tools. Figure 1.2 
shows a schematic of an ECMM setup. Perspex or another non-corrosive material is 
used to fabricate the machining chamber. It holds the job and collects the electrolyte 
with sludge throughout the procedure. The purified sludge-free electrolyte is re-
circulated to the machining chamber by the electrolyte supply system. The PES 
comprises of a DC power supply, a function generator, and a voltage signal 
modulation circuit. The tool and workpiece are connected to PES’s output terminals 
from the voltage signal modulation circuit. An oscilloscope is connected in parallel 
to the VSM output to monitor ECMM input voltage. 

1.1.5 CLASSIFICATION OF ECMM 

ECMM can be classified into maskless ECMM and through-mask ECMM (TM- 
ECMM), as shown in Figure 1.3, based on the localisation effect of the material 
removal mechanism (Bijoy Bhattacharyya 2015c). In TM-ECMM, the material 
dissolution is confined to the desired area on the workpiece surface by using a 
photoresist pattern or a mask. In maskless ECMM, material removal is controlled 

FIGURE 1.2 Schematic showing the setup of ECMM.    
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by several techniques that localize the material removal without employing a mask 
or photoresist pattern. 

1.1.5.1 Through-Mask ECMM 
TM-ECMM is an effective ECMM approach for making textures and 2D micro-
features. Unmasked workpiece areas are anodically dissolved rapidly. The schematic 
of TM-ECMM is shown in Figure 1.4(i). This process requires a mask or photoresist 
and workpiece surface preparation. Isotropic material removal at exposed workpiece 
areas causes undercutting, where material beneath the mask dissolves. TM-ECMM 
mask design must consider undercutting and material dissolving for various elec-
trolytes and metal combinations. The etch factor (EF) quantifies the localised material 
dissolution (Madore and Landolt 1997). 

EF =
2h

W W1
(1.16)  

where h is the micro-groove depth, W1 is the micro-groove width, and W is the width 
of the slit in the mask. 

1.1.5.1.1 Mask Electrolyte Jet Machining (MJEM) 
MJEM is a coalesence of TM-ECMM and jet electrochemical micromachining 
(Jet-ECMM), as shown in Figure 1.4(ii). TM-ECMM (selective localised disso-
lution at large areas) and Jet-ECMM, with its configurable liquid tool (i.e. 
electrolyte jet), are combined to generate micro-structures with excellent preci-
sion and consistency (Wu et al. 2020). The electrolyte jet operates as a tool and 
the negative terminal of the power supply is connected to its nozzle. This method 
produces high-aspect-ratio microfeatures like microdimples and microchannels. 
The conductive mask used reduces electric field intensity at the edges, which 
helps to minimise undercutting. 

FIGURE 1.3 Schematic showing ECMM classification.    
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1.1.5.1.2 Sandwich-Like ECMM 
This process has a layered sandwich-like construction of cathode, mask and anode 
with no gap between them as shown in Figure 1.4(iii). This configuration increases 
the current density, reduces overcut, and improves EF while micromachining 
(Zhang, Qu, and Chen 2016). A dry film mask applied to the workpiece maintains a 
minimal IEG during machining. In contrast to through-mask ECMM, localised 
current density reduces the mean diameter of micro-dimples. Using a porous 
cathode allows reaction products to escape, resulting in deeper micro-dimples, as 
shown in Figure 1.4(iii) (Zhang, Qu, and Fang 2017). 

1.1.5.2 Maskless ECMM 
Maskless ECMM uses a microtool or electrolyte jet to remove material and machine 
microfeatures. A 2D or 3D pattern can be made by selectively dissolving metal from 
the workpiece’s surface. The machining parameters control anodic dissolution current 
density. Low IEG reduces stray currents. Passivating electrolytes like sodium nitrate 

FIGURE 1.4 Schematic of (i) Through-mask ECMM, (ii) conductive mask jet electro-
chemical micromachining ( Chen et al. 2018). (iii) Sandwich-like ECMM: (a) Workpiece 
mask and porous cathode in sandwich configuration, (b) accumulation of bubbles and sludge, 
and (c) reaction products escaping through the porous cathode ( Chen et al. 2018).    
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reduce stray corrosion in the machining zone (Bhattacharyya 2015c). These tech-
niques often require precise tool movement, a system to monitor and maintain narrow 
IEG and sensing, and controlling devices to work on closed-loop strategies. 

1.1.5.2.1 Jet ECMM 
In Jet ECMM, a stream of electrolyte jet from a nozzle, connected as cathode, acts 
as a tool as shown in Figure 1.5(a). A thin jet stream localises the current density 
and dissolves the workpiece. The jet’s diameter controls material removal. Material 
dissolution is affected by input voltage, electrolyte type, concentration, pressure, 
and nozzle diameter. Moving the jet along a defined path can machine the desired 
profile (Natsu, Ooshiro, and Kunieda 2008). By reversing the polarity, rapid pro-
totyping with selective deposition is also possible using an electrolyte jet (Kunieda, 
Katoh, and Moril, n.d.). Thin metal masks and low aspect ratio micro-features on 
thin metal foils can be machined effectively using Jet ECMM. 

1.1.5.2.2 Wire-ECMM 
In wire ECMM, a tool in the form of wire is used as a cathode. Microfeatures 
are fabricated by tracing the wire along a specified trajectory, as shown in 
Figure 1.5(b). This process is preferred over ECMM when a profile on the work-
piece requires a trepanning action (Sharma et al. 2020). A wire can looped to travel 
in the machining zone for uninterrupted material removal, which also enhances 
mass transport and removal of reaction products in the IEG. Ultrasonic vibrations 
(to the workpiece/wire) can be used to achieve the same (Xu et al. 2016; Jiang 
et al. 2018). 

1.1.5.2.3 Multiple-Tool ECMM 
In multiple-tool ECMM, fabrication of microfeatures is relatively faster as the 
machining area is increased (Park and Chu 2007). Through a pre-designed array of 
micro-tools or wires or jets, as shown in Figure 1.6, complex 3D microfeatures can 
be machined. Positioning and moving tools on the workpiece in a defined path, 
creates desired features. Designing adjustable power supply, tools, and tool holders 

(a) (b)

FIGURE 1.5 Schematic of (a) Jet-ECMM and (b) Wire-ECMM.    
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is challenging. Various types of microfeatures can be fabricated using an array of 
micro-pins, micro-jets, and micro-wires, as shown in Figure 1.6. 

1.1.6 A SHORT CHRONOLOGICAL REVIEW 

Industries adopted ECM in middle of the 20th century, and since then, with active 
research in this domain, the process has evolved significantly. In 1989, textures 
were the microfeatures fabricated initially through ECMM using photoresist masks 
and thin metal films (West et al. 1992; Rosset and Landolt 1989). The first patent on 
ECMM was filed in 1992, where thin metal films were patterned using ECMM with 
a tool and TM-ECMM (Madhav Datta and Romankiw 1994). Materials such as 
stainless steel (Abouelata, Attia, and Youssef 2022), nickel (Bi, Zeng, and Qu 
2020), titanium alloy (Praveena Gopinath et al. 2021), silicon (Harding et al. 2016), 
copper (Soundarrajan and Thanigaivelan 2021), tungsten (Gao and Qu 2019), and 
aluminium alloy (Bi, Zeng, and Qu 2021) were commonly used in ECMM. The 
chronological advancement of ECMM is shown in Figure 1.7. 

Stage 1: Early works (1989–2005) 
Early works were more focused on texturing, their defect elimination, and 
improvisation using TM-ECMM (Shenoy, Datta, and Romankiw 1996). ECMM 
of silicon and Jet ECMM were explored (Özdemir and Smith 1992) (M. Datta 
et al. 1989). 
Stage 2: Process development (2006–2019) 
Studies were more focused on improving productivity with the use of multiple 
tool electrodes (M. H. Wang and Zhu 2008), precision using tool vibration (K.  
Wang 2011), pulsed voltage supply (Schuster et al., n.d.), and tool geometry (Qi, 
Fang, and Zhu 2018), and several optimization techniques (Labib et al. 2011) 
(Samanta and Chakraborty 2011). Multiple variants of ECMM evolved, and their 
progress is depicted in Figure 1.8. 
Stage 3: Recent advancements (2020–2022) 
Recent works were more focused on novel tools (Singh Patel et al. 2020) and tool 
materials such as polymer graphite electrodes (Pradeep, Sundaram, and Pradeep 
Kumar 2019), hybrid techniques (Saxena, Qian, and Reynaerts 2020), performance 
simulation using finite element method (Tsai et al. 2020), machining on metallic 
glass (Hang et al. 2020), and sustainable techniques (Patel et al. 2021). 

FIGURE 1.6 Schematic of (a) multi-tool ECMM, (b) multi-jet ECMM, and (c) multi-wire 
ECMM.    
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1.2 PROCESS PARAMETERS IN ECMM 

Various parameters influencing the process performance in ECMM are shown 
schematically in Figure 1.9. Pulse-on time and duty cycle affect pulse energy. Pulse 
energy increases overcut during machining. High frequency pulse power is pref-
erable than constant DC. Pulsed DC eliminates reaction products formed during 
anodic dissolution, enhancing machining performance (Kumar et al. 2020). An 
increase in IEG increases resistance and reduces MRR. Current density affects 

FIGURE 1.7 Schematic showing the chronological development of ECMM process.    
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material removal rate (since current density depends on the applied voltage, elec-
trolyte conductivity, and the cross-sectional area being machined). Table 1.1 shows 
the generalized process parameters for ECMM. 

1.3 POWER SUPPLY IN ECMM 

The amount of workpiece material dissolved depends on the electric current passing 
between the electrodes, making the power supply crucial. Direct current power 
sources cause continuous material removal and high reaction products that can be 
eliminated using high-velocity electrolyte. Accumulating reaction products may 
affect the electrolyte’s temperature, lowering its conductivity, forming deposits on 

FIGURE 1.8 Number of publications in different categories of ECMM.    

FIGURE 1.9 Fishbone diagram showing the process parameters of ECMM.    
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the tool, slows anodic breakdown, and affects machining accuracy and perform-
ance. Using a pulsed power source, it mitigates these and other issues, such as non- 
localized electric field and electrolyte boiling (Leese and Ivanov 2016). Therefore, 
ECMM always uses a pulsed DC power source. 

On-time and off-time pulses make up pulsed DC power. Patel et al. created a 
novel approach for lowering pulse energy where the waveform of the pulse voltage 
is altered as shown in Figure 1.10 (Patel et al. 2020). Using a low-frequency triangle 
pulse voltage has enhanced accuracy and minimised overcut. It is generated by 
using a function generator’s output function, a constant DC voltage, and a voltage 

TABLE 1.1 
Process Parameters for ECMM ( B. Bhattacharyya, Munda, 
and Malapati 2004)    

Power Supply Pulsed Supply  

Tool size 1 μm–999 μm 

Inter electrode gap 5 μm–50 μm 

Voltage < 10 V 

Current < 1 A 

Pulse duration 10 ns–500 ns 

Waveform Unipolar, Bipolar, Rectangular, Sinusoidal, 
Triangular 

Frequency 10 kHz–5 MHz 

Surface finish ≤ 0.5 μm 

Electrolyte conductivity 1 S/cm–50 S/cm 

Duty ratio 0.05–0.5    

FIGURE 1.10 Construction of a power supply used for generating rectangular, sinusoidal, 
and triangular voltage signals for machining. ( Sharma et al. 2018).    
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signal modulation circuit. The circuit is powered by constant DC, Bipolar signals 
from the function generator are rectified and amplified by the circuit. This circuit 
can handle 5 MHz signals with 0 to 1 duty ratio. 

1.4 ELECTROLYTES IN ECMM 

The electrolyte in ECMM completes the circuit between the tool and workpiece, re-
moves heat, and removes reaction products during machining. Based on the electrolyte, 
reaction by-products and anodic film affect machining quality (Bijoy Bhattacharyya 
2015b). Hence, for ECMM of a metal, a suitable electrolyte selection is mandatory. 

In ECMM, the micron tool allows current densities of 150 A/cm2 in the limited 
machining zone. ECMM relies on the electrical conductivity of electrolytes to move 
ions between electrodes. Electrolyte conductivity increases with temperature. 
After applying the pontial, machining begins and electrolyte ion concentration 
increases. This increases charge carriers per unit volume, improving electrolyte 
conductivity. Metal ions discharged into the electrolyte create precipitates with 
negative ions, reducing charge carriers. Hydrogen generation replaces a consider-
able amount of cathode electrolyte. Precipitates and hydrogen bubbles reduce 
electrolyte conductivity. Hopenfield et al. postulated electrolyte conductivity, as 
shown in Equation (1.17) (Hopenfeld and Cole 1969). 

k = k (1 + T)(1 )0 v
n (1.17)  

where ko is the initial conductivity of the electrolyte, is temperature coefficient of 
specific conductance, T is the temperature difference, v is void fraction in the 
electrolyte, and n is exponent (value ranges from 1.5 to 2). 

Jain et al. proposed an improved equation for calculating electrolyte conductivity by 
considering all three phases, as shown in Equation (1.18) (Jain and Chouksey 2017). 

k = k (1 + T)(1 ) 1 b 1
k

k
eff 0 v

a d

o
s

c

(1.18)  

where s is the sludge fraction, kd is the conductivity of the dispersed medium, and a, 
b, and c are constants. Figure 1.11(a) shows how reaction products affect conduc-
tivity, resulting in a tapered crater at the anode. Temperature and reaction products 
(oxygen at the anode, hydrogen gas at the cathode, and sludge) impact electrolyte 
conductivity (Bannard 1977). For reliable and reproducible results, the electrolyte 
should be regarded as a three-phase fluid whose conductivity may be calculated using 
Equation (1.18). 

The most commonly used electrolytes in ECMM are sodium chloride and sodium 
nitrate. They are relatively inexpensive, and unlike acidic electrolytes, they do not 
corrode machinery over time. Sodium chloride is a non-passivating electrolyte with 
higher conductivity than sodium nitrate, ensuring faster machining and a bright sur-
face finish while machining stainless steel. Sodium nitrate offered lower current 
densities, favoring passivation and a higher machining resolution at a given electrolyte 
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concentration (Leese and Ivanov 2016). The classification of electrolytes used in wire- 
ECMM is shown in Figure 1.12 (Sharma et al. 2020). The electrolyte selected de-
termines the process’ chemical reactions. Acidic, neutral, and basic electrolytes are 
categorised by pH. Less than 7 is acidic, 7 is neutral, and above 7 is basic (alkaline). In 
an acidic electrolyte, soluble reaction products are generated as the hydroxide ions 
formed at cathode react with the concentrated hydrogen ions in bulk acidic solution 
(Sharma et al. 2020). This minimises the sludge interference and allows reducing the 
IEG. Unlike acidic electrolytes, basic electrolytes yield high hydroxide ions that 
interact with metal ions to precipitate metal hydroxides (sludge), which may obstruct 
IEG. Table 1.2 shows the different electrolytes used for different metals and alloys. 

1.5 TOOL DESIGN IN ECMM 

Kamaraj et al. proposed a method to fabricate micro-tool for ECMM and is shown 
in Figure 1.11(b) (Kamaraj and Sundaram 2013). In Figure 1.11(b), l electrode’s 
length immersed in the electrolyte, h represents the average gap between the vertical 
surface of cathode and the rotating surface of anode, y represents the shortest 
distance between the anode (tool) surface and the cathode surface, and rf and ri 

FIGURE 1.12 Classification of the types of electrolytes used in wire-ECMM ( Sharma 
et al. 2020).    

(a) (b)

FIGURE 1.11 (a) Schematic showing the effect of reaction products and temperature on the 
anode shape in ECMM and (b) tool fabrication.    
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represent the final and initial radius of rotating electrode. Following are the as-
sumptions made while deriving the equation for tool diameter:  

1. During machining, the overpotential (ΔV), electrolyte conductivity (k), and 
current efficiency (η) are assumed to be constant.  

2. Uniform current density on the tool is assumed.  
3. Electrolyte flow and pressure effects are neglected as the electrolyte 

movement is only due to tool rotation. 

The volume for a micro-tool is v r l= 2 . 
The rate of change of volume (MRRv) can be expressed as 

dv
dt

(MRR ) = 2 rl
dr
dt

v (1.19)  

The surface area of an anode immersed in an electrolyte is A = 2 rlc . From 
Equation (1.5) current density can be written as 

J =
I

2 rl
(1.20)  

from Equations (1.6) and (1.20), we get 

I =
k(V V)

h
(2 rl) (1.21)  

A relationship between the tool radius and the machining parameters should be 
established to find the diameter of the micro-tool using Equations. (1.3), (1.19), and 
(1.21); we get the following result, 

dr

dt
=

Ak(V V)

zhF a

(1.22) 

TABLE 1.2 
List of Electrolytes Preferably Used for the Processing of Different Materials 
in ECMM ( Bhattacharyya 2015)    

Materials Electrolyte  

Aluminum and its alloys Sodium chloride (NaCl), sodium nitrate (NaNO3) 

Molybdenum, tungsten Sodium hydroxide (NaOH) 

Nickel and its alloys NaCl 

Tungsten carbide NaCl + NaOH + triethanolamine (C6H15NO3) 

Titanium and its alloys NaCl, Sodium Bromide (NaBr), NaCl + NaNO3 

Gold Lithium chloride (LiCl), dimethyl sulfoxide (CH3)2SO    
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By integrating both sides of the Equation (1.22) from initial radius as r i to final 
radius r f, change in tool radius can be obtained as 

r r =
Ak(V V)

zhF
dti f

0

t

a

(1.23)  

Since a pulsed voltage source is employed, machining occurs only during the on- 
time (ton) and not during the off-time. Therefore, from pulse frequency the effective 
machining time can be obtained. Thus, 

r r =
Ak(V V)

zhF
dti f

0

n

0

t

a

on

(1.24)  

where n is the number of pulses in time period t, which is product of time and pulse 
frequency (n = f × t). From Equation (1.24), we can calculate the final diameter (Df) 
of micro-tool as follows: 

D = D 2
Ak(V V)

zhF
t ftf i

a
on (1.25)  

where Di is the initial diameter Equation (1.25) and can be utilized for predicting 
the final diameter of the micro-tool for a specified parametric condition of pulsed 
electrochemical micromachining. 

1.6 RECENT ADVANCEMENTS IN ECMM 

The research is carried out on the improvement of accuracy and performance 
efficiency. The adjustment of process parameters that affect the accuracy and sur-
face roughness of the manufactured parts is a major challenge for the ECMM. The 
methodologies explored for gaining better control over the process are:  

1. Insulating workpiece and tool with a non-conducting coating/mask (M Datta 
1998),  

2. Ultrasonic vibration assistance to the workpiece/tool (Cliffon, Imai, and 
Mcgeough, n.d.),  

3. Power supply with micro-/nano-second voltage pulses (M Datta and Lanwlt, 
n.d.; Bannard 1977),  

4. Sludge removal through effective electrolyte supply (Jain 2002),  
5. Pulsating electrolyte supply (Qu et al. 2013; Fang et al. 2014),  
6. Altering the shape of voltage pulse (Patel et al. 2020). 

Low overcut, excellent surface quality, improved precision, and increased machining 
efficiency are the broad objectives of the current researches in ECMM. Various ad-
vancements include the use of neural network (NN) to predict the inner and outer 
diameter of a hole drilled through SUS 304 stainless-steel foil using electrochemical 
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micro-drilling at a given voltage, feed rate, and pulse on time (Lu et al. 2017). 
Sustainable electrochemical machining has come into consideration for reducing 
electrolyte wastage (Patel 2021) and reducing the toxicity of the used electrolytes at 
the time of disposal, which is achieved by using an atomized electrolyte flushing 
technique where a thin moving electrolyte mist film of ≈ 100 µm is supplied in the 
confined IEG (Patel 2021). Titanium alloys are extensively employed in aerospace, 
armaments, biomedicals, and other industries. The reaction products created during 
the electrochemical machining of titanium alloys are insoluble and stick to the alloy’s 
machining surface, which causes difficulty in machining using standard wire-ECM. 
Hence, an inner-jet electrolyte flushing with a tube electrode is employed to cir-
cumvent such issues. In addition, the outer-jet electrolyte flushing aids in the removal 
of electrolysis products in the machining zone (Yang et al. 2021). 
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2.1 INTRODUCTION 

The term “chromism” refers to a process of reversible color change of a compound 
that may be caused by a variety of different stimuli or reactions. In an area of 
chemistry, some compounds respond to a wide and varied chromism due to oxidation/ 
redox reaction, termed “electrochromic material”. In the recent era, electrochromic 
materials (ECMs) have attained a huge interest in academics and industry because of 
their controllable transmittance, which potentially helps to save the primary energy 
(indirectly helps to reduce the usage of fossil fuels). The continuous increment of the 
world’s energy demand and consumption strongly hinges on the fossil fuels, and 
generates various environmental issues like global warming, etc. Though there is 
enormous research going on in renewable energy sources, the research on power- 
efficient devices to use low or no power has become ever more necessary and urgent 
in parallel with renewable energy development. In this regard, a major revolution in 
energy technology is essential. 

Besides industry and transport, building sectors use almost 30–40% of the primary 
energy worldwide [1]. Among these, nearly 50% of the entire building’s energy is 
spent only for cooling, heating, ventilation, and lighting of the interior places [2–4]. 
This percentage is even more in the industrialized area. However, the building energy 
demand dominates the peak, especially the air conditioning has grown by ~17% per 
year in the European Union [5,6]. This significant fraction of building energy con-
sumption counts only for our inability to control over passage and absorption of solar 
irradiation (UV, visible, NIR) through the transparent window materials and building 
blocks, respectively. The National Renewable Energy Laboratory (NERL) sources 
reported that the invisible NIR radiation (700 nm to 2,500 nm) contributes ∼50% of 
the total solar energy reaching the earth’s surface. This NIR radiation is mainly 
responsible for the surface and environmental heating of the earth (Figure 2.1). The 
NIR radiation doesn’t contribute toward the daylight but to solar heating, whereas the 
visible radiation passage is accountable for daylight. The continuous passage and 
absorption of this solar irradiation through the window and building blocks lead to 
overheating the building indoors and cause unpleasant weather. Generally, the people 
from the industrial or corporate world spend 80–90% of daytime in indoor conditions 

FIGURE 2.1 (a) U.S. buildings’ energy end-use in 2008. (b) Solar spectrum on earth. Data 
are taken from National Renewable Energy Laboratory (NREL) database.    
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and as a result they need a comfortable weather condition with air conditioning either 
in a smart building or in vehicles. In that case, the controlling of solar radiation 
passing through the window is necessary and utilizing a smart window can reduce 
effectively the solar heat gain as well as can save the energy consumption and 
greenhouse effect and air pollution etc. 

2.1.1 ECMS IN SMART WINDOW TECHNOLOGY 

The focus on advanced civil architectures combines energy competence with decent 
interior comfort drives the majority of the current research towards “smart elec-
trochromic technology”. In building architecture, a window’s primary function is to 
maintain the daylight and to make a visual relation between the inside and outside 
of the building, and not proposed to control energy. But the direct passage of solar 
radiation through the window causes interior overheating. Thus, an independent 
control on solar visible and NIR radiation by a window material without negotiating 
the visible transparency is important for advanced energy-efficient buildings. 
Several window materials have been developed in this regard. Most of them focus 
on employing external mechanical shutters, phase change materials (PCMs), 
aerogels, organic liquid crystals, [7–10] etc. Definitely, these processes are short-
coming in changing climate conditions. Chromogenic materials, on the other hand, 
are referred to as implemented on the window materials as they show adjustable 
visual responses under changed exterior stimuli. Some major chromic materials 
include ‘photochromic’ (light stimuli), ‘thermochromic’ (heat stimuli), ‘solvato-
chromic’ (solvent stimuli), ‘vapochromic’ (vapor stimuli), ‘electrochromic’ (EC) 
(electric bias as stimuli) [11,12] etc. 

An ideal smart glass is a highly versatile product, which can be used almost 
anywhere that regular glass is used. ECMs are referred to use in ideal smart tech-
nology among all these chromogenic materials because they seem the most promising 
as they can regulate the solar irradiance effectively in various weather conditions. The 
EC display-based smart windows can efficiently adjust energy and daylighting 
indoors by regulating the light without losing optical contact with the outside [13]. 

2.1.2 ECMS AND THEIR APPLICATIONS 

The ECMs are capable of reversible color modulation by varying their transmittance 
in an external applied electrical potential. The applied bias effectively changes the 
electrochemical redox state of the material, causing the change in the energy bandgap 
of the entire molecule. As a result, there would be several nanometers shift in the 
absorption spectrum, and a new color state would appear. So, at most, the core EC 
layer in ECD can change the optical properties between a transparent/bleached state 
and a colored state or between two colored states under potential tuning. However, 
suppose there is the existence of more than two redox states during the electro-
chemical changes. In that case, the ECM may exhibit several color shades and, 
therefore, are responsible for displaying multi-colored electrochromism. 

Owing to this special color-changing ability of ECMs, they are applicable 
in various cutting-edge electronic applications, including EC smart windows, 
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information displays, antiglare rear-view mirrors for automobiles, e-papers, e-skins 
and biosensors, military camouflage, billboards, flat-panel displays, etc. [14–20]. 
Unlike the light-emitting diode (LED) or liquid crystal displays (LCDs), EC displays 
do not use a bright backlight and are less harmful to human eyes. For this reason, EC 
display technology is considered to be the next-generation display technology for 
tomorrow’s world. 

Besides all these, electrochromic devices (ECDs) are slowly gaining a potential 
interest in lightweight and miniature electronic devices. Based on the EC function 
in ECDs, they can be integrated in opto-electronic devices to produce hybrid 
electrochromic-energy storage devices, and can be used in small electronics as well 
as in smart windows too [21]. 

2.2 FABRICATION OF ECDS 

An ECD is nothing but an electrochemical cell that needs three necessary com-
ponents: a working electrode (WE), electrolyte, and counter electrode (CE). Based 
on the application approach and working principle of ECMs, a typical ECD consists 
of the superimposed layers of all these components materials backed by transparent 
substrates. In brief, for the fabrication of an ECD, first, an ECM is coated on a 
transparent conductive surface (TCS); on top of this coated substrate, an electrolyte 
layer is placed. Then, the whole system is sandwiched by another TCS. The ECDs 
are mainly two types of fabrication styles: single-layer and complementary-layer 
ECDs, as shown in Figure 2.2. All the constituent components of an ECD are 
discussed below. 

FIGURE 2.2 Schematic representation of single-layer (left) and complementary-layer 
(right) ECDs. (Figure is not in scale).    
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2.2.1 TRANSPARENT CONDUCTORS 

For the fabrication of ECDs, a highly conductive transparent material with high 
optical transparency (>85% in the visible range) and electronic conductivity (resis-
tivity ~10−4 Ω·cm) is necessary. High visual transparency provides the high optical 
contrast variation of the ECDs. On the other hand, high electronic conductivity 
reduces the overpotential of the device. However, only a few transparent conducting 
oxide (TCO) materials are commonly used TCS in the industry, among which 
In2O3:Sn (ITO) is the best due to the high transparency, conductivity, and stability. 
The other TCOs are In2O3:M (M = Zn, Nb, Al), ZnO:M (M = Al, Ga, In, Si, B, F, 
Nb, Sc), SnO2:M (M = F, Sb, Ta, W), indium gallium zinc oxide (IGZO), etc. [22]. 

These transparent conductive ITO materials serve as the electrodes and charge- 
balancing layers in ECDs. Deposition of this transparent conductive material like ITO 
or fluorine-doped tin oxide (FTO) on the non-conductive glass/PET transparent 
substrate provides mechanical support to the whole device. In single-layer ECDs, ITO 
on a glass substrate (ITO/glass) serves as the WE and helps to deliver the charges to 
the ECMs, whereas a bare ITO/glass serves as the CE acts as a charge balancing layer 
(Figure 2.2). On the contrary, in complementary-layer ECDs, instead of a bare ITO/ 
glass, an ECM-coated ITO/glass serves as CE to balance the charges and reduce the 
potential gap between electrodes. 

2.2.2 ELECTROLYTES 

The general function of an electrolyte material in an electrochemical cell is to act as 
the source ion for the charge balancing of two electrodes. It’s usually an electron 
insulator to avert the short circuits in the device. However, an electrolyte must have 
high ionic conductivity. 

In particular, for EC application, the electrolyte must possess high transparency in 
the Vis-to-NIR region, and high thermal and photostability under UV irradiation. The 
commonly used electrolytes in ECDs are gel and ionic liquids. However, the gel 
electrolytes are most widely applied as they possess good adhesive properties to 
firmly paste the two electrodes together for ECD fabrication. Two different polymer- 
based gel electrolytes are used in fabrication: polymer electrolyte and polyelectrolyte. 
In polymer-based electrolyte, the polymers are dissolved in solvents to form high 
viscous gel. Polymers like poly(methyl methacrylate) (PMMA), poly(vinyl alcohol) 
(PVA), and poly(ethylene oxide) (PEO) are used in this regard [23]. Ion conductivity 
in this gel-polymer was provided by adding some particular concentration of salt or 
acid solution (LiClO4). In contrast, polyelectrolytes are polymers with ionic groups, 
and they can provide the gel form as well as the ion-conducting properties by their 
own. In this regard, poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) is 
anionic polyelectrolyte with gel forming property. However, polyelectrolytes are not 
recommended for ECD fabrication due to insufficient ionic conductivity and thermal 
instability. Like gel electrolytes, liquid electrolytes are also recommended for device 
fabrication. In liquid electrolytes (e.g. LiClO4 in propylene carbonate), the salts or 
acid/bases are dissolved in a solvent or ionic liquid to provide ions for electrochemical 
processes. Ionic liquids like 1-butyl-3-methylimidazolium hexafluorophosphate 
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([BMIM][PF6]) and 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4] 
are the salts in a liquid state and can be directly used as electrolyte in this 
process [24]. The solution-based electrolytes hold the high ionic mobility and 
improve the response time of ECD compared to the gel-based electrolytes. At the 
same time, the low cost and good thermal stability of the ionic liquids make them a 
popular option as electrolytes. However, the leakage or solvent evaporation of liquid 
electrolytes hinders them in large-area application. In that case, the ECDs would 
always be completely sealed. 

2.2.3 EC LAYERS 

EC layers are the functional part of ECDs, which display optical modulations by 
switching their redox state to the applied external bias [25–30]. When a specific 
voltage is applied across an ECD, ion separation in the electrolyte happens, where 
cations move towards the cathode and anions move towards the anode. Consequently, 
the EC layer changes its redox state to maintain electroneutrality in the whole system. 
Based on the ion movement direction in the electrolyte layer towards the EC lattice, 
there are two kinds of EC layer materials available: cathodically coloring and 
anodically coloring materials. When a material shows the color change on cation 
insertion known as cathodically ECMs such as WO3, TiO2, Prussian blue etc. On 
the contrary, anodically ECM changes its hue on cation desertion such as NiO, thi-
ophene moiety, pyrrole, polyamine, etc. There are plenty of ECMs available, which 
are classified into different generations. However, to fabricate the ECDs, ECM must 
be deposited or coated on conductive ITO/glass substrate by different methods and 
technology [31]. Some of the special methods include chemical bath deposition, 
solvothermal deposition, electrochemical deposition, chemical vapor deposition, sol- 
gel synthesis, layer-by-layer assembly, thermal evaporation, drop-casting, spin/spray 
coating, spray pyrolysis, etc. [32–37] Besides all these, a very recent method to direct 
a thin film of polymer material is an interfacial synthesis of ECM, which can directly 
be deposited on ITO by a solvent removal technique [38]. 

2.3 FUNCTIONAL PRINCIPLE BEHIND ELECTROCHROMISM 

The basic principle of electrochromism in ECDs involves the change in optical 
properties of an ECM when a small dc potential is applied across the device. Behind 
the mechanism, electrolytes play a crucial role here. The electrolytes have good 
ionic conductivity with negligible or no electronic conductivity. However, in 
contact with an EC film surface, the ion conductor helps to diffuse both ions and 
electrons. The application of an electric potential to the electrodes of an EC cell 
provides the electromotive force to the cell (Figure 2.3a). Since the electrolyte itself 
is an electron-insulator, an electric charge layer will appear on the surface of the 
electrodes. At this point, positively charged ions in electrolytes are repelled and 
moved towards the cathode, while negatively charged ions move towards the 
cathode, known as electrophoresis. Nevertheless, as small cations have higher 
mobility, the transfer of cations becomes faster. So, to maintain the electroneutrality 
in the system, a charge-balancing redox reaction takes place where electrons are 
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exchanged on the surface of the electrode and anions slowly diffuse to the system 
from the electrolyte layer. This redox reaction of EC films results in a change in the 
Fermi level of the materials, and thus its optical properties (Figure 2.3b). The below 
figure shows a schematic mechanistic representation of an anodically coloring 
ECM. Reversal of the voltage leads to a change the electrons and ion’s flow 
direction and thus brings back the original property of the ECM. 

2.4 EC PARAMETERS 

Despite evincing EC properties by many chemical species, only those with favor-
able EC parameters are acceptable for possible commercial utilizations. Typically, 
ECMs with high optical contrast, high coloration efficiency, distinct color modu-
lations, and high cycle life are demandable. The essential performance parameters 
are discussed next. 

2.4.1 OPTICAL CONTRAST 

The optical contrast is quantified as the maximum change in transmittance of an 
ECM achieved at a wavelength of interest (λmax) for a certain amount of inserted 
charge, Q. The optical contrast is measured as a percentage value (shown in 

FIGURE 2.3 (a) Schematic of an EC cell in presence of applied voltage. (b) Schematic 
illustration of mechanistic path of ion-transfer and redox reaction in an anodically colored 
ECD under a certain dc voltage.    
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Equation 2.1). Alternatively, this performance sometimes may be given as a con-
trast ratio (CR) (shown in Equation 2.2), which refers to the ratio of the transmitted 
light of colored state and that of the bleached state at λmax.  

T TT = bleached colored (2.1) 

T TCR = /colored bleached (2.2)  

2.4.2 RESPONSE TIME 

The response time of an ECM is stated as the time taken for the sample to switch 
between colored and bleached states when bias is applied. In most cases, the 
switching time is recorded for 95% change in optical contrast instead of full 
switching. Various factors can affect the response time like film thickness, film 
morphology, applied potential, nature of electrolyte, and so on. Typically, a faster 
response time is always desirable; however, the significance of response time as a 
performance measurement highly depends upon the desired application. In some 
applications like reading display, a slower switching response is also recommended. 

2.4.3 COLORATION EFFICIENCY 

Another key performance parameter is coloration efficiency (CE), which determines 
the power efficiency of an ECM for color change. Basically, it refers to the change in 
absorption (ΔA) at a particular wavelength for inserted charges (Q) per unit area, 
which can be calculated by Equation 2.3. The unit of measurement for CE is cm2 C−1; 
as derived from area (in cm2) per unit of inserted charge Q (measured in coulombs, C). 
ΔA is determined by the transmittance between bleached (%Tbleached) and colored 
(%Tcolored) states, as shown in Equation 2.4. This parameter quantitatively defines that 
the charges insertion of the materials stimulates the color change. The higher the CE 
value for an ECD, the more energy efficiency. 

CE ( ) = A/Q (2.3) 

log T TA = (% /% )bleached colored10 (2.4)  

2.4.4 DURABILITY 

For an ECD to be commercially and economically viable, it must have an adequate 
cycle life. That means the device can switch colored and bleached states for many 
hundreds or thousands of times without significant decrement of the device’s per-
formance. In repeating redox cycles, the EC performance may decline because of 
over-potential/over-charging, sudden loss of ionic conductivity of electrolyte, side 
reactions, irreversible reactions due to aerial oxidation, iR drops of the electrodes or 
the electrolyte, and so on. Thus, higher durability of an ECD is always necessary to 
be commercially applicable. 
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2.4.5 OPTICAL MEMORY 

Like response time, optical memory is another parameter that highly depends on the 
desired application. Optical memory signifies the sustainability of EC material in a 
new colored/bleached state at open circuit potential (OCP). Most of the organic 
materials show less optical memory, which means they quickly return to the 
original state, even in OCP. However, some inorganic metal oxides can sustain for 
more than a day. This difference is based on the bistable redox states of the ECMs. 
The pristine state can be regenerated in OCP, owing to the diffusion of ions and 
trapped electrons through the system which cause the self-reduction/oxidation of 
the ECD even after the termination of the electric field [29]. 

2.4.6 OPTICAL MODULATION 

Besides longevity and response time, optical modulation is also a crucial performance 
parameter, especially for EC windows. Regarding optical modulation, ECM requires 
not only transmittance change in a wide UV-Vis region, but also needs to have the 
optical modulation in NIR region to prevent solar heat transfer. 

2.5 TYPES OF EC MATERIALS 

The term “electrochromism” was first used by Platt in 1961 to designate a possible 
color change of organic dye molecule by an electric field [39]. In fact, the color 
change phenomenon by a redox reaction was observed in early 1815 by a Berzelius 
chemist. The study was witnessed the reduction induced color change from pale 
yellow to blue in WO3 [13]. In 1840, Prussian Blue (PB) was applied for pho-
tography, initiating the redox-coloration process with electron transfer [13]. This 
redox-coloration phenomenon was observed till the 20th century in the materials 
like iodine, silver, MoO3 etc. The first widely accepted and properly documented 
suggestion on ECD was attributed by Prof. S. K. Deb in 1969, where a WO3 thin 
film displayed EC coloration upon 10−4 V.cm−1 bias application [29]. In 1973, the 
invention of a viologen-based EC display device [29] garnered widespread attention 
towards finding other new ECMs, and thus, numerous ECMs have been investigated 
by many researchers. Based on the EC properties in a specified class of materials, 
ECMs are divided into several generations. A brief discussion and examples of 
these classes of materials are given below. 

2.5.1 INORGANIC METAL OXIDE MATERIALS (FIRST-GENERATION ECMS) 

Typical transition metal oxides are the potential candidates for this class of ECMs. 
Besides tungsten oxide (WO3), the oxides of other transition metals like Ce, Cr, Co, Cu, 
Ir, Fe, Mn, Mo, Ni, Nb, Pd, Rh, Ru, Ta, Ti, and V show electrochromism. As we 
discussed earlier, depending on ion-movement and electron uptake/intake in the 
presence of electrical bias, two typical metal oxides existed: cathodic and anodic metal 
oxides. The EC oxides of W, Ti, Ta, Nb, Mo etc. show cathodically coloration, whereas 
the oxide layers of V, Cr, Mn, Fe, Co, Ni, Rh, Ir exhibit anodically coloration. 
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In transition metal oxide category, WO3 is the most widely studied as ECM. It is 
an indirect bandgap semiconductor that exhibits the intercalation and deintercala-
tion of small cations like H+, Li+, K+, etc. under the applied potential/bias [40]. The 
lattice of WO3 film with W6+ sites is colorless or pale yellow. Cathodic polarization 
causes ion insertion and injection of electrons to the WO3 lattice, reducing some 
W6+ sites to W5+ and appearing intense blue coloration. The blue hue arises due 
to the intervalence charge transfer (IVCT) transition between the adjacent W5+ and 
W6+ sites. 

O x Li e Li W W OW + ( + ) x x
VI

x
V

3
+

colorless
(1 ) 3

deep blue

(2.5)  

At a low value of x, the film imparts deep blue color; however, at a higher value of 
x, the ion insertion irreversibly forms a metallic bronze that is golden or red. In 
addition, the WO3 and its reduced state experience a non-metal-to-metal transition 
during redox reactions. At a fully oxidized W6+ state (x = 0, insertion coefficient), 
the WO3 becomes the insulator with low electronic conductivity. With increasing x, 
the electronic conductivity of Li W W Ox x

VI
x
V

(1 ) 3 increases from non-metallic to 
metallic owing to the increasing number of delocalized transferable electrons. Thus, 
the insertion coefficient plays a vital role for metallic oxides, which varies from 
different cations and affects the EC process. 

Besides the size of cations, the insertion coefficient highly depends on the 
structure and morphology of the metal oxides. The morphology of WO3 depends 
on the synthetic methods. The electro- or thermal deposition yields the amor-
phous WO3 (a-WO3) thin film. The crystalline perovskite structure with mono-
clinic phase, WO3 (c-WO3) can be produced through sputtering, hydrothermal 
synthesis, and by pyrolysis process. The a-WO3 contains large portion of defects 
than the c-WO3 and the defects strongly effect the electronic structure. Since a- 
WO3 is more electronically conductive than c-WO3, the EC switching fastness 
of a-WO3 can be better than that of c-WO3. Again, the CE of the a-WO3 can be 
better than that of c-WO3 due to good electrical conductivity and good ion dif-
fusion in the amorphous film. 

As noted above, in a similar way, many other metal-oxides thin film such as 
MoO3, V2O5 are also EC in nature due to the IVCT caused by the reduction [13]. 

O x H e H Mo Mo OMo + ( + ) x x
VI

x
V

3
+

(1 ) 3 (2.6) 

V O x M e M V V O+ ( + ) x x
IV

x
V

2 5
+

(1 ) 5 (2.7)  

Contrary to the cathodic metal oxides, anodic metal oxides revealed EC on electron 
ejection and cation deintercalation. For example, group VIII transition metal oxide 
or hydroxide like Ir(OH)3 displayed blue-grey to colorless EC on oxidation. Though 
the mechanism is still unclear, both anion insertion and cation deintercalation were 
proposed as the following equations. 
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OH IrO H O H eIr( ) = . + +3 2 2
+ (2.8) 

OH OH IrO H O H O eIr( ) + ( ) = . + +3 2 2 2 (2.9)  

2.5.2 ORGANIC SMALL MOLECULES AND POLYMERS  

(SECOND-GENERATION ECMS) 

Among the organic molecules, the molecules which can form a stable radical species 
impart EC in a small potential range. Both small organic molecules and conjugated 
polymers are capable of that. Among small organic molecules, viologens are the 
widely studied moiety [41]. Viologens are salts of quaternized 4,4’-bipyridine and 
widely used as redox indicator, electron transfer mediator, redox flow battery, etc. 
along with the EC applications. The prototype viologen is the methyl viologen (MV), 
which is a di-cation system, colorless in its original state. Subsequent reduction of MV 
forms the radical cation, and the stability of this monovalent cation radical is attrib-
uted to the delocalization of the radical electron throughout the π framework of the 
bipyridyl nucleus. Once the radical state is generated, it imparts an intense blue color 
owing to the optical charge transfer between +1 valent to zero-valent nitrogen. Thus, 
suitable change in the nitrogen substituents affects the molecular orbital energy level, 
and thus, optical modulation in different spectral regions can be achieved. 

Besides small organic molecules, conjugated polymers, also known as conducting 
polymers, contribute a major part to this class of materials. Due to the presence of 
π-delocalized framework, they have very interesting optical and electronic properties. 
The easy availability of monomers, ease of processing, and high optical contrast at 
different redox state of the conductive polymers have drawn significant interest to the 
researchers. Like metal oxides, the ion insertion/extraction and electron injection/ 
extraction in the polymer backbone results in modified electronic band structure and 
consequent for the change in optical properties. In other words, the change in the 
electronic bandgap (Eg) between the highest-occupied π-electron band (valance band) 
and the lowest-unoccupied band (conduction band) imparts the color change in a 
certain applied voltage. The ion-insertion to the polymer framework in a certain applied 
bias is termed as “doping”. During oxidation, the EC layer creates a positive charge on 
the framework, which is balanced by counter anion insertion, termed p-doping, creates 
a delocalized π-electron band structure. The electrochemical reduction of the oxidized 
EC layer leads to the removal of the counter anion from the EC layer, and changes the 
cationic state to yield an undoped electrically neutral polymer structure. 

The intrinsic color change or the optical contrast change between undoped and 
doped polymer is directly related to the bandgap (Eg) magnitude. The conjugated 
polymer thin films with Eg >3 eV (~400 nm) are colorless and transparent in the 
undoped form. Once they undergo p-doing, due to the formation of a temporary doped 
band, the Eg reduces to below 1.5 eV and imparts intense color in the visible region. 
However, those with Eg ≤ 1.7–1.9 eV (~650–900 nm) are highly absorbing in 
the undoped form. However, after doping, the bandgap reduces so much that the 
absorption falls in the NIR spectral region. Polymers with intermediate bandgaps have 
distinct optical changes throughout the visible region and exhibit several colors. 

Fabrication of Electrochromic Devices                                                        35 



Among the conjugated polymers, the most studied ECM is poly(thiophene)- 
based polymers. Thin polymeric films of the parent poly(thiophene) are blue 
(λmax = 730 nm) in the doped (oxidized) state and red (λmax = 470 nm) in the 
undoped form. Color tuning of this polymer can be achieved by changing the 
substituents at ‘3’ or ‘4’ or in both positions in the framework and a huge number 
of substituted thiophenes have been synthesized. The steric hindrance in the 
substitutes position can significantly affect the Eg as well as the color modulation, 
as shown in Figure 2.4a [42]. An alkylenedioxy-substituted thiophene polymer, 

FIGURE 2.4 (a) EC color and corresponding absorption spectra of different substituted 
poly(thiophene) polymer, adopted with permission from [ 42]. Copyright (2019) Royal 
Chemical Society. (b) EC color change of Fe(II)-based metallopolymer from pink to col-
orless under applied potential, adopted with permission from [ 48]. Copyright 2020 American 
Chemical Society.    
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poly[3,4-(ethylenedioxy)thiophene] (PEDOT) exhibits a deep-blue color in its 
neutral state and a light-blue transmissive state upon oxidation. It is a widely 
investigated polymer and derivatives of PEDOT that exhibit a huge optical 
modulation in the wide spectral region. 

Besides polythiophene and its derivative, other conductive polymers like poly-
aniline, polypyrrole, polycarbazole, polyazulene, polyindole, etc. showed electro-
chromism covering broad spectral regions from visible to the NIR region [43]. 

2.5.3 TRANSITION METAL COMPLEXES (THIRD-GENERATION ECMS) 

Metal coordination complexes are the potential candidates for this category because 
of their intense coloration, high stability, and good redox activity. The chromogenic 
color arises from the different electronic band transitions, especially for metal-to- 
ligand charge transfer (MLCT) and IVCT combined with intra-ligand charge transfer 
and related d-d transitions. As MLCT/IVCT transitions involve valence electrons, the 
chromism can disappear or alter upon oxidation or reduction of the complexes. Small 
metal-complexes including metallophthalocyanine, transition-metal polypyridyl 
complexes, Prussian blue (PB) analogous are the promising materials in this class. 

PB is the earliest modern synthetic pigment with iron (III) hexacyanoferrate 
chemical composition. The intense blue color arises for the IVCT electronic transition 
between mixed-valence oxidation states. PB is a prototype member of polynuclear 
transition-metal hexa-cyanometallates form an important class of insoluble mixed- 
valence compounds. They have the general formula of M’k [Mm”(CN)6]l.nH2O, 
where M’ and M” are the transition metals with different oxidation states. Among 
these PB-analogous, only ruthenium purple [Fe(III) hexacyanoruthenate(II)] and 
osmium purple [Fe(III) hexacyanoosmate(II)] displayed promising EC behaviour 
along with the PB. 

Fe Fe CN Fe Fe CN Fe CN e[ ( ) ] = { [ ( ) ] [ ( ) ] } + 2/3III II III II II
6

blue/cyan
6 2/3 6 1/3

1/3

green
(2.10) 

Fe Fe CN Fe Fe CN e[ ( ) ] = [ ( ) ] +III II III III
6

blue/cyan
6

yellow
(2.11) 

Fe Fe CN e Fe Fe CN[ ( ) ] + = [ ( ) ]III II II II
6
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6

2

colorless
(2.12)  

The thin-film preparation of PB for ECD fabrication involves galvanostatic, po-
tentiodynamic, and potentiostatic electrochemical reduction of solutions containing 
Fe(III) and hexacyanoferrate(III) ions. Due to the presence of two potentially 
switchable redox-active metal centers, the film can exhibit both oxidation or 
reduction and display different colors. PB chromophore itself is blue in its original 
state due to IVCT between Fe(II) and Fe(III) centers. Partial electrochemical oxi-
dation of PB yields a green color state, whereas the fully oxidized state is golden 
yellow due to the electronic transition in [FeIII(CN)6]− fragment. However, PB 
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yields colorless redox state under reduction, and results in the disappearance of 
IVCT transition [44]. 

2.5.4 METALLO-SUPRAMOLECULAR POLYMERS (FOURTH-GENERATION ECMS) 

The metallo-supramolecular polymers (MSPs) are the newest class of ECMs, and 
have drawn immense attention towards smart EC technology because of their high 
optical contrast, high coloration ability, and low switching potential. The hybrid 
polymers are specifically the coordination complex polymers, comprising conjugated 
multidentate chelating ligand and metal ion monomers [45]. As chelating ligands have 
the property of trapping metal ions from solution by complex formation, the conju-
gated multidentate chelating ligands such as bis-terpyridine, tris-terpyridine, bis- 
phenanthrolene, etc. are potential candidates as ligand monomers [46]. These hybrid 
polymers impart intense colors especially due to the characteristic MLCT from metal 
d-HOMO to ligand π*-LUMO. This typical charge transfer band is easily altered by 
inserting different metal ions (change in HOMO level) or changing the spacer in the 
ligand framework (change in LUMO level). This causes the color-tuning in a par-
ticular polymer framework [47]. 

Most of the MSPs show prominent EC under positive bias. For an example, a 
Fe(II)-metallopolymer with tris-terpyridine ligand is intense pink in the original 
state (Figure 2.4b) [48]. The characteristic MLCT arises owing to the MLCT at 
λmax ~ 565 nm. On application of +3 V external bias through solid-state ECD, 
oxidation of the metal center results in the formation of Fe(III) centers. In the new 
oxidized state, the bandgap of MLCT is very high, and consequently no MLCT 
happens and the film becomes colorless. The original state is again regained once 
the voltage is reverted back, leading to the formation of Fe(II) from Fe(III) by 
reduction at −2V. 

The self-assembly between transition metal ions to ditopic bidentate or tridentate 
coordinated ligands leads to 1D nanorod/nanofibers-based MSPs. On the other hand, 
complexation of a metal ion with multitopic branched ligand e.g., tris-terpyridine in a 
bilayer surface (with slow, controlled diffusion of metal ions) assures the construction 
of 2D MSPs, whereas bulk self-assembly builds up 3D dendritic assembly-based 
MSPs. They can be grown from ITO substrate; nonetheless, a deposition of thin film 
by spin/spray coating of these bulk polymers is difficult for low solubility. 

Another way to get the molecular assembly of the MSP structure is the electro- 
polymerization technique [49]. The EC film can be prepared directly on the 
transparent conductive surfaces by simple electrodeposition of metal complexes 
with polymerizable monomer moieties, initiated either by oxidation or reduction of 
the monomer. The films prepared in this technique are insoluble but stable, 
adherent, and electrochemically active. The polymerization proceeds through the 
formation of a radical intermediate anion followed by radical-radical coupling and 
chain propagation. The widely used electropolymerization technique is reductive- 
electropolymerization, where the monomer must have at least two vinyl groups, so 
that the cross-linking between the formed radicals is highly effective. Unlike the 
vinyl-containing complex monomers, which undergo reductive electropolymeriza-
tion, metal-coordinated monomer complexes containing pyrrole, carbazole, or 

38                                                        Miniaturized Electrochemical Devices 



triphenylamine undergo oxidative electropolymerization and provide 1D or hy-
perbranched 3D cross-linked polymeric film. 

2.6 CONCLUSION AND OUTLOOKS 

Since the electrochromism was discovered, the smart window technology has 
dramatically progressed toward advanced and energy-efficient buildings. Vivid 
color range, long-term durability, light weight, and easy portability are the key 
factors for a successful product. Though the EC performance parameters of dif-
ferent generation ECMs have been tried to modify in various ways, the high-cost 
manufacturing issue has been kept aside. 

The costly transparent conducting substrates are very necessary for the device 
fabrication. On the other hand, using glass as a substrate material makes the device 
heavy and brittle. Though polymer-based substrate materials are used nowadays for 
flexible, lightweight devices, finding an alternative transparent substrate is more 
necessary. 

For a power-efficient building, the EC technology is combined with a solar 
panel to drive the ECDs through solar power. However, the generation of self- 
powered ECDs is required to overcome today’s energy demand. On the other hand, 
a concentration on the dual functionality of ECD is required to get a hybrid 
electrochromic-energy storage device, which again helps to save primary energy 
sources. Moreover, in the smart buildings, a remote-controlled EC switching is 
recommended for a good commercial business, which needs a potential interest and 
development. 
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3.1 INTRODUCTION 

The movement to phase out fossil fuels has been gaining historic momentum in the 
last decade. The pollution they produce includes anything from climate-damaging 
greenhouse gases to health-endangering particulates. To solve these social and en-
vironmental problems, long-term potential actions for sustainable development are 
necessary. Renewable energy resources have a significate role to solve these problems 
effectively. In renewable energy resources, wind energy and solar energy developed 
significantly in recent years, whereas wave energy is still in its immature stage. Wave 
energy is immensely available irrespective of the seasonality and weather conditions; 
still, wave energy is not explored because of the huge offshore equipment, expensive 
manufacturing, and high cost of maintenance. The significance of the piezoelectric 
wave energy converter device is emerging in these scenarios. PWEC devices are low 
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cost in manufacturing and maintenance, ease of deployment, and the piezoelectric 
material can be bounded with various materials irrespective of the size and shape. The 
PWEC devices are commonly used to operate low-power electronic devices such as 
LED, various sensors, and etc. The PWEC device is composed of a flexible substrate 
with piezoelectric materials bonded on both faces of the substrate. The working 
mechanism behind the PWEC device is the piezoelectric effect. As the PWEC device 
is placed on the ocean surface, wave tides hit the PWEC plate, and consequently, 
the piezoelectric materials in both phases of the flexible plate are excited and a net 
electric charge will be generated. 

A substantial number of works on the modelling of the PWEC device were done in 
the last few years in which one of the significant works of [1] investigated the bending 
problem of the piezoelectric plate with circular holes. The study shows that the ex-
istence of the piezoelectric effect increases the field concentration and piezoelectric 
plates with holes increase the field concentration even more. [2] showed that the nano- 
piezoelectric harvester has a better ability to absorb wave power and also shows that 
the natural frequency of the piezoelectric plates is depending on the size of the plate. 
[3] developed a wave energy harvester that harvests wave energy from the transverse 
wave motion using piezoelectric patches and studied the influence of the design 
parameters of the device and the wave parameters to optimize the performance of the 
wave energy harvester. [4] studied a PWEC device made up of several piezoelectric 
cantilevers integrated with a floating buoy. The study depicts that an increase in the 
ratio of the wavelength to the length of the cantilever decreases the power generated 
by the device. Further, the investigation shows that the power generation increases 
by increasing the length and reducing the thickness of the piezoelectric cantilevers. [5] 
investigated the power generated by the PWEC device and depicts that the wave 
period is the most influencing parameter in the wave power generation. [6] studied a 
breakwater-integrated PWEC device using eigenfunction expansion and showed the 
influence of the boundary edge conditions of the PWEC device. 

In this chapter, the performance of a submerged PWEC device integrated with a 
vertical rigid and impermeable breakwater with the stepped bottom is investigated. 
The boundary element method (BEM) is used to study power generation. The vari-
ation of the power generated by the PWEC device (P (Wm ))ext

1 is studied for various 
parameters related to the water waves, bottom profile, and the PWEC device. The 
write-up of the chapter begins with the mathematical formulation, and then the 
solution methodology using the BEM methodology, the results and discussion in a 
data analytic perspective, and subsequently, the conclusions are provided. 

3.2 MATHEMATICAL FORMULATION 

In this chapter, the power generated by a PWEC device is studied subjected to 
regular waves of amplitude A and angular frequency . The side view of the 
problem is provided in Figure 3.1. The PWEC device consists of a flexible plate 
with both the faces of the plate bounded with the piezoelectric material. The 
thickness of the flexible plate and piezoelectric materials are considered to be very 
less as compared to the incident wavelength. A 2-D Cartesian coordinate system is 
taken to model the boundary value problem (BVP), where the direction of incident 
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wave is represented on the x-axis and the vertically downward direction from the 
average free surface is denoted by the z-axis. Due to water waves, external pressure 
will act on the piezoelectric material. Consequently, the piezoelectric plate gets 
excited and power will be generated by the PWEC device. The PWEC device of 
length l is placed at a submergence depth d from z = 0, which cover the region 

lb x b + , z d= . The front edge of the PWEC device satisfies either the fixed 
edge condition or the free edge condition. Furthermore, the lee side of the PWEC 
device is attached to the rigid and impermeable vertical breakwater by means of 
fixed edge condition or the moored edge condition. The bottom of the seabed is 
considered to be stepped type and occupies the region x b l0 + . Maximum 
number of steps are considered as three. For modelling, the water region of the 
problem is divided into two; R b x b l d z= { + } { 0}2 , and the rest of 
the domain is denoted by R1. The velocity potentials in both the regions are denoted 
by x z t j( , , ), = 1, 2j and they are of the form x z eRe{ ( , ) },j

i t and satisfies 

x z
j+ = 0, = 1, 2.j

2

2

2

2
(3.1)  

Here, the subscript j denotes the fluid domain Rj. 
The boundary condition (bcs) on z = 0 is given by 

z
K j= , on , for = 1, 2,

j
j fj (3.2)  

where K g= /2 . The bottom bcs on b is given by 

n
= 0.1 (3.3) 

FIGURE 3.1 Illustration of the physical problem.    
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The boundary conditions on the rigid and impermeable breakwater are given by 

n
j= 0, on , = 1, 2.

j
cj+1 (3.4)  

The BCs on i1 is given by 

n n
= , = .1 2

1 2 (3.5)  

The kinematic BC on p is given by 

n n
i b x b l z d= = , on < < + , = ,1 2 (3.6)  

where x t x e( , ) = R{ ( ) }i t is the plate deflection. The dynamic boundary con-
dition on p is given by 

g
x

x d x d1 +
i +

= i ( ( , ) ( , )), on .p

2 4

4
2

1 2
+ (3.7)  

The parameters used in Equation (3.7) are given by 

B

g BC

C

V

I
= , = , = , = ,b

where B denotes the flexural rigidity of the PWEC device, denotes the piezoelectric 
coupling factor, and C and V are the electrical surface capacitance and the surface 
conductance, respectively. Further, Ib and represent the water density and surface 
density, respectively (see [5] and [6]). The edge conditions used to model the plate 
edges are either fixed, free, or moored edge conditions, and are given as 

x
x b x b l= 0, = 0 at = , = + , (3.8) 

x x
x b b l= 0, = 0, at = , + ,

2

2

3

3
(3.9) 

x
g

x
q x b b l= 0, 1 +

i +
= , at = , + .

2

2

2 3

3
(3.10)  
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The BC on C1 is given by 

x
k

( )
+ i ( ) = 0,

I
I1

0 1 (3.11)  

where the incident wave potential x z e f k z( , ) = ( , )I k xi
0 00 . 

3.3 SOLUTION METHODOLOGY 

The boundary value problem (BVP) described is examined. Firstly, the problem 
associated with transform into Fredholm integral equations of second kind and 
convert them into a system of algebraic equations utilizing BEM. Employing 
Green’s second identity to the and the fundamental solution G(x, z; , ), we 
obtain 

x z
G x z

n
G x z

x z

n
d x z

1
2

( , ) = ( , )
( , ; , )

( , ; , )
( , )

( , ).

(3.12)  

Here, ( , ) denotes the source point and x z( , ) denotes the field point. The 
source point given in Equation (3.12) lies on the boundary of the physical 
problem. Here, G(x, z ; , ) satisfies Equation (3.1) (see [7,8] and [9] for 
details) is given by 

G x z r r x z( , ; , ) =
1

2
ln( ), where = ( ) + ( ) .2 2 (3.13)  

Also, G(x, z; , ) satisfies 

G x z x z
x z

( , ; , ) = ( ) ( ), + .2 2
2

2

2

2
(3.14)  

The normal derivatives of the fundamental function are given by (see [10] and [11] 
for details) 

G

n r

r

n r
n

r

x
n

r

z
=

1

2
=

1

2
+ ,x z (3.15)  

where nx and nz are the components of the unit normal vector along the x and z direc-
tions. Applying the boundary conditions in Equations (3.2)–(3.6) and Equation (3.11) 
into Equation (3.12), the following integral equations are formed corresponding to 
both of the regions R1 and R2 as (see [12] and [13]) 
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( ) ( )
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G d G d d

KG d

+ + i +

+ = 0 .

G

n n

G

n

G

n

G

n

1
2 2 2 2 2
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i p c

f

1

2

3
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(3.17)  

Now, following the procedure as discussed in [14], Equations (3.16) and (3.17) are 
modified into a system of algebraic equations as follows 

H k G H H

H G H G
n

H KG

G
n

k

( i ) | + | + |

+ + i | + + | + ( )|

= i | ,

j

N
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ij ij
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ij
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j
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j
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1
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1
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(3.18) 

H G
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H G H

H KG

| + i | + |

+ ( ) | = 0,
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N
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ij ij j
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ij
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ij ij
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2
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2
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2
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f
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(3.19)  

where H d G Gd= + , and =ij
ij

G

n
ij1

2 j j
and the procedure to evaluate the 

coefficients is given in [15,16] and [14]. The method of collocation is used to equate 
the number of equations and the number of unknowns in the system (see [17]). To 
derive Equations (3.18) and (3.19), all the bcs are used except the dynamic bcs of 
the plate as given in Equation (3.7). Equations (3.18) and (3.19) contain the plate 
deflection j, which is unknown. So, to solve Equations (3.18) and (3.19), proper 
coupling with Equation (3.7) needs to be done. Utilizing the central difference 
formula, the discretized form of the Equation (3.7) over the jth element in p is 
given by (see [18]) 

A B
4 + 6 4 +

+ = ,
j j j j j

j
j j+2 +1 1 2

4 1 2 (3.20) 
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where A = /2 and B = i / with g= 1 +
i +

2

. Now the unknowns, , 

x
and , can be solved using Equations (3.18)–(3.20). 

3.4 RESULTS AND DISCUSSIONS 

Results corresponding to the power generated by the PWEC device and related 
discussions in data analytic perspective are provided. The analysis of parameters of 
the PWEC device as functions of the structural parameters associated with the 
bottom topography is also given. See [18] for the parameters related with the PWEC 
device, incident wave, and step-bottom. The P (Wm )ext

1 of the PWEC device can 
be evaluated (see [6]) as 

P
x x

dz=
i

4
.ext

h
x l

0

= 1

(3.21)  

Now, by using Equation (3.11), the P (Wm )ext
1 of the PWEC device is obtained as 

P
g A k h k h k h

k h
R=

[sinh( )cosh( ) + ]

4 cosh ( )
(1 ),ext c

2 2
0 0 0

2
0

2 (3.22)  

where Rc is the reflection coefficient. 

3.4.1 EFFECT OF THE PWEC PLATE LENGTH AND THE PLATE EDGE TYPE 

In this subsection, the performance of the PWEC device is analyzed for the change 
in length of the PWEC plate l h/ for various plate edge conditions. The power 
generation is evaluated for a wave period T0 that varies from 4.0 sec to 9.0 sec. In  
Figure 3.2(a), the average power generated by the PWEC device P (Wm )ext

1 is 
plotted as a function of the PWEC plate length l h/ when the lee side of the PWEC 
plate is fixed on the rigid and impermeable vertical breakwater and the front edge of 
the PWEC plate is also fixed. 

It is clearly seen that the power generated by the PWEC plate first increases and 
after reaching a threshold value, the power generation deceases gradually. Under 
the above-mentioned edge condition, a PWEC device with a plate length l h/ varies 
between 2.2 to 2.8 is the ideal PWEC plate length to obtain maximum power. The 
maximum power generated by the PWEC device is obtained to be 2600 Wm 1 and 
it is obtained for a PWEC plate length l h/ = 2.3. Figure 3.2(b) shows the average 
power generated by the PWEC device as a function of the plate length were the 
lee edge of the PWEC plate is fixed with the vertical breakwater and front edge of 
the PWEC device is considered to be free. From the comparative study with 
Figure 3.2(a) it is seen that the average power generated by the PWEC device 
reduced irrespective of the plate length. The maximum power generated by the 
PWEC device under the mentioned edge condition is 2,100 Wm 1 and it is obtained 
for a pWEC plate of length 2.2 l h/ . The ideal length of the PWEC plate for the 
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mentioned boundary edge condition varies from 2 l h/ to 2.4 l h/ . Figure 3.2(c) and 
Figure 3.2(d) depict the variation of the average of P (Wm )ext

1 of the PWEC device 
corresponding to the PWEC plate length for the lead edge is moored with the 
vertical breakwater and front edge boundary condition is fixed or free, respectively. 
It clearly seen that the average power generated by the PWEC device decreased 
significantly by changing the lee edge boundary condition from a fixed edge con-
dition to moored edge condition. A measure of dispersion called coefficient of 
variation (CV) is also provided in Figure 3.2. 

Coefficient of Variation(CV) =
Standard Deviation( )

Mean( )
100 (3.23)  

This study depicts that the power generated by the PWEC device is more consistent 
if the lee edge of the PWEC plate is fixed in nature. 

From this discussion it is clearly seen that the boundary edge condition dra-
matically influences the power generated by the PWEC device. The fixed edge 
condition on both edges of the PWEC plate is the most suitable plate edge condition 
to obtain the maximum power generation by the PWEC device, in which the PWEC 
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plate with lengths 2.2 to 2.8 gives the optimum power generation. Hence, in the rest 
of the figures we considered both edges of the PWEC plate as fixed in nature. 

3.4.2 EFFECT OF THE SUBMERGENCE DEPTH OF THE PWEC DEVICE 

Figure 3.3 depicts the variation of the average of P (Wm )ext
1 of the PWEC device as a 

function of d/h of the PWEC device. It is illustrated that as the submergence depth 
increases, the power generated by the PWEC device decreases gradually. The max-
imum power generated by the PWEC device is Wm5000 1is obtained at the lowest 
submergence depth of 0.01 d/h. Hence, the submergence depth of the PWEC device is 
one of the vital parameters influencing the power generated by the PWEC device. 

3.4.3 EFFECT OF THE STEPPED-BED-PROFILE 

Figure 3.4 depicts the effect of the stepped bottom profile in the P (Wm )ext
1 of the 

PWEC device. Figure 3.4(a) shows the variation of the P (Wm )ext
1 of the PWEC 
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device with respect to T sec( )0 for the number of steps. It is illustrated that there are 
three significant resonating peaks in the short-wave regime, long wave regime, and 
one in the intermediate wave regime. In the intermediate wave regime, the variation 
of the power generated by the PWEC device is insignificant to the number of steps, 
whereas an opposite trend appeared for long wave and short-wave regimes. Hence, 
the variation in the average wave power absorbed by the PWEC device is 
insignificant of the number of steps. The step height sh/h has a significant influence 
on the power generated by the PWEC device. From Figure 3.4(b), it is noticed that 
as the height of the step-bottom increases, the power generated by the PWEC device 
decreases gradually. This is because most of the wave power is dissipating if the 
step-height of the bottom topography is high. 

3.5 CONCLUSIONS 

The work investigates the performance of the PWEC device in terms of the power 
generation of the PWEC device. Analysis of various parameters associated with the 
physical problem is provided. It is observed that the PWEC device with both edges 
of the PWEC plate is of fixed type generates higher wave power as compared to 
other plate edge conditions mentioned. While considering the structural parameters 
of the PWEC device, it is seen that both parameters, PWEC plate length and sub-
mergence depth, are high influence parameters. The analysis on the PWEC plate 
length shows that the moderate length of the PWEC plate varies from 2.0 to 2.8 
generated higher wave power for a wider range of wave periods. Also, the average of 
the maximum power generated by the PWEC device is obtained to be 2,600 Wm 1 and 
is obtained for a plate length l/h = 2.2 with fixed plate edge condition on both 
the edges of the PWEC plate. Further, the CV is less if the lee edge boundary of the 
PWEC plate is fixed as compared to a moored boundary edge. So, the power gen-
erated by the PWEC plate is consistent if the lee edge boundary of the PWEC plate is 
fixed. It is observed that as the submergence depth of PWEC device decreases, the 
wave power generated by the PWEC device increases significantly. This is due to the 
high wave power concentration in the free surface. The analysis regarding the stepped 
seabed reveals that the number of steps in the bottom topography does not have much 
influence in the power generated by the PWEC device, whereas it is seen that as an 
increase in the step height of the bottom topography decreases, the power generated 
by the PWEC device. 
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4.1 INTRODUCTION 

Microorganisms tend to adhere to living and non-living surfaces to form commu-
nities known as biofilms (Costerton, Stewart, and Greenberg 1999). These microbial 
communities are found in diverse environments like industrial wastes, sewage, 
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natural aquatic systems, and medical devices. Biofilms have beneficial applications 
as well as hazardous health effects. On one hand, it could assist in degradation of 
toxic substances in soil, wastewater treatment, and the commercial production of 
chemicals. On the other hand, these biofilms could also be harmful to humankind 
because of their role in infections, contamination, and biofouling (Karunakaran 
et al. 2011). Biofilm formation is a complex multi-step transformation of a planktonic 
cell or group of planktonic cells to multicellular community. In the beginning, 
planktonic cells attach and form microcolonies on the surface and are irreversibly 
attached. At a later stage, the bacterial cells are embedded in the extracellular poly-
meric substrate (EPS) that includes the biofilm matrix (Flemming et al. 2016) and 
displays an altered phenotype in terms of growth rate and gene transcription. EPS 
plays a crucial role in physical, social interaction and antibiotic tolerance. It consists 
of proteins, cellulose, extracellular teichoic acid, nucleic acid, lipids, polysaccharides, 
phospholipids, extracellular DNA, and other organic compounds. About 85% of the 
biomass of EPS constitutes the niche for biofilm cells, which resembles the “city of 
microbes” (Nikolaev Iu and Plakunov 2007). 

The physical and physiological property of biofilm makes it resilient to anti-
microbial agents. Though the defensive strategy of the biofilm is not clearly 
understood, some of the mechanisms responsible for resistance involves delayed 
penetration of the antimicrobial agents, altered growth rate, and physiological 
changes due to biofilm growth (Donlan and Costerton 2002, Maiti et al. 2017, Syal 
et al. 2016, Syal et al. 2015). Bacteria also communicate with their neighbouring 
organisms to perform various activities such as bioluminescence production, bio-
film development, activation of virulence factors, and exoenzyme secretion. This 
cell-to-cell communication occurs through a mechanism known as quorum sensing 
(QS) (Miller and Bassler 2001), which is controlled at the molecular level by 
chemical signalling molecules called autoinducers (AIs). The accumulation of the 
signalling molecules produced by the community members helps the bacteria rec-
ognize the population density. These signalling molecules accumulate in the ex-
tracellular environment and activate the response only at higher cell density (Syal 
and Chatterji 2018, Syal et al. 2015, Naresh et al. 2012). 

Bacteria use purine derivatives like guanosine pentaphosphate (pppGpp), guano-
sine tetraphosphate (ppGpp), and cyclic diguanylate monophosphate (c-di-GMP), 
etc., as intracellular signalling molecules (Syal et al. 2015). These small signalling 
molecules help monitoring of the intracellular and extracellular environmental con-
ditions to modulate the growth and multiplication of the cells in response to the 
availability of nutrient sources and ecological stress. The c-di-GMP is a secondary 
messenger that plays a crucial role in regulating the biological processes such as 
quorum sensing, dormancy, and virulence in bacteria. Its synthesis and hydrolysis 
enzymes are extensively distributed in bacteria; diguanylate cyclases (DGC) involved 
in synthesis and phosphodiesterases (PDE) in hydrolysis of ci-di-GMP (Hong et al. 
2013). Numerous studies have indicated that c-di-GMP negatively regulates the 
properties of planktonic bacteria such as flagellum medicated swimming while pro-
moting adherent phenotypes such as biofilm (Purcell and Tamayo 2016). 

The other secondary messenger molecule that Cashel identified over 50 years 
ago, known as (p)ppGpp, plays an essential key role in the stringent response under 
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starvation of nutrients and other stressful conditions in bacteria (Syal, Rs, and 
Reddy 2021). He discovered that the autoradiograms derived from the extracts of 
the Escherichia coli culture stressed with amino acid starvation revealed a “magic 
spot” (Cashel and Gallant 1969). Later, several other studies showed that stringent 
response (p)ppGpp molecules modulate the bacterial multiplication rate, survival 
during starvation conditions, exposure to antibacterial compounds, and osmotic 
stress (Hauryliuk et al. 2015, Irving and Corrigan 2018). It has been shown that 
intracellular levels of (p)ppGpp modulate the bacterial physiological processes by 
regulating the activities of RNA polymerase (RNAP), DNA primase (DnaG), and 
several metabolic enzymes in E. coli (Potrykus et al. 2011). The (p)ppGpp is a 
derivative of the guanosine nucleosides, where guanosine triphosphate (GTP) 
pyrophosphokinases (RelA/SpoT/RSH) transfer a pyrophosphate moiety from ATP 
to the 3’-OH position of the GTP or GDP. At standard conditions in a nutrient-rich 
growth medium, the cellular level of (p)ppGpp in E. coli was less than 0.2 mM 
(Mechold et al. 2013). Under stress conditions, the (p)ppGpp level may rise from 
10- to 100-fold depending on the type of stress involved (Kalia et al. 2013, Syal, Rs, 
and Reddy 2021). The role of (p)ppGpp is not only known for a stringent response, 
but it also plays crucial roles in biofilm formation, antibiotic resistance, tolerance, 
modulating bacterial virulence, gene expression, and persistence (Syal and Chatterji 
2018, Syal et al. 2017a, Syal, Bhardwaj, and Chatterji 2017, Syal and Chatterji 2015). 
It has been shown that stringent response positively modulates biofilm formation in 
Escherichia coli, Vibrio cholera, and Mycobacterium smegmatis (He et al. 2012,  
Teschler et al. 2015, Syal et al. 2017a). The efficacy of the antibiotics is reduced by 
(p)ppGpp mediated biofilm formation in both gram-negative and gram-positive 
bacteria. In this article, various novel methods have been discussed for quantifying 
and imaging the biofilm, such as a microfluidic system, which has been developed for 
analyzing biofilm growth. This microfluidic platform known as a biofilm chip is used 
to study new anti-biofouling strategies, including drug susceptibility testing for dif-
ferent species by using electrical impedance spectroscopy (Blanco-Cabra et al. 2021). 
These biofilm chips allow homogeneous biofilm development and co-culture of 
polymicrobial biofilm, resembling the natural biofilm infections found in complex 
matrices in diseases like tuberculosis and skin infection. 

4.2 (P)PPGPP AND STRESS RESPONSE 

The enzymes that are responsible for synthesizing and degradation of (p)ppGpp 
molecules are classified into three major groups: long Rel/SpoT homologue proteins 
(RSH) having both synthetase and hydrolase domains, small alarmone synthetases 
(SAS), and small alarmone hydrolases (SAH), which shows one type of activity 
based on the presence of synthetase and hydrolase domain, respectively (Atkinson, 
Tenson, and Hauryliuk 2011). These enzymes are widely spread in bacteria; for 
example, E. coli (gram-negative bacteria) has two RSHs: RelA and SpoT, Bacillus 
subtilis (gram-positive bacteria) has one RSH and two SASs: RelA, RelP and RelQ. 
Interestingly a gene Mesh1 encoding for (p)ppGpp hydrolases have been discovered 
in Drosophila melanogaster [Figure 4.1A], and it was observed to be crucial in 
starvation conditions (Sun et al. 2010). Remarkably, a regulating enzyme named 
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MS_RHII-RSD (renamed as RelZ) has been identified with dual role in (p)ppGpp 
synthesis and RNase HII activities identified in Mycobacterium smegmatis, sug-
gesting the link for DNA replication, repair, and transcription in the stress survival 
pathway (Murdeshwar and Chatterji 2012). Most bacterial species have at least one 
protein from the RSH superfamily, but Planctomycete, Verrucomicrobia, and 
Chlamidiale superphylum (PVC) of bacteria do not encode for any RSH (Atkinson, 
Tenson, and Hauryliuk 2011). 

The stringent response in E. coli during amino acid starvation mediated by small 
molecules (p)ppGpp is because of the downregulation of the stable RNA synthesis 
(rRNA and tRNA) and ribosome production (Stent and Brenner 1961, Syal, Rs, and 
Reddy 2021). In E. coli, the two regulatory proteins involved in the synthesis of (p) 
ppGpp are RelA and SpoT. In the amino acid starvation condition, the RelA protein 
synthesizes (p)ppGpp by recognizing and binding to the ribosomes with an uncharged 
tRNA wrapped in an A-site (Wendrich et al. 2002). SpoT is a bifunctional protein that 
synthesizes (p)ppGpp in stress conditions, the activation of this protein is not com-
pletely understood (Syal et al. 2015). The increased levels of (p)ppGpp inside the cell 
for a longer period is toxic. Thus, it is vital to hydrolyze it. Here, SpoT protein is 

FIGURE 4.1 A: (p)ppGpp stringent response in different bacteria. The proteins involved in 
synthesis and hydrolysis of (p)ppGpp have been mentioned. B: Mechanism of synthesis and 
hydrolysis of ppGpp by RelA and SpoT. ppGpp binds to RNAP further involved in stress 
resistance and survival.    
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responsible for hydrolysis in E. coli (Gentry and Cashel 1996). It has been shown that 
the mutant lacking both RelA and SpoT proteins does not synthesize (p)ppGpp 
molecules in any growth conditions and is unable to grow in minimal media as a result 
of the need for large amounts of the amino acid (auxotrophy) (Xiao et al. 1991). The 
accumulation of (p)ppGpp in the cytoplasm of E. coli leads to the expression of 
approximately 500 genes, further activating RpoS and RpoE (stress response sigma 
factor) (Costanzo and Ades 2006). The (p)ppGpp perturb rRNA synthesis and the 
activity of DNA primase (Gaca, Colomer-Winter, and Lemos 2015). In gram- 
negative bacteria (p)ppGpp binds to the RNA polymerase [Figure 4.1B], which 
modulates an allosteric signal to the catalytic Mg2+ site, which further decreases 
transcription and regulates the expression of genes; all these changes in the cell lead to 
slow growth or dormancy in most cells (Liu, Bittner, and Wang 2015). 

Gram-positive bacteria such as Streptococcus mutants, Bacillus subtilis, and 
Staphylococcus aureus have one long bifunctional RSH protein named Rel, which 
contains both (p)ppGpp synthase and hydrolase activities (Lemos et al. 2007,  
Nanamiya et al. 2008, Geiger et al. 2014, Syal et al. 2015). It also includes two SAS 
proteins, RelP and RelQ, which have a synthesis domain for (p)ppGpp production 
in response to stress. After activation of the stringent response, the intracellular 
level of (p)ppGpp increases within the cell with concomitant decrease in GTP 
levels. This facilitates reduction in cellular transcription and degradation of mac-
romolecules such as phospholipids, ribosomes, and amino acids. When the condi-
tions become normal, the (p)ppGpp levels are downregulated and cell growth is 
restored. Together, (p)ppGpp as a stringent response molecule, plays an essential 
role in regulation of all the vital processes, which include DNA replication, tran-
scription, and translation (Steinchen and Bange 2016). 

In Mycobacterium smegmatis, the stringent response is similar to a gram-positive 
bacterium where (p)ppGpp is controlled by a single bifunctional protein RelMsm, 
which synthesizes as well as hydrolyses (p)ppGpp (Jain et al. 2006, Jain, Saleem- 
Batcha, and Chatterji 2007). A rel-deficient strain (ΔrelMsm) was expected to show 
(p)ppGpp null phenotype, and still showed the magic spot. This lead to the dis-
covery of second (p)ppGpp synthetase also known as RelZ in mycobacteria. 
(Murdeshwar and Chatterji 2012). 

4.3 BIOFILMS 

Biofilms are the collection of microbial cells attached to the surface or to each other, 
embedded within a self-produced extracellular polymeric matrix and qualitatively 
having different properties compared to planktonic population of similar size (Syal 
2017). This matrix consists of biopolymers including proteins, polysaccharides, and 
extracellular DNA, creating a definite environment. Biofilm formation protects the 
microbial community from environmental stresses such as UV radiation, limited 
nutrients, extreme pH, extreme temperature, high salt concentrations, and anti-
microbial agents (Hall-Stoodley, Costerton, and Stoodley 2004). Based on the 
current understanding of the biofilm life cycle in unicellular organisms involves 
both sessile and motile stages. The biofilm formation is initiated by attachment of 
cells to the surface and followed by recruitment of cells from the surrounding 
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environment (Syal et al. 2016). Cells in the biofilm form microcolonies with pro-
duction of extracellular matrix and develop 3D biofilm structure at the maturation 
phase [Figure 4.2]. Finally, detachment or dispersal of the motile cells are released 
from the biofilm (Penesyan et al. 2021). 

4.3.1 ATTACHMENT TO SURFACE 

The initial step of biofilm formation is initiated by surface attachment of a few 
planktonic cells, which occurs in two stages: reversible and irreversible attachment. 
The initial attachment of the cells is achieved by the effects of non-specific physical 
forces such as electrostatic forces, hydrophobic interactions and Lifshitz–van der 
Waals interactions (Carniello et al. 2018). During this stage, the surface contact by 
rod-shaped flagellated cells is mediated by flagella. Additionally, pilli (type I, IV), 
curli fibres, and antigen 43 have been shown to play a key role in attachment of cells 
to the surface (Kostakioti, Hadjifrangiskou, and Hultgren 2013). In the case of non- 
motile Gram-positive bacteria, the surface contact is via pili and adhesins (examples 
of adhesins include SagA and Acm of Enterococcus faecium). Once cells are 
irreversibly attached to the surface, then they stop moving and initiate matrix pro-
duction, likely to stick themselves to each other or to the surface. Hydrophobicity may 
play a crucial role in attachment of the microbes to the surface, because force of 
repulsion between the bacteria and the surface is reduced. Microorganisms attach 
more likely with hydrophobic and non-polar surfaces like plastics and teflon, com-
pared to hydrophilic and polar surfaces like glass (Krasowska and Sigler 2014). QS is 
used by bacteria to synthesize and release chemical signals (autoinducers AIs). 
Both Gram-positive and Gram-negative bacteria regulate biofilm formation via a 

FIGURE 4.2 Diagrammatic representation of developmental stages of biofilm.    
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cell-to-cell signalling mechanism. Gram-positive bacteria use both acyl homoserine 
lactones (AHLs) and autoinducers, whereas Gram-negative bacteria employs uni-
versal autoinducers only. (Sun et al. 2004, Miller and Bassler 2001). 

4.3.2 MATURATION OF BIOFILM 

At this stage, the required cell density is obtained by cells via cell signalling molecules 
and conduct to formation of microcolonies and maturation of biofilms. Following 
the stage of maturation, this induces certain gene expressions and the products of these 
genes are utilized for production of EPS, which acts as glue between embedded cells. 
The three-dimensional structure of biofilm is mainly composed of EPS; some inter-
spatial gaps are produced in the matrix. These channels are filled with water, which act 
as circulatory systems by distributing nutrients to communities and removing waste 
products in biofilm (Parsek and Singh 2003). The motility is strictly restricted during 
the process of maturation within the microcolonies, and the gene expression pattern 
of sessile cells significantly differs from planktonic cells. More than 57 biofilm- 
associated proteins have been detected in Pseudomonas aeruginosa micro-colonies 
that were not present in planktonic cells (Heras et al. 2014). QS enables communi-
cation between the same or different species through secretion and detection of AIs. 
These signalling molecules are used by bacteria in order to sense the density and to 
regulate gene expression in response to changes in the population size. QS and AIs 
have a crucial role in maintaining existing biofilms (Yan and Bassler 2019). 

4.3.3 DETACHMENT OF BIOFILM 

The last stage in biofilm development is dispersal or detachment. The biofilm dis-
tribution is closely related to the size of the building structure. Dispersion starts with 
spatial differentiation, described as the differential localization of motile and non- 
motile bacteria in biofilm structure when biofilm reaches a critical network. The 
motile bacteria are located in the mushroom cavity, whereas non-motile bacteria 
are situated at the stalk and walls of the structure. These dispersal mechanisms involve 
ECM degradation and autolysis of a biofilm sub-population, and these can also induce 
by environmental clues, pH, and various chemicals etc. These detachment mecha-
nisms are essential for forming biofilms in new niches (Rumbaugh and Sauer 2020). 

4.4 BIOFILM AND HUMAN PATHOGENS 

Most pathogenic bacteria survive inside the host system by formation of biofilm-like 
structures with small communities attached to the surface and protect themselves from 
the host environment. Additionally a extracellular polymeric substrate obstructs the 
entry of antibiotics and biofilm ECM also facilitates the horizontal transmission of 
resistant genes within the biofilm. The chances for better survival of the bacteria is 
increased by inactivation of antibiotics by high metal ion concentration and presence 
of persistent cells (Kostakioti, Hadjifrangiskou, and Hultgren 2013). 

Biofilms also exist as in multispecies community, for example in dental plaque. 
In spite of harsh environmental conditions like nutrient availability and exposure 
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to cleansing agents, still bacteria persist in biofilm. The primary colonizers in 
the plaque formation are mostly Streptococci, which attaches to the surfaces 
(O’Toole, Kaplan, and Kolter 2000). These organisms are capable of interacting 
with their own genera and also with other genera. The growth rate increases once 
the threshold density of biofilm is reached, and further microbes secrete ECM and 
build up a niche. 

4.5 SECOND MESSENGER AND FORMATION OF BIOFILM 

The role of second messenger c-di-GMP has been studied in both Gram-positive and 
Gram-negative bacteria and is known for its function in biofilm formation, virulence, 
and cell cycle. Additionally, increased intracellular c-di-GMP concentrations nega-
tively interfere with motility processes and positively regulate extracellular matrix 
production, which further promotes biofilm formation (Sharma, Petchiappan, and 
Chatterji 2014, Valentini and Filloux 2016). In contrast, low levels of c-di-GMP 
enable biofilm dispersal and standard mode (planktonic) of bacterial life. The second 
messenger alarmones, such as ppGpp, pppGpp, help to survive during stress condi-
tions by interacting with RNAP. Studies have also shown that (p)ppGpp signalling 
cascades play a crucial role in mediating virulence, biofilm formation, colonization, 
and antibiotic tolerance [Figure 4.3]. The part of (p)ppGpp for the formation of 
biofilm and virulence has been shown in Mycobacterium smegmatis, Enterococcus 
faecalis, Escherichia coli, and Pseudomonas aeruginosa (Kim and Davey 2020,  
Nguyen et al. 2011, Chávez de Paz et al. 2012, Syal et al. 2017a, Syal, Bhardwaj, and 
Chatterji 2017). The molecular mechanisms that involve interlink between (p)ppGpp 
and persistence are not well understood (Syal, Rs, and Reddy 2021). 

FIGURE 4.3 The interplay of (p)ppGpp and c-di-GMP involved in biofilm formation, 
motility, and their different functions.    
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Efflux pumps are transport proteins allows bacteria in removing toxic substances 
like clinically relevant antibiotics from within cells into the environment could 
constitute one of the linkers of (p)ppGpp and persistence. The efflux pumps are 
upregulated in cells embedded in biofilm (Syal et al. 2015). This upregulation in 
biofilm cells can be triggered by different signals, such as (p)ppGpp, ROS response, 
and QS (Syal, Rs, and Reddy 2021). Efflux pumps are critical for biofilm formation 
and multidrug resistance in bacteria; in Helicobacter pylori, it has been shown that 
Hp1174 (glucose/galactose transporter), an efflux pump encoded by gluP gene, is 
highly expressed in biofilm formation and is upregulated by SpoT. A mutant strain 
lacking gluP and its product Hp1174 has been observed with unstructured biofilm 
with a damaged matrix, revealing that the SpoT enzyme upregulates Hp1174 in 
persistent biofilm-forming cells (Ge et al. 2018). 

ROS are produced as a natural response to regular metabolism of oxygen and 
perform functions in homeostasis and cell signalling. When cells are exposed to 
environmental stress, the increased ROS levels could damage DNA, lipids, proteins, 
and may lead to cell death. Molecules such as glutathione and vitamin C are capable 
of eliminating ROS (Syal, Bhardwaj, and Chatterji 2017). It has been shown that 
survival of multidrug tolerant persisters in the biofilm of P. aeruginosa was majorly 
dependent on catalase or SOD enzymes, which are controlled by (p)ppGpp signals 
(Nguyen et al. 2011). 

Several compounds have been developed to inhibit the (p)ppGpp production and 
inhibit persistence. An immunomodulatory peptide IDR (innate defence regulator)- 
1018 has been shown to specifically target and kill biofilm cells. Low levels of 
peptide have been shown to disperse biofilm, whereas higher doses triggered bio-
film cell death. The peptide inhibited stress response, mediating (p)ppGpp synthesis 
by targeting RelA enzyme (de la Fuente-Núñez et al. 2014). Relacin, a novel 
compound, has been shown to inhibit the RelA in vitro and in vivo. It impedesentry 
into stationary phase in gram positive bacteria and results in lower cell viability 
(Wexselblatt et al. 2012). Interestingly, one of us showed that a novel synthetic (p) 
ppGpp analogue can inhibit RelMsm (a bifunctional enzyme) from M. smegmatis, 
which subsequently showed the effect of long-term persistence, biofilm formation, 
and biofilm disruption in M. smegmatis (Syal et al. 2017b). This compound is not 
toxic to human red blood cells and showed good permeability across the cell 
membrane of human lung epithelial cells. Another study has shown that when 
M. smegmatis cells were treated with vitamin C compound, the levels of (p)ppGpp 
molecules were decreased [Table 4.1] (Syal, Bhardwaj, and Chatterji 2017). In-vitro 
studies revealed that vitamin C at higher concentrations can inhibit the synthesis of 
(p)ppGpp and its effects in the long-term survival and biofilm formation has been 
confirmed in M. smegmatis (Syal, Bhardwaj, and Chatterji 2017). 

4.6 BIOFILM QUANTIFICATION AND IMAGINING 

Historically, many techniques have been used for characterizing and quantifying 
biofilms, ranging from traditional methods like the tube method to more recent 
approaches like ATP bioluminescence and fluorescence labelling of biofilms in 
conjunction with mathematical prediction modelling like COMSTAT. Some of 
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these methods are well known and extensively used for biofilm quantification and 
have been described here. 

4.6.1 CRYSTAL VIOLET ASSAY 

Gram staining is a widely used and well-optimized method for identifying and 
visualizing bacteria in microbiology. Crystal violet is the main component and most 
commonly used dye in gram staining. The crystal violet assay works by staining 
cells on cell culture plates. Dead unattached cells are washed away during the 
experiment. Crystal violet is used to stain the remaining adherent living cells. The 
crystal violet dye is solubilized and quantified by absorbance at 570 nm after a wash 
step (O’Toole 2011). The amount of crystal violet staining in the assay is propor-
tional to the amount of adherent cell biomass on the plate. Cell biomass can be used 
to estimate cell viability and cytotoxicity levels. In this assay, cells adhered to the 
plate are considered to be alive and quantified (O’Toole 2011, Syal 2017). 

4.6.2 SOLVENT-BASED METHOD 

Biofilm quantification approaches that rely on direct observation to quantify the 
intended parameter are known as natural methods (number of cells, total biofilm 
volume, etc.). The Syal method provides a unique THF solvent-based approach for 

TABLE 4.1 
List of Compounds That Can Inhibit (p)ppGpp Synthesis (Selected)       

Year Author Compound Strategy for inhibition Reference  

2012 Wexselblatt and 
colleagues 

Relacin Relacinblocks sporulation by 
mediating stringent response 
and also affects biofilm 
communities in Bacillus 
subtilis. 

( Wexselblatt 
et al. 2012) 

2014 de la Fuente-Núñez 
and colleagues 

Peptide-1018 1018 mediates (p)ppGpp 
synthesis by targeting RelA 
and SpoT. While showing 
biofilm dispersal and biofilm 
cell death. 

( de la Fuente- 
Núñez et al. 
2014) 

2017 Syal and colleagues Novel (p)ppGpp 
analogue 

(p)ppGpp analogue inhibits 
Rel protein (a bifunctional 
synthetase and hydrolase) and 
effects biofilm formation in 
M. smegmatis. 

( Syal et al. 
2017b) 

2017 Syal and colleagues Vitamin C M. smegmatis treated with 
vitamin C effects (p)ppGpp 
levels, further inhibits long 
time survival and biofilm 
formation. 

( Syal, Bhardwaj, 
and Chatterji 
2017)    
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biofilm estimation that prevents biofilm layer loss especially in the case of aerobic 
biofilms. Quantification of aerobic biofilms like in the case of M. smegmatis is not 
possible through crystal violet method. Many bacteria build biofilms primarily at 
the liquid-air interface. The biofilms that form at the liquid-air interface are called 
pellicles. This novel Syal method was found to be useful for the estimation of early 
phase biofilm and aerobic biofilm layer formed at the liquid–air interphase, which 
was not possible by crystal violet method (Syal 2017). 

4.6.3 TUBE-BASED METHOD 

The tube method, is one of the qualitative assays, involves detection of biofilm layer 
by staining with safranine. Here, isolated colonies are grown in polystyrene test 
tube and biofilm layer formed on the surface of the test tube stained with safranin. 
Here, planktonic cells and excess stain are washed out by phosphate buffer saline 
(PBS). Number of washes can be standardized as per the amount, age and the type 
of biofilm. Subsequently, air drying is performedand biofilm can be directly 
observed at the bottom of the tube (Christensen et al. 1985). 

4.6.4 ATP BIOLUMINESCENCE METHOD 

In the food industry and biomedical communities, ATP bioluminescence testing is a 
well-established test for detecting microbial contamination on surfaces. Biolumine- 
scence refers to the process by which organisms convert chemical energy to light in 
presence of ATP. ATP bioluminescence assay utilizes the enzyme luciferase which 
is responsible for light production in fireflies. At low ATP concentrations, luciferase 
is a reaction that produces light in proportion to the amount of ATP present in 
solution. Therefore, the amount of light can be used for interpretation of biofilm 
viability and biomass. The basic reaction is divided into two steps; the first is 
complexing of Luciferase, Luciferin, and ATP to create luciferyl adenylate com-
plex. The second step is oxidation of luciferyl adenylate with oxygen into oxylu-
ciferin, which results in the emission of a photon detected at approximately 550 to 
570 nm (Sánchez et al. 2013). 

4.6.5 MASS SPECTROMETRY 

The expressed proteins that are located in the EPS matrix can be detected, charac-
terized, and quantified by using mass spectrometry (MS). Here, biomolecules 
involved in biofilm process if quantified by MS can potentially act as a biomarker. 
Both, electrospray ionization and matrix assisted laser desorption ionization 
(MALDI)-Tof can be used for such quantification . In case of time of flight (TOF) 
mass spectrometer, the mass of the molecule is analyzed by ions desorbed in vacuum 
chamber. In MALDI-TOF, depending on the mass/charge ratio, TOF is determined. 
The surface proteins expressed on bacteria and exoenzymes that are secreted out of 
the cells can also be monitored, and quantified by the application of mass spec-
trometry (Kırmusaoğlu 2019). Here, amount of biofilm can be directly correlated to 
such proteins (as per the type of biofilm) present in the EPS. 
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4.6.6 OTHER METHODS 

Cells in biofilms have been quantified using a variety of diversed approaches. The 
plate counts, microscopic cell counts, Coulter cell counting, flow cytometry, and 
fluorescence microscopy are examples of different counting methods that can be 
used to count the number of cells in the biofilm. Indirect measurement methods 
involve quantification of mass, total organic carbon, microtiter plate tests, total 
protein, and quartz crystal microbalance; both direct and indirect procedures need 
homogenization of the biofilm to disperse cells in a liquid medium before analysis, 
which can be accomplished using a commercially available homogenizer and vortex 
mixing [Figure 4.4A] (Wilson et al. 2017). 

Biofilm growth is frequently measured indirectly with a proxy marker that infers 
biofilm amount. Dry mass, total protein content, DNA, RNA, polysaccharides, and 
metabolites are examples of such markers. The essential assumption in all indirect 
quantification approaches is that the substance or characteristic to be quantified 
correlates with the number of cells or that the amount of protein/DNA/mass is con-
stant from cell to cell (Choi and Morgenroth 2003). This assumption has been con-
firmed for biofilms, making these approaches particularly beneficial because indirect 
methods are merely proxy quantification based on metabolic function and bio-
molecule synthesis, which may vary depending on the organism, culture circum-
stances, and age, and therefore requires re-evaluation using direct methods (Trulear 
and Characklis 1982). Bio-volume, surface area coverage, biofilm thickness distri-
bution, mean biofilm thickness, micro-colony volume, fractal dimension, roughness 
coefficient, average and maximum distance, and surface-to-volume ratio have been 
calculated using computer programmes (COMSTAT). The basic knowledge of bio-
logical systems with complicated physical properties, such as biofilms, is improved by 
mechanistic mathematical models connected with computational systems biology 
(Heydorn et al. 2000). 

4.7 BIOFILM CHIP 

A biofilm chip is a device that allows a novel insight into the bacterial culture of 
clinical origin. It could enable monitoring of clinical biofilm samples using confocal 

FIGURE 4.4 A) Various techniques available for biofilm quantification classified into 
direct and indirect methodologies. B) Schematic of microfluidic chips coupled with other 
techniques and results in detection of microbes.    
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microscopy or electrical impedance spectroscopy (EIS), wherein the interdigitated 
sensor attaches in an irreversible and homogenous manner. Conventional screening 
techniques like MBEC Assay® (Harrison et al. 2010, Ceri et al. 1999), biofilm ring 
test (Olivares et al. 2016, Chavant et al. 2007), microtiter plate method (Au - 
O’Toole 2011), and the Lubbock system (Sun et al. 2008) rely on colourimetric 
measurements, which results in endpoint destruction of the sample. Therefore, the 
live monitoring of the same sample is not possible. Conventionally, antibiotic 
efficacy and susceptibility are determined by bacteria in the planktonic state rather 
than the ones in biofilm because of the complex and intricate equipment involved. 
Also, the clinical biofilm samples have colonies of different bacterial species, while 
the standard susceptibility tests are done on single isolates; consequently, mean-
ingful information about other species and their interaction is missed out (Cendra 
et al. 2019, Hall-Stoodley and Stoodley 2009). The setup for the biofilm chip 
involves one inlet for bacteria and the other one for growth media, which merges 
into a pre-chamber, three interdigitated electrodes (chambers) on which the biofilm 
grows, are attached to a microfluidic chamber. EIS is integrated onto this biofilm 
chip which helps biomass evaluation during biofilm formation and tests anti-
microbial drugs. It reduces the cost of using sophisticated technologies like confocal 
microscopy; with the low manufacturing cost, the individual price of the compo-
nents makes it ideal for microbiological laboratories and industry. One of the 
several advantages includes microfluidics to mimic growth and naturally occurring 
biofilm much more efficiently. It also helps in reducing the consumption of reagent 
and the growth media in performing these biofilm experiments. The prechamber in 
the setup design prevents any disturbance caused to the biofilm via manual inoc-
ulation resulting in a suddenly increased flow rate into the chamber. The efficient 
prechamber design facilitates the more homogenous media in the three chambers, 
resulting in uniformity of the biofilm growth. To mimic biofilms similar to the in- 
vivo ones, continuous biofilm cultures are used to study antibiotic susceptibility 
(Reichhardt and Parsek 2019), whose analysis can be very tedious and expensive 
and involves handling by professionals. The EIS integration in the biofilm chip 
makes the analysis process simpler and quicker without any prerequisite training 
(Blanco-Cabra et al. 2021). Biofilm chip is being used for sputum samples from 
cystic fibrosis, bronchitis patients, samples from urinary tract infections, medical 
devices or the food industry, etc. This thus makes monitoring the growth of 
polymicrobial biofilms from the clinical samples possible without the possibility of 
any species getting excluded from the culture. 

4.8 OTHER CHIP-BASED METHODS 

Microfluidic chips are coupled with some analytical methods for detecting and 
identifying microorganisms [Figure 4.4B]. A single-use microfluidic chip has been 
developed, integrating solid phase transition and molecular amplification via reverse 
transcription-polymerase chain reaction (RT-PCR) to amplify influenza virus type A 
RNA (Cao et al. 2012). This microfluidic chip has more sensitivity compared to rapid 
immunoassays. A device with versatile and cost-effective polydimethylsiloxane is 
integrated with loop-mediated isothermal amplification (LAMP) for fast, sensitive, 
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and instrumental free detection for mainly meningitis-causing bacteria (Dou et al. 
2014). An automated microfluidic device was developed with electrochemical bio-
sensors to detect and quantify E. coli in water samples. The quantification of E. coli 
was investigated using this device, and the results showed a limit of detection as low 
as 50 CFU/mL (Altintas et al. 2018). Some of the other microdevices combined with 
fluorescence spectrometry and mass spectrometry have also been developed (Măriuţa 
et al. 2020, Oedit et al. 2015). A new and straightforward nanoparticle-based platform 
has been constructed to detect pathogens in the biological samples. In this method, the 
microfluidic chamber with bacteria is incubated with magnetic nanoparticles and 
detected by nuclear magnetic resonance (NMR) (Lee, Yoon, and Weissleder 2009). 
This diagnostic platform has been evaluated by detecting tuberculosis with speed and 
sensitivity; 20 CFU in 1 mL of sputum in less than 30 min. These microfluidic chips 
are fast, easy to operate, and portable instruments. The newly developed platforms can 
serve as quick diagnostic tools for the detection of microorganisms and their biofilms 
with rapid and susceptible results. 

4.9 DISCUSSION 

Biofilm infections are highly tolerant to the antibiotics and other physical treat-
ments. The strategies that are involved in showing tolerance to antibiotics include 
adaptive response, persistent cells, and low penetration of drugs (Ciofu et al. 2022). 
These infectious biofilms cause human diseases, leading to tissue damage and 
permanent pathology. The intracellular and extracellular signalling molecules play an 
essential role in cell communication, stringent response, biofilm formation, virulence, 
and host-pathogen interaction (Syal, Rs, and Reddy 2021). Quorum sensing plays a 
major role in cell-cell communication and gene expression to promote pathogenesis. 
The intracellular signalling molecules also regulate cell processes during stress 
conditions and other external factors. c-di-GMP and (p)ppGpp are the intracellular 
secondary signalling molecules that control the cell activities such as motility, biofilm 
cycle, and stringent response in many bacteria (Syal et al. 2015, Bhardwaj, Syal, and 
Chatterji 2018, Syal and Chatterji 2015). The enzymes involved in activating or 
repressing (p)ppGpp signals and metabolism have been studied in different bacteria, 
suggesting an essential role in starvation, antibiotic treatment, and other stress con-
ditions that help microbes survive. (p)ppGpp also regulates DNA replication, tran-
scription, and protein synthesis (Hobbs and Boraston 2019). The role of signalling 
cascades involved in mediating the biofilm maturation and communication between 
the communities play a significant role in existing biofilms (Syal et al. 2015, Naresh 
et al. 2012). Directly or indirectly, the second messengers trigger the biofilm for-
mation and the available methods for quantification and analysis of biofilm do not 
measure the actual physiological conditions and changes in them. To study the exact 
physiological changes and life cycle of biofilm, a novel biofilm chip has been 
developed. This biofilm chip may serve as the ideal tool for detecting microbes, 
studying biofilm, imaging, and testing antibiotic susceptibility (Blanco-Cabra et al. 
2021). Some of the other microfluidic platforms are also available, including low cost, 
a small number of reagents, rapid detection, and easy operation. Recent developments 
in microfluidic platforms can help human health in underdeveloped regions with 
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inadequate health infrastructures. However, cost and availability of such methodol-
ogies remain a major challenge. 
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5.1 INTRODUCTION 

Global environmental pollution associates with the crucial issues escalated by ex-
ploitation of earth and its resources mainly in developing countries. Rapid industri-
alization has brought about environmental concerns as toxic pollutants and wastes are 
being discharged into the surroundings. Better environmental control is increasingly 
necessitated by community concern and regulation. Additionally, the establishment of 
more suitable analytical processes is required due to the increase in the variety of 
analytes to detect. Sample specimens must be directed to a lab for typical “off-site” 
analytical testing. Conventional methods achieve the highest precision with the 
smallest detection limits but they are costly, require highly skilled workers and are 
time-consuming (Tothill 2001). The current trend of performing on-site observation 
has prompted the advancement of microfabricated electrochemical devices such as 
electrochemical sensors as novel analytical tools capable of providing quick, accurate 
and sensitive readings at a lower cost; designed towards on-site analysis. In this 
aspect, these devices wouldn’t be in a position to challenge current analytical tech-
niques, but they might be used by regulatory agencies as well as the business com-
munity to provide sufficient data for standard sample testing and screening (Hanrahan 
et al. 2004). In the domain of industrial, clinical, agricultural, and environmental 
analysis such devices own a wide range of essential applications. For decades, 
electrochemical devices have been used in the field to monitor a range of water quality 
indicators (for instance conductivity, dissolved oxygen and pH). A broader range of 
applications in the environment resulting from these are detection of trace metals and 
microplastics (e.g., polypropylene, polyethylene, polyethylene terephthalate or nylon) 
in natural waters, carcinogen monitoring (e.g., aromatic amines or N-nitroso com-
pounds), environmental protection, clean energy conversion and organic pollutants 
(e.g., phenols, pesticides) in underground water. 

When paper-based microfluidics is integrated with electrochemical methods a new 
cornerstone emerges in the field of electrochemical devices. Owing to their excellent 
recognition sensitivity and low limit of detection (LOD) at a low price, electro-
chemical detection technologies have become widely investigated (Mettakoonpitak 
et al. 2016; Yamada et al. 2017). Handheld potentiostats, for example HOME-Stat 
(Das et al. 2021) and eSTAT (Anshori et al. 2022), have been widely accessible for 
on-site investigation and the electrodes may be easily downsized and produced on 
paper (Noviana et al. 2020; Lillehoj et al. 2013). 

The relevance of microfabricated electrochemical devices (MEDs) in contempo-
rary environmental monitoring efforts is critically examined in this research. In terms 
of analytical advancements, distant communication capabilities and microfabrication, 
this review emphasizes at length significant developments in the electrochemical 
sensor field. The use of microfluidic integration and submersible devices for remote 
and continuous monitoring are recent applications and emerging developments in 
electrochemical devices will be highlighted. 

5.2 WORKING PRINCIPLES 

Electrical variables including current, potential, and charge are detected and also 
how they relate to chemical parameters using electroanalytical sensors are analyzed. 
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Depending on the analyte, sample matrix, and sensitivity and selectivity criteria, the 
maximum number of electrochemical devices being used in environmental mon-
itoring fall into one of four types. As a result of redox processes involving the 
analyte, the potential difference between the electrodes or the current flowing 
through the system are utilized to estimate the analyte in the sample. The logarithm 
of the material’s electrochemically active concentration and the electrical potential 
difference are proportional. These gadgets deliver a more reliable output, are more 
sensitive, react more quickly and are less prone to interference. The majority of 
sensing applications involve electrochemical measurements. Based on the electrical 
properties that they measure, electrochemical sensors are further divided into a 
number of categories. They include voltametric, conductimetric, amperometric, 
potentiometric and amperometric sensors (Brett 2001; Rodriguez-Mozaz et al. 2004;  
Tetyana et al. 2021). 

5.2.1 VOLTAMETRIC SENSORS 

Voltammetry is an electroanalytical approach that measures current as a function of 
potential to obtain information about one or more analytes. Voltammetry can be 
used to obtain data in a variety of ways, including stripping voltammetry, cyclic 
voltammetry and square wave voltammetry to mention a few typical methods. Guo 
et al. created an ionic liquid modified graphene composite by fusing the conduc-
tivity of graphene with ionic liquids’ (IL) capacity for dispersing graphene and their 
surface-to-volume ratio. In comparison to both ionic liquid-graphite paste elec-
trodes and liquid CNT, the IL-graphene paste electrode had a lower background 
current, 1.65 A cm2 per ppb of higher sensitivity, 0.5 ppb lower detection limit and 
better reproducibility for 2,4,6-trinitrotoluene (TNT) detection. (Guo et al. 2010). 

5.2.2 POTENTIOMETRIC SENSORS 

For a long time, potentiometric sensors have been regarded as a zero-current 
method for determining the potential of an interface, most frequently a membrane. 
Potentiometric devices for in-situ pH, pCO2, and pO2 monitoring are typical ex-
amples. A novel potentiometric sensor on the basis of sensing of dissolved oxygen 
was created and verified by Zhuiykov et al., utilizing a Cu2O-doped RuO2 sensing 
electrode. Within the 9–30°C temperature range, from 0.5 to 8.0 ppm, Cu2O-RuO2 

showed a linear response to DO (4.73 to 3.59, log[O2]). Improved sensing prop-
erties and less fouling were achieved due to this doping method. These findings 
suggest that doping RuO2 electrode with a low concentration of ruthenium increases 
sensitivity and selectivity while leaving the ruthenium chemical state unchanged 
(Zhuiykov et al. 2010). 

5.2.3 AMPEROMETRIC SENSORS 

The amperometric technique is of particular interest in applications like non- 
enzymatic glucose sensors, detection of several reactive O2 and N2 species and 
hydrogen peroxide (H2O2) sensors. An intact shallow-dipped graphite microelectrode 
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array for sub-micromolar nitrite detection was described by Khairy et al. using a more 
conventional amperometric approach. Screen printed microelectrode arrays are par-
ticularly promising because of their disposable nature and low cost. This might 
become a powerful detection tool for a variety of analytes with the modification of 
these microelectrode arrays (Khairy et al. 2010). 

5.3 DESIGN AND FABRICATION CONSIDERATIONS 

When designing an electrochemical sensor for environmental monitoring, a number 
of key design conditions should be scrutinized such as analytical response, micro-
fabrication, biofouling, portability, reversibility, power consumption and sensitivity 
selectivity. Ultimately factors including monitoring requirements, manufacturing 
processes, and cell configuration dictate the type of fabrication employed. Production 
of miniature sensor arrays and electrochemical sensors, particularly for remote net-
work monitoring operations, has advanced significantly as a result of the ability of 
microfabrication to replace bulky electrodes and conventional electrochemical cells 
with simple sensing devices (Bourgeois et al. 2003). Electrochemical sensors for 
environmental monitoring have been designed using revolutionary approaches such 
as silicon-based techniques, and photolithography in recent studies. Micromachined 
technology has major benefits with respect to current environmental efforts (data 
temporal resolution and metal speciation measurements). Furthermore, the utilization 
of lower sample quantities (mL) as well as lower total power consumption is made 
possible by micromachined devices than typical electrochemical cells (Tercier- 
Waeber et al. 2005). 

5.4 DEVICES FOR DETECTION, MONITORING AND REMEDIATION 
OF ENVIRONMENTAL POLLUTANTS 

5.4.1 WATER POLLUTANTS 

Water pollution is a cause of great concern today, jeopardizing human health. The 
number of potable water sources is limited and accounts for less than one percent of 
the world’s fresh water (Melissa Denchak 2022), while approximately 71% of the 
world’s population faces water scarcity to varying degrees, according to recent esti-
mates (Nemiwal & Kumar 2021). Transport, heavy industry, petrochemical industry 
and agricultural operations contribute enormously to water pollution, releasing sub-
stantial amounts of hazardous chemicals, including heavy metals, pesticides and 
petrochemicals, into the atmosphere and aquatic environment (Abu-Ali et al. 2019). 

5.4.1.1 Inorganic Pollutants 
Heavy-metal poisoning of groundwater poses a serious threat to many creatures due 
to their severe toxicity and growing environmental levels on their usage in industrial 
processes. The measurement of traces of heavy metals such as Cd, Cu, Pb, Zn and 
Hg in the environment is critical due to the metals’ ability to bioaccumulate in 
living species, especially marine organisms (Rodriguez-Mozaz et al. 2004). Several 
studies and publications have been published regarding on-site and in-situ detection 
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of heavy-metal pollutants utilizing techniques of electrochemical detection. Early 
approaches employed an electrochemical sensor in conjunction with a made-to- 
order potentiostat to provide a simple analysis system on-site. Such systems, 
however, required the use of signal processing, system management and a laptop 
computer for data acquisition, making routine environmental on-site monitoring in 
large field regions difficult. Yun et al. put forward and executed the miniaturized 
remote environmental wireless monitoring system that uses electrochemical 
detection to monitor heavy-metal ion pollution in water and wirelessly conducts to a 
base station the detected signal. This proposed monitoring system could be placed 
in vast open domains such as a river or a coast and consisted of an electrochemical 
sensor constructed on a substrate of silicon utilizing a custom radio frequency (RF) 
communication module and microelectromechanical system (MEMS) technology 
optimized for consumption of low power, with an antenna, and a potentiostat. In 
order for dispersed sensor systems to function, the base station creates and sends 
signal instructions. When the base station requests the analysis, the electrochemical 
sensor with potentiostat analyses heavy-metal ions in the water, and the RF module 
transmits the measured signals to the base station (Yun et al. 2004). 

The distributed sensor system as shown in Figure 5.1 consists of three main 
modules: an RF communication module for wireless transmission, electrochemical 
detection using and the RF module transmits the measured signals to the base station, 
and customized potentiostats for sensor control, signal processing and readout. 

FIGURE 5.1 Schematic representation of the distributed sensor system comprising the sensor 
module, potentiostat, and RF module with an antenna. Modified from ( Yun et al. 2004).    
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A customized potentiostat was designed and constructed by combining commer-
cial low-noise op-amps in a hybrid configuration. At the digital-to-analog converters 
(DACs) eight-bit digital signals produced by the multipoint control unit (MCU) are 
transformed into square wave signals that are utilized to specify the power amid 
the reference and working electrode in order to start an electrochemical reaction on 
the working electrode’s surface. The current-to-voltage amplifier step amplifies the 
reaction current that flows through the working electrode before sending it to 
the MCU via buffer stage and the high-pass filter. The analogue signal is subse-
quently transformed into a digital signal by the analog-to-digital converter (ADC). 
Lastly, the collected signal is analyzed in the MCU before being relayed back to the 
base station. 

The proposed distributed sensor network features two low-power operating modes: 
wake-up and sleep mode. When the unit is in wake-up mode and the instruction 
signals are picked up, the MCU enables the system and then powers the other 
modules. The MCU progressively allows the operator as required and suitably de-
activates the system’s unnecessary components in this wake-up mode to reduce power 
usage. Instruction signals are wirelessly delivered from a nearby base station and 
received by the sensor system through an antenna. The monitoring system’s MCU/ 
DAC unit creates a signal that is applied to the working electrode for SWASV through 
DACs and amplifiers. First, the potential is maintained constant for limited amount of 
time. In the meantime, heavy metals ions build up and are then removed from the 
solution to produce a steady flow of current at the relevant reduction or oxidation 
potentials (stripping). After being modulated in the RF module, the MCU then relays 
the detection signal returning to the base station from the sensor module. Direct FSK 
modulation is used to modulate the signal output from the MCU before it is sent via 
antenna to the base station (Yun et al. 2004). 

Using a single screen-printed gold electrode (SPE) probe, Elena et al. developed an 
electrochemical method for the efficient simultaneous and quick electrochemical 
detection of ions of heavy metals of concern (Hg2+, Cu2+, Pb2+). The anodic square 
wave stripping voltammetry approach is evaluated due to the excellent analytical 
responsiveness of stripping methods, making them appropriate for the instantaneous 
synchronized recognition of heavy metal traces in water. Gold SPEs of two types were 
examined, that varied in solidification temperature for the gold electrode denoted low or 
high. The electrode treated at lower temperature (Au SPE-LT) has greater roughness. 
The Au electrode cured at a higher temperature (Au SPE-HT) was shown to be reliable 
for detection of Cu2+ (0.0 V deposition potential) and inappropriate for determining 
Pb2+ (−0.5 V deposition potential). Consequently, it was recognized that the gold 
surfaces cure temperature during SPE synthesis affects electrochemical performance. 

For each pollutant, the study shows a wide quantification range (5–300 g/L), as 
well as detection limits that are under the U.S. Environmental Protection Agency’s 
(EPA) maximal contamination values for consumable water: 0.002, 0.015, 1.3 mg/L 
and for Hg2+, Pb2+ and Cu2+, respectively. The electrochemical sensors were put to 
the test in remote areas of the Amazon River that were extensively contaminated 
with heavy metals from mining under extremely high temperatures and humidity 
levels. The field data were compared to conventional analytical methods used in 
labs, and it was discovered that they were incredibly accurate (Bernalte et al. 2020). 
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Xuan et al. constructed a sensor with a commercial Pt counter electrode as working 
electrodes and Ag/AgCl reference electrode were immersed in a solution containing 
0.1 mol/L potassium chloride as a supportive electrolyte and 2 mmol/L K3[Fe (CN)6]. 
The electrochemical analysis of Pb and Cd ions was carried out using the suggested 
flexible MEMS sensor by simultaneously accumulating 400 ppb bismuth (post 
improvement) and varying concentrations of Pb and Cd onto the working electrode. 
By in-situ electroplating Bi film, the synthesized sensor displayed distinct and distinct 
stripping peaks for lead (Pb+2) and cadmium (Cd+2) ions, correspondingly. 

By increasing surface area of the electrode, the CNT was combined with the rGO 
to improve sensor performance. To achieve the highest stripping performance, a 
number of experimental factors, including electrodeposition circumstances and 
electrolyte environment, were thoroughly tuned. High sensitivity of 926 nA/ppbcm2 

(Pb+2) and 262 nA/ppbcm2 (Cd+2) were attained under ideal circumstances, with 
detection limits of Pb+2 = 0.2 ppb and Cd+2 = 0.6 ppb. The produced Au/rGOCNT/Bi 
altered electrode greatly improved the determination efficiency toward target ions due 
to the increased electrode surface area. The developed sensor has good reliability, 
stability, and sensitivity in detecting the heavy metal ions (Xuan & Park 2018). 

A novel surfactant with urea activity that has been produced has been im-
mobilized, and based on this, 1-(2, 4-dinitrophenyl)-Dodecanoyl thiourea (DAN), 
with soil fertility-improving properties, Anum et al. developed a very sensitive 
electrochemical sensor for the identification of Hg (II). The peak current value of 
mercury rose considerably when this surfactant was attached to the glassy carbon 
electrode as linked to the unmodified bare electrode demonstrating that the DAN 
surfactant enhances the electrode’s sensing capability for mercury ions. Various 
electrochemical methods, including cyclic voltammetry, square wave and differ-
ential pulse stripping voltammetry, were employed to optimize the experimental 
conditions in a systematic sequence of experiments. 

Using square wave voltammetry, a calibration plot with high linearity up to 2 g/L, 
sensitivity of 0.164 AL/g and detection limit of 0.64 g/L in doubly deionized water at a 
buildup time of 360 sec was achieved under appropriate experimental circumstances. 
Additionally, samples of drinking and tap water were quantified using the suggested 
approach, with positive recovery and a relative variance of <3.5%. Computational 
investigations of the interaction of DAN and mercury were also carried out, the the-
oretical results correlating well with that of actual data (Zahid et al. 2016). 

5.4.1.2 Organic Pollutants 
Xu et al. designed an electrochemical system formulated on smartphone operation for 
mapping of nitrite contamination and rapid quantification comprising an improved 
screen-printed carbon electrode (SPCE), a smartphone and a handheld detector, as 
shown in Figure 5.2. An Android app based on Java was written to monitor the 
quantification, exhibit the outcomes instantaneously and transfer them to the virtual 
storage. As per convenience, the user could input the relevant experimental constraints 
in the app’s graphical user interface and select the appropriate electrochemical pro-
cedures (cycle voltammetry, differential pulse voltammetry, or chronoamperometry). 
The modified SPCE would receive excitation signals from the hand-held detector, 
which will then transfer the response data to the smartphone over Bluetooth. 
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The detector included several critical elements, including a module for power 
management, one Bluetooth module, microcontroller unit, one potentiostat unit and 
an electrode socket. The detector’s central processing unit interprets and executes 
the instructions from the smartphone, was an ARM STM32 microcontroller. An 
electrode port offered connection between the SPCE to the detector, whereas a 
Bluetooth module was used to link the smartphone and the detector. Two opera-
tional amplifiers that could sustain a constant voltage amid the reference and 
working electrodes were used in the design of the potentiostat unit. 

Au nanoparticles (NP), NiO NP and rGO were electrochemically in-situ deposited 
on the SPCE in sequence utilizing cyclic voltammetry and chronoamperometry 
techniques by the system, which was used as a sensor for nitrite detection. The SPCE 
was first covered with 100 µL of a GO suspension containing 1 mg/mL. Through the 
use of the CV approach, electrochemical sequential reduction to rGO resulted in the 
production of rGO/SPCE. Second, using the CA technique, 100 µL of 5 mM Ni 
(NO3)2 was electrodeposited for 150 s at −1.1 V onto the rGO/SPCE. Third, until a 

FIGURE 5.2 a. The smartphone-based electrochemical system and the essential modules of 
the detector: i) microcontroller unit. ii) power management module. iii) electrode socket. iv) 
Bluetooth module. v) potentiostat module; b. the circuit design of the potentiostat; c. the 
circuit design of the hardware filter; d. an illustrative description of the smartphone-based 
electrochemical system. Modified from ( Xu et al. 2020).    
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steady-state current was produced, the Ni/rGO/SPCE obtained was transformed to 
NiO/rGO/SPCE using the CV approach. This was done in a solution of 0.05 M 
NaOH. Lastly, to make the Au/NiO/rGO/SPCE, the CA method was used and 100 L 
of 1 mM HAuCl4 was sprinkled onto the electrodes (deposition time: 300 s; depo-
sition potential: −0.2 V). 

By introducing 20 µM nitrite along with a variety of potential interfering chemi-
cals, the selectivity of the smartphone-based system with Au/NiO/rGO/SPCE was 
investigated. A hundred-fold increase in K+, Na+, NO3−, Cl−, Ca2+ and SO4

2− ions had 
just a low (5%) impact on nitrite detection. Investigations into the interference caused 
by electroactive substances revealed that a 100-fold concentration of ascorbic acid, 
H2O2, and glucose had a negligible (5%) impact on the nitrite response. Uric acid 
with 10-fold concentration only caused a small change in current, whereas a uric 
acid with 100-fold concentration caused a 7.40% change (4.64%). As a result, the 
system powered by smartphones showed great selectivity. 

Using the electrochemical characterization, integrated techniques, quantitative 
detection, and electrode modification may all be carried out on the exact smartphone- 
based device. The practical usefulness of the smartphone-based system was demon-
strated by evaluating the recovery of tap water after being diluted two times with 
0.1 M PBS solution (pH 7.0). The measurements were completed using the standard 
addition process three times. The recoveries were found to be between 94.8–100.7% 
(Xu et al. 2020). 

Zhu et al. synthesized a miniature electro-chemical detection platform with the 
use of Pt wire, an Ag/AgCl electrode built inside a pipette tip incorporating car-
boxylated multi-walled carbon nanotube/ionic liquid (MWCNTs-COOH/IL) altered 
graphite electrodes. Additional benefit was the pipette tip and MWCNTs-COOH/IL/ 
PGE’s low cost and disposability, which allowed for practical in-situ measurements 
while reducing time and preventing a loss in sensitivity brought on by the renewal 
process. Strong electrocatalytic activity for RhB was facilitated by the synergistic 
interaction of MWCNTs-COOH and IL. Based on an electrochemical device, dif-
ferential pulse voltammetry (DPV) was used to recognize RhB quantitatively under 
the recommended ideal test circumstances. The oxidation peak current increased 
linearly with RhB concentration in the concentration ranges of 0.005–2.0 M and 
2.0–60.0, and 1.0 nM was found to be the lowest detection limit. The MWCNTs- 
COOH/IL/PGE approach has a lower detection limit and a wider linear range than 
earlier electrochemical techniques, making it a more promising instrument for the 
sensitive measurement of RhB. The MWCNTs-COOH/IL/PGE approach offered a 
more promising instrument for the precise determination of RhB since it had a wider 
linear range and a lower detection limit than earlier electrochemical techniques. 

RhB detection in fruit juice and water samples was used to examine the elec-
trochemical system’s usefulness. The suggested strategy’s correctness was looked 
at utilizing the conventional addition technique. The recoveries ranged from 95.0% 
to 101.6%, proving the effectiveness of the suggested electrochemical method (Zhu 
et al. 2018). 

Mohan et al. developed a three-electrode device built on droplet paper that can 
be used as a miniature platform for hydrazine electrochemical detection. The 
platform utilized a carbon ink counter electrode, an electrodeposited CuO cluster on 
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a sheet of graphite as working electrode (Grp@CuO) with a 9 mm2 (9 mm × 1 mm) 
and 3 mm2 (3 mm × 1 mm) active surface area (reaction zone) and silver/silver 
chloride ink as a reference electrode. A CuO cluster being electro-deposited on the 
graphite sheet’s surface was discovered by the physico-chemical characterization of 
the Grp@CuO. 

In PBS at pH 7.0, Grp@CuO demonstrated selective electrocatalytic activity for 
hydrazine detection. At a potential range of 0.6–0.2 V against Ag/AgCl, a con-
tinuous rise in oxidation current that is linear is seen from 1 M to 7 M range, with 
good current sensitivity and a smaller detection range (0.3482 M). The built-in 
miniature droplet-based sensor was unaffected by additional chemical substances. 
Using the traditional addition process, actual water samples from lakes and taps 
were analyzed, and significant recovery values were obtained (Mohan et al. 2020). 
A compendium of detection limits and linear ranges of novel and commercial 
electrodes for common analytes are shown in Table 5.1. By selecting an internal 
electrolyte with low primary ion activity and avoiding its leak, detection limits can 
be reduced down to the picomolar level up to six orders of magnitude. Bromide 
cadmium, nitrate and fluoride as well as gases in solution such CO2, O2, NO2 and 
NH4 may all be assessed with ISE. Commercially accessible ISEs such as solid- 
state ISE, liquid membrane ISE and gas permeable ISE offer a simple and 
inexpensive solution to measure environmental parameters accurately. As a result, 
ISEs have lately been used to quantify trace metals and organic pollutants in rel-
evant environmental matrices (Püntener et al. 2004). 

5.4.2 AIR POLLUTANTS 

Ozone (O3) measurements are essential for the management of air quality and for 
most laboratory investigations of chemicals conducted at atmospheric conditions. 
Conventional ozone monitoring devices based on absorption of ultra violet (UV) are 
time-consuming, expensive and limited to fixed infrastructures by relatively high- 
power consumption. Pang et al. integrated a pair of portable O3 measuring equip-
ment with an “in-house” data acquisition system (LabJack and LabVIEW) using 
miniaturized electrochemical O3 sensors (OXB421). The O3 sensor was combined 
with a gas hood and supporting circuit board, and through its electrodes, the pre- 
configured circuit board outputs a low noise and high-resolution signal. 

Separate studies were conducted to explore the effects of gas sample flow rate 
and relative humidity (RH) on sensor baseline, sensor sensitivity, and sensor gain. 
Simultaneous calibration curves show that sensor achievements were nearly equal 
even at diverse flow rates and RHs after resetting to counteract the sensor baseline 
shifts. Rapid RH fluctuations (20%/min) cause considerable and instantaneous 
variations in the sensor signal requiring up to 40 minutes to restore their previous 
values following such a swift RH shift. Sluggish RH variations (0.1%/min) on the 
other hand had minimal influence on sensor response. The flow rate of gas had a 
distinct inverse correlation with the sensor precision that decreased proportionally. 

To assess the performance of the sensors, O3 was quantitatively measured using 
the sensors in different laboratory tests and air quality measurement. By measuring 
ozone level at the entrance and exit of a reactor tank, in which O3 interacted 
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variedly with linoleic acid at the saltwater’s microlayer surface, O3 sensors were 
utilized in the lab to calculate the amount of ozone that was absorbed by seawater. 
To determine the O3 absorption coefficient, the variation in O3 loss by surface 
interaction with linoleic acid was believed to be the primary cause of the difference 
in O3 composition varies in the closed reaction chamber across two places. On a sea 
microlayer surface, the volume of linoleic acid was discovered to determine how 
much ozone saltwater absorbed, and the projected absorption coefficients grounded 
on sensor data were found to be reasonably close to those from earlier studies. 

An ozone sensor was used to measure surrounding ozone over the course of 
18 days in order to assess the quality of the air. A medium-steel diaphragm metal 
bellows pump with a flow rate of 1 L/min was used to introduce ambient air from 
the primary sample inlet into the exhaust hood of the ozone sensor. The flow of air 
sample was concurrently carried through a UV photometric O3 analyzer for refer-
ence. During the 18-day air standard measurement period, the modified values from 
the O3 sensor agreed well with those acquired by the reference UV O3 analyzer 
(Pang et al. 2017). 

Zhao et al. developed a fluidic chip based on inertial impactions that incorporates 
electrochemical detection as shown in Figure 5.3 to achieve excellent collection 
efficiency and nanogram-level measurements of the bio accessible metal fraction. 
Aerosol copper dissolution, detection and collection rely on the microchannel’s 
liquid/solid and air/solid interfaces and do not require a large setup; detection 
ranges impacted by collection time and airflow rate. The microsystem had a 
working flow rate of 3.1 L/min and a collection efficiency of 70%, and it was able 
to identify Cu concentrations above published atmospheric values of 53 ng/m3, 
32 ng/m3 and 8 ng/m3 during 3 h, 5 h and 20 h collecting periods, respectively. 

Several other metals, including Fe, Ni, Pb, Cd and Cu may be collected and 
determined using the present or altered microsystem. Furthermore, the microsystem’s 

FIGURE 5.3 Illustration of the composite aerodynamic and electrochemical microsystem 
for aerosol collection and electrochemical detection. Modified from ( Zhao et al. 2022).    
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applicability may be appropriately expanded to collect and detect other elements for 
instance aerosol oxidative load and nitrate, providing a novel technique to construct 
an internet based, transportable, inexpensive and miniaturized measurement platform 
for various vapor-based elements (Zhao et al. 2022). 

Cross et al. assessed the results of ARISense, a newly designed, integrated 
lower-cost electrochemical sensor system for simultaneous, real-time monitoring of 
a broad range of ambient-level air contaminants and associated meteorological 
variables. The ARISense system detects five gaseous pollutants (NO, O3, SO2, NO2 

and CO), atmospheric aerosol constituent part (diameter: 0.4–17 µm), and related 
environmental and meteorological factors. Data were collected using the ARISense 
integrated sensor package over a 4.5-month period, where the sensor system was 
collocated with a state-operated air quality monitoring station outfitted with refer-
ence instrumentation detecting the same pollutant species and validated electro-
chemical sensor readings of NO2, CO, O3 and NO at an urban neighborhood site 
with ranges of pollutant concentration (parts per billion by volume): [NO2] = 11.7 ± 
8.3 ppb, [CO] = 231 ± 116 ppb, [O3] = 23.2 ± 12.5 ppb and [NO] = 6.1 ± 11.5 ppb 
(Cross et al. 2017). 

5.4.3 MICROPLASTIC POLLUTANTS 

Microplastics (MPs) are miniscule pieces of plastic (less than 5 mm in length) that 
contaminate the environment and are far more pervasive than plastics due to their 
persistent nature and non-biodegradability and are continually being introduced into 
the surroundings through multiple pathways (Veerasingam et al. 2020). Novel 
solutions are required to segregate and minimize their quantity in various en-
vironmental sectors, and several methods have been proposed and developed to 
screen and estimate microplastics. 

Krishna et al. conceptualized a microfluidic device that in can sub-micron reso-
lution divide any two varied sample of micron sized particles into two consistent 
samples. The apparatus is divided into two sections: the downstream section divides 
the concentrated microparticle stream into two samples, separated by size, while the 
upstream section concentrates on microparticles. With each electrode on top aligning 
with an electrode at the bottom to form a unit, each segment has a number of finite- 
sized planar electrodes that extend into the micron-sized channel from the bottom and 
top of each sidewall. This results in numerous units of electrodes on either side. 

All of the microparticles are focused near one of the sides by the focusing com-
ponent, which uses averting dielectrophoretic force from each electrode pair. To 
accomplish the necessary separation, this segment uses repulsive dielectrophoretic 
force to push the large microparticles inside the microchannel farther from the wall 
whilst minuscule particles are in motion unimpeded. The operating frequency of 
the separation section’s set of electrodes is kept constant at the cut-off frequency 
of the microscopic micron sized particles. 

The device’s practical functionality is proved by distinguishing a varied com-
bination of microparticles of polystyrene of varying sizes (radius: 2.25 and 2 μm) 
into two homogenous samples. The mathematical prototype is utilized for para-
metric analysis, and the achievement is measured with respect to the separation 
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efficiency and purity; the factors taken into account include number of electrodes, 
electrode diameters, outlet widths, volumetric flow rate and applied electric volt-
ages. For low volumetric flow rates, multiple electrode pairs, big electrode diam-
eters, substantial voltage differences between sections, the purities and separation 
efficiencies for both microparticles are 100% (Krishna et al. 2020). 

5.5 FUTURE PERSPECTIVES 

The necessity for effective methods to rehabilitate ecosystems sparked interest in 
microfabricated electrochemical technology research and development for en-
vironmental applications. A thorough connectivity between the different analytical 
procedures, the assessment of user and environmental risk caused by the different 
chemicals and reagents utilized, temperature and voltage settings, emitted odors or 
noise levels must be appropriately balanced to deliver the best analytical char-
acteristics while producing little or no user/environmental side effects. While 
microfluidics have traditionally been employed for analysis and detection, droplet- 
based microfluidics have lately focused on environmental remediation via the 
creation of functional microparticles. The most significant barrier to using micro-
fluidic systems in effective water and air pollution treatment remains the technical 
and economic barriers to industrializing micro-systems or micro-technologies so 
they can be used or retrofitted into presently existing technologies on an industrial 
scale. Microfabricated device technology is, thus, still in its infancy and represents 
an emerging area of technological growth with tremendous promise, notably in the 
field of environmental care. The successful development of microwave coupling 
approaches to analytical facilities has significantly helped attempts to overcome on- 
chip detection difficulties, for instance low selectivity and sensitivity, allowing for the 
automation of integrated analytical systems (Yew et al. 2019). Regardless, there have 
been multiple incidents of commercialization of downsized analytical procedures, as 
evidenced by the number of patents published (Agrawal et al. 2021). Diebold et al. 
patented an electrochemical sensor capable of exact analyte concentration determi-
nation and a process for producing high-resolution, biocompatible electrodes for use 
in electrochemical sensors (Diebold et al. 1995). A patent regarding a compact 
electrochemical sensor system for field testing for metals was filed by Lin et al. (Lin 
et al. 2004). To detect at least one of hydrogen peroxide, potassium ferrocyanide, 
TNT or DNT in liquid or vapor phase, a CNT-based chemical sensor was patented. 
Underwater presence of substances such as heavy metals and explosives can be 
detected using textile-based sensors (Wang & Windmiller 2017). The majority of 
commercially available electrochemical sensors are now constrained to a “one design, 
one application” model, that necessitates additional customization effort to improve 
the functionality for different applications. 

5.6 CONCLUSION 

The addition of dependable and powerful electrical devices for pollution control or 
efficient process is enabled by the amalgamation of contemporary electrochemical 
practices by means of discoveries in miniaturization and microelectronics. Electrical 
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sensors enable for remote deployment and near-real-time monitoring, as well as 
highly sensitive and selective detection. Nonetheless, electrochemical devices are 
constantly being offered based on cutting-edge technology and ongoing work in the 
fields of multiparameter sensor arrays, remote electrodes and “smart” sensors and 
molecular devices. “Smart” devices can do a variety of tasks “changing” between 
“screening/warning” and operate on “detailed” mode of analysis for diverse en-
vironmental conditions. Electrochemical research is moving forward in diverse 
directions which includes DNA-based miniaturized electrochemical sensor, paper- 
based electrochemical sensor, microfluidics-based electrochemical sensor, miniatur-
ized capillary electrophoresis-based sensor and screen electrode-based microchip for 
various applications. Thus, electrochemical sensors are evolving based on newly 
emerging approaches that include active and passive label-free focusing, sorting and 
detection methods with enhanced selectivity and sensors that can determine multiple 
analytes at once based on application. The ability to work in varied environmental 
matrices will remain crucial in both of these fields, forcing researchers to overcome 
difficulties of specificity and stability. For example, incorporating electrochemical 
technology into microfluidic platforms would make in-situ and on-site environmental 
measurement operations even easier. Furthermore, developments in network com-
munication and commercialization play a key role in extensive initiatives to meet 
today’s environmental inspection needs. 
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6.1 INTRODUCTION 

Flexible electronics have a huge opportunity in the field of health care. With the 
advancement of Internet of Things (IoT), wearable devices for real-time health 
monitoring are growing at a rapid pace. The development of affordable and accurate 
health monitoring sensors can help patients in remote places and provide diagnosis 
and treatment without going to the hospital. The main advantage of flexible elec-
tronics is its ability to adjust onto a random curved surface like human skin and 
organs, keeping almost similar operational characteristics. This motivates devel-
oping wearable devices for non-invasive real-time human health monitoring [1,2]. 

Figure 6.1 shows the different types of flexible and wearable sensors that can be used 
to measure important parameters required to monitor human health. Using these sensors 
attached to the human skin, it is possible to monitor blood pressure [3], temperature 
[4,5], pulse and heart rate [6–8], and motion [2]. Recent developments in pressure 
sensors for blood pressure measurement show the possibility of a miniaturized real-time 
monitoring system for hypertension patients [9,10]. Non-implantable, as well as 
implantable, wearable sensors can also be used to study electrophysiological signals that 
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include electroencephalogram (EEG), electrocardiogram (ECG), and electromyogram 
(EMG), which help in providing more relevant information about a person’s health [11]. 

Along with continuous monitoring of physical indicators, it is important to monitor 
molecular data from the body to have detailed health information. Non-invasive 
methods to acquire molecular biomarkers are through body fluids like sweat [12–14], 
tears [15], and saliva [16], etc. 

Thus, flexible sensors are the potential devices for biomedical applications. In 
subsequent sections, we shall discuss the materials, structure, mechanism, and man-
ufacturing processes of different flexible sensors with a special focus on temperature, 
pressure, and strain sensors. 

6.2 DEVICE MATERIALS AND STRUCTURES 

Flexible sensors mainly consist of two important layers: flexible substrate and an active 
material. This combination forms film-on-substrate structure. Substrate provide flexi-
bility to the device and also decides its reliability of the device. In flexible devices, three 
types of substrates are mainly used: metal foils, glass sheets, and plastics (polymers). 

The material chosen for a flexible substrate must possess the following 
characteristics:  

i. The substrate material must possess considerable low flexural rigidity.  
ii. It should be able to withstand high temperatures, must be lightweight, and 

easy to manufacture and handle.  
iii. The substrate material should have very low surface roughness and also 

must be resistant to chemical reactions. 

FIGURE 6.1 Various types of flexible and wearable sensors.    
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iv. In order to avoid internal stress, the substrate material must possess a low 
coefficient of thermal expansion (CTE). At the same time, the CTE of the 
film and the substrate should not be much different.  

v. Low cost of these substrates is also required to scale up the device 
manufacturing. 

Commonly used metal foils include steel, copper, aluminum, and kovar (nickel- 
cobalt-iron alloy). The major issue with metal foils is their surface roughness, which 
degrades the performance of the device. However, various techniques are available 
for reducing the surface roughness. One such technique is chemical mechanical 
polishing (CMP). 

The most commonly used glass sheets include soda-lime glass and borosilicate 
glass. Glass substrates possess higher surface energy compared to metal foils and 
plastic substrates. Surface energy is the property that determines how well the thin 
film of other materials can be deposited and stick to it. The major drawback with 
glass substrates is their flexural rigidity. 

Commonly used plastic substrates are poly(ethylene terephthalate) (PET), poly 
(ethylene napthalate) (PEN), Kapton (Polyimide), and polydimethylsiloxane (PDMS). 

The choice of the substrate may vary depending on the specific application as 
well as the transduction method. The mechanical, electrical, thermal, and optical 
qualities of the substrate material determine its suitability for a given application. 
The material selection problem can be addressed using a well-established multi- 
criteria decision making (MCDM) framework [17–19]. 

6.3 TRANSDUCTION MECHANISMS 

The main transduction mechanisms are capacitive, piezoresistive, and piezoelectric. 
These are discussed in the following section. 

6.3.1 CAPACITANCE 

The external stimuli cause a change in the capacitance, thereby changing the output 
response. The capacitance change is dictated by the equation of the parallel plate 
capacitor. 

C A d= /r0 (6.1)  

where εr is the relative permittivity, A is the area, and d is the gap between plates. The 
change in capacitance can be due to the change in dielectric properties, plate area, or 
change in the plate gap as governed by the equation of parallel plate capacitance. 

6.3.2 PIEZORESISTANCE 

Piezoresistance is the change in the resistivity of a solid body due to a change in 
structure caused by an applied force or mechanical stress. The change in the 
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structure causes a change in the electronic structure of the material, usually crys-
talline materials. The piezoresistive coefficient is given by: 

P = ( / )/ (6.2)  

where Δ⍴ is the change in resistivity, ⍴ is original resistivity, and ε is the strain. 

6.3.3 PIEZOELECTRICITY 

Piezoelectricity is the property of a certain material to generate an electric current in 
the presence of applied stress and vice versa. The direct piezoelectric effect is the 
generation of current due to applied force and the converse piezoelectric effect is 
the generation of stress or deformation due to applied electric current. Figure 6.2 
illustrates the structure and corresponding transduction mechanism. 

6.4 FLEXIBLE SENSORS 

6.4.1 TEMPERATURE SENSORS 

A temperature sensor is one of the important sensors in wearable devices for human 
health monitoring. The human body has a specific range of body temperature i.e 
36.1°C to 37.2°C. The condition of elevated temperature, called hyperthermia, 
indicates the state of inflammation or fever, and lower body temperature called 
hypothermia indicates reduced blood flow or even organ failure. Continuous tem-
perature monitoring is required by the doctors to monitor a patient’s health con-
dition. Temperature is closely related to inflammation and infection state of the 
wound; therefore, a smart wound dressing with temperature sensors is used to 
monitor the healing process of the wound [20]. 

The traditional methods of temperature sensors are thermistors and thermo-
couples. Thermistors work on the principle of change in resistance due to tem-
perature change. This change in resistance is converted into an electrical signal. The 
temperature coefficient of resistance (TCR) is one of the main considerations for 
thermistors. TCR is defined as a relative change of the resistance per degree change 
in temperature. TCR and the sensitivity (S) is given by 

TCR = (R R )/R Tb a a (6.3) 

FIGURE 6.2 Transduction mechanism: (a) capacitive, (b) piezoresistive, (c) piezoelectric.    
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S = R/Ra (6.4)  

where Ra is initial resistance, Rb is final resistance, and ΔT is the temperature change 
Typical TCR values for metals fall in the range of 0.003–0.006 °C−1, where higher 

values correspond to higher sensitivity. The most commonly used temperature- 
sensitive materials are metals like nickel (Ni), copper (Cu), gold (Au), platinum (Pt), 
etc., with Ni having the highest TCR. CNT combined with PEDOT:PSS exhibits TCR 
comparable to that of metals [21]. 

Conductive composites have been implemented in temperature sensing applica-
tions because conductive nanoparticles impart conductivity and the polymer matrix 
provides mechanical stability [22]. Temperature-sensitive conductive composites 
are formed by passing conductive fillers through a soft polymeric matrix. The active 
materials used as conductive fillers are carbon nanofibers, carbon black, carbon na-
notubes (CNTs), single-walled carbon nanotubes (SWCNTs), multi-walled carbon 
nanotubes (MWCNTs) and CNT/PDMS composites [22–24]. 

One of the commonly used technique to sense temperature (change in temper-
ature) is to monitor the electrical resistance (change in resistance) of a material. 
These types of temperature sensors are known as resistance temperature detectors 
(RTDs). Conventional RTDs are made up of platinum, copper, or nickel. 

Flexible RTDs are made by depositing conductive metals or carbon derivatives 
like CNT, graphene, quantum dots, etc. on flexible substrates through different 
fabrication/printing processes. Ni-based flexible RTD [25] with sensitivity ~ 3.52 × 
10−3°C−1 is fabricated by laser digital printing (LDP), a non-photolithographic and 
cost-effective technique [26]. It was observed that up to a radius of curvature of 
1.75 mm, the Ni-based RTDs possess superior mechanical and electrical stability 
without much change in the resistance. 

Inkjet-printed silver interdigitated electrodes on Kapton (polyimide) is devel-
oped by Ali et al. [27]. The resulting device had good sensitivity of 0.00375 °C−1 at 
a temperature range of 28 to 50°C, with a recovery time of 8.5 sec and a response 
time of 4 sec. An inkjet-printed sensor on Kapton with silver nanocomposites 
had a temperature range of 20–60°C and sensitivity was 2.23 × 10−3°C−1[28] 
PEDOT:PSS[29]. Other fabrication techniques include sputtering [30], a spin- 
coating method, and lamination techniques [31–33]. 

6.4.2 PRESSURE SENSORS 

Pressure sensors are used to detect various body pressure like systolic pressure, 
pulse rate, and also the pressure generated on the skin to help us determine the 
contact with the external environment [34–36]. According to the method of trans-
duction, flexible pressure sensors are divided into capacitive, piezoelectric, and 
piezoresistive pressure sensors [37]. 

The material consideration for capacitive pressure sensors can be divided into 
dielectric material and electrode material. The dielectric material should be deform-
able; therefore, microporous and microstructured PDMS is highly studied for the 
application. With improvement in capacitor sensitivity by modification of dielectric 
material, researchers are also working on the development of better electrodes. 
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Au, Ag, AgNW, conductive fabric, graphene, etc. are commonly used as elec-
trodes. Ceramic dielectric barium-titanate is introduced into the dielectric layer to 
increase sensitivity and the dielectric constant of the pressure sensor in the work 
by Longquan et al. [38]. A flexible and wearable PDMS-DI water dielectric-based 
capacitive pressure sensor was fabricated and characterized for blood pressure 
measurement [39]. 

Piezoresistive pressure sensors work on the principle of change of resistance of 
the material due to deformation caused by applied pressure. Carbon-based materials 
like carbon nanotubes (CNTs), graphene, carbon black, polymers with metal na-
nowires, and metal nanoparticles have piezoresistive properties. Xu T et al. [40] 
have used MWCNT and PDMS composite networks to create a pressure sensor to 
detect 55.7 Pa of pressure. 

Piezoelectric pressure sensors are based on the principle of conversion of 
mechanical energy into electrical energy. These sensors unlike capacitive and 
piezoresistive sensors can operate without an external power source. Commonly 
used piezoelectric materials are zinc oxide (ZnO), lead zirconium titanate (PZT), 
barium titanate (BaTiO3), and polyvinylidene difluoro-trifluoroethylene (P(VDF- 
TrFe)). Chen et al. [41] presented a nanowire/graphene heterostructure for static 
pressure sensor with a sensitivity up to 9.4 × 10−3kPa−1. 

6.4.3 STRAIN SENSORS 

Strain is the relative change in the length of a structure under stress. Strain sensors 
convert mechanical stimuli into optical or electrical signals. Conventional strain 
gauges have been used in industrial applications for the measurement of strain in 
buildings, dams, and other architectural objects. With the advancement of soft sensing 
and wearable devices, flexible strain sensors gained importance. The commonly used 
transduction methods are piezoresistive, capacitive, and piezoelectric, each of which 
has been already discussed in section 6.3 of this chapter. 

Piezoresistive strain sensors can detect compressive or tensile strain. The sen-
sitivity for compressive strain is given by 

S = ( E/E )/ P0 (6.5)  

where ΔE represents the change in the electrical signals. The sensitivity for the 
tensile strain is given by the gauge factor (GF): 

GF = ( R/R )/ ,0 (6.6)  

that is, the fractional change in the resistance, with ε being the strain. 
The piezoresistive strain sensors are low cost, with excellent sensing properties and 

high linearity. The substrate is implemented with microstructures like microdomes, 
micropillars, or micropyramids to increase the sensitivity of the sensor. Apart from 
this, paper- or textile-based substrates are also used for the implementation of the 
strain sensor. 
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The active materials generally used are carbon based like carbon black, which is 
a 0-D material, with a high surface-to-volume ratio and is conductive. Carbon 
nanotubes (CNTs) are also extensively studied for applications in strain sensors 
since they possess high flexibility and electrical conductivity. Metal nanowires can 
be sandwiched between flexible substrates like PDMS and can also be integrated 
with fibers and textiles. This results in a highly conductive active flexible material 
that can be easily incorporated into wearable devices. 

In capacitance strain sensors, capacitance change can occur due to a change in 
the dielectric constant or the physical dimensions that are induced due to external 
stress. The gauge factor is 

GF = ( C/C )/0 (6.7)  

where epsilon is the strain. The deformation due to applied stress can occur in the 
vertical and horizontal directions, changing the plate gap and the area, respectively, 
as illustrated in Figure 6.3. The capacitive sensors have low power input energy, 
low noise impact, and high dynamic response. 

The electrodes in the capacitive sensor are high conductivity materials like 
metals, conductive polymers, or carbon-based materials. These materials are de-
posited on flexible substrates like PDMS using methods like spin coating, thermal 
evaporation, or sputtering. The active material in the capacitive sensor is the dielectric 
material. The dielectric material has to be both compressible and flexible. Elastomers 
are a great option for this application. These are polymers with high viscoelasticity 
and low Young’s modulus like PDMS. Besides the material, the structural design also 
greatly affects the sensor’s performance. Microstructures introduce air gaps that 
reduce viscoelastic damping and thereby reduce the response time. Also, the air gaps 
help in increasing the sensitivity by leading to enhanced variation in the physical 
dimensions. 

6.4.4 PHYSIOLOGICAL BIOCHEMICAL SENSORS 

These sensors are very important in understanding various aspects of human health. 
The biochemical sign includes blood glucose and body fluids (sweat, saliva, and 
tears) [42–44]. Flexible biochemical sensors work on the basis of chemical methods 
for detecting the composition and amount of a biological substance. The working 
principle of these sensors includes the change in electrical properties of the sensor 
due to chemical reaction between the active material and the target detection 

FIGURE 6.3 Change in plate area and gap due to applied stress.    
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substance. By analyzing these electrical parameters, one can get the information 
about the physiological health of a human being. 

For a diabetic person, it is important to continuously monitor the glucose level. The 
presently invasive technique is used to measure the glucose level that requires blood 
samples received using needles that lead to pain in the patient. On the other hand, 
flexible sensors provide a non-invasive method of measuring the glucose level. 

Using electronic skin (e-skin) biosensor blood glucose monitoring is done by 
measuring electrochemical fluid from the blood vessel available on the skin surface 
and also by using sweat analysis [45,46]. 

6.5 CONCLUSION 

This chapter explain the use of flexible and wearable sensors for human health 
montoring. This technique is non-invasive, low cost, and also provides continuos real- 
time monitoring of human health. Mainly four types of flexible sensors are used for 
this purpose-temperature sensor, pressure sensor, strain sensor, and physiological 
biochemical sensor. All of these sensors work on the basis of some mechanism. The 
three mechanisms are involved-capacitive, piezoresistive, and piezoelectric. 
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7.1 INTRODUCTION 

Innovations in wound management are now moving towards the precision or perso-
nalised medicine approaches requiring real-time monitoring, onboard prognosis, and on- 
demand medication administration (working in a closed loop). Such technologies can 
overcome the ongoing challenges of delayed treatment by accelerating prognosis and 
improving the administration of therapeutics in time and space. An envisioned wearable 
system having body-compliant biosensors for tracking the pathophysiological conditions 
of wounds along with data collection, wireless data transfer, artificial intelligence-based 
diagnosis, and treatment will enable tailored management of wounds according to the 
conditions of each patient and may revolutionise traditional medical practices. 
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Wearable biosensors will enable real-time tracking of key biomarkers, which 
will help understand the dynamics, interplay between biomarkers, and the effects 
of their relative concentrations on the cellular repair process. Further, real-time 
wound data will help understand the effects of ongoing treatment and tweak the 
treatment to achieve fast recovery. Figure 7.1 shows an envisioned integrated 
system that aids wound healing. Such tools become important while treating 
patients suffering from chronic or slow-healing wounds, which are turning into an 
epidemic affecting ~8.2 million people in the United States alone, rising at 2% 
annually and affecting primarily elders, obese, and diabetics (Sen 2019). 

This book chapter aims to provide a brief insight into wounds biomarkers that 
inform about the state of the wound, establish the requirements for real-time mon-
itoring specific to skin wounds, highlight some recent developments, and discuss 
emerging trends in wound diagnostics and their value proposition to the precision 
medicine for wound management. The biosensors will play a key role in diagnosing 
and monitoring the wound condition to initial detection, progression, and effect of 
drug treatment. Though biosensors can have diverse detection strategies such as 
optical, electronic, and imaging, this book chapter will restrict the discussions on 
electrochemical biosensors to stay in line with the theme of this volume. 

7.2 CHRONIC WOUNDS AND BIOMARKERS 

Healing of skin wounds is a complex, dynamic, and sequential process comprising 
four overlapping phases: hemostasis, inflammation, proliferation, and remodelling. 
The healing time depends on multiple factors, including wound size, depth, location, 

FIGURE 7.1 Schematic of integrated wound care. Though crucial, physical sensors, on- 
demand therapeutics, and clinical prognosis are not in the scope of book chapter. The wound 
schematic in the figure is taken from the Servier Medical Art database ( https://ssmart.servier. 
com/smart_image/ulcer-3/).    
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patient age, and local and systemic disease. Acute wounds progress through these 
phases of healing in a typical and timely manner. In contrast, chronic wounds fail to 
proceed through a typical and timely repair sequence to restore normal anatomy and 
function. 

Wound repair is a dynamic cellular-level process. The wound fluid contains sev-
eral biochemical species playing a specific role in healing. These molecules may serve 
as biomarkers that indicate the progression of wound healing. The process of bio-
marker identification involves finding necessary molecules that interfere with healing 
by inhibiting or regulating it, followed by its validation in patients. These biomarkers 
must have predictive, diagnostic, or indicative information about the wound, allowing 
a personalised assessment of the wound healing and aiding in tuning therapeutics.  
Table 7.1 lists wound fluid biomarkers. Among these, pH and uric acid have been 
most commonly investigated for developing wound monitoring sensors. Enzymes 
also hold great promise as biomarkers (Mota et al. 2021), and their detection and 
monitoring tools are still under research. 

TABLE 7.1 
Biomarkers for Wound Healing Prognosis     

Type of Biomarker Biomarker Characteristics  

Physicochemical markers pH Varies with stages of wound healing; differs 
between chronic and acute wounds [3] 

Oxygen Decreased levels (hypoxic) in chronic 
wounds [4] 

Temperature Differs between healing and nonhealing 
wounds [5] 

Moisture Too dry or excess moisture associated with 
delayed healing [6] 

Signalling molecules C-reactive protein Increased levels during acute phase 
response of inflammation [5] 

Nitric oxide Decreased levels in nonhealing wounds [4] 

Hydrogen peroxide Increased levels in nonhealing wounds 
[4], [7] Cytokines 

Reactive Oxygen Species 

Enzymes Myeloperoxidase Increased levels in nonhealing wounds [7] 

Matrix metalloproteinases 

Xanthine oxidase 

Human-neutrophil elastase Increased levels during acute phase 
response of inflammation [2] Cathepsin G 

Lysozyme Increased levels in infected wounds [8] 

Bacteria-secreted proteases Increased levels in infected wounds [9] 

Metabolites Uric acid Increased levels in nonhealing wounds [4] 

Lactic acid 

Pyocyanin Metabolite secreted by P. aeruginosa [4]    
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7.3 WOUND INFECTIONS 

Infection of wounds is the most common complication that hinders wound healing 
and poses a severe risk to wounded patients. The moist bed of wound provides an 
ideal site for bacterial colonisation leading to infection. Most infected wounds are 
polymicrobial in nature; the most frequently isolated pathogens are Staphylococcus 
aureus and Pseudomonas aeruginosa (Bessa et al. 2015; Serra et al. 2015). Some 
of the other wound pathogens are Streptococcus spp, Escherichia coli, Klebsiella 
spp, Enterobacter spp, Proteus spp, Clostridium spp, and Corynebacterium spp 
(Bowler 2002; Bessa et al. 2015). To diagnose infected wounds, clinicians typi-
cally look for physical signs like heat, pain, redness, swelling, discolouration, 
foul odour, and excess exudate formation (S. Li et al. 2021). These signs are still 
dubious and may not occur during the early stages of infection. For a reliable 
identification, two possible ways of diagnosing infected wounds are: direct 
detection of bacteria and detection of extracellular metabolites or toxins or en-
zymes secreted by the bacteria (indirect method). Direct detection of bacteria has a 
high diagnostic value but has low sensitivity and longer analysis times. The 
detection of specific metabolites or enzymes has high sensitivity. Bacteria-secreted 
enzymes, specifically proteases, are the first biomarkers appearing during coloni-
sation and can help diagnose an early stage of infection. Increased pH, temperature, 
CRP, ROS, lysozyme, and decreased NO in wound fluid are also indicators of 
wound infection. 

7.4 ELECTROCHEMICAL SENSORS FOR MONITORING 
BIOMARKERS 

Electrochemical biosensors offer sensitive, quick, and continuous monitoring. They 
are compatible with rapid prototyping tools such as screen-printing, inkjet printing, 
photolithography, and 3D printing on flexible and stretchable substrates. They inte-
grate well with flexible bioelectronics. These properties make them apt for monitoring 
wounds in wearable formats. Electrochemical biosensors consist of modified elec-
trodes with responsive materials and specific biorecognition molecules, enabling 
labelled or label-free detection of bioanalytes in real time. 

7.4.1 PH SENSORS 

Wound pH affects all the biochemical reactions during the healing processes. A 
high pH indicates bacterial colonisation, while a pH around or below 7 indicates a 
normal healing progression, optimised protease activities, fibroblast migration, and 
remodelling of ECM (Jones, Cochrane, and Percival 2015). 

Potentiometric and voltammetric methods can measure pH in a liquid electrolyte. 
The potentiometric method measures the open circuit potential (OCP) between the 
working electrode (WE) and the reference electrode (RE) to track pH change in the 
electrolyte. The voltammetric method measures the current generated when a 
potential is applied in a three-electrode electrochemical cell having WE, RE, and 
counter electrode (CE). The potentiometric method is more popular than the 
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voltammetric method for monitoring wound pH. They require simple electronics to 
measure OCP and do not require an external current supply like the voltammetric 
method (Mariani et al. 2021; Mostafalu et al. 2018a). The pH sensors integrated on 
flexible/stretchable substrates such as EcoFlex, bandage, polyethylene terephthalate 
(PET) sheet, polydimethylsiloxane (PDMS) film, paper, or textile display a linear 
sensitivity of ~50 mV/pH (R2 > 0.95) with stable performance between 4 and 10 pH 
(Mostafalu et al. 2018b; Tang et al. 2022; Mariani et al. 2021; Zhang et al. 2022;  
Ghoneim et al. 2019). Nonetheless, the sensitivity of these sensors needs 
improvement to monitor minute pH variations (less than 0.05 units) (Manjakkal, 
Dervin, and Dahiya 2020). 

7.4.2 URIC ACID SENSORS 

Uric acid (UA) levels strongly correlate with the status of wound and infection. UA 
forms when a cell ruptures at the wound through the purine metabolic cycle. 
Elevated levels of UA (>500 µM) in wound fluids indicate the severity of chronic 
venous leg ulcers (VLU) (Fernandez et al. 2012). UA is an electroactive molecule 
meaning that its oxidation occurs within the electrochemical window, allowing 
direct detection; however, urate oxidase (UOx) enhances biosensors’ sensitivity and 
detection limit by catalysing the oxidation reaction (Yan et al. 2020). A report also 
shows using a secondary enzyme such as horseradish peroxidase (HRP) to facilitate 
electron transport between the electrode surface and UOx (Bhushan et al. 2019). 
The detection limit of these sensors is in µM, and the linear range is between 10 to 
800 µM (Bhushan et al. 2019). 

7.4.3 CYTOKINE AND GROWTH FACTOR SENSORS 

Cytokines and growth factors are signalling molecules that help regulate cell func-
tions such as proliferation, migration, and matrix synthesis by communicating 
immune responses between cells and stimulating the cells to move towards inflam-
mation, infection, and injury sites. They also play a crucial role in the redeposition of 
the extracellular matrix (Gharee-Kermani and Pham 2005). Important cytokines for 
wound healing are interleukin (IL-1, IL-6), chemokines (CC-chemokines ligand 
family, CXC-chemokine ligand family), and interferon (INF-γ). Important growth 
factor families for the wound healing include epidermal growth factor (EGF), 
transforming growth factor-beta (TGF-β), fibroblast growth factor (FGF), vascular 
endothelial growth factor (VEGF), granulocyte-macrophage colony-stimulating 
factor (GM-CSF), platelet-derived growth factor (PDGF), connective tissue growth 
factor (CTGF), and tumour necrosis factor-alpha (TNF-α) family (Barrientos et al. 
2008). Concerted processes by cytokines, growth factors, and several cells lead to a 
successful wound healing process. Therefore, monitoring the levels of these bio-
markers provide pathophysiological information about wounds. Cytokines and 
growth factors are electrochemically inactive molecules. 

Electrochemical sensing of cytokines and growth factors involves a class of 
biorecognition molecules such as antibodies and aptamers with an affinity towards 
specific cytokines or growth factors. Antibodies are protein molecules that evolved 
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naturally to bind target analytes with high specificity. Therefore, they are effective 
as capture probes for biosensing platforms. Covalent immobilisation of antibodies 
on the electrode surfaces may lead to randomly oriented antibodies losing effec-
tiveness. However, the biotin-streptavidin chemistry provides an oriented im-
mobilisation of antibodies on the electrode surface (Arshavsky-Graham et al. 2020). 
Aptamers are single-stranded (ss) DNA or RNA oligonucleotides with a binding 
affinity to nucleic acids, proteins, metal ions, and other small molecules with high 
selectivity and sensitivity. The chemical structure, size, and synthetic production of 
aptamers overcome some of the disadvantages of antibodies. Synthetic production 
allows conjugation of surface functional groups to the non-binding end; thus, apta-
mers do not suffer the orientation issues like antibodies. As they are ~10 times smaller 
than antibodies, immobilisation density is also greater than antibodies. Nonetheless, 
aptamer and oriented antibodies show similar sensing performance on a specific 
surface in practice (Arshavsky-Graham et al. 2020). Affinity-based sensors have 
several other limitations, such as binding affinity depends upon pH, temperature, and 
light, and binding is irreversible (sensors work only once). Further, the operation time 
of electrochemical sensors depends on the loading capacity of biorecognition 
molecules. 

Electrochemical sensors can use a variety of electrochemical techniques to detect 
biorecognition events. The electrochemical methods include potentiostatic (current 
is measured for the applied controlled potential to the electrochemical cell); gal-
vanostatic (potential is measured for the applied current); potentiometric (mea-
surement of cell potential at near-zero current or open circuit potential); and 
impedance spectroscopy (current is measured for an applied alternating potential to 
the cell and analysed to obtain impedance – complex resistance) (Vogiazi et al. 
2019). Further, amplification of the electrochemical response is possible using 
labels such as enzymes, redox-active molecules, nanoparticles, quantum dots, and 
low dimensional carbon materials (Koyappayil and Lee 2021). 

7.4.4 REACTIVE OXYGEN AND NITROGEN SPECIES (RONS) SENSORS 

RONS such as hydrogen peroxide (H2O2), singlet oxygen (1O2), and nitric oxide 
(NO) are signalling molecules to immunocytes and non-lymphoid cells involved in 
tissue repair. Electrochemical detection of H2O2 can take either enzymatic or non- 
enzymatic routes. Both routes show good analytical performance but have some 
limitations. Enzymatic sensors face issues such as enzyme stability and active site 
inhibition. Non-enzymatic sensors face problems such as high working potential, 
unpredicted redox reactions, slow electrokinetics, poisoning by intermediate, and 
weak sensing. As NO readily oxidises electrochemically, direct electrochemical 
detection of NO is possible. 

Further, permselective polymers-coated (such as poly-eugenol) electrodes 
facilitate selective electrochemical measurement of NO in the presence of biolog-
ical interferents (R. Li et al. 2020). Electrochemical detection of 1O2 involves 
hydroquinone (HQ)/benzoquinone (BQ) redox reaction. 1O2 first oxidises HQ to 
form BQ, which reduces back to HQ on the sensing electrode giving a reducing 
current corresponding to the BQ concentration (Ling et al. 2021). 
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7.4.5 ENZYME SENSORS 

Proteolytic and antioxidative enzymes are essential in wound healing. Proteolytic 
enzymes such as matrix metalloproteinases (MMPs) degrade necrotic debris resulting 
from cellular breakdowns. Antioxidative enzymes such as superoxide dismutase 
(SOD), glutathione peroxidase (GPX), peroxiredoxin (PRDX), catalase, and he-
meoxygenase (HO) regulate the RONS concentration in wounds. Electrochemical 
sensing of MMPs uses different approaches. The first approach exploits the proteo-
lytic attributes of MMPs. MMPs act upon polypeptides having specific recognition 
and digestion sites. These polypeptides immobilised on electrode surfaces undergo 
degradation when interacting with specific MMP present in the wound fluid leading to 
improved electron transfer between the electrode and the electroactive species in the 
sample. Improved electron transfer increases the current and provides a label-free 
detection (Palomar et al. 2020). Other approaches involve the application of molec-
ularly imprinted polymer (MIP) with selective receptors or aptamers as biorecogni-
tion elements (Bartold et al. 2022; Vladyslav Mishyn et al. 2022). An electrochemical 
sensor detects the binding events using electrochemical methods described in the 
previous section. Electrochemical sensors for the detection of antioxidant enzymes 
are still in their infancy. 

7.5 ELECTROCHEMICAL SENSORS FOR PATHOGEN DETECTION 

As mentioned earlier, detection of bacteria in wounds can be done by either 
detecting the bacteria or detecting any biomolecule secreted by the bacteria into the 
wound fluid (Figure 7.2). Direct detection of bacteria is usually done by culturing 
methods, nucleic acid-based assays like PCR (detection of bacteria-specific genetic 
material), or immunoassays (detection of bacteria-specific antibodies) like ELISA. 
While PCR and ELISA are the current “gold” standards for pathogen detection, the 
need for continuous monitoring, and rapid detection without using additional re-
agents or sample preparation steps has resulted in the development of biosensors. 

Electrochemical biosensors for bacteria sensing employ an electrochemical cell 
comprising electrodes and pathogen-containing electrolytes. Based on differences in 
electrode configuration, applied signals (AC or DC), and measured signals, electro-
chemical sensors are broadly classified into potentiometric, amperometric, conduc-
tometric, and impedimetric sensors (Cesewski and Johnson 2020). One of the earliest 
sensors for direct bacteria detection was Bactometer®, which was developed using 
impedance microbiology (IM). The impedance at a single frequency is monitored at 
the electrodes immersed in a sample containing bacteria in the medium. Impedance 
changes result from ionic metabolites secreted by the actively growing bacteria into 
the solution, and beyond a threshold level, the sample tests positive for bacteria (Furst 
and Francis 2019). However, these sensors are non-specific and applicable for sam-
ples with high bacteria concentration (readout time of 2–3 h for >105 CFU/mL). The 
sensitivity of these has been improved by using interdigitated electrode arrays (IDA) 
and combining microfluidics with IDA (Furst and Francis 2019). The last decade has 
seen the development of electrochemical sensors with increased sensitivity as well 
as specificity. For this, the electrodes are usually modified with “biorecognition” 
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elements that can recognise and bind to selective pathogens. These biorecognition 
elements can be antibodies, oligonucleotides (DNA/RNA), proteins/peptides, apta-
mers, phages, or even MIP (Cesewski and Johnson 2020). The chemical energy 
associated with this binding of pathogens to the electrodes is converted into electrical 
signals that give the readout. Antibodies have been the most used biorecognition 
element. For example, a paper-based electrochemical immunosensor was developed 
using antibody-immobilised SWCNT-coated carbon electrodes for the detection of 
S. aureus using differential pulse voltammetry. The limit of detection was found to be 
13 CFU/mL with a detection time of 30 min (Bhardwaj et al. 2017). In another work, a 
fully automated microfluidic-based electrochemical biosensor with a detection limit 
of 50 CFU/mL was used to detect E. coli via cyclic voltammetry. A gold chip sensor 
functionalised with specific antibodies resulted in a high specificity in cross-reactivity 
studies with other bacterial species (Altintas et al. 2018). Simultaneous detection of 
multiple bacteria has also been studied, such as amperometric detection of E. coli and 
S. aureus using antibody-immobilised carbon nanotube-coated gold-tungsten mi-
crowire electrodes with a detection limit of 100 CFU/mL (Yamada et al. 2016) and 
impedimetric detection of S. aureus and E. coli using antibody-immobilised nano-
porous alumina membranes integrated into a microfluidic device containing Pt wire 
electrodes with a detection limit of 100 CFU/mL (Tian et al. 2016). While the binding 
of the bacteria to the electrodes led to changes in current flowing through the circuit in 

FIGURE 7.2 Pathogen detection modes of electrochemical biosensors. Indirect detection by 
sensing (a) cell-secreted electroactive metabolites (hexagon, yellow = reduced, orange = 
oxidised) using square wave voltammetry (current vs potential) or (b) electroactive products 
formed by the exogenously secreted enzymes using chronoamperometry (current vs time). 
Direct detection by sensing cells binding to a biorecognition probe on the electrode is 
detected using impedimetric techniques. Binding may cause a change in (c) impedance due to 
reduced electron transfer activity of a mediator (star, dark blue = reduced, light blue = 
oxidised) as a result of surface passivation (faradaic mode) or a change in (d) surface 
dielectric properties such as capacitance in the absence of a redox mediator (nonfaradaic 
mode). Adapted with permission from [52]. Copyright © 2020, American Chemical Society.    
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the former case, in the latter case, the binding of the bacteria to the membrane blocked 
the pores, thereby changing the impedance of the device. The detection limit of these 
sensors can be further decreased to <10 CFU/mL by the use of aptamers as the 
biorecognition element (Cai et al. 2021; Cesewski and Johnson 2020). Aptamers can 
bind to their targets with high affinity and specificity, and they are more stable in a 
wide range of environmental conditions as compared to antibodies (F. Li et al. 2019). 
MIPs are another alternative that provides template-based sites for the binding of 
either whole microorganisms or even certain biomarkers like lysozyme and inter-
leukins (Hasseb et al. 2022). Aside from the above, bacteriophages can also be used as 
the biorecognition element for the highly specific and selective detection of bacteria. 
There are two pathways of detection based on: (a) phage-induced lysis and (b) direct 
cell wall recognition (Hussain et al. 2021). In the first case, the phages induce bacterial 
lysis upon binding resulting in the release of cytoplasmic contents and progeny 
phases. Potential intracellular biomarkers such as enzymes and metabolites, if present 
in the released content, can be then detected electrochemically as discussed in the next 
paragraph. In the second case, the specific adsorption of bacteria onto phages im-
mobilised on the transducer surface leads to changes in impedance, which can be 
monitored using EIS (Hussain et al. 2021). 

Indirect detection relies on monitoring any exogenous metabolite or toxin (vir-
ulence factor) or enzymes that are secreted by the bacteria. If the secreted metab-
olite is electroactive, its detection via electrochemical tools is the most promising 
approach. A prominent example of this kind is pyocyanin (PYO), which is a 
phenazine redox-active metabolite secreted by almost all strains of P. aeruginosa. 
Detection of PYO is also clinically relevant because it is secreted in the early stages 
of infection (clinically detected concentration range 1–150 µM) and is a critical 
virulence factor for the generation and establishment of P. aeruginosa infection 
symptoms (Simoska and Stevenson 2022). Several studies have reported the 
detection of PYO with a linear detection range (LDR) of 1–100 µM and a limit of 
detection (LOD) of 0.1–1 µM. These studies have typically used cyclic voltammetry 
(CV), differential pulse voltammetry (DPV) or square wave voltammetry (SWV). 
Still, SWV appears to be particularly useful for the quantitative detection of low 
PYO concentrations, as it can suppress the background, non-Faradaic currents, 
providing high sensitivity in more complex biological samples (Simoska and 
Stevenson 2022). Amplification of PYO sensing can also be achieved by the 
addition of specific amino acids (proline, histidine, arginine, leucine, tyrosine, and 
valine) that upregulate PYO production or by the use of a bio-based redox capacitor 
(e.g. catechol-chitosan complex) that can amplify the electrochemical signals 
(Alatraktchi, Svendsen, and Molin 2020). Besides PYO, unique and redox-active 
metabolites secreted by other wound-relevant bacteria are yet to be identified. 

Proteases are secreted by several bacteria during the early stages of infection and 
have already been identified as promising biomarkers for infected and nonhealing 
wounds. However, there exists no rapid diagnostic method for the detection of pro-
tease activity. Electrochemical detection using voltammetry or chronoamperometry 
may be a promising method where the electrodes can be functionalised with enzyme- 
specific substrates, and the enzymatic degradation of this substrate will lead to 
changes in the signal readout (Eissa and Zourob 2020). A similar concept can be 
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applied for sensing bacteria-secreted toxins; for example, delta toxin and rhamnolipid 
secreted by S. aureus and P. aeruginosa, respectively, triggered the release of redox 
probes encapsulated in bilayer vesicles immobilised on electrodes enabling their 
detection via voltammetry (Thet and Jenkins 2015). 

Most of the investigations for bacterial detection targeted foodborne pathogens. 
These can extend to detect wound bacteria; nonetheless, more studies are still 
needed. 

7.6 MATERIALS FOR BIOSENSORS USED FOR MONITORING 
WOUNDS 

Biosensors for monitoring wounds require integrating bandages, dressings, or gauge 
materials. Thus, in addition to providing constant and conformal contact between 
the electrodes and wounds, the biosensors must minimally hinder the properties of 
bandages such as absorption of wound fluids, maintaining a moist environment, 
breathable, biocompatible, non-adherence, and antibacterial properties. Electrodes 
fabricated on fabrics and Tegaderm® and using multifunctional hydrogels using 
different printing methods such as screenprinting, photolithography, and coating are 
under investigation (Mostafalu et al. 2018a; Liu et al. 2021; Y. Gao et al. 2021;  
Wang et al. 2022). Popular electrode materials are metals such as gold, platinum, 
and silver; metal oxides such as indium tin oxide (ITO), titanium dioxide (TiO2), 
carbon-based materials such as carbon nanotubes (CNTs), graphene, and graphite; 
conducting polymers such as polyaniline (PANI), polypyrrole (PPy), poly(3,4- 
ethylenedioxythiophene), and polystyrene sulfonate (PEDOT:PSS) (Mostafalu et al. 
2018a; Cesewski and Johnson 2020; Y. Gao et al. 2021). 

The performance of an electrochemical biosensor also depends on the physical 
form of the electrodes. Nanoscale electrodes (e.g. Pt nanowires) or electrodes with 
micro and/or nanostructured topographical features lead to high sensitivity as these 
enhance the surface area without significantly increasing the electrode footprint. A 
different approach to achieving high sensitivity is to employ electrode arrays such 
as interdigitated array microelectrodes (IDAMs) consisting of alternating, parallel- 
electrode fingers assembled in an interdigitated pattern. These arrays exhibit rapid 
response and a high signal-to-noise ratio. 

7.7 DEVELOPMENT OF MODERN-DAY BIOSENSORS FOR WOUND 
MANAGEMENT 

7.7.1 MULTIANALYTE AND MULTIPLEXED BIOSENSORS 

Simultaneous detection of multiple biomarkers and pathogens in a single biosensor is 
necessary for clinically relevant wound monitoring. Recent efforts are thus focused on 
multianalyte or multiplexed biosensors. For example, carbon ultramicroelectrode 
arrays (CUAs) fabricated on flexible polyethylene terephthalate (PET) substrate were 
used for sensing three different electroactive biomarkers: PYO, nitric oxide, and uric 
acid. The proof-of-concept wearable CUA sensor had mid-micromolar LOD for all 
the three analytes, and it exhibited different electrochemical signatures for each of 
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them without significant interference (Simoska, Duay, and Stevenson 2020). Multiple 
biorecognition elements can also be immobilised to fabricate multiplexed sensors. 
In this case, specific antibodies or aptamers that bind to different targets with very 
high affinity are used (Y. Gao et al. 2021). Since multiple immobilisation sites are 
required, nanomaterials or nanostructured electrodes may be necessary to provide a 
high surface area. 

7.7.2 REAL-TIME MONITORING 

Real-time transmission/collection of wound biomarkers’ data would enable sharing of 
information to medical professionals and clinicians to help them improve the quality 
of their medical treatments by enabling them to make informed decision. Monitoring 
wound biomarkers in real time can help realise personalised medicine where thera-
peutic interventions follow according to the obtained data and therapeutic outcomes 
predicated by the AI algorithms operating in a closed-loop (W. Gao and Yu 2021). 
One crucial aspect of real-time monitoring is the wireless transmission of data. A few 
leading technologies for wireless data transmission are near-field communication 
(NFC), Bluetooth, and radiofrequency (RF) (C. Xu, Yang, and Gao 2020). NFC al-
lows simultaneous wireless data transmission and power between two electronic 
devices via inductive coupling when placed in proximity (~10 cm). NFC antenna can 
be in flexible formats. However, NFC requires the antenna in a particular orientation 
and proximity to the other electronic device, limiting its practical, long-term use. 
Bluetooth is an alternative wireless communication tool that allows a faster trans-
mission rate to ~9 metres than NFC. Thus, Bluetooth suits multifunctional sensing and 
long-term use. Nonetheless, Bluetooth modules are rigid, which limits applicability on 
the skin. RF transmission operates at a fixed frequency of 13.56 MHz between a 
powered initiator and a passive target. RF antenna can be in flexible formats. 

A few recent efforts have reported real-time monitoring of wounds in wearable 
formats. An anomaly of wound temperature is an early indicator of infection. 
Electronic temperature sensors in flexible and wearable formats are sensitive, 
accurate, and easy to operate in clinical settings. These sensors can monitor wound 
temperature continuously over a period. Further, electronic temperature sensors 
integrate with Bluetooth, allowing real-time transmission of measured data (in this 
case, temperature) to a portable data-logging tool such as a smartphone (Pang et al. 
2020). pH is a key indicator of bacterial infections. pH-measuring electrochemical 
sensors fabricated on flexible formats such as PET sheets, PDMS film, or textile can 
work for continuous monitoring of wound pH (Mariani et al. 2021; G. Xu et al. 
2021). An onboard Bluetooth-enabled or NFC-enabled transceiver can transmit 
the pH data obtained by sensors and receive instructions to trigger/modulate the 
delivery of drugs loaded in the smart bandage (Liu et al. 2021; Mostafalu et al. 
2018a; G. Xu et al. 2021). Integrated sensor modules may carry multiple sensor 
combinations that can track different indicators such as temperature, pressure, pH, 
uric acid, and blood glucose. Wireless data transmission tools can send multiple 
data sets from different sensors as well (Guo et al. 2021; G. Xu et al. 2021; Liu et al. 
2021). The data repository in the cloud will enable statistical analysis, knowledge 
sharing, and the development of AI-based algorithms for personalised treatment. 
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7.8 ROLE OF MACHINE LEARNING IN WOUND MANAGEMENT 

In the era of personalised medicine, the recent boom in artificial intelligence and 
data analytics holds potential for promising solutions in developing a reliable, 
intelligent wound management strategy (Wang et al. 2022). In this context, we must 
understand the philosophy behind developing such a smart strategy and the role of 
machine learning (ML) in it. Figure 7.3 illustrates an overview of an intelligent 
framework for wound monitoring and management. 

To develop such a framework, it is essential to identify suitable biomarkers that 
can characterise the progression of chronic wounds, thus assisting in its diagnosis 
and treatment. Pre-processing of raw data reduce noise in data by handling missing 
information and outliers. Next, feature extraction techniques are used to obtain 
characteristic features representing the dataset. Feature representation techniques 
include principal component analysis (PCA), discrete Fourier transform (DCT), 
linear discriminant analysis (LDA), etc. Once suitable features are extracted from 
the data set, these are used as inputs to develop a data-driven model. Such models 
can be categorised as classification, prediction, and clustering. Wound healing 
classification problems include developing classifiers to identify the phases or the 
types of wounds. Some of the common algorithms that are deployed to develop 
classifiers are support vector machine (SVM), K-nearest neighbour (kNN), extreme 
gradient boosting (XGBoost), etc. They evaluate the performance of the classifiers 
various metrics like accuracy, precision, recall, and F1-score. The next category of 
models includes wound healing prediction by capturing relationship between sensor 
data and the target value(s). This approach regresses the target value using a set of 
features using algorithms like polynomial response surface models (PRSM), arti-
ficial neural network (ANN), convolutional neural network (CNN), etc. To assess 
the accuracy of these predictive models, root mean square error (RMSE), mean 
absolute percentage error (MAPE), etc. are used. The last category of models 
includes when no specific information about output or the target value(s) is ex-
plicitly available. Then, unsupervised algorithms like K-means clustering, density- 
based clustering, self-organising map (SOM), etc. are used to extract meaningful 

FIGURE 7.3 Overview of ML-assisted framework for wound management.    
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insights from the underlying patterns hidden in the input data set. The results 
obtained from different ML-based models can also be combined using effective 
decision fusion strategies, thus enhancing the final accuracy of the ML model. The 
ML framework should also have model agnostic methods to interpret the results 
obtained from the ML models, which will elucidate the importance of different 
features as well as provide valuable insights pertaining to the model. Based on 
the wound assessment obtained from the ML framework, an optimal strategy can be 
developed to accelerate the healing. Thus, integrating biosensors with an ML 
framework has the potential to expedite the recovery of any chronic wounds. 

7.9 CHALLENGES AND THE WAY FORWARD 

Integrated electrochemical sensing tools working in a closed loop aided with 
machine learning technologies possess a great promise to solve current challenges 
in wound management. Though a lot of progress has occurred in the last few years; 
nonetheless, several challenges remain for future works. One such issue is to 
develop sensors that can operate with a low volume of wound fluid. Efficient wound 
fluid collection, direction towards electrodes, and smaller electrodes requiring less 
volume of fluid may solve the low volume issue. Certain metabolites are unstable or 
short-lived or can undergo side reactions (e.g. PYO undergoes polymerisation). 
Therefore, the characterisation of sensor response time is essential. Detection of 
clinical isolates: Most studies were performed using wild-type strains. The ex-
pression of certain biomarkers varies among strains making it a challenging task. 
Complex biological matrix: Wound fluid is a very complex matrix. The use of 
simulated wound fluid is recommended to evaluate sensor performance. Affinity- 
based biosensors discussed in this chapter can only provide sensing once due to 
irreversible binding to biomarkers and bacteria. 

Flexible, low-powered electronics and biocompatible power sources are still in 
their infancy for the continuous operation of wireless wearable systems. Finally, 
most of the efforts demonstrated the detection of biomarkers in vitro systems or on 
animal models for a short period. Human trials validating the utility of these devices 
are still unavailable. The long-term stable and reliable monitoring of wounds are 
crucial factors for ensuring successful application in humans. These unresolved 
issues still require continued efforts to develop reliable, stable multiplexed bio-
sensing technology capable of monitoring a variety of biomarkers involved in 
wound healing in humans. 
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8.1 INTRODUCTION 

The investigation of two-dimensional (2D) materials like graphene, BN, and MoS2 

has emerged as one of the most intriguing fields of nanoscience in the past few years 
[1–6]. However, a novel 2D material – phosphorene – has sparked substantial interest 
in the scholarly community recently. Phosphorene is a 2D allotrope of phosphorus 
with a single-layer sheet structure and is the building unit of black phosphorus 
(BP). Based on the number of layers, phosphorene may be classified as a monolayer, 
bilayer, and few-layer phosphorene. According to the morphology, it may be 
categorized as quantum dots, nanoribbons, nanowires, nanorods, microrods/platelets, 
nanotubes, nanoparticles, nanoflakes, and microscale flakes [7]. Phosphorene 
monolayers can be built to form black phosphorus crystal layers via van der Waals 
interactions, similar to how graphene layers stack to form graphite. 
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Phosphorene has an in-plane bonding as a consequence of the sp3-hybridization 
present in it, unlike in the case of graphene [8]. Since every phosphorus atom is 
bonded to three neighboring phosphorus atoms, each p-orbital maintains a lone pair of 
electrons. Due to the sp3-hybridization, phosphorene does not form atomically flat 
sheets like graphene. Rather, they form honeycomb-structure puckered layers as seen 
from a side perspective normal to the armchair direction (Figure 8.1). Every such 
layer of the honeycomb network has two atomic layers with marginally separated two 
adjacent atoms (d1 = 2.224 Å) and the top and bottom atoms (d2 = 2.244 Å) due to this 
puckered structure. The values of d1 and d2 are quite close to each other due to 
covalent interactions between phosphorus 3p-orbitals. The stacking of phosphorene 
monolayers produces few layers of phosphorene. The bulk phosphorene lattice con-
stants are a1 = 0.34 nm, a2 = 0.45 nm, and a3 = 1.12 nm [9]. Between two phosphorene 
layers, the sheet-sheet gap is 0.53 nm, which is larger than the interlayer spacing of 
graphene (0.335 nm). The puckered structure along with the AB Bernal stacking of 
two phosphorene layers in the unit cell, account for the comparatively high interlayer 
separation. A weak interlayer contact (20 meV atom−1) holds these phosphorene 
sheets together, although it can be easily disrupted. As a result, phosphorene is par-
ticularly appealing both for electronics and optoelectronics and has therefore been 
broadly studied in applications such as transistors, photodetectors, and solar cells. 
Owing to its novel structure and properties phosphorene is being researched for a 
variety of electrochemical applications. These applications are very much linked to 
the morphology of phosphorene and the synthesis technique adopted. This chapter 

FIGURE 8.1 Crystal structure of single-layer phosphorene: (a) top view, (b) side view. 

Source: Adapted with permission from [ 10] Copyright (2020) Elsevier.    
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aims to give a detailed description of various methods of phosphorene synthesis and 
its applications in electrochemical systems. 

8.2 SYNTHESIS OF PHOSPHORENE FROM BLACK PHOSPHOROUS 

There are mainly two methods that are adopted to synthesize phosphorene thin 
films. They are (i) the top-down approach involving exfoliation of black phos-
phorus, and (ii) the bottom-up approach, involving thermal depositions or assem-
blies from phosphorus precursors. Exfoliation methods rely on weak interlayer 
interactions between the two phosphorene sheets, which can be easily overcome by 
using external forces. The exfoliations may be classified into mechanical exfolia-
tion, liquid-phase/sonication exfoliation, and microwave exfoliation based on the 
external forces. The sonication exfoliation is further categorized into organic liquid, 
aqueous surfactant, and water exfoliation based on the assisting agents. 

8.2.1 MECHANICAL EXFOLIATION 

The mechanical exfoliation or micromechanical cleavage is the process of removing 
nanoflakes from bulk crystals, as shown in Figure 8.2(a). Scotch tape is usually 
employed for this purpose and is hence known as the scotch-tape method [11]. 

Mechanical exfoliation is extensively used for the manufacture of 2D black 
phosphorus. Many 2D membranes, including graphene, MoS2, WS2, h-BN, and 
MXene, have been effectively isolated via the microcleavage method. This tech-
nique is advantageous since it is simple and reliable, as it does not require any 
chemical treatments or expensive instruments during the production process. 
Phosphorene is widely used in fundamental physics and electronic device research 
owing to its simplicity of isolation via scotch tape. Since the as-exfoliated phos-
phorene normally has a few layers, surface cleaning and layer thinning with argon 
or ozone plasma can be utilized to obtain monolayer phosphorene. Mechanical 
exfoliation with adhesive tape produces a low density of a few layers of black 

FIGURE 8.2 (a) Mechanical exfoliation of BP, (b) Raman spectra of BP. 

Source: Adapted with permission from [ 12] Copyright(2015) Optica Publishing Group.    
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phosphorus flakes, leaving sticky traces on the surface. Exfoliating the flakes with 
an intermediate viscoelastic surface significantly boosts the yield and minimizes the 
contamination of the produced flakes [13]. Mechanical exfoliation requires repeti-
tive steps of adhesion and splitting in order to obtain a 2D layer. Moreover, the 
layer thickness determination is to be carried out using microscopy and Raman 
spectroscopy techniques (Figure 8.2(b)) after each exfoliation. Hence, it is a slug-
gish process with low yield. As a result, this approach has limited mass-production 
potential. Nevertheless, mechanical exfoliation serves its purpose in university 
laboratories for basic research. 

8.2.2 LIQUID-PHASE EXFOLIATION 

Liquid phase exfoliation (LPE) via ultrasonication is suitable for large-scale pro-
duction of black phosphorus nanosheets. Based on the solvent used for exfoliation, 
LPE may be classified as follows:  

• Organic solvent-based exfoliation,  
• Stabilizer-based exfoliation,  
• Ionic liquid (IL)-based exfoliation,  
• Salt-assisted exfoliation,  
• Intercalant-assisted exfoliation,  
• Ion exchange–based exfoliation [14]. 

The bath sonication or the probe sonication method can both be used for ultra-
sonication. Ultrasonication of the solvent results in the formation of bubbles which 
breaks to form high-energy jets, cleaving the layered 2D material [15]. The 
effectiveness of exfoliation depends on the surface energy of the solvent; the closer 
the surface energies of the solvent and the material, the better the exfoliation. The 
solvent with a Hansen solubility parameter comparable to that of the material 
is preferred [16]. Amide solvents such as N-cyclohexyl-2-pyrrolidone (CHP) or 
N-methyl-2-pyrrolidone (NMP) are often used for this technique, although iso-
propanol (IPA) has been found suitable in some cases. To obtain atomically thin BP 
nanoflakes, dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) are suit-
able. They can yield uniform and stable dispersions after sonication. Initially, a 
lump of black phosphorous crystal (0.02 mg mL−1) is added in a suitable solvent 
and is sonicated for 15 hours. The solution is then centrifuged and the supernatants 
are carefully collected by a pipette. A scanning electron microscope (SEM) image 
of a 3D layer of a phosphorene nanosheet on a silicon wafer is obtained after 
exfoliation in NMP, as shown in Figure 8.3. The translucent architecture of the 
phosphorene structure, with foldings at certain points, distinguishes it. 

8.2.3 ELECTROCHEMICAL EXFOLIATION 

When compared to liquid phase exfoliation through a sonication method, electro-
chemical exfoliation of BP is a more tractable, quicker, and less expensive approach 
[17]. Exfoliation of a broad range of 2D materials has been accomplished using this 
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technique. At ambient conditions, electrochemical exfoliation of BP is a fairly 
simple procedure, and the reactions are completed in a short time, allowing control 
of the degradation of the generated phosphorene nanosheets. This approach em-
ploys the proper reduction and oxidation reactions to produce ideal nanosheet 
thicknesses in large quantities for practical applications [18–20]. A regular electro-
chemical cell for exfoliation consists of working and counter electrode connected to 
the power supply, and a reference electrode in an electrolyte (aqueous or non-aqueous 
solution) as shown in Figure 8.4. Electrolytes with appropriate surface tension 

FIGURE 8.3 SEM image of phosphorene nanosheet exfoliated in NMP solvent.    

FIGURE 8.4 Electrochemical anodic/cathodic exfoliation. 

Source: Adapted with permission from [ 21] Copyright (2020) Elsevier.    
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promote anion and cation migration to the BP layers and prevent nanosheet re- 
stacking after exfoliation. The ionic species in the solution intercalate the bulk-layered 
BP in presence of an electric field and expand it into phosphorene nanosheets. The 
properties and the yield of the phosphorene nanosheets produced are controlled by the 
ionic intercalation and their interaction with electrodes during exfoliation. 

8.3 APPLICATIONS 

8.3.1 ANODE IN LITHIUM-ION BATTERIES 

Rechargeable lithium-ion batteries (LIBs) are widely used in consumer electronics 
such as smartphones, laptops, tablets, digital cameras and so on. They are con-
sidered superior energy storage units due to their stable cycling performance, high 
storage capacity, and high energy density [22]. Pure phosphorus has lately risen to 
prominence in lithium-ion batteries because of its high power density and long 
cycle life. Phosphorus in elemental form has a theoretical capacity of 2,596 mAhg−1 

(with Li3P as the end compound) and has a low diffusion energy barrier of 0.08 eV 
for lithium ions [23]. The phosphorene anode has a larger surface area when 
compared to bulk BP which results in increased irreversible capacity at initial 
cycles. Figure 8.5 shows a Li-ion battery comprising of phosphorene anode 
and LiCoO2 cathode. Theoretical studies indicate that due to its anisotropic nature 
Li-ion diffusion along the arm-chair direction is restricted by a high energy barrier 
of 0.68 eV [22]. Li and colleagues researched on LIBs with phosphorene anode and 
manifested that lithium-ion intercalation into phosphorene layers resulted in en-
hanced electrical conductivity with a high open-circuit potential of 2.9 V, which is 

FIGURE 8.5 Schematic depicting lithium-ion battery with a phosphorene anode and 
LiCoO2 cathode.    

126                                                      Miniaturized Electrochemical Devices 



adequate for increased performance [24]. Theoretically, the phosphorene na-
nosheets have a larger specific capacity (432.79 mAhg−1) than graphite anodes 
(372 mAh g−1). Bringing in surface defects on the BP nanosheet can also enhance 
the binding energy of Li and phosphorene. In addition, the incorporation of a 
conductive material like graphene in phosphorene leads to hetero-structured anode 
enhancing the Li-ion mobility by minimizing the polarization effect. 

Castillo et al. [25] studied the electrochemical performance of liquid phase ex-
foliated phosphorene nanosheets in acetone and CHP. In general, the electro-
chemical mechanism of BP nanosheets in the charging and discharging cycles can 
be described as follows: 

Discharge process∶ BP → LinP → LiP→ Li2P → Li3P (n < 1) [26] 
Charge process∶ Li3P → Li2P → LiP → LinP → BP (n < 1) [27]  

Initial capacities of 1,732 and 545 mAhg−1 were obtained at 100 mAg−1 for the ex-
foliated phosphorene in the solvents acetone and CHP respectively, from the galva-
nostatic charge/discharge profiles. However, after 20 cycles a significant capacity 
fading was observed (480 and 250 mAh g−1 for acetone and CHP) and is due to the 
high volume expansion (300%) of phosphorene. Furthermore, the rate capability 
studies conducted on these anodes exhibited a lower specific capacity of 345 and 200 
mAh g−1 for the exfoliated phosphorene in acetone and CHP at 1 Ag−1 [25]. The 
lower specific capacity and low Columbic efficiency in these systems were attributed 
to the irreversible Li3P formed during the first discharge cycle [15]. 

Moreover, studies have shown that carbonaceous materials can be added to these 
systems to produce hybrid electrodes too improve the electrochemical performance 
and structural stability of black phosphorus nanosheets. Chen and co-workers [15] 
synthesized a 2D black phosphorus – 2D graphene (named BP-G) film by filtering 
black phosphorus nanosheets (80 wt.%) and graphene sheets. When these films 
were used as anodes, it leads to a specific capacity of 402 mAh/g and a Coulombic 
efficiency of ~100% at a current density of 500 mA/g. 

In another study, Chen and colleagues investigated the electrochemical per-
formance of exfoliated BP and phosphorene (80%) with graphene (20%) (P-G) 
hybrid as a LIB anode generated by vacuum filtration. The P/G nanosheets are 
stacked in parallel in the produced composite, which enhances the electrical con-
ductivity of phosphorene and shortens the lithium-ion diffusion [28]. Graphene 
nanosheets serve as a preferential electrical pathway for the transit of electrons 
generated by the phosphorene redox process. The setting up of chemical P-C bonds 
increased the cyclic structural stability. This composite anode achieved a specific 
capacity of 920 mAh g−1 at a current density of 100 mA g−1, which is much higher 
compared to the pristine phosphorene (180 mAh g−1) and graphene (435 mAh g−1). 
The hybrid anode may still provide high specific capacity (501 mAh g−1), revers-
ibility, and rate capability by raising the current density to 500 mA g−1 [29].  
Figure 8.6 shows the rate capability performance of phosphorene-carbon composite 
anode at different current densities. Following this work, Zhang et al. investigated 
high-yield exfoliated black phosphorus in methanamide as an air-stable anode 
material for LIBs [30]. They found that phosphorene nanosheets react more readily 
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with graphene oxide than graphene. The fabricated anode revealed a high specific 
capacity of 1013 and 415 mAh g−1 at the current density of 100 mA g−1 and 
10 Ag−1. Hence, these studies show that the increased surface area of phosphorene 
has resulted in high irreversible capacities. Moreover, the addition of carbonaceous 
fillers in phosphorene and the resultant hetero-structures can improve the overall 
specific capacity of these systems due to its better structural stability and higher 
ionic diffusivity. 

8.3.2 LITHIUM-SULFUR (LI-S) BATTERIES 

Lithium-sulfur cathodes have gained increased attention and they stand out due to the 
high specific capacities of lithium and sulfur [32,33]. However, Li–S batteries have 
several limitations like the low electrical and ionic conductivities of sulfur, high 
volume change upon lithiation, sulfur loss due to dissolution in the electrolyte, and 
sulfur transfer between the anode and cathode. All of this leads to low reversibility 
and inefficient sulfur usage. As a solution to this problem, composites of sulfur were 
prepared with conductive matrices like graphene, carbon nanotubes, and porous 
carbonaceous materials. Phosphorene is preferred over nanocarbon materials due to 
its property of anchoring/immobilizing sulfur with strong P-S bonds to enable its 
efficient utilization [34]. Ren and his coworkers discovered that phosphorene works 
as a sulfur immobilizer and electro-catalyst, extending the cycle life lithium-sulfur 
batteries with a higher capacity [28]. In addition, when compared with conventional 
cathodes, phosphorene present in the cathode matrix remarkably decreases polar-
ization and accelerates the redox reactions for quick charging/discharging and 
increases sulfur utilization. Furthermore, phosphorene can alter the separator to 
trap and activate the poly-sulfides, resulting in an enhanced capacity and increased 
cyclability. 

FIGURE 8.6 Rate capability performance of the phosphorene-carbon composite anode at 
different current densities. 

Source: Adapted with permission from [ 31] Copyright(2014) Elsevier.    
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Hence, the incorporation of phosphorene improves the performance of Li-S 
batteries by immobilizing the sulfur for its better utilization, reducing polarization 
and accelerating the redox reactions. 

8.3.3 SODIUM-ION BATTERIES 

Sodium-ion batteries look promising as a replacement to LIBs, thanks to their low 
cost and abundant supply of Na. Their charging and discharging processes are 
similar to those of Li-ion batteries. The first sodium-ion batteries with phos-
phorene/graphene (P/G) composite anode were fabricated by Cui and colleagues 
[35], which showed a reversible capacity of 2,440 mAhg−1 at 0.02 C. The P/G 
layers were sandwiched together, which shortens the diffusion path of ions and 
electrons leading to increased rate performance. Additionally, this makes it pos-
sible to accommodate volume expansion via elastic buffer spacing. Graphene 
also permits electrons to be transported from the phosphorene redox process to 
the current collectors. The sodium-ion batteries also retain about 85% of their 
capacity after 100 cycles. Another promising strategy is to encapsulate phos-
phorene in h-BN nanosheets, which is found to result in high theoretical capacity 
and the least diffusion barrier. The sodium transport in phosphorene nanosheets is 
dependent on the surface and edge sites. Nie and coworkers studied the Na+ ion 
transport in phosphorene using transmission electron microscopy (TEM) and the 
density functional theory (DFT) [36]. Their calculations revealed that the zig-zag 
direction of phosphorene allows faster diffusion path for Na+ ion when compared 
to the armchair direction. 

Due to this high capacity, electrical conductivity, Na+ ion diffusion and better 
stability phosphorene is considered to be a good candidate for sodium-ion batteries. 

8.3.4 ELECTRODES IN SUPERCAPACITORS 

Due to their excellent characteristics like high power density, long cycle life, and 
quick charge/discharge rate, supercapacitors are gaining a lot of interest [37–39]. 
Materials like 2D stacked graphene, with a large specific surface area, are fre-
quently used in high-capacitance double-electrode capacitors which exhibited 
increased volumetric capacitance of about 1 F cm−3. Wen and colleagues produced 
phosphorene films on PET (polyethylene terephthalate) substrates using phos-
phorene dispersions and drop coating processes, resulting in a supercapacitor with a 
capacitance of 13.75 F cm−3 at a scanning rate of 0.01 V s−1 [40]. These phos-
phorene double electrodes were extremely flexible and had negligible current 
density loss. They achieved a maximum current density and power density of 
2.47 mWh cm−3 and 8.83 Wcm−3, respectively. 

Based on the charge storage mechanism, supercapacitors are classified into the 
following types:  

• Pseudo-capacitors  
• Electrical double-layer capacitors (EDLCs) [7] 
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The main operating processes of pseudo-capacitors and EDLCs are rapidly 
reversible redox reactions at the electrode-electrolyte interfaces and charge storage 
at the electrode/electrolyte interfaces, respectively. On account of their high specific 
surface area, exfoliated phosphorene nanosheets were explored as electrode mate-
rials in EDLCs. A conventional sandwich model phosphorene electrode was fab-
ricated by Hao et al. with the solid polyvinyl alcohol/phosphoric acid (PVA/H3PO4) 
electrolyte and demonstrated a double layer capacitance of 13.75 F cm−3 at the scan 
rate of 0.01 V s−1 with cyclability up to 30,000 cycles [40]. 

Phosphorene/carbon nanotube (CNT) composites are gaining increased attention 
in the production of all-solid-state supercapacitors [41]. Composites with 
phosphorene-CNT mass proportion 1:4 have revealed excellent electrical conduct-
ance and packing density. The electrodes showed a maximum volumetric capacity 
of 41 F cm−3 and a maximum high power density of 821 W cm−3. The superior 
mechanical flexibility of CNT contributes to the strength of the composite electrode. 

Phosphorene is also incorporated into graphene as inserting spacers through redox 
reactions to produce hybrid electrodes to prevent agglomeration and improve 
mechanical strength [42]. The restacking issue of graphene is solved by this tech-
nique. Phosphorene nanosheets trapped in the graphene layers maintained rich 
pathways for electrolyte ion diffusion, resulting in improved electrochemical per-
formance compared to pristine graphene. In order to further increase the specific 
capacitance of this electrode, pseudo-capacitive conductive agents like polyanlinine 
and polypyrrole were introduced, which resulted in an increased capacitance of 
354 Fg−1 [43]. The cyclic voltammetry (CV) curves at 100 mVs−1 revealed a rect-
angular shape, verifying the double-layer charge storage mechanism of phosphorene. 

The conventional sandwich type supercapacitors are incompatible when it comes 
to applications like wearable and portable microelectronics. The on-chip micro- 
supercapacitors are suitable for these purposes. They are of three types:  

• 3D micro-supercapacitors  
• Fiber-shaped micro-supercapacitors  
• In-plane micro-supercapacitors [44] 

The in-plane micro-supercapacitors with micro-scale sizes exhibit high power density 
due to their planar structure, which promotes increased ionic transport. Recently, a 
simplified P/G micro-supercapacitor was developed by a single-step mask-assisted 
vacuum filtration method on a polyethylene terephthalate (PET) substrate [42]. The 
composite showed high mechanical flexibility and adhesion on to the PET substrate. It 
exhibited a typical EDLC-typed CV curve with a rectangular shape delivering an areal 
capacitance of 9.8 m F cm−2 and volumetric capacitance of 37.5 F cm−3. 

Yang and coworkers used laser machining technology to develop solid-state micro- 
supercapacitors using electrodes coated with thin film of BP. An ideal double-layer 
capacitor behavior is confirmed by the rectangular-shaped CV curves. Further, a linear 
capacitive performance with a negligible Ohmic drop was revealed by the galvanostatic 
charge/discharge at different current densities. The fabricated device displayed a high 
volumetric capacitance and energy density of 26.67 F cm−3 and 3.63 mWh cm−3 at 
0.5 A cm−3, respectively. A high energy density of 1.53 mW h cm−3 persisted even at 
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a very high power density of 10.1 Wcm−3, which is higher when compared to other 2D- 
based micro-supercapacitors. 

Phosphorene is found to enhance the capacitance, current density and power 
density in the case of conventional type supercapacitors. Combining phosphorene 
along with graphene improved the electrical conductivity due to improved ion 
diffusion. In addition, micro-supercapacitors with good mechanical flexibility and 
improved capacitance were developed, making phosphorene a possible contender 
for supercapacitor applications. 

8.3.5 ELECTROCATALYST FOR OXYGEN EVOLUTION REACTION 

The oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) are 
critical as far as the electrochemical energy conversion and storage is concerned 
[6,27,45]. Both OER and ORR require efficient electrocatalysts to accelerate the 
reaction due to their sluggish reaction kinetics. The chemical reactions corre-
sponding to OER and ORR are as shown below: 

4OH 2H O + 4e + O .2 2

O + 2H O + 4e 4OH2 2

For both reactions, the electrocatalyst should have good electrical charge conduc-
tivity, a large specific surface area, and high activity. Platinum, transitional metal 
oxides and nitrides are among the most advanced catalysts, but their high cost and 
scarcity prevent large manufacture. Hence, the efforts are towards development of 
novel electrocatalysts based on low-cost and commonly available elements. 

Wang and colleagues made a recent breakthrough in electrocatalytic OER, where 
the bulk BP was produced for OER electrocatalysts [27]. An onset potential of 
~1.49 V relative to the reversible hydrogen electrode (RHE) and a low Tafel slope 
of about 72.88 mV dec−1 was observed in these systems, revealing an electro-
catalytic performance comparable to that of commercial RuO2 catalysts. Although 
the results are interesting and bulk BP is a promising OER electrocatalyst, the 
number of active sites are low in BP and hence there are challenges for achieving 
highly efficient OER catalytic performances. One strategy that is being adopted to 
increase the number of active sites in BP is by decreasing the number of layers of 
BP, thereby increasing the specific surface area [46]. Hence, it could be expected 
that these ultrathin lamellar structure may pave the way for developing electro-
catalysts with enhanced catalytic activity. 

Phosphorene and phosphorene-based hybrids are now being investigated as 
potential catalysts for a variety of electrocatalytic applications. Their exceptional 
electrochemical performance is comparable to those of transition-metal or noble- 
metal-based catalysts. The phosphorene synthesized by liquid phase exfoliation of 
black phosphorus displayed exceptional electrochemical OER performance ex-
hibiting extended stability, exceeding that of the reported RuO2 and Co3O4/N- 
graphene [46]. Owing to an onset potential of of 1.48 eV relative to the reversible 
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hydrogen electrode and a current density of 10 mA cm−2 at 1.6 V, black phosphorus 
has been proposed as a potential OER catalyst, with catalytic activity comparable to 
commercial RuO2 [46]. 

Ren and co-workers utilized a conventional three-electrode cell consisting of 
potassium hydroxide (KOH) electrolyte with varying concentrations of OH− 

(C[OH−]) to study the current variations during OER processes [46]. They took 
advantage of KOH solution as an electrolyte to improve the stability of as-prepared 
BP nanosheets and investigated the OER performance of BP nanosheets for dif-
ferent OH− concentrations. It was found that BP nanosheets have a higher current 
density and a lower onset potential (about 1.45 eV) than the previous reported 
1.48 eV for bulk BP, in 1 M KOH. Further reduction of concentrations from 1 to 0.05 
M can result in a fall in current density. In comparison to their pristine counterparts 
and other previously reported electrocatalysts, BP nanosheets demonstrate consid-
erably increased OER activity, according to the computed Tafel slopes [47]. The 
superior electrochemical performance of BP nanosheets is ascribable to the additional 
active sites and significantly high electronic mobility benefited from ultrathin 2D- 
layered structures and intrinsic qualities of BP. Therefore, the low OER onset 
potential and the low Tafel slope of few-layered BP nanosheets show that they have 
considerable potential as OER electrocatalysts. Few-layered BP or phosphorene na-
nosheets have great potential in the applications of high-performance OER devices. 
Decreasing the thickness of BP nanosheets is recommended to be a good strategy to 
generate more active sites and improve the specific surface area in order to achieve 
superior electrochemical OER performance. 

The ultrathin lamellar structure with increased specific surface area resulting in 
more active sites as well as high electronic mobility makes phosphorene a suitable 
material for OER electrocatalysis. 

8.3.6 ELECTROCHEMICAL SENSORS 

Black phosphorus due to its good affinity for water molecules has been employed in 
the fabrication of humidity sensors based on the transduction principles [48]. 
Moreover, composites of BP with other materials, like indium oxide, CuO/pyrrole- 
BP nanocomposite, anthraquinone nanowire (AQNW), and chemically passivated 
phosphorene (CPP) with porous triazine-based two-dimensional polymer (T-2DP) 
or noble metals, have been used to detect gases like NO2 or H2. Silicon- or sulfur- 
doped phosphorene is found to have good sensitivity towards gases like NO, NO2, 
CO, and NH3 [49]. The doping results in the modification of the electronic structure 
of phosphorus atom thereby increase the binding energy. Noble metals, such as Au 
or Pt, are found to significantly improve the sensitivity of BP nanosheets to H2. The 
field effect transistor (FET) is one of the most commonly used transducers modified 
by the dry transfer method. Degradation of BP while in contact with liquid or 
gaseous medium is a matter of concern. Al2O3 or Nafion, can be used as a passi-
vation layer to improve BP stability against degradation. 

BP is also employed in the detection of metal ions like Hg (II), As(III)/(V), Pb(II), 
and Ag(I) from liquid samples. Figure 8.7 shows the BP-based sensor for As(III)ion 
detection [50]. The deposition of antihuman IgG-conjugated gold nanoparticles on the 
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Al2O3 dielectric layer surface of a BP-based FET makes the sensor detect human 
immunoglobulin G (IgG). BP is also used as substrates in nanocomposites for other 
sensing devices. These rely on electrical impedance spectroscopy (EIS) or electro-
chemiluminescence for measurements (ECL). This method is commonly employed 
to detect cancer cells, cell fragments, and proteins in human serum. It has been also 
used in the detection of Pb(II)-ions in tap and river/lake water samples, with high 
sensitivity. 

Numerous sensors have been created, prototyped, and experimentally tested 
using phosphorene/few-layer BP, including gas, humidity, light, biological mole-
cules, and ion sensors. Their sensitivity performance is shown to be on par with, and 
often better than, that of other 2D material platforms in competition, such as gra-
phene and TMDs. 

8.4 CONCLUSIONS AND FUTURE SCOPE 

This chapter provides an overview of the various electrochemical applications of 
phosphorene. Few layer/monolayer BP is an emerging material and is found to be 
suitable for various electrochemical applications such as LIBs, supercapacitors, 
catalysts, sensors, etc. However, the electrochemical performance of phosphorene is 
strongly influenced by the synthesis procedures. Although liquid phase exfoliation 
of BP through a sonication route is a scalable technique, it is time-consuming and is 
susceptible to high defect concentration and usage of toxic solvents. Moreover, the 
harsh environments and multi-stage preparation of phosphorene nanosheets make 
this technique less appealing. 

Another major challenge with the phosphorene nanosheets is its surface stability. 
Among the various 2D materials, phosphorene nanosheets experience the most 
severe degradation even in a few hours after exfoliation both in solvent media and 
in the solid form. To obtain high-performance BP-based energy storage devices, 
researchers must develop a new method to regulate the surface deterioration of 
phosphorene nanosheets following exfoliation. Also, these phosphorene sheets are 
prone to large volumetric expansions leading to rapid capacity weakening and low 
Coulombic efficiency. Integration of carbonaceous materials and developing hetero- 
structures seems to provide better structural stability and thereby achieving better 

FIGURE 8.7 (a) Schematic of the BP/Au NPs/DTT sensing platform for the As ion detection; 
(b) reaction between the dithiothreitol (DTT) and As(III) ion in the detection process. 

Source: Adapted with permission from [ 50] Copyright(2018) Elsevier.    
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cyclic stability. However, the synthesis of a simple and elementary P/G hybrid 
material is still at an early stage. 

Phosphorene coated on PET yields highly flexible double electrodes with min-
imal current density loss and high capacitance owing to its higher specific surface 
area. However, the morphology of the phosphorene nanosheets is detrimental in 
deciding the optimal behavior of CV curves, which is further dependent on the 
synthesis method. Efficient electrocatalysis of an oxygen evolution reaction requires 
a large number of active sites. Even though bulk BP lacks sufficient active sites, few 
layers of BP are found to be a superior candidate due to the reduced layer thickness 
which increases the surface area, along with high electron mobility. Improving 
the synthesis technique to produce monolayer BP in bulk quantity is an effective 
strategy. Degradation of phosphorene when in contact with water or other solutions 
is the major challenge for electrochemical sensors. Passivation layers that prevent 
the degradation of phosphorene nanosheets could improve the performance of the 
sensor. Integration of noble metals also help in improving the sensitivity. 

Since the successful isolation of graphene, 2D materials have grown in impor-
tance across the world. Few layers of BP is being widely researched for various 
applications among the 2D material research enthusiasts’ community. The structural 
features that dictate the useful properties that are of interest are to be explored in 
more depth, especially the effect of layer thickness. Very few research works are 
accessible on the parameters that govern layer thickness in the liquid phase ex-
foliation process, which demand further understanding. The probe sonication pro-
cedure can generate a lot of localized energy, which can be harmful for the BP 
layers. To avoid damage to the thin layers, proper optimization of the sonication 
energy is required. Moreover, the degradation of phosphorene when exposed to 
ambient conditions needs to be investigated in order to enhance the durability of the 
material following exfoliation. 

Phosphorene/few-layer BP is hence found to be an upcoming versatile material 
with intriguing properties suitable for the aforementioned applications and could 
pave way for the manufacture of efficient and cost-effective electrochemical sys-
tems in the future. 
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9.1 INTRODUCTION 

Bacterial infections remain the root reason for mortality worldwide. However, deli-
vering a low-cost, portable, rapid, and durable detection technique for bacteria is still 
difficult (Simoska and Stevenson 2019). In the past few years, different methods, like 
conventional bacterial culture, molecular biology assays, staining, mass spectrometry 
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techniques, and microscopy based have been used for detecting pathogenic bacteria 
(McEachern et al. 2020). 

Healthcare institutions generally make use of the cell culture method, which consists 
of the culture of specimens with well-defined growth media by altering the antibiotics 
and nutrients. Visual observation of growth patterns is a method of pathogens detection. 
Due to the implication of different steps like biochemical screening, selective enrich-
ment, and bodily fluid confirmation, a culture-based method needs more labor as well as 
time. For a starting result of pathogen detection, it requires 1 to 3 days (Hudu et al. 2016;  
Paniel et al. 2013; Goluch 2017). In addition, this method also has problems of low 
selectivity and sensitivity, and inhibition of pathogen growth rate because of the high 
possibility of contamination of the culture (Paniel et al. 2013). 

An alternative to the cell culture–based technique is molecular-based techniques like 
polymerase chain reaction (PCR) and nucleic acid sequencing. This method provides 
results in very less time with more sensitivity and selectivity. However, sample 
manipulation and preparation as well as the requirement of high-cost imaging equipment 
are disadvantages of the biomolecular-based approach. Moreover, there is obstruction of 
the amplification reaction because of simple matrix cellular components, inaccurate 
results because of unintentional contamination, and difficulties in distinguishing the dead 
and living cells (Buchan and Ledeboer, n.d.; Douterelo et al. 2016; Cho 2001). In 
addition, the requirement for specialized laboratory personnel and long incubation 
duration make researchers find another way (Pourakbari et al. 2019). 

Mass spectrometry (MS) is another method preferred for the analysis of bacteria 
detection. It gives the final results in a few minutes via the identification of a wide scale 
of different types of molecules generated by pathogens for a range of concentrations (Ho 
and Muralidhar Reddy 2010). Matrix-assisted laser desorption time-of-flight (MALDI- 
TOF), desorption electrospray ionization (DESI), and electrospray ionization (ESI) are 
different types of MS. MALDI-TOF delivers more rapid and highly accurate, whilst less 
than molecular-based techniques, and does not need skilled laboratory personnel 
(Grieshaber et al. 2008). Nevertheless, the expensive initial cost of MALDI-TOF gives a 
motivation to find a cost-effective option for better healthcare. 

An electrochemical biosensor is composed of a bioreceptor element as well as a 
transduction element to identify specific entities under a given environment. It is highly 
used in healthcare because of its high sensitivity and lucidity. Microbial electrochemical 
systems (MESs) are one of the most reliable, rapid, and precise for ascertainment of 
pathogens, the viability of cells in the medium, and interpretation of the rate of mech-
anism and pathway. The basis of MESs is based on two studies, namely mediated 
electron transfer (MET) and direct electron transfer (DET). In direct study, the oxidation 
current produced by biomolecules is the most vital part in the determination of the cell 
viability of examined bacteria. However, MET has a potential use in the detection of 
bacteria; it is not preferred due to its cytotoxicity (Sedki et al. 2017). 

Recently, many reviews have been presented related to the sensing of bacteria 
using electrochemicals. Simoska et al. explained the merits of miniaturized array 
sensors for the electrochemical sensing of pathogens. In the same mini-review, 
graphene-based structures, carbon nanotubes, and multiplexed electrochemical 
sensing platforms have been elaborated on (Simoska and Stevenson 2019).  
McEachern et al. (2020) showed the indirect and direct methods for electrochemical 
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detection of Pseudomonas aeruginosa based on pyocyanin detection. Khalilzadeh 
group presented a detailed article on application of organic and inorganic nano-
materials for bacteria pathogens detection (Pourakbari et al. 2019). In this book 
chapter review, different types of electroanalytical methods viz., voltampero-
metric techniques (cyclic voltammetry, chronoamperometry), electrochemical 
impedance spectroscopy, pulsed techniques (square wave voltammetry, differ-
ential pulse voltammetry), were eloborated in detail for the application of bacteria 
detection. In addition, the use of microfluidics electrochemical devices and lab- 
on-a-chip-based electrochemical sensors are elucidated. 

9.2 ELECTROCHEMICAL ANALYTICAL METHODS 

9.2.1 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Electrochemical impedance spectroscopy (EIS) is one of the most promising 
techniques for quantification of bacteria cells because the compilation of the output 
signal is accomplished without damaging the cells or altering the surrounding 
conditions. A study of a board range of frequencies is possible in this technique, as 
shown in Figure 9.1 (A). On the other hand, an analysis desired signal at a fixed 
frequency can be conducted (Kim et al. 2012). In this method, impedance in a 
circuit is calculated against a wide range of frequencies in ohms, which is similar to 
a unit of resistance (Magar et al. 2021). 

A study organized by Tian et al. (2016) detected two different kinds of bac-
teria, namely E. coli O157:H7 and S. aureus, simultaneously using a polyethylene 
glycol (PEG) microfluidic device consolidated with an alumina membrane setup 
via an EIS electrochemical analytical technique in the blend sample. The out-
comes of the study revealed the selectivity toward the desired bacteria and 
shallow cross-attachment to the non-desired bacteria. The impedance was mea-
sured between 0.1 Hz, 104 Hz in the frequency range. The prepared sensor 
possessed an LDR of between 102 and 105 cfu/ml along with a detection limit of 
about 102 cfu/ml (Tian et al. 2016). 

Recently in 2019, Saucedo and research group implemented EIS for monitoring 
and conformation of electrode fabrication; however, generally, researchers applied 
EIS for the detection of bacteria. So, this work showed that the application of EIS is 
not only restricted to the sensing bacteria but also used as a characterization tool 
for a fabricated electrode. In this study, Nyquist plots plotted for four different 
conditions viz., bare gold disk working electrode, modified gold electrode with poly 
4-(3-pyrrolyl) butyric acid film, functionalized film of Concanavalin A on a 
polymerized gold electrode, and after incubation with E. coli cells. The results 
demonstrated that genuine functionalization of film attributed to enhancement in 
charge transfer resistance because of the insulating properties of Concanavalin A 
and bacteria layers. The LDR of the biosensor was calculated between 6.0 × 103 and 
9.2 × 107 cfu/ml (Saucedo et al. 2019). 

In another example, Wan et al. (2016) utilized EIS as a characterization tool for a 
modified gold electrode of a signal-off impedimetric immunosensor for sensing 
E. coli O157:H7. The Nyquist plots illustrated that attachment of gold nanoparticles 
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to the captured E. coli cells on the Au electrode drastically dropped the electron- 
transfer resistance (Ret). In this work, the value of Ret reduced with increasing the 
concentration of bacteria, which gave the idea of using Ret changed for the detection 
of bacteria. These types of biosensors would be useful for the rapid and sensitive 
sensing of many pathogens (Wan et al. 2016). 

Oliveira Jr. and co-workers (2019) reported a sensitive, fast, cost-effective 
sensor for sensing three bacteria viz. S. typhi, S. aureus, and E. coli in water and 
apple juice. In this study, EIS was used for quantification of pathogen cells on 
utilizing homemade IDE-based screen-printed silver electordes along magnetic 
nanoparticles, modified using melittin. Capacitance spectrum plotted from 1 Hz 
to 106 Hz frequency range for seven standard solutions of concentration between 
1 and 106 cfu/ml for bacteria separately. This method detected E. coli concen-
trations of 1 cfu/ml in portable water and 3.5 cfu/ml in apple juice in a time 
duration of less than half an hour. This procedure may provide a rapid, cost- 
effective way to sense bacteria in foodborne illnesses (Wilson et al. 2019). 

FIGURE 9.1 (A) A typical impedance versus frequency plot for bacteria sensing (adapted with 
copyright permission taken from ( Tian et al. 2016) Copyright 2016 Elsevier). (B) CV curves for 
different modifications on GCE (adapted the permission from ( Krithiga et al. 2016) Copyright 
2016 Elsevier). (C) Current versus time response for different range of L. pneumophilla (rep-
rinted on receiving permission from ( Ezenarro et al. 2020) Copyright 2020 MDPI). 
(D) Amperometric results for the sensing of target DNA at different concentrations (reprinted the 
image by taking copyright permission from ( Li et al. 2011) Copyright 2011 Elsevier).    
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9.2.2 VOLTAMPEROMETRIC TECHNIQUES 

Voltamperometric techniques are a type of electrochemical analytical method where 
current is measured while applying a specific voltage. There are various kinds 
of voltamperometric techniques namely, cyclic voltammetry (CV), open-circuit 
voltage (OCV), linear sweep voltammetry (LSV), chronopotentiometry (CP), 
chronoamperometry (CA), large-amplitude sinusoidal voltammetry (LASV), etc. 
These techniques have a wide linear dynamic range (LDR) and low limit of 
detection (LOD). However, CV and CP are generally used for pathogen detection. 
In the review, only these two techniques will be explained in detail. 

9.2.2.1 Cyclic Voltammetry 
In this method, at a fixed scan rate, voltage is changed from one point to another. 
The current is gauged between auxiliary and working electrode; however, voltage is 
gauged between reference and working electrode. On the received data plot, the 
Y axis represents current and the X axis depicts voltage, which is known as a 
voltammogram, as illustrated in Figure 9.1 (B). There are two convections used for 
representing the voltammogram, namely U.S. convection and IUPAC convection. 
In the former, voltage is plotted from a higher to lower value and in the latter, 
voltage is plotted from a lower value to higher value. The pattern of voltammogram 
is limited to scan rate and electrode surface, whilst the concentration of the catalyst 
also plays a vital role. For instance, enhancement in a concentration of particular 
enzymes gives a higher current compared to a non-catalyzed reaction. CV is not 
only restricted to sensing purposes but also used as a tool for the analysing surface 
morphology of electrodes (Grieshaber et al. 2008). 

Zhou et al. (2016) utilized the Pseudomonas aeruginosa strain CP1 to enhance 
the catalytic reduction of nitric oxide. Bacterial presence was claimed to have acted 
as a catalyst, which resulted in an enhancement in the overall current generation by 
4.36%. An experimental setup using cyclic voltammetry (CV) resulted and revealed 
the mechanism wherein the bacteria strain helped the electrochemical indirect 
electron transfer with a glassy-carbon electrode for reduction of NO. Subsequent 
detection of nitrous oxide was used to confirm the NO reduction in the presence and 
control environment. This model paves the way toward a bioelectrochemical 
approach to NO removal using biocatalysts (Zhou et al. 2016). 

Do et al. (2019) also exploited cyclic voltammetry in combination with surface- 
enhanced Raman spectroscopy (SERS) to study pyocyanin (PYO), which is among 
the toxicants released by the pathogenic bacteria P. aeruginosa. This work focused 
on studying the molecular redox behavior of PYO under various conditions as 
pH and potential variation. The study with the help of SERS and EC discloses 
strong pH-dependent bands that can produce knowledge on the bacterial environ-
ment. The authors studied pellicle biofilms to find a similar behavior with different 
applied potential. An electrochemical and SERS combination can be an effective 
strategy for diagnostics and also studying the progress of infection (Do et al. 2019). 

Another example, Sedki et al. used reduced graphene oxide (rGO) and hyper- 
branched chitosan (HBCs) composite as an electrode surface modifier to analyze the 
microbiological responses applying cyclic voltammetry. CV is used for measuring 
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the amount of secretion of metabolites and cytotoxicity testing of cell suspensions. 
This revealed the high electro-catalytic function of the electrodes. Furthermore, the 
bacterial assay activity assay was studied on E. coli and Pseudomonas aeruginosa 
as pathogens to target. This modification on rGO exhibited ten times lower 
sensitivity (OD60 = 0.0025) than the other reports. Additionally, cell viability 
and susceptibility of Pseudomonas aeruginosa at various concentrations of 
ciprofloxacin, simvastatin kanamycin, and antibiotics were identified (Sedki 
et al. 2017). 

Alatraktchi et al. (2016) used cyclic voltammetry to find a solution for the 
detection and quantification of Pyocyanin, which reveals crucial data about the ex-
istence of microorganisms in the human body. The study paves a way for selective 
sensing of Pyocyanin in the observence of an electroactive surrounding via CV. 
A detection window of 0.58–0.82 V showed a stable response uninfluenced by dis-
similar redox species as an interferent. Pyocyanin was quantified in a wide range of 
concentrations of 2–100 µM along R2 value of 0.991. Additionally, tests were per-
formed on human saliva, resulting in an excellent standard deviation (SD) of 2.5%. 
This work using electrochemistry offers a cost-effective and reliable determination of 
Pseudomonas aeruginosa infections (Alatraktchi et al. 2016). 

9.2.2.2 Chronoamperometry 
In this technique, a steady-state current is gauged against time while supplying a 
square-wave potential to a working electrode, as shown in Figure 9.1 (C) and (D). 
The change in current is attributed to the electrochemical oxidation and reduction of 
an analyte. In this electrochemical technique, current is gauged at a fixed potential, 
unlike cyclic voltammetry, where potential is scanned over a fixed range. As the 
concentration of detection specie increases, current also increases. Due to its 
lucidity and low limit of detection, this method is preferred in affinity and bio-
catalytic sensors. The reason behind the minimum background current in chron-
oamperometry is insignificant charging current because of the supply of a constant 
potential (Ronkainen et al. 2010). 

Ezenarro et al. (2020) worked on the determination of Legionella, which is a 
pathogenic bacterium. It can greatly impact humans since it is widely found in 
freshwaters and can easily spread in water management systems created by humans. 
A portable, low-cost, and rapid detection of Legionella was done using chron-
oamperometry. To achieve this, a nitrocellulose-based membrane was used that not 
only performs sample concentration but also immunodetection of Legionella. 
Simple fabrication methods i.e., screen printing on paper were done to prepare 
the device. This work significantly decreases the sensing duration from 10 days to 
2–3 hours. Additionally, the LDR was reported between 101 and 104 cfu/ml with a 
LOD of 4 cfu/ml (Ezenarro et al. 2020). 

Diouani et al. (2021) exploited modified metallic nanoparticles to segregate and 
detect strains of Bacillus cereus and Shigella flexneri. Gold nanoparticle-based contri- 
chronoamperometry was applied for fast sensing of pathogenic bacteria. The sensing 
mechanism was based on the hydrogen reduction reaction of the complex formed by 
the gold nanoparticles; thus, the current generated was taken as a response to the 
bacteria. Such work can be useful in food quality and safety monitoring applications, 
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thus helping society on a global scale by efficiently detecting the pathogens causing 
food contamination (Diouani et al. 2021). 

Kuss et al. (2019) also employed modified screen-printed electrodes (SPEs) for 
bacteria sensing in the relevant concentration range. A specific detection of a wide 
range of bacteria could be determined with the help of thiol-based chemistry and an 
antibody binding mechanism with a simple SPE as a base electrode. Not only is this 
approach highly sensitive and selective but also cost-effective, which takes only a 
few seconds to determine bacteria in a wide range. This work reported the detection 
of E. coli and N. gonorrheae. Such approaches are helping to develop portable 
devices that can find applications in the food industry, bio-industry, etc. to bring 
down the mortality caused due to bacterial infections (Kuss et al. 2019). 

Electrochemical behavior of a redox liposome was used for bacterial virulence 
factor sensing proposed by Luy et al. (2022). Rhamnolipid could be determined at the 
lowest of 500 nm rapidly within 30 minutes. The mechanism involved here was based 
on the deteriorating liposomes lipid membrane as they interact with toxins such as 
Rhamnolipid. This toxicity leads to the breakdown of the liposome to eventually 
release the encapsulated redox probe. Chronoamperometry responses were used to 
measure the concentration of the Rhamnolipid. The work presented exhibited a proof 
of concept with the given mechanism. However, this study was being performed with 
various other toxin identifications and their quantification (Luy et al. 2022). 

9.2.3 PULSED TECHNIQUES 

Out of all the electroanalytical techniques, pulse techniques are the most sensitive. 
The square wave voltammetry (SWV), differential pulse voltammetry (DPV), and 
normal pulse voltammetry (NPV) are the frequently used pulse strategies. In the 
case of cyclic voltammetry, voltage is swept from one to another, while in the case 
of pulse methods, a change of potential takes place by pulsing from one to another. 
The difference from decay rates of charging to Faradic currents is the basic prin-
ciple of pulse procedures. The Faradic current is inverse to the half of power of time 
and charging current decays exponentially. Due to this fact, charging current decays 
quite faster than the Faradic current (Chen and Shah 2013). Herein, SWV and DPV 
will be discussed in detail for pathogenic bacteria detection. 

9.2.3.1 Square Wave Voltammetry 
SWV is one of the prominent methods in pulsed techniques. It is an amplitude 
differential technique in which a waveform is composed of a square wave with a 
fixed amplitude, superposed on a pair of stairs waveform, is implemented to the 
working electrode of the sensor. The peak altitude in SWV is directly corresponding 
to the concentration of the bio-analyte in the specimen. It is one of the most sen-
sitive techniques because it can reduce the background non-faradic current and has 
extensive usage in biosensors, chemical analysis, detecting various analytes, the 
study of kinematics, etc. SWV can also be called modified staircase voltammetry. 
The merits of this method are its high susceptibility, allowing one to sense the 
concentrations in order of ppb, less sweep time in the order of a few seconds, and 
understanding of kinematic reaction rate either slow or fast reaction. 
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Recently Wang and co-authors worked on the sensing of bacteria named 
Streptococcus pneumonia. In this work, DNA tetrahedron is anchored onto gold 
electrodes for rapid and selective sensing of pneumococcal surface protein A peptide 
and S. pneumonia from synthetic as well as an actual human specimen. A LOD of 
0.218 ng/mL and a linearity range from 0 to 8 ng/mL for pneumococcal surface 
protein A peptide is achieved. However, a linearity range of 5 to 100 cfu/ml and a 
LOD of 0.093 cfu/ml are attained in the case of S. pneumonia (J. Wang et al. 2017). 

Elliott and research group proposed an electrochemical sensing platform by 
modifying Au nanoparticles on a carbon-based transparent ultra-microelectrode for 
sensing of a unique biological compound Pyocyanin. An appreciable LOD of 0.75 µM 
and a wide linearity range from 0.75 µM to 25 µM was obtained (Elliott et al. 2017). 

A novel work was done on sensing live bacteria in the E. coli cultures at a wide 
concentration range of 103 cfu/ml in a span of 4 hours with the use of the SWV 
technique. This proposed sensor uses a carbon fiber mat and works on the principle 
that the sensing peak reduces with the effect of pH and the peak of riboflavin 
changes to less potential (Bigham et al. 2019). 

In the year 2022, Gunasekaran et al. utilized the SWV electroanalytical tech-
nique for the sensing of Escherichia coli via bi-functional magnetic nanoparticle 
(MNP) conjugates in the range of 101–107 cfu/ml, as illustrated in Figure 9.2 (A). 

FIGURE 9.2 (A) SWV of Bi- Functional MNPs for different E. coli concentrations 
(adapted with permission from ( Gunasekaran et al. 2022) Copyright 2022 MDPI). (B) DPV 
output using modified Au electrodes in E. coli UTI89 of different concentrations ranging 
from 101 to 108 cfu/ml (Reprinted with permission from ( Jijie et al. 2018) Copyright 2017 
Elsevier). (C) Explains about the lab on a chip using microfluidic platform to sense bacterial 
on an electrode surface. This chip is made up of polycarbonate (PC), containing a well for 
holding the two magnets to provide confinement of magnetic particles upstream, the upper 
enclosure is fabricated using polymethylmethacrylate (PMMA), the interconnects were 
developed using polydimethylsiloxane (PDMS). (Reprinted by taking permission from 
( Laczka et al. 2011) Copyright 2011 Elsevier).    
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The presented method achieved a LOD of 10 cfu/ml in 1 hour. This approach of bi- 
functional conjugates will provide an excellent platform for the sensing of other 
pathogens in contaminated water (Gunasekaran et al. 2022). 

9.2.3.2 Differential Pulse Voltammetry 
Differential pulse voltammetry is used in electrochemical analysis where the series 
of constant voltage pulses is superimposed on the linear sweep voltammetry. In 
DPV, a reference value is selected at which there is no Faradic reaction and is 
implemented to the electrode. The reference potential is elevated between pulses 
with uniform addition. The effect of the charging current can be changed by 
sampling the current waveform just before the potential change. This pulsed 
technique can be used to analyze the redox reactions at very low concentrations 
since the charging current can be reduced and only Faradaic current is taken, which 
leads to high selectivity and sensitivity. 

Raoof et al. developed the DNA sensor using an electrochemical approach where 
the MWCNT-based carbon paste electrodes are used for sensing. The hybridization of 
DNA is observed using DPV and EIS techniques. Further, the effects of adsorption 
and immobilization of the probe are studied using the DPV method (Raoof et al. 
2009). 

Xu et al. (2020) used the DPV technique in determining the viability of bacteria 
named T4 bacteriophage as an essential parameter in water quality monitoring. 
Systematic research was conducted in order to understand the combined effect on 
phage immobilization due to an outwardly implemented electric field and chemical 
modification. This study revealed that the condition for attaining the utmost capture 
efficiency of the deposited phages, it is similar to Debye length and phage size (Xu 
et al. 2020). 

Jijie et al. (2018) utilized a modification of rGO by electrochemical deposition 
and polyethyleneimine on the gold electrodes for sensing uropathogenic 
Escherichia coli using an electrochemical approach for detecting in the range of 1 to 
108 cfu/ml, as reflected in Figure 9.2 (B). A LOD of 10 cfu/ml and a wide linearity 
range of 10 × 101 to 1 × 104 is achieved. Further, real-time specimens like blood 
serum and urine were tested by the sensor (Jijie et al. 2018). 

9.3 DETECTION OF PATHOGENS USING VARIOUS TECHNIQUES 

Diseases in human beings are mainly because of different microbes like protozoa, 
prions, viruses, parasitic worms, fungi, and bacteria. Of these microbial organisms, 
health issues caused by bacteria are more challenging for a human being to survive. 
In comparison to outbreaks caused by viruses or chemicals, bacteria outbreaks 
result in the most hospitalizations and deaths worldwide. The advancement of 
accurate, specific, and early detection methods of pathogenic diseases is the solution 
for controlling communicable diseases. Alongside the standard electrochemical ap-
proaches have arisen, allowing for unique results for pathogen detection techniques 
and fundamental ideas. The newest and noteworthy achievements are highlighted in 
the following. 
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9.3.1 ELECTROCHEMICAL DETECTION OF PATHOGENIC BACTERIA IN A  

MICROFLUIDIC CHAMBER 

Integrated electrochemical sensors are smoothly adapted with both microfluidic 
technology and integrated circuits, which offer a promising solution to detect bacteria 
and other pathogenic microorganisms. Looking at microfluidics technology in point- 
of-care applications is highly emerging, automated, and miniaturized and could be 
used to provide speedy, economical, efficient, and on-site diagnoses instead of ex-
isting procedures. The most successful approaches for pathogen detection are 
molecular diagnostics, which are commonly utilized in microfluidic devices. Several 
pathogenic functions can be integrated and programmed using microfluidic chips. 
Over the past few years, many researchers have been working on integrating sensing 
electrodes into the microfluidic chip to perform on-chip electrochemical analysis for 
the measurement and sensing of bacteria and many other microorganisms. 

In 2018, Altintas and co-authors published the design of a fully automated and 
combined microfluidic biosensor for real-time sensing of E. coli with a LOD of 
50 cfu/ml. Herein, detection is done using cyclic voltammetry and amperometric 
measurement. The microfluidic channel which is incorporated for sensor insertion 
for electronics and fluidic interaction is approximately 7 µL. This custom-designed 
sensor is highly automated and portable with 8 Au electrode arrays. In the proposed 
system, microbes are concentrated on the Au electrodes. Especially, a biosensor is 
fabricated as a sandwich model using horseradish peroxidase-sensing. Gold nano-
material is used to improve the sensor results (Altintas et al. 2018). 

In another example, Dastider et al. (2018) published the development and fab-
rication of a MEMS-based biosensor integrated with the microfluidic chamber for 
sensing Escherichia coli O157:H7. The electrodes, which act as sensing regions, are 
interdigitated electrodes array and are treated with negative E. coli antibodies before 
testing, which results in adequate impedance changes while monitoring of E. coli. 
Within a total detection time of 2 hours, there was successful sensing of a pathogen 
with a concentration of 39 cfu/ml (Dastider et al. 2018). 

In the same year 2018, Wang and research group proposed a novel chip based 
detection consisting of interdigitated electrodes with Tesla structure junction for 
micro-mixing useful for the sensing of E. coli O157:H7. At first, E. coli is coated with 
diallyl dimethyl ammonium chloride (PDDA) polymer to make the E. coli positively 
charged, followed by gold nanoparticles (AuNPs). The research group mainly focused 
on proving the silver enhancement reaction is a powerful analysis to ascend the 
workings of microfluidic chip-based for impedimetric bacteria detection (IBD). 
Within an hour, the LOD was brought to 500 cfu/ml. The experiment is validated by 
sensing E. coli in the tap water and eggshell wash (R. Wang et al. 2018). 

9.3.2 ELECTROCHEMICAL DETECTION OF PATHOGENIC BACTERIA VIA  

LAB-ON-A-CHIP 

Over the past few years, integrated and flexible lab-on-a-chip (LOC) biosensors 
have been enlightening the research community in the field of disease diagnosis and 
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personnel healthcare (Yang et al. 2017). Various sensing techniques using micro-
fluidic channels for bacteria include particle counter, on-chip microfluidic culture- 
based, biosensors, PCR, and isothermal amplification methods analyzed using 
electrochemical detection techniques. Among them, impedance-based biosensors 
play a promising place in bacteria detection for their simple, adaptive nature for lab- 
on-a-chip applications (Escamilla-Gómez et al. 2009). 

Primiceri et al. (2016) used a lab-on-a-chip arrangement of gold electrodes inte-
grated on a glass substrate arranged in four different sensing areas incorporated with 
microfluidic for the movement of the solution on the electrodes. The impedance 
spectroscopy was carried out using a potentiostat on applying the frequency range of 
0.1–105 Hz using a sinusoidal amplitude of 15 mV AC potential. The work dem-
onstrated using a meat specimen drop cast onto the sensor array, thereby sensing 
S. aureus and L. monocytogenes was done. Hence, the proposed work concluded by 
inferring the detection limit is 1.2 cfu/ml and 5 cfu/ml for L. monocytogenes and 
S. aureus. The sensing is done using this biochip in less time. Further improvement in 
the device is by incorporating it with the sample pretreatment module to make it fully 
integrated for an on-chip assay (Primiceri et al. 2016). 

In referring to the work done by Shaik and co-authors it was explained about the 
sensing of E. coli 723 (coli 723) in various water specimens. Most of them were 
reverse osmosis water (ROW), recycled water (RW), and standard treated tap water 
(STW). The impedance growth curve was analyzed by using the potentiostat in the 
electrochemical impedance spectroscopy study. These impedance spectra were 
analyzed by applying the frequency range of 1 Hz to 1 MHz for a potential window 
of 10 mV. Drop in impedance was analyzed at different time zones. ROW takes 
60 minutes with an impedance drop of 60%. This drop was analysed corresponding 
to 1.04 × 108 cells/ml. The main outcome of the paper was this entire study was 
done using interdigitated (IDE) screen-printed electrodes (SPE), which were highly 
sophisticated to reuse it on thorough washing of sensors with deionized water 
(Shaik et al. 2021). 

In another work, Laczka et al. explained about E. coli detection using a mi-
crofluidic chip where electrochemical and enzymatic reactions take place as illus-
trated in Figure 9.2 (C). Further, the results were analyzed using amperometric 
analysis in a single-step format, which shows the identification of E. coli in a wide 
range of 102 to 108 cfu/ml. Hence, whole assay detection takes about 1 hour, 
showing 55 cfu/ml as LOD (Laczka et al. 2011). 

9.4 CONCLUSION 

The ceaseless growth in the field of electrochemical biosensors for bacteria sensing 
clearly shows its significance and provides a rapid, reliable, and cost-effective method. 
The electrochemical method outweighs the cell culture methods, molecular-based 
techniques like nucleic acid sequencing and polymerase chain reaction, and mass 
spectroscopy. The low cost, along with rapid detection, is the most advantageous part 
of it. Furthermore, electrochemical sensors provide a wearable, implantable, and 
flexible design, which is desirable for point-of-care testing. There are many electro-
analytical techniques; however, voltamperometric techniques, pulse techniques, and 
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electrochemical impedance spectroscopy are the most favored methods for the 
sensing of bacteria. The recent advances are a combination of microfluidic devices 
and LOC. These types of combined electrochemical sensing platforms increase the 
sensitivity of the detection of bacteria and a summary of bacteria detection is listed 
in Table 9.1. However, microfluidic devices may be used for keeping an eye on 
catheters and wound dressings to uninterrupted tracking of infection. The com-
bined electrochemical platform will solve many existing problems in upcoming 
years due to its low cost and accuracy. 
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10.1 INTRODUCTION 

Technological advancements and the development of point-of-care diagnostic testing 
have played an essential role in early disease identification, analysis and maintenance. 
Since the last decade, point-of-care testing (POCT) devices have significantly impacted 
our lives and have been a focus for researchers. POCT is also known as near-beside 
patient testing or on-site testing. The primary purpose of POCT is to offer a quick 
response with a limited sample volume so that proper treatment can be given, resulting 
in a better clinical or economic outcome (Willmott and Arrowsmith 2013; Kost et al. 
1999). Even today, most diagnoses are performed using a laboratory-based technique 
with expensive equipment that requires skilled individuals to operate, which leads to a 
time-consuming approach in which the patient must wait a long time for their results and 
has to pay a higher test fee. As a result, there has been a critical need for rapid diagnosis 
at or near the patient with no trained personnel to encourage acute disease monitoring of 
various biomolecules (Jung et al. 2015). Before being deployed in real-time applications, 
each POCT device should meet the following essential requirements: (1) give a speedy 
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test report to allow the patient to undergo follow-up treatment; (2) deliver 
selective, accurate, and quantitative results that are comparable to benchmark 
analyzers used in laboratories; (3) easy-to-use devices that require minimal user 
participation (Sachdeva et al. 2021; Christodouleas et al. 2018). 

Paper and cloth-based devices have opened up many doors to be used in the 
health care sector as they meet all of the above mentioned requirements of POCT 
devices. Paper and cloth-based POCT devices have replaced the conventional 
laboratory-based based diagnosis because of it being low-cost with simple fabri-
cation techniques. Further, there is enormous potential to do multiple diagnosis 
using a single platform driven ban and excellent capillary mechanism (no need to 
use external pumps). Such devices are rapidly prototyped, easy to dispose, easy to 
form channels (hydrophilic and hydrophobic), highly selective with excellent sensi-
tivity, and have mass fabrication capability and excellent biological compatibility (He 
et al. 2015; Yetisen et al. 2013; Songjaroen et al. 2011). Hence, paper and cloth-based 
POCT devices are broadly used in environmental detection, food industry, molecular 
analysis, and in POCT diagnosis (Sher et al. 2017; Yamada et al. 2017). 

Chemiluminescence, electrochemistry, colorimetry, fluorescence, electro-
chemiluminescence (ECL), and other sensing methods have been widely reported and 
are suitable with paper and cloth-based devices. However, ECL has become the method 
of choice due to its great selectivity, superior sensitivity, low background signal, larger 
linear range, and ease of instrumentation (R. Liu et al. 2015; Miao 2008). When an 
adequate voltage is given to electrochemical reagents, electron transfer occurs, resulting 
in the production of light known as ECL (Richter 2004; Sakura 1992). The rate of 
photon production is measured in luminescence measurements, and the light intensity is 
consequently dependent on the rate of the luminescent reaction. This leads to making 
the intensity of light in a luminescence process proportionate to the concentration of a 
limiting reactant. Luminol and Ru(bpy)3

2+-based ECL reactions have been reported and 
are utilized in a variety of disciplines such as enzyme-based sensing, target bimolecular 
sensing, DNA biosensors, and POCT applications (Marquette and Blum 2008). 
Generally, bipolar electrode (BPE) (open and closed) and single electrode (SE) these 
two most suitable ECL systems have been reported which are predominantly used with 
Luminol-based and Ru(bpy)3

2+-based ECL reactions (Bhaiyya et al. 2021b). 
A BPE electrode is a conductive substance that exhibits electrochemical processes 

(oxidation and reduction) at its poles (anode and cathode) without being in direct contact 
with external power supply. More explicitly, when adequate external voltage is applied 
to driving electrodes, a strong electric filed is created across channel, leading to initiates 
redox process (oxidation and reduction) at the anode and cathode poles of the BPE 
(Fosdick et al. 2013; Wu et al. 2014). As there is no direct contact needed in between 
BPE and the external power supply to initiate a redox process, a large number of BPE 
electrode arrays can be organized by just a single external DC power supply or even 
a battery. The working concept of a BPE-ECL system is illustrated Figure 10.1(a). The 
U-shaped open BPE-ECL and closed type of BPE-ECL device is revealed in 
Figure 10.1(c) and (d), and in-depth explanation related to these is given in Section 10.2. 

In case of SE ECL system, when sufficient positive and negative power supply 
from external DC source is applied to the anode and cathode terminal respectively, 
high-intensity electric field is generated across the channel from anode to cathode. 
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This leads to producing an ECL signal at the edge of anode of the SE-ECL device. 
SE-ECL with two driving electrodes and related oxidation and reduction process is 
illustrated in Figure 10.1(b). 

10.2 PAPER AND CLOTH-BASED ECL SYSTEMS 

10.2.1 OPEN BIPOLAR ECL SYSTEMS 

Chen et al. (2016) fabricated a handheld open bipolar paper-based ECL device to 
sense H2O2 and glucose. Herein, they have utilized Whatman chromatography paper 
#1 as a substrate for a paper-based ECL device. The screen printing method utilizing 
carbon ink was used to developed the driving and BPE electrodes. Hydrophilic 
and hydrophobic zones were created over substrate using wax-screen printing. The 
performance validation for a fabricated device was accomplished using luminol/ 
H2O2-based electrochemistry and detection of H2O2 and glucose were performed. A 
real sample analysis of glucose was performed in PBS and in artificial urine and 
obtained the limits of detection (LoD) of 0.0017 mM and 0.030 mM respectively. A 
smartphone was used as an ECL detector. 

H. Liu et al. (2016) fabricated a portable open bipolar paper-based ECL system to 
detect the genetic detection of pathogenic bacteria. Conductive carbon ink was utilized 
to print BPE and driving over filter paper and hydrophilic and hydrophobic zones 
were created over substrate using wax-screen printing. [Ru(phen)2dppz]2+-based 

FIGURE 10.1 Different paper-based ECL systems: (a) BPE electrode–based ECL system; 
(b) single electrode–based ECL system; (c) U-Shaped open bipolar ECL system; (d) closed 
bipolar ECL system.    
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chemistry was used to detect pathogenic bacteria by using all optimized parameters 
DNA of Listeria monocytogenes was detected. Last, selectivity of fabricated device for 
Listeria monocytogenes was proved with respect to other interfering compounds such 
as Staphylococcus aureus, Escherichia coli, and Salmonella. 

R. Liu et al. (2015) utilized paper as a substrate to fabricate the BPE-ECL device 
for visual detection. Herein, they have validated Luminol/H2O2 and Ru(bpy)3

2+/ 
TPrA-based electrochemistry and carried out the sensing of H2O2 and TPrA for the 
linear range (LR) 10 to 1,000 µM and 50 to 5,000 µM having LoDs of 8.7 µM and 
46 µM, respectfully. Furthermore, the authors designed a second prototyping 
platform that compasses 11 BPEs across the two arms of a U-shaped paper channel. 
The screen printing method utilizing carbon ink was used to developed the driving 
and BPE electrodes and hydrophilic and hydrophobic zones were created using 
wax-screen printing. A high-resolution CCD camera was used for ECL imaging. 

M. Liu et al. (2017) developed the cloth-based U-shaped open BPE-ECL device 
to detect H2O2 and glucose. Carbon ink was used to screen-print the driving and 
BPE electrodes, and wax-screen printing was utilized to form a microfluidics 
channel across the substrate. To detect glucose, luminol/H2O2 based chemistry was 
utilized, yielding a LR of 25 µM to 10,000 µM with a LoD of 23 µM. Finally, a real 
sample study of H2O2 and glucose in milk and blood serum was performed to 
demonstrate the device’s performance. 

R. Liu et al. (2017) introduced a simple, cost-effective thread-based open bipolar 
ECL device to detect TPrA and H2O2. A carbon ink–based screen printing approach 
was utilized to form a driving and bipolar electrodes over thread. The most usable 
two chemistries, i.e. Luminol/H2O2 and Ru(bpy)3

2+/TPrA, were validated by doing 
the sensing of the TPrA and H2O2, and LoD of of 4.3 µM and 6.3 µM, respectively, 
were obtained. Furthermore, the functioning ability of the thread-based ECL device 
was proven by attaining a LoD 20.5 µM for glucose sensing. 

Wang et al. (2018) fabricated a U-shaped paper-based BPE-ECL device to sense 
various biomarkers. They have used a different oxidase to detect choline (choline 
oxidase), lactate (lactate oxidase), and cholesterol (cholesterol oxidase), and achieved 
a LR of 10 to 5,000 µM for all three biomarkers, with distinct LoD values of 0.53 µM, 
3.12 µM, and 7.418 µM for each. Carbon ink–based driving electrodes with a 
U-shaped open BPE electrode were fabricated, and a microfluidic channel was formed 
over a paper-based substrate utilizing a wax-printing method. Finally, to prove the 
applicability of the developed device, the real sample analysis was carried out using 
blood serum. A CCD camera was used successfully as an ECL detector. 

10.2.2 CLOSED BIPOLAR ECL SYSTEMS 

Although the open bipolar ECL devices have been used widely in diverse POCT 
applications, they lead to several disadvantages such as background noise produced 
by driving electrodes and poor current efficiency (X. Zhang et al. 2017). To overcome 
the above-mentioned drawbacks, M. Liu et al. (2016) developed a low-cost cloth- 
based closed BPE-ECL system and for the sensing of H2O2 and glucose. In a closed 
BPE-ECL system, the anode and cathode of BPE are independently placed into the 
reporting (RC) and supporting channel (SC), respectively (see Figure 10.1(d)). 
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Carbon ink–based driving and closed BPE electrodes were fabricated, and a 
microfluidic channel (supporting and reporting) was formed over a cloth-based 
substrate utilizing a wax-printing method (see Figure 10.2(a)). To ECL signal 
imaging, a CCD camera was used. The SC is filled with PBS solution, while RC 
is filled with target analytes with suitable luminol or ruthenium chemistry. 
Herein, the two most validated Luminol/H2O2 and Ru(bpy)3

2+/TPrA-based ECL 
reactions were harnessed to detect H2O2 and TPrA and obtained LoD values of 
24 µM and 85 µM, respectively. 

R. Zhang et al. (2021) developed the cloth-based closed BPE-ECL device and 
demonstrated its application by sensing the Salmonella enteritis invA gene. Ru 
(bpy)3

2+/TPrA was used to detect theSalmonella enteritis invA gene and obtained a 
LR 0.001 pM to 1,000 pM with LoD 0.05 fM. To demonstrate the feasibility of 
the fabricated device, selectivity analysis was performed against various interfering 
compounds such as E. coli, S. aureus, and L. monocytogenes. A repeatability 
analysis was conducted over a period of 26 days to demonstrate long-term capa-
bility of the device. Finally, real sample analysis of the Salmonella enteritis invA 
gene was investigated using, milk, grated tomato, and egg white. 

Lai et al. (2022) fabricated cloth-based shared cathode closed bipolar ECL chip to 
sense multiple analytes over a single chip. A carbon ink–based screen-printing 
method was utilised to fabricated shared cathode electrodes, shown in Figure 10.2(b). 
Herein, both Ru(bpy)3

2+/TPrA and Luminol/H2O2-based chemistry were used to 
detect glucose in real time, yielding LR of 0.005 to 1 mM and 0.05 to 10 mM, 
respectively, with LoD values of 0.0382 mM and 0.0422 mM, respectively. The 
simultaneous detection of glucose for seven different samples using a single chip was 
carried out. Furthermore, simultaneous detection of three targets such as uric acid, 
H2O2, and glucose have been accomplished to prove the potential of a fabricated 
device in multiple detections. 

Feng et al. (2014) demonstrated a paper-based disposable closed BPE-ECL device 
to sense a prostate specific antigen (PSA). Wax printing was used to make the 

FIGURE 10.2 Closed BPE-ECL systems: (a) cloth-based BPE-ECL device having screen- 
printed driving and closed BPE electrodes, taken from (M.  Liu et al. 2016) Royal Society of 
Chemistry (open access); (b) multiplex detection of various biomolecules using shared cathode 
closed BPE-ECL device, taken from ( Lai et al. 2022) with the prior approval of Elsevier.    
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supporting and reporting channels, while carbon ink was used to make the closed BPE 
and driving electrodes. The performance of the fabricated device was validated using 
optimized parameters for a different concentration of PSA by obtaining a linear range 
1 pg mL-1 to 100 pg mL−1 having a limit of detection of 1 pg mL−1. 

C. Liu et al (2018) manufactured a paper-based cross channel paper-based closed 
BPE-ECL device for the multiple sensing. A cross channel BPE and driving 
electrodes were screen-printed using carbon ink over filter paper, and a microfluidic 
channel was formed using the wax-screen printing process. Multiple sensing and 
analytical performance of the fabricated device under optimal conditions were 
carried out. H2O2 and glucose sensing were performed over LR of 0.075 mM to 
10 mM and 0.08 mM to 5 mM, respectively, with LoD values of 0.04 mM and 
0.03 mM, respectively. Finally, interference study, stability, and real sample study 
were accomplished to demonstrate the feasibility of the developed cross channel 
paper-based closed BPE-ECL device. 

Guan et al. (2016) showed a cloth-based three electrode system for ECL 
detection. Carbon ink was used to screen print the three electrodes (working, 
counter, and reference) and wax-screen printing was used to create microfluidics 
channel over the cloth-based substrate. Herein, both Ru(bpy)3

2+/TPrA and Luminol/ 
H2O2-based chemistries were validated by detecting TPrA and H2O2 by obtaining 
linear ranges of 2.5 µM to 2,500 µM and 0.05 µM to 2,000 µM with detection limits 
of 1.265 µM and 27 µM, respectively. A CCD camera was successfully used as an 
ECL signal detector. Finally, glucose sensing in PBS and artificial urine was carried 
out to validate the applicability of the device, by obtaining a LoD of 0.032 mM and 
0.038 mM, respectively. 

10.2.3 OTHER MATERIAL USED TO DEVELOP ECL SYSTEMS 

Apart from paper and cloth, ECL systems have been developed using a variety of 
substrates, such as indium tin oxide (ITO), laser induced graphene on polyimide, 
3D-printed material, etc. Different material-based bipolar and single electrode ECL 
systems have been thoroughly discussed in this section. 

In a BPE ECL system, for multiplexed detection, a multiplex electrode will be 
required, which is a very time-consuming and expensive approach that is realisti-
cally unaffordable. Furthermore, BPE-ECL systems have been suffering from two 
major issues: background signal generated by driving electrodes that provide very 
poor current efficiency. Hence, to avoid those lacunas, Gao et al. (2018) for the first 
time, a low-cost single electrode-based ECL (SEES) system was developed and 
successfully validated by sensing H2O2, glucose, and uric acid. In this study, ITO 
was used with commercially available polyethylene terephthalate labels to fabricate 
SEES. Luminol/H2O2-based chemistry was used to sense all analytes. Herein, a 
photomultiplier tube (PMT) was used as an ECL detector. 

Du et al. (2022) fabricated a SEES ECL device to detect cardiac troponin (cTnl). 
To detect cTnl, Luminol/H2O2-based electrochemistry was utilized, and it was found 
that when the concentration of cTnl increases, the ECL intensity decreases. A 
smartphone-based approach was used as a detector, and cTnl was detected by 
obtaining LR from 1 to 1,000 ng mL−1 with a LoD 0.94 ng mL−1. Herein, to fabricate 
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SEES, an array of electrodes was screen printed using carbon ink. The fabrication 
flow for SEES is illustrated in Figure 10.3(a). 

Manish Bhaiyya (2021) reported the laser-induced graphene-based SE-ECL device 
for multiple biosensing. The LIG-SE-ECL device was fabricated using a basic low-cost 
polyamide substrate. The LIG-based electrodes were formed over the polyamide using 
optimized CO2 laser parameters (speed = 80% and power = 50%). When a CO2 laser 
with a specified speed and power is directed on a polyamide, the non-conductive zone 
becomes conductive. Herein, non-enzymatic detection of glucose, dopamine, and 
xanthine was carried out to confirm the performance of LIG-SE-ECL device, by 
obtaining LoD values of 3.76 µM, 1.25 µM, and 3.40 µM, respectively. 

The smartphone-based technique was employed to obtain ECL images. The LIG- 
SE-ECL device was powered by a buck boost converter that was driven by a 
smartphone, eliminating the need for an external power supply. The final manu-
factured LIG-SE-ECL device is illustrated in Figure 10.3(b). 

Further, Bhaiyya et al. (2021) developed a 3D-printed closed BPE-ECL device to 
sense the dopamine and choline. Conductive graphene filament was successfully 
used to develope a closed BPE and driving electrodes. Ru(bpy)3

2+/TPrA chemistry 
with a quenching mechanism was effectively used to detect dopamine and obtained 
the LR 0.5 to 100 µM with a LoD value of 0.33 µM. Furthermore, Luminol/H2O2- 
based chemistry was used to detect choline and obtained the LR from 5 to 700 µM 
with LoD of 1.25 µM. To detect the ECL signal, they utilized two different 
detectors: a smartphone with a mini 3D-printed platform and a photo multiplier tube 
embedded with the Internet of Things. The final fabricated 3D-printed closed BPE- 
ECL device is demonstrated in Figure 10.3(c). 

FIGURE 10.3 Single electrode ECL systems: (a) fabricated ITO electrode-based SEES ECL 
device, adapted from ( Gao et al. 2018) Royal Society of Chemistry (open access); (b) final 
fabricated LIG-based SE-ECL device, taken from (Manish Bhaiyya, Prasant Pattanaik 2021) 
with the prior permission of IEEE; (c) 3D-printed closed bipolar ECL device for multiple 
analytical sensing, taken from ( Bhaiyya et al. 2021) with the prior approval of Wiley.    
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H. R. Zhang et al. (2016) developed two channel closed bipolar electrode ECL 
hip to detect cancer cell. The chip has three reservoirs, one of which was filled with 
PBS solution, the second with Ru(bpy)3

2+/TPrA, and the third with Luminol/H2O2. 
Both reservoirs were filled with Ru(bpy)3

2+/TPrA and Luminol/H2O2 acting as ECL 
reporting channels. The detection of the HL-60 cancer cell was accomplished using 
a quenching effect of Ru(bpy)3

2+/TPrA. As the concentration of HL-60 cancer cell 
increases, the ECL signal starts reducing. Herein, ITO glass was successfully uti-
lized to develop a closed bipolar electrode ECL chip. The validation of fabricated 
device was done by obtaining two linear ranges for HL-60 cancer cell with LoD 
value of 80 cells/mL. 

Bhaiyya et al. (2022) continued their work by developing a six-well 3D-printed 
closed BPE-ECL device for simultaneous detection of glucose and choline. The 
analytical performance of the fabricated device was corroborated by performing one- 
step detection of glucose and choline, obtaining LR of 0.1 to 10 mM and 0.1 to 5 mM, 
respectively, with LoD values of 24 µM and 10 µM, respectively. The detection of 
glucose and choline for three distinct concentrations of each was accomplished on a 
single device to demonstrate the constructed device’s multimodal sensing capability. 
A custom-made 3D-printed black box assembly integrated with a smartphone was 
used for ECL imaging. Furthermore, they have developed a mobile app to measure the 
ECL image intensity. Finally, an interference study, stability, and real sample study 
were done to validate the applicability of the device. 

Salve et al. (2021) proposed a 3D-printed BPE-ECL system for multiple sensing. 
Graphite pencil–based electrodes were used as a BPE and DEs. H2O2, O2, and CO2 

were detected using Luminol/H2O2 electrochemistry with LR values of 0.08 µM to 
5,000 µM, 0.3 mg/L to 9 mg/L, and 0.6 mg/L to 9 mg/L, respectively, with LoDs of 
0.069 M, 0.15 mg/L, and 0.45 mg/L. Furthermore, the enzymatic detection of glucose 
was performed using glucose oxidase and obtained the LR from 1 µM to 10,000 µM 
with LoD 0.31 µM. To eliminate the use of darkroom environment, a 3D-printed 
black box integrated with a smartphone and 9 V battery was used to detect the ECL 
signal. Finally, the real sample study was accomplished to strengthen the applicability 
of developed portable device. 

In an another separate, Bhaiyya et al. (2021) proposed a LIG-based bipolar ECL 
device to detect multiple biomolecules such as glucose and H2O2. A polyimide 
sheet was used as substrate material and by directing a laser over polyamide with 
optimized speed (80%) and power (50%) of universal CO2 laser system, a LIG was 
formed. Enzymatic detection of glucose was carried out using glucose oxidase 
by utilizing Luminol/H2O2 electrochemistry and achieved LR from 1 to 100 µM 
having a LoD of 0.138 µM. Furthermore, sensing of H2O2 was carried out and 
obtained the LR 1 µM to 100 µM with LoD of 5.87 µM. In addition, the same group 
developed a LIG-based multichannel closed BPE-ECL for simultaneous detection 
of vitamin C and vitamin B12 (Bhaiyya et al. 2021c). With all optimized parameters, 
Luminol/H2O2-based chemistry was used to detect vitamin C and vitamin B12 and 
obtained LR 1 to 1,000 µM and 0.5 to 1,000 nM, respectively, with LoD values of 
0.96 µM and 0.109 µM, respectively. 

Kwon et al. (2020) developed a carbon ink screen-printed three electrode 
ECL device to detect the concentration of dopamine using Ru(bpy)3

2+/TPrA 
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electrochemistry. The detection of dopamine was achieved using a quenching pro-
cess, which reveals that when dopamine concentrations increase, the ECL signal 
intensity decreases. Herein, the sensing capability of the three electrode devices was 
validated and compared by changing the working electrode with gold, carbon and 
platinum and it was experimentally observed that carbon electrode–based three 
electrode system provides better performance compared to gold and platinum. With 
optimized conditions, dopamine was sensed and obtained the LR from 1 to 50 µM 
having a LoD of 0.5 µM. To detect as well as to calculate the intensity of the ECL 
signal, a smartphone was used. 

Rivera et al. (2021) proposed a disposable screen-printed carbon ink–based three 
electrode ECL approach to sense phenolic compounds i.e. vanillic and coumaric 
acids. Ru(bpy)3

2+/TPrA electrochemistry with a quenching mechanism was effec-
tively used to detect vanillic and coumaric acids and obtained the limits of detection of 
0.26 µM and 0.68 µM, respectively. ECL imaging was done using a smartphone. A 
mobile app was developed to control the phone camera and potentiostat parameters in 
the sensor design. For sensing, thre commercially available (Drop Sens, DRP-110) 
screen-printed electrodes were utilized. 

Diverse effort has been done in the field of ECL to fabricate low-cost, portable, 
miniaturized devices by harnessing the capabilities of paper and cloth as a substrate.  
Table 10.1 summarizes the study findings for the POCT application using paper and 
cloth-based mini ECL devices. 

10.3 EXISTING RESEARCH GAPS AND POTENTIAL SOLUTIONS 

In recent years, many researchers have worked hard to build paper and cloth-based 
ECL devices that can be used for a variety of POCT applications. Despite much 
research into paper and cloth-based ECL devices, there is still a major gap in 
making such devices commercially feasible. After doing extensive research, two 
key research gaps were identified, and possible solutions were proposed.  

• To develop electrodes and microfluidic channels on paper and cloth-based 
ECL devices, screen-printing and wax-printing methods have been widely 
used. As both screen-printing and wax-printing methods require several 
fabrication steps (usually nine to ten steps), this leads to time consuming 
and complex procedure.  

• It was observed, in most of the cases, high-cost CCD and PMT cameras 
were used to detect ECL signals, leading to increasing the overall ECL 
system cost. Furthermore, PMT and CCD camera require their own stepup, 
which prohibits the ECL system from being used as a portable system. 

The following suggested methods are proposed to overcome the aforementioned 
challenges:  

• 3D printing and stereolithography (SLA) 3D printing based on ECL 
platforms with conductive filaments are the best suitable alternative that 
fabricate ECL devices with great accuracy in a single step. 
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• The integration of a mini black box assembly (made using 3D printing or 
SLA printing) with a smartphone and power supply not only resolves the 
problem of using PMT and CCD, but also the issue of portability. 

10.4 CONCLUSION AND FUTURE PERSPECTIVES 

Evidently, interest in paper and cloth-based ECL systems is growing, as they offer 
numerous benefits. These advantages include high sensitivity and selectivity, quick 
response, less sample requirements, self-pumping to eliminate external pumping, easy 
disposal, and the ability to be synchronized with ECL platforms. Because of these 
characteristics, they are used in a varied range of applications, comprising food 
monitoring, environmental and health monitoring, and molecular analysis. Despite 
significant advancements in ECL-based POCT, experimental paper and cloth-based 
CL systems have yet to be transformed into industrial manufacturing or widely used 
in practice. These persistent demands will provide a unique and promising window 
for researchers to fabricate a single-step paper and cloth-based ECL system for use in 
POCTs. Overall, paper and cloth-based ECL systems are important in the field of 
POCT and will continue to be effective research in the future. 
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11.1 INTRODUCTION 

2D-layered materials are crystalline structures stacked together by van der Waals 
bonds and are nearly one atom or a few atoms thick. They are derived from the 
delamination of pristine 3D bulk materials that are stacked in layers one over the other 
(Ambrosi and Pumera 2018). Due to their extraordinary features, 2D-layered mate-
rials such as graphene, MXenes, phosphorene, and others have found wide application 
in a variety of sectors. Among them, MXenes, for example, have exceptional physical 
and chemical properties and are employed in a variety of applications like catalysis 
(Shukla 2020), wearable electronics (N. Li et al. 2021), energy storage devices (Garg 
et al. 2020), optoelectronics (Liu and Alshareef 2021), and chemical sensors (Verger 
et al. 2019). 

MXenes were identified as a 2D material for the first time in 2011 after their 
successful synthesis utilizing the hydrofluoric acid (HF) etching process. It was later 
classified as a novel 2D material in 2015, and there has been significant progress in 
terms of synthesis and property enhancement since then [7]. However, there is still a 
need for improvement in terms of functionalization control, conventional synthesis 
methods, surface terminations, and other areas. 

MXenes with the common formula of Mn+1XnTx (n can vary from 1, 2, 3, etc.) or 
M1.3XTx, (where M is a transition metal (e.g. Ti, Mo, Cr, Nb, V, Sc, Zr, Hf or Ta), the 
letter X represents carbon and/or nitrogen, and the letter Tx represents various ter-
minations such as fluorine, hydroxyl, and/or oxygen atoms), are one of the latest and a 
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large family of 2D transition-metal carbides derived from their parent MAX phase, as 
shown in Figure 11.1. Because of their hydroxyl- or oxygen-terminated surfaces, 
MXenes combine the metallic conductivity of transition metal carbides with a 
hydrophilic nature (Naguib et al. 2011; Naguib et al. 2013). So far, 30 different types 
of MXenes have been discovered (Gogotsi and Anasori 2019). MXenes have unique 
properties such as chemical stability at around 700°C (J. Zhang et al. 2018) and 
tunable surface terminations (Bao et al. 2021), ready-to-bond nature to various species 
(Magnuson et al. 2017), and high negative Zeta-potential (Tian et al. 2019), which 
enables the stable colloidal solutions in water have attracted many applications. 

In the conventional synthesis routes, concentrated hydrofluoric acid is employed 
in HF etching to etch out the A layer from the pristine MAX phases over a period of 
12–192 h in order to synthesize MXenes (Alhabeb et al. 2018). Because HF is a 
strong acid that can have a range of negative effects on humans, it is not suitable for 
laboratory usage, which has led to the development of alternative HF-free proce-
dures such as the minimally intensive layer delamination (MILD) method, molten 
salts method, alkali method, iodine method, and electrochemical etching methods. 
The MILD method, which uses extremely concentrated HCl+ LiF as etchants, is an 
alternative to the HF etching process. For MXene (Wu et al. 2022), the MILD 
approach was employed to synthesize electrochemical actuators with a remarkable 
performance of 90% capacity holding after 10,000 cycles by Wang et al. (2021). In 
the alkali method, concentrated alkaline solution is used as etchants at extreme 
operating conditions (at temperatures of 270°C for 24 h) to synthesize Ti3C2 (L. Li 
et al. 2017). MXene prepared by the alkaline method was used to fabricate a su-
percapacitor with a capacitance of around 229 F g−1, which is much lower than 
the capacitance exhibited by MXene fabricated through the molten salts method 

FIGURE 11.1 Schematic diagram of etching of MXenes from their pristine MAX phases: 
M2X, M3X2, and M4X3 layers are separated by ‘A’ layers in different classes of MXenes. 
Due to the introduction of powerful chemical etchants, selective etching of ‘A’ layers results 
in M2X, M3X2, and M4X3 delamination, as well as an extra surface termination Tx.    
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(785 C g−1) (Y. Li et al. 2020). The molten salt method uses Lewis acids in molten 
salts at a temperature around 750°C. All of the etching methods mentioned above 
have harsh operating conditions, whereas etching MXenes with an electrochemical 
etching process (Sun et al. 2017) is less brusque and is less harsh. However, 
electrochemical etching may result in the etching of the carbon from the Ti3C2, 
resulting in the formation of carbon-derived carbons (CDCs) when operated for a 
longer period of time. Hence, the method employed to synthesize MXene has an 
effect on the final exhibited properties of MXenes and the common strategy for 
delaminate multilayered prepared MXenes is to increase the interlayer spacing of 
MXene flakes via ion intercalation and the etching of all mentioned processed with 
surface terminations, as shown in Figure 11.2. 

11.2 MXENE-BASED MINIATURIZED ENERGY STORAGE DEVICES 

Due to the fast evolution of miniaturized and wearable electronics, there is a thriving 
market for suitable miniature energy storage devices. Miniaturized energy storage 
devices (MESDs) are an appealing approach for the development of microelectronics 
due to their infinite lifetime and high power density, but scalable production is typ-
ically dependent on electrode materials and design processes. MXenes have recently 
shown significant promise in advanced MESDs due to their high energy and power 

FIGURE 11.2 The etching of ‘A’ layers from parental MAX phases to produce MXene is 
depicted schematically. The most typical approach for making MXenes is to etch out the A 
phase from the MAX structure without etching the M sheets at the same time; nevertheless, 
this is not always a simple operation. Multilayered MXene particles are generated after 
etching and these can be intercalated and delaminated to form distributed nanomaterials. 
Surface terminations are an inevitable byproduct of MXene synthesis, which typically 
includes O, OH, and F groups.    
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densities, strong metallic conductivity, and ease of processing. The fabrication 
methodologies of MXene micro-solar cells, micro-supercapacitors, micro-batteries, 
and micro-actuators, as well as their electrochemical performance, will be discussed 
in the following sections. 

11.2.1 MXENE-BASED MINIATURIZED SOLAR CELLS 

Solar cells are the most efficient and practical way to convert direct sunlight into 
electricity. For decades, earth-abundant silicon-based solar cells have been the most 
widely used compounds because they have a long life expectancy of around 
25 years [15] and high power conversion efficacies (PCEs) of over 25–26%. 
However, due to their excessive preliminary fabrication costs, scholars have shifted 
their attention to more affordable substitute solar cells for example organic solar 
cells (OSCs), perovskite solar cells (PSCs), dye sensitized solar cells (DSSCs), and 
the quantum dot solar cells (QDSCs). Ever since the researchers in 2018 discovered 
the usage of Ti3C2Tx as an additive in the photoresist of methyl ammonium lead 
iodide-based perovskite solar cells (PSCs) (Guo et al. 2018), its applications 
have expanded to electrodes, hole/electron transport layer (HTL/ETL), additive in 
HTL/ETL, and as an element of Schottky junction-based solar cells employing 
silicon (Si) wafers. The role of MXenes in the development of the solar cells has 
been commendable since then and its functionality in solar cells can be grouped in 
three broad categories as additives, electrodes, and hole/electron transport layers 
(HTL/ETL) based on its role in the device manufacturing of solar cells, as shown in  
Figure 11.3. The role of MXenes in miniature solar cells and their power effi-
ciencies are summarized in Table 11.1. 

FIGURE 11.3 Schematic diagram representing the types of solar cells based on their ap-
plications. Organic solar cells (OSCs), perovskite solar cells (PSCs), quantum dot solar cells 
(QDSCs), and dye sensitized solar cells (DSSCs) are all types of solar cells. MXene’s 
involvement in solar cell device construction can be divided into three categories: additives, 
electrodes, and hole/electron transport layers (HTL/ETL).    
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MXenes serve numerous roles in solar cells: they can be employed as an addi-
tive, wherein it speeds up the electron transfer; as an electrode, with high electronic 
conductivity, good transparency, remarkable flexibility, and tunable work functions 
to enhance solar cell performance; and as an HTL/ETL, with flexible work func-
tions and carrier conducting properties exploited to achieve higher efficiencies. 

In general, the use of MXenes in solar cells has only been reported since the 
fourth quarter of 2018, and the related research is still in its early stages, focused 
mostly on determining the feasibility of various solar cells. There is still an 
opportunity for development in terms of device efficiency and robustness. It’s worth 
noting that there is a need to optimize the physical properties of MXenes with 

TABLE 11.1 
Role of MXenes and Performance of Miniature Solar Cells       

Fabricated Device Structure Role of MXene 
in Miniature 

Solar Cell 

Short-circuit 
Current Density 
(Jsc) (mA cm−2) 

Open-circuit 
Voltage 
(Voc) (V) 

Power 
Conversion 
Efficiency 
(PCE) (%)  

Ti3C2Tx on ITO-SnO2  

( Guo et al. 2018) 
Additives 22.26 1.03 17.41 

Ti3C2Tx with PBDB-T  
( Hou and Yu 2020) 

Additives 17.08 0.91 11.02 

Ti3C2Tx with PM6 ( Hou and 
Yu 2020) 

Additives 25.63 0.83 14.55 

Ti3C2Tx and PBDB on ITO- 
SnO2 ( Hou and Yu 2020) 

Additives 18.63 0.93 12.20 

Ti3C2Tx and PM6 on ITO-ZnO 
( Hou and Yu 2020) 

Additives 26.38 0.83 16.51 

Ti3C2Txand PTB7 on ITO-ZnO 
( Hou and Yu 2020) 

Additives 17.53 0.77 9.36 

Ti3C2Tx on FTO-TiO2  

( Cao et al. 2019) 
Electrode 22. 96 0.95 13.83 

Carbon (CNT) and Ti3C2Tx 

( Mi et al. 2020) 
Electrode 7.16 1.35 7.09 

MXene and AgNW ( Tang 
et al. 2019) 

Electrode 14.62 0.79 7.16 

PSS, MXene with AgNW 
( Tang et al. 2019) 

Electrode 13.98 0.86 7.70 

Ti3C2Tx on FTO-TiO2  

( Chen et al. 2019) 
HTL-ETL 8.54 1.44 9.01 

Ti3C2Tx on ITO ( Yu et al. 
2019) 

HTL-ETL 15.98 0.89 9.02 

Ti3C2Tx on ITO (HTL)  
( Hou et al. 2019) 

HTL-ETL 17.85 0.88 10.53 

MXene perovskite (ETL)  
(Y.  Wang et al. 2020) 

HTL-ETL 24.34 1.11 20.65    
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diverse functional groups that is required for more correctly guiding the experi-
ments. The properties of MXenes, on the other hand, such as shape, conductivity, 
transparency, termination groups, and stability, are all affected by the fabrication 
technique. It is required to create MXene synthesis processes with precisely regu-
lated characteristics, huge scale, and low cost. 

11.2.2 MXENE-BASED MICRO-SUPERCAPACITORS (MSC) 

The development of miniaturized power units that are congruent with microelectronic 
devices is necessitated by the introduction of technology in different domains such as 
ecological monitoring, radio frequency detection, wearable gadgets, and therapeutic 
applications. Traditional electrochemical supercapacitors are too large to power 
these micro devices, and traditional supercapacitors‘ assembly procedures are 
incompatible with microelectronic fabrication techniques; this reality has sparked 
a lot of interest in supercapacitor downsizing. The phrase “micro-supercapacitor 
(MSC)“ has been coined to designate supercapacitor designs that have the potential to 
be integrated with microelectronics, and it is primarily divided into two types: thin- 
film electrodes with packed structures (thickness less than 10 μm) and clusters of 
micro-electrodes with sizes in micrometers in two minimum dimensions. 

MXene micro-supercapacitor (MSC) fabrication processes are divided as: 1) 
direct patterning of MXene solids on preferred substrates using laser engraving and 
reactive ion etching, and 2) depositing MXene ink into varied designs using 
numerous printing procedures. While fabricating the MSC (which are patterned in 
millimeter scale), the following aspects must be considered: 1) sufficient pattern 
resolution, 2) compatibility to allow synergy with other microelectronic elements, 
and 3) the deposited electrode material configuration on the current collector pat-
terns (Kumar et al. 2021). The various fabrication techniques are schematically 
represented in Figure 11.4 and include the following techniques:  

A. Laser scribing: This is a type of laser micromachining in which a laser 
beam is traced across a substrate to create a pattern of blind cuts or scribe 
lines. Following that, the scribe lines can be heated to ‘break’ or ‘singulate’ 
wafers or substrates. Brousse et al. (2018) recently used laser-inscription 
of a bi-layered film to build flexible micro-supercapacitors device based 
on ruthenium oxide (RuO2) on platinum foil. Because of the electrode 
columns architecture, the constructed MSC demonstrated high capacitances 
of 27 mF cm−2 in 1 M H2SO4, as well as strong cycling performance, 
with 80% capacitance retention after 10,000 cycles. In a similar study, Jiang 
et al. (2020) used a facile laser inscription technique to create a large-area 
benzene linked polypyrrole film through polymerization. The fabricated 
micro-supercapacitors device had a high energy density of more than 
50 mW hcm−3 and power density 9.6 kW cm−3. 

Not only does laser scribing eliminate the need for extra templates and 
complex processes, but it also promotes the production of electrode mate-
rials. As a result, it has found a position in the creation of MESDs, par-
ticularly as an effective manufacturing method for high-capacitance MSCs. 
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It has been extensively employed in the fabrication of many categories of 
micro-supercapacitor devices, with high expectations placed on the pro-
duction of devices with good performance.  

B. Photolithography technique: In this method of printing a master pattern is 
drawn on top of the surface of a base sheet made of some material (usually a 
silicon wafer). A thin film of some materials, like silicon dioxide (SiO2), is 
sprayed to the substrate to generate a pattern of holes. Because only a limited 
number of electrode substances can be transferred successfully on the cur-
rent collector while retaining the original properties, causing inadequate 
energy density, photolithography is not a frequently utilized technique for 
the synthesis of MXene based micro-supercapacitors. The enhanced spatial 
capacitance of the MXene-based micro-supercapacitor devices is conceived 
by generating deep craters/depressions in the device configuration; for ex-
ample, Xu et al. (2017) built a MXene-based micro-supercapacitors device 
on chromium and gold current collector and the device’s enhanced aspect- 
ratio framework can incorporate an enhanced mass stacking of the electrode 
materials. The fabricated device demonstrated a high spatial capacitance 
of more than 275 mF cm−2 and retention in the capacity of 95% after 
1,000 cycles after injecting the cured Ti3C2Tx solution. 

FIGURE 11.4 Various techniques for fabricating conductive MXene as a micro- 
supercapacitor. (A) Laser-scribing technique to generate customized designs on several 
surfaces in a single step. (B) In the photolithography technique, the photoactive material may 
be shaped to any pattern by exposing it to light through a photomask, rendering it suitable for 
the manufacturing of MXene-based micro-supercapacitors. (C) Etching technique uses 
reactive ions to create MSCs. (D) Screen-printing technique supported by a woven mesh 
above the target substrate to generate electrodes for mass manufacturing. (E) In the inkjet 
printing technique miniscule volumes of ink are deposited on the substrate to create MSCs. 
(F) In the electrochemical polymerization technique the deposition of material onto the 
surface of the substrate electrode material is done via oxidation of the substrate.    
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C. Reactive ion etching technique is an expression employed in MSC 
device fabrication to characterize a procedure that eradicates material 
judiciously from a film deposited on any substrate (whether or not any 
structures exist on it) to generate a design of the material of interest on the 
substrate. To make a pattern on a substrate, etching is used. It is a simple 
and cost-effective approach for creating unique patterns on a variety of 
substrates in a one-step process. It has a high degree of tractability 
compared to other substances. To reduce the conundrum of restacking in 
the MXene sheets, a 3D array of electrodes was devised by constructing a 
reduced graphene oxide and MXene aerogel. The aerogel is a dense and 
permeable configuration that can easily and exclusively be designed 
using a laser engraving technique, and the fabricated final micro- 
supercapacitor device demonstrated an excellent spatial capacitance of 
more than 34 mF cm−2 and exceptional cycling performance. Wang et al. 
(2019) initially coated MXene on two faces of the nickel metal sheet 
(20 m in thickness), and then utilized a cold laser to construct the micro 
channel in the interdigital arrays. Taking use of the laser’s penetration 
depth, two faces of the current collector may be successfully deployed, 
which is a novel technique for increasing the spatial energy density of the 
micro-supercapacitor device in a given space.  

D. The screen print process is a conventional form of printing that uses ink- 
blocked template reinforced by an interlaced mesh above the target sub-
strate to generate electrodes for mass manufacturing. The MSC devices 
prepared by this technique are larger than 100 µm. Li et al. created a 
thixotropic composite ink for screen printing out of hydrous ruthenium 
oxide, MXene nanosheets, and conductive Ag nanowires. In another paper,  
Xu et al. (2017) used a dual-step selective screen-printing approach to create 
an asymmetric micro-scale hybrid device (MHD) with cobalt aluminum 
layered hydroxides electrodes on the positive side and Ti3C2Tx on the 
negative side. The asymmetric MXene-based MSC device has a broader 
voltage window and a real capacitance than the symmetric MXene MSC. 
Hence, the asymmetric micro-supercapacitors device fabricated through 
this process has a substantially greater energy density of 10.8 μWh cm−2 

while the symmetric MXene MSC exhibited an energy density of around 
1.3 μWh cm−2 and was manufactured in an exactly similar process. The 
higher capacity asymmetric MSC device also retained more than 90% of its 
initial capacity following an extended stability test of 10,000 cycles at a 
current rate of about 1.25 mA cm−2.  

E. The inkjet printing technique: This is an additive production technique 
that uses a stream of ink to deposit miniscule droplets on the sheet, 
comparable to how a 2D printer operates. The ink can be replaced with 
thermoplastic and wax materials that are smelted during the additive 
process. The inkjet printing provides exceptional accuracy of printed 
patterns on a variety of substrates besides having a faster printing speed 
compared to the conventional screen printing. In this printing technique, a 
little quantity ink is placed on the preferred substrate before it is changed 
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to a solid form. For fine printing, various polar and non-polar solvents for 
dispersing MXenes were investigated. Both high concentration (MXene 
dispersed in NMP with a concentration of 12.5 mg ml−1) and small 
concentration (0.7 mg ml−1 of MXene dispersed in ethanol) MXene 
inks exhibit good printing finesse with no “coffee-ring.“ Surprisingly, 
the binding of MXene with the substrate is very sturdy and no amount of 
MXene could be pulled off even following peeling by a scotch tape. The 
MXene inkjet designs have minimal resistance and show profound 
undeviating behavior with printed cycles. For the inkjet-printed micro- 
supercapacitor a good volumetric capacitance (562 Fcm−3) and an en-
ergy density of more than 0.3 μW h cm−2 was observed, which is among 
the maximum values obtained for all printed micro-supercapacitor 
devices.  

F. Electrochemical polymerization technique is the deposition of the 
material onto the surface of the substrate electrode material. This happens 
as a result of the positive radical being created by the oxidation of the base 
material on the solid substrate, according to a widely established mecha-
nism. Qin et al. (2019) divulged an easy technique for fabricating MXene 
based micro-supercapacitor devices. He manufactured MXene and a 
polymer amalgamates by the polymerization of the pre-synthesized MXene 
dispersion, and the fabricated MSC device demonstrated a spatial capaci-
tance of 47.4 mF cm−2. 

11.2.3 MXENE-BASED MICRO-BATTERIES (MBS) 

Conventional Li-ion micro-batteries are yet another example of miniaturized energy 
storage technology. Their low energy density limits their application in modern 
micro-devices with rising electric power consumption. To keep up with the 
demands of emerging micro- and nano-systems, it is valuable to evaluate new 
electrochemical energy storage techniques transcending Li-ion micro-batteries (Zhu 
et al. 2020). A characteristic battery may consists of several cell cases varying 
between coin cells, cylindrical cells, and prismatic cells or even up to lab scale 
pouch cells; the latter of three formats are extensively utilized for industrial pro-
cesses. Conventional Li–S batteries in such formats provide a technical knowledge 
footing for micro-batteries’ development. Miniaturization of electrodes in batteries 
is aimed for proper utilization in microelectronic devices; however, it ought to be 
available for integration in miniaturized forms. The electrode architecture’s usual 
varied dimensionalities, such as fibers (one dimensional), stacked/layered (two- 
dimensional) configurations, and Swiss-roll-like (three-dimensional) shapes, pro-
vide uniquely customized solutions for a wide range of applications. Enhanced 
battery topologies for electrode configurations, electrolytes, and current collectors 
are required to provide incredible performance features such as long cycle life 
and higher capacities. As a result, broad ranges of fabricating technologies 
have been used to create tiny batteries. Miniaturized or micro batteries have been 
made using a wide range of fabrication techniques. Pyrolysis of polymeric fibers 
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(Verbrugge et al. 1996; Maitra et al. 2012) or thin-film techniques such as atomic 
layer (Z. Zhao et al. 2020), chemical vapor (Z. Zhao et al. 2020), electro- 
deposition (Yufit et al. 2003), or sputtering (Bates et al. 2000) were used to 
fabricate MXene-based electrodes in the recent past. Lithography (Kinoshita et al. 
1999) and laser preparation (Pfleging et al. 2017) become significant for battery 
miniaturization as fine and highly focused laser rays and the alteration of MXene 
electrode fabrication equipment became attainable. Apart from all physical and 
chemical protocols, mechanical electrode synthesis by printing has progressed into an 
extremely promising avenue for conceptualizing microelectrodes and printing com-
plete batteries for commercialization (Ragones et al. 2020). Various methods so far 
used and the preparation method, materials used for fabrication, and electrolytes are 
mentioned in Table 11.2. 

Where MXene inks typically reflect solution processed techniques. Laser 
printing involves the coating of the MXene electrode material from coated sub-
stances to the preferred substrate (Piqué et al. 2004). The unpredictability of ink- 
based printing using MXenes was assessed by Zhang et al. (Y. Z. Zhang et al. 
2020). They found that a design that primarily gains from the maximum loading 
of active materials should be chosen to achieve a micro-battery with the highest 
performance. One key measure is the quantity of inactive material that needs to 
be minimized in current collectors, separators, or substrates. MXenes have been 
initially utilized in positive sulphur electrodes, which have a chemically active 
electrode structure. To connect the individual sulphur particles, MXene materials 
provide an almost metallically conducting network. They yield rapid charging 
carrier transport qualities with minimal effort. Interestingly, the mechanical sta-
bility of MXenes demonstrates adequate strength to withstand accumulation due 
to Li2S production during sulphur lithiation (C. Zhang et al. 2020). In addition to 
enhanced electronic conductivity and boosted transport of charge carriers in the 
MXene electrode, a factor that must be mitigated is the mechanical instability 
caused by volume fluctuations in the various sulphur phases. In the chemical 
etching of the Ti2SC MAX phase, the direct fabrication of an electrode material 
from a parental MAX phase was done via chemical exfoliation of the carbon/ 
sulfur-nano laminates. After this initial discovery, it was realized that MXenes 
amalgamates worked in synergy as efficient electrode materials. Apart from 
Ti2SC, Ti2AlC was also used to make (M. Zhao et al. 2015) MXenes electrodes 
for micro-batteries. 

Another prominent method for modifying the crystal structure and band archi-
tectures of MXenes to improve their characteristics for use in micro-batteries is 
heteroatom doping. Nitrogen doping is the one of the most commonly used doping 
technique, and its likelihood and efficiency in improving the charge storage and 
charge carrier performance of substrate materials has been demonstrated. In 
numerical simulations, N atoms with adequate electronegativity in a Ti3C-based 
crystal structure can efficiently improve MXenes charge carrier number and 
improve the electro-catalytic activity of Ti3CN, ensuring that Ti3CN anode has a 
high capacity of at least 98 mA h g−1 at 500 mA g−1, which is 1.65 times that of 
Ti3C2 anode. 
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11.3 CONCLUSIONS AND OUTLOOK 

Miniaturized energy storage device (MESD) development is a necessary step in the 
commercialization and development of microelectronics. The development of these 
tiny devices has been extensive, but scalable production is often dependent on 
electrode materials and design methods. The MXene group has grown swiftly since 
it was first discovered in 2011. There’s a lot of potential in looking for new MXenes 
with different functions in order to build sophisticated miniaturized energy storage 
systems. 

We looked at the role of MXene in miniaturized energy storage devices 
including small solar cells, micro-supercapacitors (MSCs), and micro-batteries in 
this article. We saw that MXenes play a variety of roles in solar cells: as an additive, 
it accelerates electron transfer; as an electrode, it improves solar cell performance 
with high metallic conductivity, high transparency, outstanding flexibility, and 
adjustable work functions; and as an HTL/ETL, it uses easily tunable work func-
tions and carrier conducting properties to achieve higher efficiencies. We also 
described the miniaturized device fabrication process, which broadly includes either 
laser assisted pattern scribing or several printing processes for depositing MXene 
ink onto a substrate. Finally, we investigated the optimum battery topologies for 
electrodes, electrolytes, and current collectors that are required to deliver excep-
tional performance features like long cycle life and larger capacities. 

Despite the fact that at least 25 MXenes have been synthesized in the lab, only 
Ti3C2Tx has been thoroughly investigated. There is a great opportunity to look for 
novel MXenes with varied functions in order to construct sophisticated miniaturised 
energy storage devices. For instance, in Ti2C additional Ti atom layers are revealed 
to the electrolyte; hence, theoretically it has larger gravimetric capacitance than 
Ti3C2. Further optimization of these materials, together with computer investiga-
tions, may lead to the discovery of new interesting directions. Because of their new 
physical and chemical features, MXene quantum dots (MQDs) is an interesting 
family member of MXene materials. MQDs are extensively used in the fields of 
optical, biological, photo catalytic, and cellular imaging. MQDs have unique 
qualities such as ultra-small size, good stability, outstanding electronic conduc-
tivity, with an abundance of edge dislocations in contrast to MXenes. These ex-
ceptional characteristics may allow MQDs to be used in MESDs. 

REFERENCES 

Alhabeb, Mohamed, Kathleen Maleski, Tyler S. Mathis, Asia Sarycheva, Christine B. Hatter, 
Simge Uzun, Ariana Levitt, and Yury Gogotsi. 2018. “Selective Etching of Silicon from 
Ti3SiC2 (MAX) To Obtain 2D Titanium Carbide (MXene).” Angewandte Chemie - 
International Edition 57 (19): 5444–5448. doi: 10.1002/anie.201802232 

Ambrosi, Adriano, and Martin Pumera. 2018. “Exfoliation of Layered Materials Using 
Electrochemistry.” Chemical Society Reviews 47 (19): 7213–7224. doi: 10.1039/ 
c7cs00811b 

Bao, Zhuoheng, Chengjie Lu, Xin Cao, Peigen Zhang, Li Yang, Heng Zhang, Dawei Sha, et al. 
2021. “Role of MXene Surface Terminations in Electrochemical Energy Storage: A 
Review.” Chinese Chemical Letters 32 (9): 2648–2658. doi: 10.1016/j.cclet.2021.02.012 

184                                                      Miniaturized Electrochemical Devices 

https://dx.doi.org/10.1002/anie.201802232
http://dx.doi.org/10.1039/c7cs00811b
http://dx.doi.org/10.1039/c7cs00811b
https://dx.doi.org/10.1016/j.cclet.2021.02.012


Bates, J.B., N.J. Dudney, B. Neudecker, A. Ueda, and C.D. Evans (2000). “Thin-Film 
Lithium and Lithium-Ion Batteries.” Solid State Ionics 135(1–4): 33–45. doi: 10.1016/ 
S0167-2738(00)00327-1 

Brousse, K., S. Nguyen, A. Gillet, S. Pinaud, R. Tan, A. Meffre, K. Soulantica, et al. 2018. 
“Laser-Scribed Ru Organometallic Complex for the Preparation of RuO2 Micro- 
Supercapacitor Electrodes on Flexible Substrate.” Electrochimica Acta 281: 816–821. 
doi: 10.1016/j.electacta.2018.05.198 

Cao, Junmei, Fanning Meng, Liguo Gao, Shuzhang Yang, Yeling Yan, Ning Wang, Anmin 
Liu, Yanqiang Li, and Tingli Ma. 2019. “Alternative Electrodes for HTMs and Noble- 
Metal-Free Perovskite Solar Cells: 2D MXenes Electrodes.” RSC Advances 9 (59): 
34152–34157. doi: 10.1039/c9ra06091j 

Chen, Taotao, Guoqing Tong, Enze Xu, Huan Li, Pengcheng Li, Zhifeng Zhu, Jianxin Tang, 
Yabing Qi, and Yang Jiang. 2019. “Accelerating Hole Extraction by Inserting 2D Ti3C2- 
MXene Interlayer to All Inorganic Perovskite Solar Cells with Long-Term Stability.” 
Journal of Materials Chemistry A 7 (36): 20597–20603. doi: 10.1039/c9ta06035a 

Garg, Ruby, Alpana Agarwal, and Mohit Agarwal. 2020. “A Review on MXene for Energy 
Storage Application: Effect of Interlayer Distance.” Materials Research Express 7 (2) 
doi: 10.1088/2053-1591/ab750d 

Gogotsi, Yury, and Babak Anasori. 2019. “The Rise of MXenes.” ACS Nano 13 (8): 
8491–8494. doi: 10.1021/acsnano.9b06394 

Guo, Zhanglin, Liguo Gao, Zhenhua Xu, Siowhwa Teo, Chu Zhang, Yusuke Kamata, Shuzi 
Hayase, and Tingli Ma. 2018. “High Electrical Conductivity 2D MXene Serves as 
Additive of Perovskite for Efficient Solar Cells.” Small 14 (47): 1–8. doi: 10.1002/ 
smll.201802738 

Hou, Chunli, and Huangzhong Yu. 2020. “Modifying the Nanostructures of PEDOT:PSS/ 
Ti3C2Tx Composite Hole Transport Layers for Highly Efficient Polymer Solar Cells.” 
Journal of Materials Chemistry C 8 (12): 4169–4180. doi: 10.1039/d0tc00075b 

Hou, Chunli, and Huangzhong Yu. 2020. “ZnO/Ti3C2Tx Monolayer Electron Transport Layers 
with Enhanced Conductivity for Highly Efficient Inverted Polymer Solar Cells.” 
Chemical Engineering Journal 407 (July): 127192. doi: 10.1016/j.cej.2020.127192 

Hou, Chunli, Huangzhong Yu, and Chengwen Huang. 2019. “Solution-Processable Ti3C2Tx 

Nanosheets as an Efficient Hole Transport Layer for High-Performance and Stable 
Polymer Solar Cells.” Journal of Materials Chemistry C 7 (37): 11549–11558. doi:  
10.1039/c9tc03415c 

Jiang, Kaiyue, Igor A. Baburin, Peng Han, Chongqing Yang, Xiaobin Fu, Yefeng Yao, 
Jiantong Li, et al. 2020. “Interfacial Approach toward Benzene-Bridged Polypyrrole 
Film–Based Micro-Supercapacitors with Ultrahigh Volumetric Power Density.” 
Advanced Functional Materials 30 (7): 1–9. doi: 10.1002/adfm.201908243 

Jiang, Qiu, Yongjiu Lei, Hanfeng Liang, Kai Xi, Chuan Xia, and Husam N. Alshareef. 2020. 
“Review of MXene Electrochemical Microsupercapacitors.” Energy Storage Materials 
27 (January): 78–95. doi: 10.1016/j.ensm.2020.01.018.Elsevier Ltd 

Kinoshita, K., X. Song, J. Kim, and M. Inaba. 1999. “Development of a Carbon-Based 
Lithium Microbattery.” Journal of Power Sources 81–82: 170–175. doi: 10.1016/S03 
78-7753(99)00189-5 

Kumar, Sunil, Malik Abdul Rehman, Sungwon Lee, Minwook Kim, Hyeryeon Hong, Jun 
Young Park, and Yongho Seo. 2021. “Supercapacitors Based on Ti3C2Tx MXene 
Extracted from Supernatant and Current Collectors Passivated by CVD-Graphene.” 
Scientific Reports 11 (1): 1–9. doi: 10.1038/s41598-020-80799-9 

Li, Hongpeng, Xiran Li, Jiajie Liang, and Yongsheng Chen. 2019. “Hydrous RuO 2 
-Decorated MXene Coordinating with Silver Nanowire Inks Enabling Fully Printed 
Micro-Supercapacitors with Extraordinary Volumetric Performance.” Advanced 
Energy Materials 9 (15): 1–13. doi: 10.1002/aenm.201803987 

MXene Materials for Miniaturized Energy Storage Devices (MESDs)              185 

https://dx.doi.org/10.1016/S0167-2738(00)00327-1
https://dx.doi.org/10.1016/S0167-2738(00)00327-1
https://dx.doi.org/10.1016/j.electacta.2018.05.198
http://dx.doi.org/10.1039/c9ra06091j
https://dx.doi.org/10.1039/c9ta06035a
http://dx.doi.org/10.1088/2053-1591/ab750d
https://dx.doi.org/10.1021/acsnano.9b06394
https://dx.doi.org/10.1002/smll.201802738
https://dx.doi.org/10.1002/smll.201802738
https://dx.doi.org/10.1039/d0tc00075b
http://dx.doi.org/10.1016/j.cej.2020.127192
https://dx.doi.org/10.1039/c9tc03415c
https://dx.doi.org/10.1002/adfm.201908243
http://dx.doi.org/10.1016/j.ensm.2020.01.018
https://dx.doi.org/10.1016/S0378-7753(99)00189-5
https://dx.doi.org/10.1016/S0378-7753(99)00189-5
http://dx.doi.org/10.1038/s41598-020-80799-9
https://dx.doi.org/10.1002/aenm.201803987


Li, Hongyan, Yang Hou, Faxing Wang, Martin R. Lohe, Xiaodong Zhuang, Li Niu, and 
Xinliang Feng. 2017. “Flexible All-Solid-State Supercapacitors with High Volumetric 
Capacitances Boosted by Solution Processable MXene and Electrochemically Exfoliated 
Graphene.” Advanced Energy Materials 7 (4): 2–7. doi: 10.1002/aenm.201601847 

Li, Liang, Gengnan Li, Li Tan, Yumeng Zhang, and Binghan Wu. 2017. “Highly Efficiently 
Delaminated Single-Layered MXene Nanosheets with Large Lateral Size.” Langmuir 
33 (36): 9000–9006. doi: 10.1021/acs.langmuir.7b01339 

Li, Neng, Jiahe Peng, Wee Jun Ong, Tingting Ma, Arramel, Peng Zhang, Jizhou Jiang, 
Xiaofang Yuan, and Chuanfang (John) Zhang. 2021. “MXenes: An Emerging Platform 
for Wearable Electronics and Looking Beyond.” Matter 4 (2): 377–407. doi: 10.1016/ 
j.matt.2020.10.024 

Li, Youbing, Hui Shao, Zifeng Lin, Jun Lu, Liyuan Liu, Benjamin Duployer, Per O.A. 
Persson, et al. 2020. “A General Lewis Acidic Etching Route for Preparing MXenes 
with Enhanced Electrochemical Performance in Non-Aqueous Electrolyte.” Nature 
Materials 19 (8): 894–899. doi: 10.1038/s41563-020-0657-0 

Liu, Zhixiong, and Husam N. Alshareef. 2021. “MXenes for Optoelectronic Devices.” 
Advanced Electronic Materials 7 (9): 1–28. doi: 10.1002/aelm.202100295 

Magnuson, Martin, Joseph Halim, and Larsake Naslund. 2017. “Chemical Bonding in Carbide 
MXene Nanosheets.” Journal of Electron Spectroscopy and Related Phenomena. doi:  
10.1016/j.elspec.2017.09.006 

Maitra, Tanmoy, Swati Sharma, Alok Srivastava, Yoon Kyoung Cho, Marc Madou, and 
Ashutosh Sharma. 2012. “Improved Graphitization and Electrical Conductivity of 
Suspended Carbon Nanofibers Derived from Carbon Nanotube/Polyacrylonitrile 
Composites by Directed Electrospinning.” Carbon 50 (5) : 1753–1761. doi: 10.1016/ 
j.carbon.2011.12.021 

Mi, Longfei, Yan Zhang, Taotao Chen, Enze Xu, and Yang Jiang. 2020. “Carbon Electrode 
Engineering for High Efficiency All-Inorganic Perovskite Solar Cells.” RSC Advances 
10 (21): 12298–12303. doi: 10.1039/d0ra00288g 

Naguib, Michael, Murat Kurtoglu, Volker Presser, Jun Lu, Junjie Niu, Min Heon, Lars Hultman, 
Yury Gogotsi, and Michel W. Barsoum. 2011. “Two-Dimensional Nanocrystals Produced 
by Exfoliation of Ti 3AlC 2.” Advanced Materials 23 (37): 4248–4253. doi: 10.1002/ 
adma.201102306 

Naguib, Michael, Vadym N. Mochalin, Michel W. Barsoum, and Yury Gogotsi. 2013. “25th 
Anniversary Article: MXenes: A New Family of Two-Dimensional Materials,” 26 (7): 
992–1005. doi: 10.1002/adma.201304138 

Paquin, Francis, Jonathan Rivnay, Alberto Salleo, Natalie Stingelin, and Carlos Silva. 2015. 
“Multi-Phase Semicrystalline Microstructures Drive Exciton Dissociation in Neat 
Plastic Semiconductors.” J. Mater. Chem. C 3: 10715–10722. doi: 10.1039/b000000x 

Peng, You Yu, Bilen Akuzum, Narendra Kurra, Meng Qiang Zhao, Mohamed Alhabeb, 
Babak Anasori, Emin Caglan Kumbur, Husam N. Alshareef, Ming Der Ger, and Yury 
Gogotsi. 2016. “All-MXene (2D Titanium Carbide) Solid-State Microsupercapacitors 
for on-Chip Energy Storage.” Energy and Environmental Science 9 (9): 2847–2854. 
doi: 10.1039/c6ee01717g 

Pfleging, Wilhelm. 2017. “A Review of Laser Electrode Processing for Development and 
Manufacturing of Lithium-Ion Batteries.” Nanophotonics 7 (3): 549–573. doi: 10.1515/ 
nanoph-2017-0044 

Piqué, A., C.B. Arnold, H. Kim, M. Ollinger, and T.E. Sutto. 2004. “Rapid Prototyping of 
Micropower Sources by Laser Direct-Write.” Applied Physics A: Materials Science 
and Processing 79 (4–6): 783–786. doi: 10.1007/s00339-004-2586-1 

Qin, Leiqiang, Quanzheng Tao, Xianjie Liu, Mats Fahlman, Joseph Halim, Per O.A. Persson, 
Johanna Rosen, and Fengling Zhang. 2019. “Polymer-MXene Composite Films 

186                                                      Miniaturized Electrochemical Devices 

https://dx.doi.org/10.1002/aenm.201601847
https://dx.doi.org/10.1021/acs.langmuir.7b01339
http://dx.doi.org/10.1016/j.matt.2020.10.024
http://dx.doi.org/10.1016/j.matt.2020.10.024
https://dx.doi.org/10.1038/s41563-020-0657-0
https://dx.doi.org/10.1002/aelm.202100295
http://dx.doi.org/10.1016/j.elspec.2017.09.006
http://dx.doi.org/10.1016/j.carbon.2011.12.021
http://dx.doi.org/10.1016/j.carbon.2011.12.021
http://dx.doi.org/10.1039/d0ra00288g
https://dx.doi.org/10.1002/adma.201102306
https://dx.doi.org/10.1002/adma.201102306
http://dx.doi.org/10.1002/adma.201304138
https://dx.doi.org/10.1039/b000000x
https://dx.doi.org/10.1039/c6ee01717g
https://dx.doi.org/10.1515/nanoph-2017-0044
https://dx.doi.org/10.1515/nanoph-2017-0044
https://dx.doi.org/10.1007/s00339-004-2586-1


Formed by MXene-Facilitated Electrochemical Polymerization for Flexible Solid-State 
Microsupercapacitors.” Nano Energy 60: 734–742. doi: 10.1016/j.nanoen.2019.04.002 

Ragones, Heftsi, Adi Vinegrad, Gilat Ardel, Meital Goor, Yossi Kamir, Moty Marcos Dorfman, 
Alexander Gladkikh, and Diana Golodnitsky. 2020. “On the Road to a Multi-Coaxial- 
Cable Battery: Development of a Novel 3D-Printed Composite Solid Electrolyte.” 
Journal of The Electrochemical Society 167 (7): 070503. doi: 10.1149/2.0032007jes 

Shen, Bao Shou, Hao Wang, Li Jun Wu, Rui Sheng Guo, Qing Huang, and Xing Bin Yan. 
2016. “All-Solid-State Flexible Microsupercapacitor Based on Two-Dimensional 
Titanium Carbide.” Chinese Chemical Letters 27 (10). 1586–1591. doi: 10.1016/ 
j.cclet.2016.04.012 

Shukla, Vineeta. 2020. “The Tunable Electric and Magnetic Properties of 2D MXenes and 
Their Potential Applications.” Materials Advances 1 (9): 3104–3121. doi: 10.1039/ 
d0ma00548g 

Sun, W., S.A. Shah, Y. Chen, Z. Tan, H. Gao, T. Habib, M. Radovic, and M.J. Green. 2017. 
“Electrochemical Etching of Ti2AlC to Ti2CTx (MXene) in Low-Concentration 
Hydrochloric Acid Solution.” Journal of Materials Chemistry A 5 (41): 21663–21668. 
doi: 10.1039/c7ta05574a 

Tang, Honghao, Huanran Feng, Huike Wang, Xiangjian Wan, Jiajie Liang, and Yongsheng 
Chen. 2019. “Highly Conducting MXene-Silver Nanowire Transparent Electrodes for 
Flexible Organic Solar Cells.” ACS Applied Materials and Interfaces 11 (28): 
25330–25337. doi: 10.1021/acsami.9b04113 

Tian, Weiqian, Armin Vahidmohammadi, Michael S. Reid, Zhen Wang, Liangqi Ouyang, 
Johan Erlandsson, Torbjorn Pettersson, Lars Wagberg, Majid Beidaghi, and Mahiar M. 
Hamedi. 2019. “Multifunctional Nanocomposites with High Strength and Capacitance 
Using 2D MXene and 1D Nanocellulose.”Advanced Materials 1902977. doi: 10.1002/ 
adma.201902977 

Verbrugge, Mark W., and Brian J. Koch. 1996. “Lithium Intercalation of Carbon‐Fiber 
Microelectrodes.” Journal of The Electrochemical Society 143 (1): 24–31. doi: 10.1149/ 
1.1836382 

Verger, Louisiane, Varun Natu, Michael Carey, and Michel W. Barsoum. 2019. “MXenes: 
An Introduction of Their Synthesis, Select Properties, and Applications.” Trends in 
Chemistry 1 (7): 656–669. doi: 10.1016/j.trechm.2019.04.006 

Wang, Na, Jinzhang Liu, Yi Zhao, Mingjun Hu, Ruzhan Qin, and Guangcun Shan. 2019. 
“Laser-Cutting Fabrication of Mxene-Based Flexible Micro-Supercapacitors with High 
Areal Capacitance.” ChemNanoMat 5 (5): 658–665. doi: 10.1002/cnma.201800674 

Wang, Tong, Tianjiao Wang, Chuanxin Weng, Luqi Liu, Jun Zhao, and Zhong Zhang. 2021. 
“Engineering Electrochemical Actuators with Large Bending Strain Based on 3D- 
Structure Titanium Carbide MXene Composites.” Nano Research 14 (7): 2277–2284. 
doi: 10.1007/s12274-020-3222-x 

Wang, Yunfan, Pan Xiang, Aobo Ren, Huagui Lai, Zhuoqiong Zhang, Zhipeng Xuan, Zhenxi 
Wan, et al. 2020. “MXene-Modulated Electrode/SnO2Interface Boosting Charge 
Transport in Perovskite Solar Cells.” ACS Applied Materials and Interfaces 12 (48): 
53973–53983. doi: 10.1021/acsami.0c17338 

Wu, Jiabin, Qun Li, Christopher E. Shuck, Kathleen Maleski, Husam N. Alshareef, Jun 
Zhou, Yury Gogotsi, and Liang Huang. 2022. “An Aqueous 2.1 V Pseudocapacitor 
with MXene and V-MnO2 Electrodes.” Nano Research 15 (1): 535–541. doi: 10.1007/ 
s12274-021-3513-x 

Xu, Sixing, Wei Liu, Xia Liu, Xuanlin Kuang, and Xiaohong Wang. 2017. “A MXene Based 
All-Solid-State Microsupercapacitor With 3D Interdigital Electrode.“ 2017 19th 
International Conference on Solid‐State Sensors, Actuators and Microsystems (TRAN-
SDUCERS), Kaohsiung, Taiwan, 706–709. doi: 10.1109/TRANSDUCERS.2017. 
7994146 

MXene Materials for Miniaturized Energy Storage Devices (MESDs)              187 

https://dx.doi.org/10.1016/j.nanoen.2019.04.002
https://dx.doi.org/10.1149/2.0032007jes
https://dx.doi.org/10.1016/j.cclet.2016.04.012
https://dx.doi.org/10.1016/j.cclet.2016.04.012
http://dx.doi.org/10.1039/d0ma00548g
http://dx.doi.org/10.1039/d0ma00548g
https://dx.doi.org/10.1039/c7ta05574a
https://dx.doi.org/10.1021/acsami.9b04113
https://dx.doi.org/10.1002/adma.201902977
https://dx.doi.org/10.1002/adma.201902977
https://dx.doi.org/10.1149/1.1836382
https://dx.doi.org/10.1149/1.1836382
http://dx.doi.org/10.1016/j.trechm.2019.04.006
https://dx.doi.org/10.1002/cnma.201800674
https://dx.doi.org/10.1007/s12274-020-3222-x
https://dx.doi.org/10.1021/acsami.0c17338
https://dx.doi.org/10.1007/s12274-021-3513-x
https://dx.doi.org/10.1007/s12274-021-3513-x
http://dx.doi.org/10.1109/TRANSDUCERS.2017.7994146
http://dx.doi.org/10.1109/TRANSDUCERS.2017.7994146


Yu, Zhimeng, Wei Feng, Wanheng Lu, Bichen Li, Hongyan Yao, Kaiyang Zeng, and Jianyong 
Ouyang. 2019. “MXenes with Tunable Work Functions and Their Application as 
Electron- and Hole-Transport Materials in Non-Fullerene Organic Solar Cells.” Journal 
of Materials Chemistry A 7 (18): 11160–11169. doi: 10.1039/c9ta01195a 

Yufit, V., M. Nathan, D. Golodnitsky, and E. Peled. 2003. “Thin-Film Lithium and Lithium- 
Ion Batteries with Electrochemically Deposited Molybdenum Oxysulfide Cathodes.” 
Journal of Power Sources 122 (2): 169–173. doi: 10.1016/S0378-7753(03)00401-4 

Zhang, Chuanfang (John), Lorcan McKeon, Matthias P. Kremer, Sang Hoon Park, Oskar 
Ronan, Andres Seral‐Ascaso, Sebastian Barwich, et al. 2019. “Additive-Free MXene 
Inks and Direct Printing of Micro-Supercapacitors.” Nature Communications 10 (1): 
1–9. doi: 10.1038/s41467-019-09398-1 

Zhang, Chuanfang, Yonglu Ma, Xuetao Zhang, Sina Abdolhosseinzadeh, Hongwei Sheng, 
Wei Lan, Amir Pakdel, Jakob Heier, and Frank Nüesch. 2020. “Two-Dimensional 
Transition Metal Carbides and Nitrides (MXenes): Synthesis, Properties, and 
Electrochemical Energy Storage Applications.” Energy and Environmental Materials 3 
(1): 29–55. doi: 10.1002/eem2.12058 

Zhang, Jing, Shibo Li, Shujun Hu, and Yang Zhou. 2018. “Chemical Stability of Ti3C2 MXene 
with Al in the Temperature Range 500–700°C.” Materials 11 (10): 1–9. doi: 10.3390/ 
ma11101979 

Zhang, Yi Zhou, Yang Wang, Qiu Jiang, Jehad K. El-Demellawi, Hyunho Kim, and Husam 
N. Alshareef. 2020. “MXene Printing and Patterned Coating for Device Applications.” 
Advanced Materials 32 (21): 1–26. doi: 10.1002/adma.201908486 

Zhao, Meng-qiang, Morgane Sedran, Zheng Ling, Maria R. Lukatskaya, Olha Mashtalir, 
Michael Ghidiu, Boris Dyatkin, et al. 2015. “Synthesis of Carbon / Sulfur Nanolaminates 
by Electrochemical Extraction of Titanium from Ti2SC **.” Angewandte Chemie 54 (6): 
1–6. doi: 10.1002/anie.201500110 

Zhao, Zhe, Ye Kong, Zhiwei Zhang, Gaoshan Huang, and Yongfeng Mei. 2020. “Atomic 
Layer-Deposited Nanostructures and Their Applications in Energy Storage and 
Sensing.” Journal of Materials Research 35 (7): 701–719. doi: 10.1557/jmr.2019.329 

Zhu, Zhe, Ruyu Kan, Song Hu, Liang He, Xufeng Hong, Hui Tang, and Wen Luo. 2020. 
“Recent Advances in High-Performance Microbatteries: Construction, Application, 
and Perspective.” Small 16 (39): 1–28. doi: 10.1002/smll.202003251  

188                                                      Miniaturized Electrochemical Devices 

https://dx.doi.org/10.1039/c9ta01195a
https://dx.doi.org/10.1016/S0378-7753(03)00401-4
http://dx.doi.org/10.1038/s41467-019-09398-1
https://dx.doi.org/10.1002/eem2.12058
https://dx.doi.org/10.3390/ma11101979
https://dx.doi.org/10.3390/ma11101979
https://dx.doi.org/10.1002/adma.201908486
http://dx.doi.org/10.1002/anie.201500110
https://dx.doi.org/10.1557/jmr.2019.329
https://dx.doi.org/10.1002/smll.202003251


12 Microsupercapacitors 
for Miniaturized 
Electronic Device 
Applications 

Asmita Dileep Gaonkar, Shraddha Paniya, and  
Kiran Vankayala   

CONTENTS  

12.1 Introduction.................................................................................................189  
12.2 Fundamentals..............................................................................................190  
12.3 Topologies and Performance Metrics........................................................192  
12.4 Electrode Materials for microSCs .............................................................194  

12.4.1 MXenes.........................................................................................194  
12.4.2 2D-Organic Framework Materials ...............................................196  

12.5 Fabrication Methods...................................................................................196  
12.6 Various Ways to Improve the Performance of microSCs ........................198  
12.7 Applications of microSCs ..........................................................................199  
12.8 Conclusions.................................................................................................200  
12.9 Challenges and Future Outlook .................................................................200 
Acknowledgments..................................................................................................201 
References..............................................................................................................201   

12.1 INTRODUCTION 

With growing technological development, the use of portable electronic devices 
has increased tremendously. Miniaturized electronic devices such as intelligent 
robots, foldable mobile phones, wearable electronics, etc. are emerging as advanced 
devices to enhance the living standards of people. Since the size of portable electronic 
devices is shrinking due to advancements in nanotechnology, low-power integrated 
circuits in various devices like microprocessors, wireless communication chips, etc. 
will lead to the growing usage of miniature embedded micro-electromechanical 
systems (MEMS) which work in controlled/uncontrolled environments to collect, 
process, save, and transfer the data.1 In order to achieve advancements in next- 
generation electronics, it is imperative to explore miniaturized energy storage devices 
which possess appreciable flexibility as well as portability. The effective energy 
storage strategies to supplement the energy needs of microdevices are still in the 
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developing phase. Also, there is a lack of energy devices that supply power in a 
continuous manner to complete the charging process. These two factors are known 
to limit the future development of microdevices. To overcome these issues, 
substituting the long-established electric supply mode with contactless charging is 
essential, which can improve the feasibility of energy storage by eradicating 
the inconvenient external circuit connections in microdevices. To supplement 
the energy needs of these miniaturized devices, electrochemical energy systems 
(EES) such as micro-batteries (microBs), micro-fuel cells (microFCs), micro- 
supercapacitors (microSCs), etc. play vital role for the development of portable 
electronic devices, which are compatible to miniaturized electronic devices. 
Among micro-EES devices, microBs have been integrated with miniaturized 
devices.2 In spite of the fact that microBs are commercially available and their 
demand in the market is rising, their low power density and limited cycle life 
impede their widespread use in miniaturized devices. In order to mitigate these 
issues, microSCs are projected as a promising alternative to microBs in micro-
electronic systems as miniaturized power sources owing to superior cycle life, 
faster charge/discharge rates, and robust operating limits. Figure 12.1A shows a 
schematic illustration depicting brief timeline of the development of microSCs. 
MicroSCs have been considered to complement devices with varying power 
consumption requirements (Figure 12.1A,B).3 For instance, microSCs have been 
used as an energy source for low power consumption devices such as sensing 
systems (humidity, temperature, etc.), and also for substantially more power de-
manding communication units such as Wi-Fi, Bluetooth, and 4G-network.4 

This chapter focuses on various aspects of microSCs such as topology, per-
formance metrics, various electrode materials, and applications of microSCs in 
miniaturized devices. The chapter also discusses various ways to improve the 
performance of microSCs. 

12.2 FUNDAMENTALS 

Supercapacitors (SCs) are known to successfully fill the existing void between 
conventional capacitors and batteries. Conventional capacitors offer low energy 
density and low power density as compared to that of SCs but the latter has rela-
tively higher power density and lower energy density than batteries.5 Thus, SCs 
hold the properties of both conventional capacitors and batteries. Figure 12.1B 
shows the energy and power density of different energy storage devices. 

SCs are electrochemical devices which can store and supply high-power elec-
tricity very quickly, for a large number of cycles (up to millions of cycles) without 
any notable decrease in performance. The simplest SC comprises mainly of a pair of 
electrodes (anode & cathode) and an electrolyte that separates the electrodes. In 
order to enhance the applicability of SCs in various electronic applications, con-
tinuous progress in the direction of flexible SCs having a small size which are 
compatible with portable electronic devices is essential. In this line, microSCs 
(Figure 12.1A & B) that are typically at the scale of cm2 or mm2 footprint 
have gained considerable attention as miniaturized energy storage systems which 
possess adequate power density and maintain a fast frequency response. Since 
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microSCs withstand repeated bending, they can be used in wearables and Internet of 
Things (IoT) applications. 

Based on charge storage mechanism, microSCs can be categorized into various 
types, namely electrochemical double layer capacitors (EDLCs) and pseudocapa-
citors (PCs).4 

In EDLCs, an electrical double-layer, develops at the interface between electrode 
and electrolyte results in the capacitance. During the charging process, the surfaces 
of two electrodes will either be positively or negatively charged under the appli-
cation of an external electric field, which will lead to the formation of compact 
electric double layer at the electrode surface due to the accumulation of oppositely 

FIGURE 12.1 A. Schematic illustration depicting a brief timeline of the historical develop-
ment of microSCs. Adapted with permission from ref. 3 Copyright (2019), Wiley-VCH; B. 
power density and energy density of various energy-storage technologies. Adapted with per-
mission from ref. 5 Copyright (2020), Elsevier; C. structural differences between conventional 
SC (sandwich configuration) (left) and microSCs (an interdigitated finger structure) (right). 
Adapted with permission from ref. 1 Copyright (2013), Wiley-VCH; D. schematic illustration of 
sandwich type (left) and in-planar type configuration (right). Adapted with permission from 
ref. 6 Copyright (2014), Royal Society of Chemistry; E. various topologies of microSCs. 
Adapted with permission from ref. 7 Copyright (2019), Royal Society of Chemistry.    
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charged ions present in the electrolyte via electrostatic interactions and results in 
storage of energy. During the discharging, the flow of electrons is from the negative 
to the positive electrode through the load, and current is produced in the external 
circuit and the energy is released.4 Since the physical process of accumulation 
(adsorption of ions on electrode surface) of charges at electrode surface is limited, it 
warrants high surface area electrode materials to accumulate reasonable electric 
charges in order to exhibit appreciable capacitance. In simple words, EDLC is a 
double-layer capacitor with high capacitance but with low voltage limits, especially 
with porous carbon-based materials in aqueous electrolytes. Further, leakage cur-
rents in SCs are reported to be low and are appropriate for various applications that 
work in the potential range of 1.8 V–2.5 V. 

In PCs, the rapid adsorption/desorption or surface redox reactions are respon-
sible for the charge storage to produce capacitance. In PCs, during charging, under 
the applied electric field, the accumulation of charges on the electrode/electrolyte 
interface followed by rapid reversible redox reactions takes place at the electrode 
surface, which leads to the storage of energy and opposite processes occur at 
electrode/electrolyte interface during discharging that releases the stored energy. It 
is to be noted that the capacitance offered by PCs is reported to be 10–100 times 
higher compared to the capacitance offered by EDLCs.8,9 This is due to the fact that 
in case of PCs, ions are capable to enter into the electrodes and get involved in the 
redox reactions, whereas in EDLCs charges get stored at the surface of electrodes. 
EDLCs employ high surface area porous carbon-based materials as electrodes while 
PCs usually employ metals, metal oxides, conducting polymers, etc. that can offer 
rich Faradaic reactions as electrode materials. 

The low energy density offered by SCs warrants further development of SCs 
despite the efforts dedicated in developing PCs to achieve improved energy density. 
Asymmetric capacitors (ACs) have been projected as promising candidates to 
achieve improved energy density. In asymmetric microSCs, properties of EDLC 
type and those of PC type microSCs are combined together to give asymmetric 
microSCs configuration which has the advantage of possessing properties from both 
types of microSCs.4 

12.3 TOPOLOGIES AND PERFORMANCE METRICS 

The operation and charge storage mechanism of SCs and microSCs are similar. As 
shown in Figure 12.1C, similar to SCs, microSCs also consist of two electrodes 
separated with a liquid electrolyte but with miniaturized dimensions, possessing 
footprint areas around cm2 or mm2. In order to develop microSCs, rational 
designing of electrodes and device architecture is highly needed, which requires 
proper performance metrics to be used for comparing the performance of various 
reported microSCs.7 

In order to express the performance metrics of SC-based EES devices, a clear 
distinction should be made between conventional SCs at the macroscale and 
microSCs. A traditional way to report the performance of SC is by normalizing the 
parameters, namely energy, power, and capacitance by the weight or volume of the 
device.10 However, as reported by Gogotsi and Simon, the gravimetric performance 
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metric (normalized with weight) is inappropriate when compared to areal per-
formance metric (normalized with area), especially for microSCs since the amount 
of active material (typically μm thin films) used in microSCs is minute.11 

Further, the volumetric performance metric (normalized with volume) is con-
sidered as a suitable metric compared to gravimetric performance. The volumetric 
property involves the comparison of performance of different electrode materials 
without considering their thickness, which can lead to misunderstanding if there 
exists significant difference in the thickness of the electrodes. Therefore in case of 
miniaturized devices, it is more significant to consider the performance of the 
microSCs normalized to its footprint area on the chip.10 Lethien et al. have sug-
gested that surface metrics which is normalized to the thickness of the active layer 
could be compared to get a reliable comparison in the performance of microSCs 
similar to the metrics used in microBs.7 Balducci et al. reported that the most 
important performance metrics for the microSCs are area-normalized capacitance 
(F cm−2), power and energy density based on the footprint area of device. In the 
case of redox materials such as battery type materials that exhibit non-electrostatic 
behaviour, expressing charge storage capacity in units of mA h g−1 or C g−1 is 
appropriate metric instead of capacitance.12 

The performance metric depends on both, the intrinsic properties of microSCs 
like electrode material, electrolyte, design, etc. as well as on the topology of the 
microSC device. The reported topologies used in microSCs are i) single electrode 
configuration, ii) parallel plate configuration, and iii) interdigitated configuration, as 
shown in Figure 12.1E. Among these, the parallel plate configuration is considered 
as a proper topology when the area is constrained, however not a promising con-
figuration as it involves the use of two substrates that may increase the thickness of 
microSCs, and thus it consumes a large volume, and makes it non-compatible to 
electronic devices. To precisely maintain the thickness of the microSCs, it is sug-
gested to place both the electrodes on a single substrate and this type of configu-
ration is termed an interdigitated configuration. This configuration is reported to be 
the most efficient configuration for microSCs’ applications. Further, devices with 
this topology exhibit cell surface capacitance, which is one-fourth of the areal 
capacitance of the single electrode. Most of the reported publications on microSCs 
use a classical pattern of interdigitated configuration.7 

As mentioned earlier, microSCs are different from microBs not only by their 
characteristic high power but also by the long cycle life. This necessitates cycling 
stability as an important metric when assessing new materials and/or new device 
configurations for microSCs. The GCD method is the most commonly used method 
to determine cyclic stability. The potential ranges and applied current densities used 
during GCD tests must be clearly reported, while reporting cyclic stability data. It has 
been reported that for EDLC based SCs, cyclic stability for at least 10000 cycles, 
whereas for PCs, 5000 cycles should be reported.12 Further, similar to SC, 
rectangular-shape CVs and time constant (τ = RCmicroSC) are the characteristics of 
microSCs, where R and CmicroSC represent cell resistance contribution and capaci-
tance of microSC, respectively. As per the definition of τ, adjustment should be taken 
into consideration between the power and capacitance as higher surface capacitance 
leads to higher time constant.7 The float test is another way to determine cyclic 
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stability in which the device is held at constant voltage for 50–100 hours while 
regularly sampling for every 20 hours with impedance and GCD or CV measure-
ments.12 Electrolytes also play a critical role in dictating the performance of 
microSCs. The rate at which the charge is transferred between the pair electrodes in 
SC determines how fast the energy can be stored or released in SC devices. The 
suitable electrolyte should have the factors that include (i) a large potential window, 
(ii) high electrochemical and chemical stability, (iii) good ionic conductivity, (iv) 
a huge operative temperature range, (v) should be inert with current collectors, 
electrode materials, etc., (vi) should be eco-friendly, and (vii) less volatile. The 
electrolytes are mainly divided into various types namely liquid, solid-state, or quasi- 
solid-state electrolytes and redox active electrolyte. Zhong et al. have comprehen-
sively reviewed the role of electrolytes in microSCs.13 

12.4 ELECTRODE MATERIALS FOR MICROSCS 

Various electrode materials such as carbon-based, metal-based materials and con-
ducting polymers have been used in microSCs. Porous carbon-based and graphene- 
based materials are some of the largely studied electrode materials for SC and 
microSC applications. As a result of their exceptional mechanical, electronic, and 
physicochemical properties, two-dimensional (2D) materials like graphene, transi-
tion metal dichalcogenides (TMDs), boron nitride (h-BN), black phosphorus (BP), 
MXenes, etc. have been used as electrode materials in microSCs.14 There have been 
several comprehensive reviews reported on the use of 2D materials such as gra-
phene, TMDs, etc.15 The present section discusses some of the relatively recent and 
less explored 2D materials that have been used as electrode materials in microSCs. 

12.4.1 MXENES 

MXenes belong to the category of 2D inorganic compounds consisting of layers that 
are a few atoms thick transition metal carbides, nitrides, or carbonitrides. The general 
formula of MXenes is Mn+1XnTx, where M is a transition metal, X is carbon and/or 
nitrogen, and T is the surface termination groups (like –F, –OH etc.). MXenes like 
Ti3C2Tx possess good metallic conductivity with hydrophilic nature due to the 
presence of hydroxyl- or oxygen-terminated surfaces. MXenes have attracted much 
attention in recent years owing to their distinctive properties that include good vol-
umetric capacitance, high electronic conductivity (∼6,000−8,000 S cm−1), good 
chemical stability, etc.16 In 2011, Naguib et al. discovered MXenes and since then, 
MXenes have been proposed as a preferred choice for microSCs as micro-electrodes 
for developing on-chip electronic devices.17 The multi-layered MXene flakes were 
obtained through wet-chemical etching of corresponding MAX phases. In 2013, 
single-layer MXene flakes were obtained by the intercalation of large organic mo-
lecules and delaminating the sheets from each other, and opened a new way to explore 
the truly 2D nature of MXenes.18 

Recently, a scalable production of MXene/carbon nanotube (CNT) (Ti3C2/CNT) 
based materials as electrodes in microSCs with the interdigitated configuration was 
reported by Kim et al.19 High value of areal capacitance of 317.3 mF cm−2 was 
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achieved at a 50 mV s−1 scan rate using S-DWCNT/MXene in PVA-H2SO4 gel 
electrolyte. Improved ion transfer rate was observed upon decreasing the gap 
between the electrodes from 10 μm to 500 nm, which leads to improved areal 
capacitance and thus energy density. Chen et al. reported free-standing microSCs 
fabricated using MXene-MoS2-based materials by easy and cost-effective vacuum 
filtration method, and then carving of interdigitated patterns with a laser source was 
carried out.20 The introduction of MoS2 into MXenes increases the electrochemical 
performance by nearly 60% in comparison to pristine MXene. The as-prepared 
microSC device exhibits a high volumetric specific capacitance of 173.6 F cm−3 at 
the scan rate of 1 mV s−1 with capacitance retention of around 98% and columbic 
efficiency of 89% even after 6,000 cycles along with the bending angle of device up to 
150°.20 This study demonstrated the potentiality of TMDs which can be integrated 
with MXenes to realize high-performance microSC devices. In another report, 
Gogotsi et al. have reported a semi-transparent Ti3C2Tx/poly-(3,4-ethylene diox-
ythiophene) (PEDOT) heterostructure-based electrochromic microSCs with inter-
digitated topology (Figure 12.2A). A device with a thickness of PEDOT-MXene 
film as 100 nm showed a high capacitance of 2.4 mF cm−2 at 10 mV s−1 scan rate. A 
58% capacitance retention was observed at a scan rate of 1,000 mV s−1. The PEDOT/ 
Ti3C2Tx also showed a good electrochromic behaviour as color changes were 
observed in the voltage range of 0.6-0 V and –0.6-0 V21 (Figure 12.2B). Recently, 
Zhu et. al. reported microSCs using 2D Ti3C2Tx-based MXene electrodes employing 
a water-in-LiCl (WIL) salt gel electrolyte and achieved a large operating voltage 
window.22 It was observed that at high anodic potential, oxidation of Ti3C2Tx was 

FIGURE 12.2 A. Schematic illustration of the fabrication of microSCs based on Ti3C2Tx 

electrodes; B. long-term cyclic stability of MXene microSCs. (Inset of B shows a logo which 
is powered by as-fabricated MXene based microSCs.) Adapted from ref. 22 Copyright (2022), 
National Science Review; C. digital images of the flexible and freestanding COF@rGO-2 
film; D. GCD curves of COF@rGO-microSC recorded at 0.1 A g−1 to 5 A g−1; E. long-term 
cyclic stability of the as-prepared COF@rGO-microSC. Adapted from ref. 23 Copyright 
(2022), American Chemical Society.    
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suppressed in WIL electrolyte due to high content of WIL that regulated the anion 
intercalation in MXenes electrodes, and thereby broadens the potential window. A 
high volumetric energy density of 31.7 mWh cm−3 was obtained along with an 
operating voltage of 1.6 V when the symmetric planar MXene-microSCs were used. 
Long-term operation was observed even at −40°C, indicating the potentiality of WIL 
for microSCs that could be useful in extreme environments.22 

12.4.2 2D-ORGANIC FRAMEWORK MATERIALS 

2D-organic framework materials comprising 2D metal organic frameworks (MOFs) 
and 2D covalent organic frameworks (COFs) are an upcoming category of porous 
crystalline materials possessing regular porous structure and controllable func-
tionality, are projected as electrode materials in SCs. It has been reported that the 
pseudocapacitance may originate from the redox activity of heteroatoms (B, N, O, 
and S) located at specific positions of framework whereas the electrical double layer 
capacitance originates due to the existence of highly porous organic molecular 
assembly in 2D organic frameworks. Thus, 2D MOFs and 2D COFs are known to 
have the potential for utilization as electrode material for EES applications. 
However, the use of organic frameworks is limited in microSC applications due to 
the inadequacy of suitable microfabrication techniques. 

He et al. reported an asymmetric in-plane microSC constructed by using MOF 
[Cu3(BTC)2]− films doped with electron acceptors (7,7,8,8-tetracyanoquinododim- 
ethane (TCNQ) as electrodes to tune the electrical conductivity. Asymmetric in-plane 
microSCs consisting of TCNQ@Cu3(BTC)2 as a cathode and activated carbon as an 
anode were fabricated. An areal capacitance of 95.1 mF cm−2 was obtained at a scan 
rate of 5 mV s−1. In addition, long-term stability at 10 mA cm−2 with 94.1% 
capacitance retention was observed up to 5,000 charge-discharge cycles.24 In another 
report, Yao et al. reported hybrid films of anthraquinone-containing COFs and 
reduced graphene oxide (rGO)–based electrodes for microSCs. Efficient electrolyte 
ion transportation was maintained as COFs can eliminate accumulation of rGO na-
nosheets in hybrids. A specific capacitance of 451.96 F g−1 and energy density of 
44.22 W h kg−1 was achieved 23 (Figure 12.2C–E). 

Transition metal silicides (TMSi) are another class of less explored non-2D ma-
terials as electrodes for microSC applications. Insertion of silicon atoms into a crystal 
lattice of transition metal yields intermetallic TMSi with diversified electronic and 
geometric structure. In 2019, Lee et al. demonstrated free-standing single-crystalline 
Co2Si nanowires (NW) on silicon (Si) substrate for on-chip microSC applications. A 
high areal capacitance of 983 µF cm−2 was obtained at 2µA cm−2, along with a high 
energy density of 629 µF cm−2 at 2µA cm−2. The system also showed a high cy-
clability with ~94% retention in capacitance even after 4,000 cycles. The group 
claims that this study was the first demonstration of TMSi NWs-based on-chip SCs.25 

12.5 FABRICATION METHODS 

The microSCs consist of two types of design configurations, i) sandwich configu-
ration and ii) planar configuration (Figure 12.1D).6 In the primitive stages, 

196                                                      Miniaturized Electrochemical Devices 



microSCs have adopted a “sandwich configuration” in which a solid electrolyte sets 
apart two stacked electrodes (positive and negative electrodes). In 2001, Lim et. al. 
reported the first sandwich configuration–type microSC where a lithium phos-
phorousoxynitride (LiPON) solid electrolyte was sandwiched between two RuO2 

electrodes. The configuration showed volumetric capacitance of ~380 µF cm−3.26 

Though this approach is cost-effective, but there are drawbacks such as 
inappropriate position of the electrode film and the higher possibility of short circuit 
as the electrodes lie one on each other in sandwich configuration. Further, due to 
lack of precise control on the distance between thick solid electrolytes and elec-
trodes, this causes power loss and also increases resistance for ion movement.27 In 
light of these issues, the planar configuration (Figure 12.1D) gained more attention 
than the sandwich configuration due to its ease of scalability and availability of 
different methods of fabrication. The planar design was demonstrated by Sung et al. 
in 2003 with polypyrrole and poly-(3-phenylthiophene) as electrode materials with 
liquid electrolytes. The configuration exhibited a capacitance of ~5.2 mF.28 

The following section briefly discusses the typical methods reported to fabricate 
microSCs. 

The fabrication method needs to be properly selected as per the type of electrode 
material without impacting the ion and electron transport ability. For instance, slight 
variations in the fabrication method would lead to differences in microstructures of 
a given electrode material, which will eventually affect the performance of the device. 
It should be noted that the fabrication method defines the gap between the 
two electrodes, dimensions of the electrode, accuracy of placement of electrodes, etc. 
and thus they have an impact on the electrochemical performance of microSCs.29 

There have been reviews which comprehensively discuss various methods used for 
fabrication of microSCs and the suitable method of fabrication depending on the type 
of material.4,30–38 Figure 12.3A summarizes various methods reported for the fabri-
cation of microSCs. Briefly, in some fabrication methods, active materials will be 
deposited/coated onto desired pre-patterned substrates such as interdigitated config-
uration, while in some methods, the patterns are made on pre-deposited active 
material on substrates. The deposition methods include electrolytic, electrophoretic 
and chemical vapour deposition techniques which have been used to deposit active 
materials on desired substrates. Etching methods, namely, plasma etching and laser 
etching are some of the methods used to create interdigitated patterns. Various 
printing techniques such as screen printing, laser printing, inkjet printing and Gravure 
printing have been reported for the fabrication of microSCs. Photolithography is 
another method used to pattern the substrates with desired designs. More specific 
details about various fabrication methods and the parameters that control the per-
formance of microSCs can be found in recent reviews.4,30 

It should be noted that there exists no fabrication strategy that is currently 
dominant over the other strategies in constructing microelectrodes for microSCs. 
Therefore, enhancing the existing assembly strategies and selecting appropriate 
fabrication methods for practical design with the overall factors, such as active 
materials, electrolytes, and the interface between microelectrodes and electrolytes, 
should be underlying aspects in order to obtain high-performance microSCs, which 
can be integrated in advanced miniaturized devices.29 
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12.6 VARIOUS WAYS TO IMPROVE THE PERFORMANCE  
OF MICROSCS 

To realize high-performance microSCs, it is essential to develop strategies to 
improve energy density of the device without affecting other parameters like power 
density, cyclic stability, area of the microSCs, etc. The performance of microSCs 
depends on the distance between the pair of electrodes width (gap width, Wg) and 
thickness of electrodes. If Wg is more then there will be a reduction in the mobility 
of ions which will reduce power density. Similarly, if the width of the electrode 
(We) is large, then it will cause a long diffusion length for ions. In case of devices 
with electrodes of smaller values of We will have less active material on the 
electrodes. Thus, the optimization of We is necessary in fabricating microSCs. 
MicroSCs comprising of electrodes with suitable We and narrow Wg is known to 
exhibit high performance. As reported, enhancing the ratio of electrode width to gap 
width (We/Wg) can reduce equivalent series resistance (ESR) which leads to im-
proved power density and energy density.4 The other way to increase the surface 
energy density is by fabricating microSCs with thicker electrodes as areal density 
increases with increasing the thickness of active material which in turn increases the 
capacitance since areal energy density is directly proportional to the surface 
capacitance and square of cell voltage. However, this approach cannot be gener-
alized, especially when the active layer is of less conducting material.7 Use of 
hierarchical electrodes is another way to improve the performance of microSCs. 
The active electrode material is typically deposited on the hierarchical template that 

FIGURE 12.3 Schematic illustration of various types of fabrication methods. Inset images: 
“Electrolytic deposition, Electrophoretic deposition, Inkjet printing” Adapted with permis-
sion from ref. 10 Copyright (2016), Macmillan publishers, 3D printing, Laser etching, 
Photolithography, Mask assisted filtration”. Adapted with permission from ref. 2 Copyright 
(2020), IOP science publishers. “Chemical vapour deposition, Plasma etching, layer by layer, 
Screen printing”. Adapted with permission from ref. 29 Copyright (2022), MDPI publishers. 
“Gravure printing” Adapted with permission from ref. 31 Copyright (2015), AIP Publishing. 
“Spray coating” Adapted with permission from ref. 32 Copyright (2015), Elsevier.    
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forms the three-dimensional (3D) microstructure scaffold.39 The two main ad-
vantages of 3D microSCs are i) to increase the energy density in the limited 
footprint area of the device and ii) to decrease the transport path of ions.40 The 3D 
microSCs have been fabricated by etching a deep hole on the substrate in which a 
large amount of active electrode material was placed to produce high mass loading 
so the performance of microSCs will be enhanced.7 

The electrolyte is another component that affects the performance of microSCs as 
the cell voltage is related to the electrolyte. To increase the capacitive performance 
in the case of graphene electrodes, redox electrolytes (Cu/Cu2+, Fe2+/Fe3+) have been 
used. However, it should be noted that these redox electrolytes can provide capaci-
tance for only one electrode; either negative or positive. Recently Wu et al. demon-
strated graphene-based microSCs using water in salt (WIS) ambipolar redox 
electrolyte (ZnI2) that was composed of a pair of redox species, namely I−/I2 and 
Zn/Zn2+. The device exhibited appreciable pseudocapacitance of both positive and 
negative electrodes simultaneously. It should be noted that one ambipolar redox 
electrolyte can provide two pair of redox species which will allow two electrons 
for the oxidation at the positive electrode and reduction at the negative electrode 
simultaneously and separately, thus providing a huge pseudocapacitance. The authors 
obtained a high volumetric capacity and energy density of 106 mAh cm−3, and 
111 mWh cm−3 along with long-lasting cycle life with a 92.1% retention of capacity 
even after 5,300 cycles.41 

12.7 APPLICATIONS OF MICROSCS 

As mentioned earlier, microSCs possess added advantages than microBs and can be 
integrated with various electronic devices such as smart watches and phones, ultra- 
thin laptops/notebooks, smart healthcare bands, biocompatible energy sources in 
pacemakers, etc.42 

In this section, the integration of microSCs with some of the microdevices will 
be discussed. 

A photodetector is a device that involves the conversion of light energy into 
electrical energy. The integration of microSC with a photodetector enables the real-
ization of self-powered microelectronic systems.43 Photoactive materials such as 
titanium dioxide (TiO2) is coated on the microelectrodes of microSCs. It functions as 
micro-electrodes of microSCs as well as light-absorbing active component of pho-
todetectors. Upon illumination of UV light, electrons and holes will be generated in 
TiO2 layer due to absorption of UV-light by TiO2. These photogenerated charge 
carriers will move towards positive and negative micro-electrodes of microSCs under 
an applied electric field, leading to an increase in leakage current. 

The integration of microSCs with nanogenerator allows the direct conversion of 
mechanical energy into electrochemical energy which can be stored. In these 
devices, nanogenerators act as an energy harvesters and microSCs serve as energy- 
storage units. Luo et al reported piezoelectric generator integrated with microSCs 
that are fabricated using the laser engraving method. It was observed that the 
mechanical energy generated due to the application of external stress on the device, 
is directly converted into electrochemical energy and is stored in microSCs. It has 
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shown a peak power density of 0.8 Wm−2 at 20 MΩ with the high capacitance of 
10.29 mF cm−2 at 0.01 mA cm−2.44 

Further, microSCs are projected as a potential substituent to conventional alu-
minium electrolytic capacitors (AECs) in alternative current (AC) line filters. The fast 
frequency response, small size, high power density, and easy-to-integrate features of 
microSCs make them suitable candidates to replace AECs. It functions as AC line 
filters to correct pulse energy or as a current ripple filter in the kHz range.45 Xu et al. 
have demonstrated high-frequency microSCs based on 2D pseudocapacitive MXene 
and MWCNT electrodes that showed areal capacitance of 6 mF cm−2 at 120 Hz. The 
MWCNT provides fast ion transport path and MXene offers high capacitance and 
power density for high-frequency response compared to the commercially available 
tantalum capacitors at 120 Hz.46 In short, microSCs with their unique characteristics 
provide large potential for IoTs and AC filters applications. 

12.8 CONCLUSIONS 

Nanotechnology has allowed the ever-growing development in small wearable 
electronic devices. This calls for flexible and micro-energy storage devices. As 
discussed in the beginning of the chapter, microSCs have more merits over microBs 
owing to their excellent areal power density, long cycle life, and rapid charge- 
discharge cycles. This chapter discusses the fundamental aspects of microSCs, 
various 2D-electrode materials used for microSCs, a brief section on fabrication 
methods, and some recent applications of microSCs. For the assessment and 
comparison of various microSCs, the appropriate performance metrics are dis-
cussed. The important metrics are suggested to be area normalized capacitance, foot 
print area of normalized energy and power of the device. Further, fabrication 
methods are briefly discussed. The performance of microSCs on device configu-
ration (width of electrode, electrode separation etc.) is also discussed. At last, some 
applications of microSCs which are integrated with microdevices are discussed. 

12.9 CHALLENGES AND FUTURE OUTLOOK 

In order to enhance the wide range applicability of microSCs in miniaturized 
devices, it is essential to address a few challenges, as mentioned below. 

Owing to the growing interest in use of microSCs in flexible electronics, a simple 
and reliable approach is required for measuring the mechanical flexibility of the 
device during its mechanical deformation in order to gain better insights into the 
changes in the microstructure of active materials and the electrolytes. The upcoming 
research should focus on developing simple, cost-effective, reliable, and rapid 
methods for the fabrication of microSCs that can be upscaled. The stability of the 
pseudocapacitive materials is another aspect that requires attention. Further, it is 
important to design and synthesize eco-friendly electrolytes with a wide potential 
window that are compatible to the electrodes. By employing ionic liquid electro-
lytes, the potential window of the electrolyte can be significantly increased. 
Recently, WIS-type electrolytes (NaNO3, NaClO4, and LiCl) received considerable 
attention and are projected as promising systems; however, this requires future 
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research due to limited ion transport, and their poor performance at low tempera-
tures. Similarly, there is also a need for the development of gel electrolytes that 
offer stability at high temperatures with outstanding ionic conductivity. The high 
interfacial resistance commonly observed in solid-state microSCs is another chal-
lenge to be given high attention in future studies. Also, an easy and deployable 
fabrication method that yields high resolution of interspacing of electrodes in 
microSCs is highly essential. 
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13.1 INTRODUCTION 

Tetracyanoquinodimethane (TCNQ), an organic π-electron acceptor, gained atten-
tion in organic electronics due to its ability to form charge-transfer salts with high 
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electrical conductivity [1,2]. The reaction of TCNQ with various amines in certain 
stoichiometric quantities results in zwitterionic bis-substituted TCNQ derivatives, 
generally called diaminodicyanoquinodimethanes (DADQs) with a D-π-A frame-
work. Incidentally, the choice of amine plays a vital role to fine-tune precise 
structures along with the captivating and unforeseeable properties that inspire to 
design and develop novel TCNQ derivatives with remarkable characteristics in the 
solids and solutions; this holds DADQs to be still in focus with disparate applications, 
namely as molecular organic semiconductors [3], hopper crystals [4], second har-
monic generation [5,6] and as phosphorescent materials [7]. Initially, TCNQ deriva-
tives were explored notably for second-order non-linear optical (NLO) features, due to 
large hyperpolarizabilities (β) [8]. Only in the recent past, significant investigations on 
optical property of TCNQ derivatives was surveyed. Especially, mono/di-substituted 
TCNQs attained with aliphatic [9,10], heterocyclic[11–14] amines and limited (∼5) 
aromatic amines [15,16] have evolved in contrasting phenomenon like solid-state 
emission, phase change accredits [17] and second harmonic generation (SHG) [18]. 
While accountability for the equitable fluorescence in DADQ solutions was owing to 
the weak interactions, strong hydrogen bonding and molecular self-assembly; 
aggregation [19,20] robust intermolecular desirability, excited states geometry 
relaxation and lesser π-π/CH-π, interactions [21] prevailed in solids. Interestingly, 
BPZDQ and its p-toulenesulphonate salt [22,23] were utilized in imaging epidermal of 
decotyledon plant leaves and selective bacterial endospores. 

Recently, exploration on the effect of ethylene spacer group on TCNQ with 
amine functionality on one end and (i) heterocyclic moiety on the other end, 
predominantly led to the SHG activity [14]; while (ii) simple aliphatic group 
(N,N- dimethyl) on the other end primarily resulted in the DADQ with the highest 
solid-state quantum yield [24], a demonstration on the structure-property correla-
tion. Interestingly, resistive switching (RS) memory could be attained on the 
reaction of TCNQ with hydroxyethyl piperazine (HEP) (ethylene spacer with OH 
functionality) resulting in bis (Hydroxyethyl piperizino) dicyanoquinodimethane 
(BHEPDQ). Solar cell property noticed with a varied design aspect wherein 
TCNQ was reacted with cyclopropyl carbonyl piperazine (CCP) (a derivative of 
heterocyclic amine) resulting in di-cyclopropylcarbonyl piperazine substituted 
dicyanoquinodimethane (BCCPDQ) (Scheme 13.1); in contrast to bis (N- 
benzoylpiperazino) dicyanoquinodimethane (BBPDQ) [17,25] with amine being a 
benzene derivative, manifested phosphorescence property. 

The stored information is conserved even on withdraw of external power in non- 
volatile memory device, criteria for many electronic applications. Thereby RS 
memory devices are known to have the potential to replace the enduring compatible 
semiconductors based on metal oxides as non-volatile memory devices surmounting 
practical limitations, for farther progression and evolution in the memory section. 
Molecular organic materials could replace Si-based electronic devices in certain 
applications [26] related to organic electronics. Furthermore, organic molecules 
encompass simple architects, high-density related to consolidation, affordable 
creation, and good instinctive pliability, thereby eligible for flexible gadget appli-
cations [27]. Though organic polymers have been known for RS memory devices; 
small molecules regarding the same are little utilized and progress is subtlely slow. 
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Henceforth, efforts were committed to the investigation of a small organic 
molecular materials based RS memory device. Lately, pivot is transforming tech-
nology from rigid based into a soft low-power flexible electronic applications along 
with the low-cost, high scalability and process compatibility. 

Surprisingly, so far, among any DADQs, the solar cell property is unveiled. Of 
late, solar cell–based organic molecules, also known as organic solar cells (OSCs), 
accomplished power conversion efficiency (PCE) ∼ 18% besides employing in-
terfacial, bulk heterojunctions (BHJ) [28,29]. Moreover, small-molecule OSCs are 
gaining attentiveness due to their wide spectral ranges emerging from conjugated 
frameworks, and swift functionalization credibility. In several optoelectronic 
devices [30,31]. TCNQ-based compounds were particularly applied as dopants to 
ease, inject and transport charge carriers. In this regard, a TCNQ doped active layer 
was developed by Guillain et al. for polymer-based solar cells, to mitigate high 
charge extraction capability [31]. Of late, flexible solar cells are gaining more 
recognition than the rigid due to their strength and prospective in material and 
congenial electronics [32,33]. 

Owing to sturdy crystalline nature, TCNQ thin film, exhibited high absorption in 
the visible region; however, it displayed more recombination access on the account 
of currents leaked in the effective domain. TiO2 NPs, which act as an electron 
transport layer, were assimilated to suppress recombination of generated hole- 
electron pair at the juncture. Also, TiO2 NPs possess considerable mobility of their 
electrons (0.1–10 cm2/V/s) besides profound conduction assembly (coincide along 
BCCPDQ), thereby initiating the chemical stability of the PV device. 

Primarily, to date, except for optical/non-linear optical property, resistive 
switching (RS) memory device or solar cell attribute of either TCNQ-based deri-
vatives or DADQs has not been investigated and remain as a gap with respect to 

SCHEME 13.1 Synthesis of BHEPDQ and BCCPDQ.    
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TCNQ-based molecular materials. Therefore, this chapter’s emphasis is on the 
comprehensive exploration on the design, photophysical property, electrochemical 
characteristics, fabrication and flexible organic memristor and solar cell employ-
ment of BHEPDQ and BCCPDQ each, respectively. Since recent developments on 
memristor and solar cell devices were on rigid substrates like ITO which are 
inappropriate for flexible electronic applicability; and its accomplishment; therefore 
demands a pathway for a systematized analysis on flexible substrates. PET is 
nontoxic and substrates based on PET showed affinity with inscription procedures, 
furnished optimistic results, and therefore emerged as the potential candidate in the 
development of practical electronic devices. Hence, in this chapter we describe 
the efforts devoted to explore RS switching and PV properties of BHEPDQ and 
BCCPDQ each, respectively. 

13.2 PHOTOPHYSICAL, ELECTROCHEMICAL PROPERTY BESIDES 
NON-VOLATILE RS MEMORY DEVICE EXECUTION OF 
BHEPDQ 

13.2.1 PHOTOPHYSICAL PROPERTY 

BHEPDQ was synthesized according to the modification of the reported procedure 
[10]. To a 0.2 g TCNQ solution at 75°C, 0.267 g of HEP was added beneath 
nitrogen atmosphere (by-product HCN is collected and taken off by scrubber which 
is dipped in the FeSO4 solution). After 3 hr of stirring, a yellow-green micro-
crystalline precipitate was obtained. Attained solid filtered, followed by washing 
with cold acetonitrile and then dried under vacuum. BHEPDQ of 82% yield was 
achieved; further crystallized as thick blocks, at room temperature by slow eva-
poration from DMF. M.P. 300–305°C. BHEPDQ was characterized rigorously by 
varied spectroscopic and microscopy techniques [34]. 

Intermolecular H-bonding between N2 of piperazine and H1 of OH (2.930 Å), 
short contacts led to supramolecular self-assemblies with molecular dipoles. 
Dihedral angle (average) C2–C1–C5–N1 was ∼ −34.06°. Generally, DADQs ex-
hibit zwitterionic structure because they possess large dipole moment in their 
ground state, in solution as well as solids. 

λmax absorption was at ∼419 nm, indicative of intramolecular charge transfer in 
zwitterionic DADQs. In polar solvents, hypsochromic shift noted; indicative of the 
ground state polar nature; agreeing with earlier reports [12,19]. A stokes shift 
observed within ∼82 to 110 nm. Low quantum yields were (Φf = 0.07 to Φf = 
0.20%) observed in solutions when compared to the solid BHEPDQ (Φf = 0.43%), 
probably because zwitterionic DADQs are prone to aggregation and herein HEP 
facilitate particular and directed intermolecular interactions. Enhancement of 
fluorescence in solids is ascribed through restricted relaxation of the excited state, 
and no radiation decay aspect within solution [25]. Fluorescence lifetime decay in 
solids was ∼1.26 ns. Acid sensing of BHEPDQ with HCl manifested quenching 
of fluorescence with red shift monitored by a shift in CH2 protons signal 
of piperazine; which supports the tertiary nitrogen protonation of piperazine 
moieties. 
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13.2.2 SCANNING ELECTRON MICROSCOPY (SEM) AND THERMAL STABILITY 

Acetonitrile solution of BHEPDQ (1 mmol) spin coated for 60 sec at about 1,400 rpm 
on the silicon wafer substrate revealed micro-needles and rod-type features, rare 
among DADQs [12]. Similar study in 1:1 volume ratio of toluene-acetonitrile ex-
hibited microcrystalline flowers. Furthermore, morphology in DMF showed uni-
formly distributed aggregates. Variation in the morphology is accounted due to 
solvent polarity and dispersal capability. Crystals of BHEPDQ exhibited ∼298.16°C 
as the melting temperature (studied by the differential scanning calorimetry) 
under N2 atmosphere at 10°C/min. Heat capacity was calculated as ∼−328.44 mJ. 
Thermogravimetric analysis under similar conditions revealed single phase decom-
position (Td ∼303°C). Persisting compound notably goes off fully and the corre-
sponding 68.84% weight loss of BHEPDQ (∼3.16 mg) is correlated to 282.2 
molecular weight, perhaps due to the loss of one HEP moiety. 

13.2.3 ELECTROCHEMICAL STUDY 

Cyclic voltammetry (CV) study was carried out at room temperature in the dry 
acetonitrile. Three reduction waves (reversible) owing to three successive reduc-
tions (of dicyano fragment) toward disparaging radical anions [35] was observed in 
BHEPDQ. Further, three irreversible oxidation peaks (due to HEP) were observed. 
Considering utmost oxidation and the reduction outsets correspondingly each from 
the CV, the LUMO and HOMO energy levels, relative band gap was determined as 
−5.69 eV and −2.93 eV; from empirical equations [36,37] given below: 

E E E E= [ 0.49 + 4.8]eV and = [ 0.49 + 4.8]eVLUMO onset
Red

HOMO onset
ox

Band Gap E E= LUMO HOMO

Therefore, the obtained bandgaps from the electrochemical method (∼2.76 eV, 
within the range of semiconducting materials) matched well with the optical band 
gap (2.75 eV) determined by the diffuse reflectance analysis (DRS). Cyclic vol-
tammetry was executed by scan rate dependent study to gain an insight on the 
mechanistic pathway. Herein, the anodic peak potential was 1.06 V; fitted (R2 being 
0.998) primarily with the square root of the scan rate, this reveals that BHEPDQ 
molecular system is distinctly diffusion-controlled. 

13.2.4 FLEXIBLE AL/BHEPDQ/ITO DEVICE WITH NON-VOLATILE RESISTIVE 

SWITCHING MEMORY PROPERTY 

A voltage variation among −3 V to +3 V showed the RS conduct in the BHEPDQ 
device. Figure 13.1 presents the fabricated device. An indigent hysteresis was noted 
at positive and negative boundaries when the applied voltage varied from 0 V → +3 
V → 0 V → −3 V → 0 V; this discloses the device as bipolar. When the voltage was 
applied from 0 → 3 V, at first the device maintained a high resistance state (HRS). 
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SET process was indicated by an increase in the current at ∼ 2.26 V and RESET 
process was noticed when concerned voltage sweep was from 0 to ∼−2.88 V; 
during this, the device switched midst LRS to HRS. Accordingly, +2.26 V/– 2.88 V, 
were confirmed as the SET/RESET voltages; distinctly illustrate the RS attributed 
for BHEPDQ. An insignificant variation in the RS property (especially at 10 and 
30 cycles) produced with undeviating swap in the SET and RESET values each, 
respectively, contrast through original gadgets, recommend outrageous reliability of 
the constructed devices. Furthermore, attained voltages were indeed low at the SET 
as well as RESET processess, collated to further organic molecular materials, uti-
lized for RS [38,39]. Consequently, the described device from BHEPDQ is 
appropriate for low-power organic electronics. 

To verify the potential application of the fabricated BHEPDQ device having Al 
has the top electrode and ITO as the bottom electrode; for resilient and apparel 
electronics; bending tests were performed. RS behavior of the above said device 
was explored [40] by studying the outcome of convex and concave i.e. upward and 
downward bends. Figures 13.2a,b manifest the bend under the influence of an 
upward applied force, i.e. convex bend. Figure 13.2c portrays the I-V aspects of the 
same beneath convex bend. A part from this, impact of downward bending force 

FIGURE 13.1 Construction of non-volatile resistive switching memory BHEPDQ device. 
BHEPDQ solution spin-casted on the ITO-PET (plasma cleaned) substrate followed by 
annealing at 150°C. Top electrodes (Al) were placed by E-Beam evaporator, besides shadow 
mask was used to attain relevant pattern. “Adapted with permission from [ 34]. Copyright 
(2022) RSC Publishers.    
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escorted concave bending (Figure 13.2d and e). However, devices preserved nearly 
similar I-V characteristics even after the corresponding bends. In addition, the SET, 
RESET voltages were established as ~2.63V and ~−2.88V each respectively for the 
convex and concave bends, that are the same for devices with no stress. Due to good 
electrical execution in spite of varied mechanical stress; the devices outspread their 
resilience for low power flexible devices. Figure 13.2f displays the device examined 
on top as well as bottom electrodes succeeding bending. A bending diameter of 
5 mm was observed as a captious flexed state. LRS along with the HRS was 
considered in the current-time retention characteristic features beneath the sequel of 
mechanical stress under convex and concave bends, the retention noted up to 104 s; 
found to be stable across the evaluation task. To be noted, constant switching ratio 
maintained in the course of the study divulged its pertinence as a non-volatile 
switching memory device. Also, mechanical stress did not have any considerable 
effect on the electrical performance. 

FIGURE 13.2 (a) Upward bending; (b) schematic presentation of the upward bend; (c) I-V 
properties of upward bend; (d) demonstration of downward bend; (e) representation of 
downward bending; (f) I-V plot of downward bend. Adapted with permission from [ 34]. 
Copyright (2022) RSC Publishers.    
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In contemplation of exploring the switching as well as the mechanism in con-
duction process of the device; achieved I–V properties were shaped for the HRS and 
LRS sections in log-log scale under + ve and – ve bias. Originally the RS device was 
found to be in HRS mode when the voltage applied across was increased from 0 V. 
Thus, a higher electric field increased the injected carrier numbers within the device 
layer. During this first part of the curve in HRS (+ve realm) stipulated SCLC con-
duction action with slope α as ≥ 2. At the SET voltage +2.26 V, BHEPDQ shifted 
from HRS to LRS. A decrease in voltage from 3 V to 0 V, manifested Ohmic con-
duction and on further reducing the voltage to −2.90 V from 0 V, sustained LRS, yet 
the charge transport was directed by the Ohmic conduction with slope being α as 1. At 
RESET voltage −2.88 V, BHEPDQ device transposed its state through LRS to HRS, 
during swept back of the applied voltage to 0 V from – 3 V. The SCLC mechanism 
was accountable considering charge transport. This investigation validates that the 
Ohmic conduction and SCLC mechanisms were primarily dominant in the time of 
HRS and LRS states each respectively. A transport model showcasing the step-by- 
step detailed band diagram was suggested for the fabricated (BHEPDQ) non-volatile 
RS memory device in order to inspect the performance at interface and to attain 
greater apprehension on acquired resistive switching mechanism besides electrical 
properties [34]. Further, within the proposed model, aluminium ions and oxygen 
vacancies were initiated for the resistive switching effects over the devices [40]. 

13.3 PHOTOPHYSICAL PROPERTY, ELECTROCHEMICAL STUDY  
AND SOLAR CELL INVESTIGATION OF BCCPDQ 

13.3.1 PHOTOPHYSICAL PROPERTY 

BCCPDQ was synthesized under similar lines of BHEPDQ [34]. 0.316 g of cyclo-
propyl carbonyl piperazine added to a hot solution of TCNQ (0.2 g) dissolved in 
acetonitrile; under N2 atmosphere at 75°C. Pyridine (Py) was added in a catalytic 
amount at 75°C, after nearly 10 min, simultaneously temperature was allowed to raise 
from ∼100–105°C for nearly 2 h then temperature was raised ∼120°C for 1 h. 
Reaction mixture permitted towards cooling ∼30°C; kept standing for 2 days in a N2 

atmosphere. Crude compound attained was filtered and washed with acetonitrile 
(cold); further solvated in DMF and taken out with diethyl ether. Finally, BCCPDQ 
could be crystallized from the DMF. M.P. 245–250°C. 

BCCPDQ pertained to a triclinic system (P-1 space group). Asymmetric unit had 
three entities i.e. a complete BCCPDQ, one DMF and four H2O molecules [41]. 
Molecular structure of BCCPDQ indicated (C1−C6) benzenoid character of the 
central ring (average bond C-C bond distance ∼1.3895 Å). Average torsional angle 
was 45.46°; rather less than BBPDQ (∼48°, with phenyl carbonyl as substituent) 
[17]; plausible owing to the pliable cyclopropyl carbonyl substituent. Substantial 
short contacts/H-bonding network was observed since water and DMF molecules 
were sandwiched among the BCCPDQ dipoles. Remarkable non-covalent inter-
actions (Å) and H-bonds extend from weak, modest into strong; exemplified 
orientations among the BCCPDQs. Therefore, the progressing reverberations of 
diligent intermolecular interactions followed by DMF besides water molecules 
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together with carbonyl functionality has presumably navigated intensification 
of fluorescence, besides demonstration of solar cell attribute, not observed yet 
among any TCNQ derivatives. 

Though solvatochromism was not significantly observed among various solu-
tions; nevertheless, a little blue shift was observed in MeCN, MeOH, EtOH, DMF 
and DMSO with reference to i-propyl alcohol (IPA) (λmax,abs; 442 nm). A wave-
length of maximum emission in solvents considered in this study was ∼ 529 nm. A 
larger dipole moment of the ground state could be noticed due to the comparative 
absorption spectral shifts, than emission spectra. Fluorescence emission inflated 
∼14 × 104 in IPA having a viscosity (η = 2.04 cP); then in DMSO (∼13 × 104, 
η = 1.99) followed by EtOH (∼9 × 104, η = 1.07); DMF (∼7 × 104, η = 0.79); 
MeOH (∼5 × 104, η = 0.54); MeCN (∼2.3 × 104, η = 0.37). This study perhaps 
suggests the contribution of viscosity; confirmed by a controlled experiment done in 
IPA at different temperatures ranging from 0°C to 15°C with 5°C raise. Fluorescence 
emission reduced simultaneously as the viscosity decreased. Moreover, accountability 
of viscosity also established performing experiments in a mixture of glycerol-water; 
herein enhancement in the fluorescence emission was observed when glycerol 
quantity was increased. A subsided emission intensity in acetonitrile, methanol and 
DMF contrast to IPA, DMSO and EtOH is assigned due to S1/T1 vibronic modes 
overlap with S0 [42]. Absorption in solid BCCPDQ was at a higher wavelength and 
quite broad characteristic. However, an explicit ∼fourfold enhanced fluorescence 
emission in solids was observed when compared to solutions; probably ascribed due 
to the subduing relaxation of vertical excited state to a non-emitting one. Further 
increased solid state emission is attributed to H-bonds guiding supramolecular 
assemblies, besides aggregation phenomenon. Also, aggregation was supported by 
adding 0 to 90% water fraction (fw) of Millipore quality having 18 MΩ resistance; to 
BCCPDQ DMSO solution (10 ppm). Fluorescence emission strikingly lessened amid 
20% fw, evocative of quenching caused due to aggregation. Notably, in DMSO and 
IPA quantum yield was ∼ 0.31% and for BCCPDQ solid quantum yield was ∼ 10%. 
BCCPDQ manifested yellow in ambient light and greenish emission beneath 365 nm 
(along UV light). This study conveys that BCCPDQ is one among a few of the small 
organic molecules as solid-state emitters, while design of such small organic mole-
cules still continues to be a challenge. 

13.3.2 CYCLIC VOLTAMMETRY 

Cyclic voltammetry (CV) study was performed on 10 µM BCCPDQ solution at the 
scan rate of 25 mVs−1. Investigation regulated at various scan rates commencing 
from 10 mV/s to 100 mV/s. Owing to consecutive reduction processes (three) of 
dicyano methylene moiety to their relevant radical anions, three quasi-reversible 
reduction potentials were perceived. Apart from reduction, irreversible oxidation 
peaks (three) were disclosed Eox at 0.67 V, 1.06 V and 1.377 V, attributed to the 
appearance of CCP (donor) in the BCCPDQ zwitterion. The oxidation process was 
ascribed to one nitrogen linked to the CO group and two nitrogen of piperazine near 
to the δ+ carbon. Further, these oxidation peaks are feasibly assigned due to the 
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formation of corresponding radical cations i.e. neutral BCCPDQ to BCCPDQ 
radical cation and further to BCCPDQ.2+ in the nitrogen centers. Third, peak due to 
oxidation noticed at the higher potential is possibly ascribed for neutral BCCPDQ to 
BCCPDQ radical cation oxidation at the nitrogen centers attached to carbonyl 
functionality, because of lesser electron density, contrast to further nitrogen centers. 
Selecting respective extreme data points of the oxidation and reduction onsets, 
HOMO and LUMO energy of the BCCPDQ were acquired to get a greater instinct 
on energy levels besides band formation. 

HOMO and LUMO energy levels were intended, utilizing the equation discussed 
sec. 13.2.3 in BHEPDQ [34], correspondingly HOMO and LUMO energy levels 
were obtained as −5.687 eV and −3.017 eV for each respectively. The electro-
chemical bandgap (∼2.67 eV, range of semiconducting materials) matched well 
with the optical bandgap (∼2.68). The scan rate dependent cyclic voltammetry 
study was done to gain mechanistic insight regarding BCCPDQ’s electrochemical 
responses. To verify the mechanistic pathway of the redox phenomenon, anodic 
peak current densities were raised followed by gradual increase of the scan rate; 
further the anodic peak potential vs. scan rate and the anodic peak potential versus 
square root of scan rate were plotted, linearly fitted individually. Accordingly, the 
anodic peak potential at 1.06 V fitted best with the scan rate (R2 = 0.9962) rather 
than square root of scan rate (R2 = 0.9870); this specifies the BCCPDQ redox 
system as electron transferred-controlled. 

13.3.3 SCANNING ELECTRON MICROSCOPY AND THERMOGRAVIMETRIC  

ANALYSIS 

BCCPDQ was stable to ∼250ºC. Decomposition via single step emerged in weight 
loss of 67.46% with a corresponding mass of 308.9 gm from overall mass ∼458 gm. 
At first, two 1-(cyclopropyl carbonyl) piperazine moieties were found to undergo 
decomposition. After the entire decomposition process, the final mass remained was 
32.54% (149 gm) and identified to be TCNQ possessing the dicyanomethylene 
moiety, without amine substituents. 

One mmol drop casted films obtained from acetonitrile and methanol solutions of 
BCCPDQ distinctly showed close packed, uniformly dispersed spherical char-
acteristics with 1.71 μm and 1.43 μm average particle diameter, respectively. 
Spherical features with dense packing were perceived in acetonitrile than in 
methanol. On the other hand, drop casted films through ethanol and IPA exhibited 
both isolated/spherical and non-uniform irregular feature with 0.68 μm and 0.75 μm 
diameter of the particles in each discretely [41]. Contrast morphological attributes 
are assigned perhaps owing to different rates of the solvents evaporation such as 
acetonitrile, methanol and ethanol, emanating in diversified growth kinetics [12]. 
Spherical features in thin films coated from acetonitrile were observed among 
amorphous nanoparticles of certain DADQs possessing aromatic amine substituents 
having conformationally versatile bonds [43]; nevertheless, herein, BCCPDQ 
solutions, with BCCPDQ possessing simple aliphatic amine as substituent showed 
spherical features. 
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13.3.4 SOLAR CELL PROPERTY OF BCCPDQ 

13.3.4.1 UV-Vis Absorption and Fluorescence Emission in BCCPDQ Film 
The wavelength of maximum absorption corresponds to 390 nm in pure BCCPDQ 
films. In the tandem film a broader absorption feature was observed and the peak 
maximum was noticed to be red shifted (415 nm), probably due to the enhanced 
intermolecular π-π stacking. Fluorescence spectroscopy was done in order to delineate 
the entrapment of the carriers, besides transport phenomena of the photoluminescence. 
Emission intensity of TiO2 doped BCCPDQ was lower than basic BCCPDQ, divulges 
existence of either sub-bands or surface irregularities and advantageous in the sepa-
ration of the charge carriers to stimulate the carry away of excitons. 

13.3.4.2 Photovoltaic Characteristics 
For testing the photovoltaic property, in the first instance a BCCPDQ solar cell was 
constructed by a typical structure coated with Al as the top and ITO as the bottom 
electrode. I-V measurements accomplished over the device under standard condi-
tions i.e. 1 Sun and 1.5 G air mass irradiation. A BCCPDQ device showed a short 
circuit current density (JSC) and an open circuit voltage (VOC) of 2.56 mA cm−2 and 
0.50 V, respectively, relative to −1 to 1 V sweep voltage; 0.25 V was the maximum 
voltage (VM) and 1.445 mA/cm2, maximum current density (JM). The fill factor 
(FF) value was 29.4%. The ratio of total output power to the input irradiated (power 
conversion efficiency) power of the designed cell is identified by expression (13.1): 

V J FF

P
Efficiency = OC sc

in
(13.1)  

Efficiency of the ordinary self-sustained BCCPDQ device (1 cm2/unit cell dimen-
sion) was attained as 0.40%. The little η value accredited was due to the cumulated 
electric field that led to the recombination of light induced charge carriers generated 
in active layer. Hence, to thwart rigorous recombination rate within the device, TiO2 

nanoparticles were incorporated, which act as an electron transport layer (ETL) 
across BCCPDQ and ITO-coated PET layer (Figure 13.3). 

An ETL not only takes part in the extraction and transit of light induced charge 
carriers from the operative BCCPDQ layer to anode/cathode [44] but also transforms 
the confluence effects among the photogenerated layer besides the electrode, therefore 
minimize the rate of recombination. Moreover, TiO2 NPs boost the junction pos-
sessions and intensify diffusion of charges by clearing the way for directive transit of 
the charges [44,45]. 

The TiO2 NPs implanted PV device cell manifested JSC, VOC as 6.72 mA cm−2 

and 1 V; 0.54 V and 3.68 mA/cm2 as VM and JM values individually. Interestingly 
the FF value was 33.6% and efficiency of 2.26% could be achieved. This is 
∼tenfold elevated in comparison to the self-sustained BCCPDQ device. The en-
hancement in η value is perhaps attributed to the modification of the juncture among 
BCCPDQ/TiO2 NPs, resulting in the adjustment of bandgap connecting both the 
layers. Aforementioned attenuates sequel in instantaneous migration of charge over 
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juncture. Reduction of series resistance (Rs) leads to the increase in the FF value. 
Consequently, BCCPDQ may be easily considered in the OSC employment. 

In the self-sustained BCCPDQ device, a BCCPDQ layer is sandwiched among 
the Al and bottom electrode, a feeble electric field is originated and low VOC and 
JSC are produced due to the internal photo-induced excitons, since these experience 
prompt recombination as they jump towards the electrodes. Contrastingly, the en-
ergy levels among valence band and the conduction band of the BCCPDQ and TiO2 

NPs eased the segregation of charges at the interface. Considering coherent col-
lection of charges, bottom electrode positioned dynamically along with junction in 
the formation of ohmic contact. In the process of illumination, excitons generated in 
photoactive BCCPDQ surface and experienced diffusion at the interface under a 
reverse bias, so as to undergo dissociation by the internal electric field. 
Consequently, peripheries of bands capitulated and their bending facilitated the 
carrier separation activity. Eventually, TiO2 NPs offered a well-ordered channel for 
charge extraction besides electron transportation towards the electrode regulating 
recombination estimate of electrons at the interface of the fabricated BCCPDQ/ 
TiO2 NPs device. Furthermore, the inflated Fermi level offset at the top electrode/ 
BCCPDQ junction gave rise to a Schottky barrier hastening hole extraction through 
the photoactive layer by simultaneously limiting and combination around the 
juncture. As a consequence, higher photovoltaic performance was noticed in the 
fabricated device compared to the standalone BCCPDQ device [41]. 

13.3.4.3 Stability Study 
The impact of tensile and compressive bending over photovoltaic accomplishment 
of Al/BCCPDQ/TiO2 NPs/ITO-PET device has been examined, since the effec-
tiveness of the pliable PV device was established to be dependent on the robustness 
of the electrical effects in the process of varied bending states. This study estab-
lishes the device as sturdy and definitive; the two play a crucial factor for rotation 

FIGURE 13.3 (a) TiO2 NPs implemented on the fabricated Al/BCCPDQ/TiO2 NPs/ITO 
photovoltaic device. (b) J-V attributes attained under 1 Sun and 1.5 G air mass; inset depicts 
micro-image of cross-sectional BCCPDQ device with ∼430 nm thickness and the coated 
TiO2 NPs ∼ 215 nm. Adopted from Ref. [ 41].    
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processing in the low-power apparel organic electronics. During the maximum 
bending, little increase in the current density was noted, possibly owing to the rapid 
elevation in the resistance of the substrate; nevertheless, the J-V attributes were 
noticed as same when the device was set to the usual position. 

Steadiness of the fabricated OSC was investigated for ∼100 hr. Tests were 
conducted beneath 100 mW/cm2 (1 Sun) illumination and 1.5 G air mass. Amidst 
the starting phase i.e. < 20 hr amicable PCE was displayed by the cell, additionally 
with impressive stability and no photo degradation. Additionally, scarcely variation 
in the PCE was noted due to the outside climate (∼25 to 30°C). Declining of the 
heterojunction resulted soon, compared to the fundamental BCCPDQ cell, possibly 
due to continued exposure of the device regarding light and also owing to the 
transient effects produced by heat. Nonetheless, the degradation percentage was 
serene less and interestingly, in spite of studying for 100 hr, the designed/fabricated 
cell manifested magnificent 94% of the primary efficiency. 

13.4 OVERVIEW 

Employment of ethylene spacer and polar group possessing heterocyclic aliphatic 
amine led to the development of BHEPDQ with enhanced fluorescence in solids 
(Φf = ∼10%) than solutions (Φf = ∼0.30%). Contrasting morphology was noticed 
among different drop casted films, indicative of varied solvent interaction as well as 
different growth kinetics. However, film obtained from a DMF solution exhibited 
uniform morphological characteristics, thus examined for the device pertinence. 
Remarkably, the devices underwent 5 mm bending diameter with unaltered electrical 
accomplishment. The acquired results establish BHEPDQ’s effectiveness towards 
practical flexible electronic applications. The current work shows a direction towards 
the development of small organic molecule based advanced flexible memory devices 
for data retentions and synaptic execution for flexible neuromorphic/neural network 
solicitation. 

On the other hand, usage of 1-(cyclopropylcarbonyl)piperazine gave thermally 
stable (∼250°C) BCCPDQ fluorophore. BCCPDQ manifested supramolecular 
assemblies steered by several weak intermolecular interactions between BCCPDQ 
dipoles, water and DMF. The OSC BCCPDQ device, with TiO2 NPs, showed a 
magnificent stable property under tensile and compressive stress, exemplifying 2.26% 
PCE; ∼ tenfold enhancement than self-supported gadget. Electrical findings were 
demonstrated correspondingly; for with and without bending, it showed minimum 
disparity and revealed device desirability for flexible electro-optic entreaty. Cyclic 
voltammetry disclosed diffusion phenomenon in BHEPDQ and an electron transfer 
mechanistic path in BCCPDQ. Contemporary work demonstrates inception regarding 
design and progress of solution prepared flexible organic memristors and solar cell 
appliances, specifically based on TCNQ derivatives to fulfill the demand and gap. 
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14.1 INTRODUCTION 

In the recent decades, wave energy is an appealing source for scientists and en-
gineers in view of fact that the ocean spans about 70% of earth’s surface. Further, 
ocean wave energy is among the most effective and significant renewables in view 
of its enormous potential for capturing energy from the waves. Numerous wave 
energy extracting technologies have been developed and classified as: (i) oscillating 
water column, (ii) two-body heaving systems, and (iii) overtopping converters. 
Regardless, those WECs have been powered by large, heavy generators such as 
hydraulic systems, spinning turbines, or linear turbines. To overcome these issues, 
piezoelectric devices are proposed that have unique features such as small size and 
high energy density. Further, piezoelectric materials are remarkable because of their 
capacity to produce electricity when distorted by the sensor effect (see [1]). [2] 
proposed the wave energy converters (WECs) consist of the number of piezoelectric 
linked cantilevers that are fastened to a floating buoy framework. This research led 
to the following results: (i) it is noticed that a buoy harvester with a lengthier, 
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narrower floater and a higher sinker is beneficial to extract more power by the 
PWEC device, and (ii) the productiveness of the energy harvester remarkably 
increases with an increase in the buoy harvester’s sinker’s cross-section area for 
certain range, whereas no significant effect is observed in the efficiency beyond 
the certain range of buoy harvester’s sinker’s cross-section area. [3] examined 
the combined hydro-electromechanical characteristics of a PWEC device. It was 
depicted that the wave period was shown to have a remarkable impact on the wave 
power extraction and dissipation caused by the piezoelectric effects. [4] performed 
the experimental setup to investigate the performance of the PWEC device em-
ploying sway motion. The proposed research is useful in the configuration of 
multipurpose PWEC device for low frequency vibration, as well as in “sea-based” 
applications utilizing buoys and boats. [5] investigated the working mechanism of a 
painting type flexible PWEC device experimentally. It was found that the power 
extraction by the PWEC device is linearly proportional to the current velocity and 
wave steepness. Further, it was noticed that flexibility of PWEC device improves 
the serviceability of the device. [6] examined the power extraction by the PWEC 
device integrated with the coastal structures. It was concluded that wave pressure 
and voltage generated by the PWEC is significantly affected by the higher wave 
with longer period. The effect of structural configuration and wave parameters on 
the power extraction by the PWEC device is illustrated theoretically and experi-
mentally by [7]. This article led to the following conclusions: (i) it was seen that the 
power extraction by the device significantly influenced by the vibrated amplitude 
for all of the painted flexible PWEC device, wave period, and wave steepness, and 
(ii) for the strong stiffness case, the wave power extraction by the PWEC device 
increases with an increase in deformation rate. [8] studied the working mechanism of 
PWEC device with the various stopper configuration utilizing the Galerkin approx-
imation. It was found that the performance of the PWEC device is intrinsically en-
hanced by the stopper configuration. Recently, [9] employed a semi-analytical 
approach to examine the productivity of breakwater coupled PWEC device in the 
context of linear wave theory. In this article, following results are achieved: (i) it was 
reported that the device’s performance is not significantly affected by breakwater 
width and submergence depth, and (ii) nature of the edge conditions of the plate is 
essential to improve the device’s hydrodynamics. [10] carried an experiment to ex-
amine the working mechanism of a PWEC device includes a buoy, and a frequency 
up-conversion mechanism. It was shown that the frequency up-conversion mecha-
nism plays a crucial role to transform low-frequency wave movement into mechanical 
movement with a sixfold higher frequency. 

In all the aforementioned research, the efficiency and power extraction by a PWEC 
device are investigated in the influence of normal incident waves. Nonetheless, in 
reality, ocean waves are rather erratic. As a result, it is vital to examine the PWEC 
device’s performance and power extraction in the involvement of irregular incoming 
waves. 

The framework of this research article is listed as: Section 14.2 includes the 
mathematical formulation. The “boundary element method (BEM)”–based solution 
is explained in Section 14.3. Section 14.4 incorporates the results and outcomes. 
Eventually, in Section 14.5, the research findings are discussed. 
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14.2 MATHEMATICAL FORMULATION 

The mathematical modeling of a PWEC device positioned over the uniform seabed in 
the involvement of irregular incident waves is described in this section. The illus-
tration of the physical problem as well as the orientation of the coordinate axes are 
shown in Figure 14.1. A 2D coordinate system is utilized for modeling purposes. 
Here, L represent the plate length that is partially submerged to the ocean with the 
submergence depth d . To solve the physical problem, the BEM is employed. In BEM, 
the computational domain should be closed. Here, the computational domain is cat-
egorized into two subdomains R1 and R2, respectively. To close the sub-domain R1 , 
two fictitious boundaries are located far away from the structure at x l= and x r= , 
respectively. These fictious boundaries are represented by l and r , namely. Further, 

b represents the bottom boundary. Moreover, free surfaces are denoted by f1 and 
f 3, respectively. Further, R = i p i f2 2 1 2 . Here, i1 and i2 are the ficti-

tious boundaries, respectively. In addition, p and f 2 are termed plate boundary 
and free surface boundary, respectively. Furthermore, the fluid flow is “time har-
monic” with “angular frequency”. In this regard, the “velocity potential” 

x z t j( , , ), = 1, 2j exists and will take the form x z t Re x z e( , , ) = { ( , ) }j j
i t

(see [11–13]). The governing equation in this context is given as (see [14–16]): 

x z j( , ) = 0, = 1, 2.j
2 (14.1)  

The boundary conditions (bcs) at z = 0 are given by 

z
K = 0, on ,

j
j f f f1 2 3 (14.2) 

FIGURE 14.1 Illustration of the physical problem.    
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where K g= /2 . Now, the bottom bcs at z h= is given by 

z
= 0, on ,b

1 (14.3)  

Further, the linearized kinematic bcs on at z d= is given as 

z z
i= = , on ,p

1 2 (14.4)  

where represents the plate deflection. Furthermore, the dynamic bcs on the plate is 
written as 

g
i x

i1 +
+

= ( ), on .p

2 4

4
2

1 2 (14.5)  

Here, = , = , = , = ,C

g CB

B

L

I b (see [9] for details). Now, the fixed edge bcs 

on the plate are given by 

x
= 0, = 0 on the edges of .p (14.6)  

Further, the pressure and normal velocities are continuous with the two fictitious 
boundaries i1 and i2 at x b= and x L= , respectively, are written as 

x x
= , = on .i i1 2

1 2
1 2 (14.7)  

Finally, the far-field bcs yields (see [17–20]) 

x
ik

x
ik

( )
( ) = 0, on ,

= 0, on .

I
I

l

r

1
0 1

1
0 1

(14.8)  

Here, e f k z= ( )I ik x
0 0,0 with ( )f k z( , ) = .igA k z h

k h0 0
cosh ( + )

cosh ( )
0

0
Moreover, k0 satisfies 

the dispersion relation gk k h= tanh( )2
0 0 (see [21–24]). 

14.3 SOLUTION METHODOLOGY 

The solution procedure focused on the BEM to handle the BVP discussed in the 
previous section is provided here, utilizing “Green’s second identity” on x z( , )j

along with the “fundamental solution G x z( , ; , ),” 
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( )x z x z G x z d( , ) = ( , ) ( , ; , ) , ( , ) ,j j
G x z

n

x z

n

1
2

( , ; , ) ( , )j

(14.9)  

where x z( , ) and ( , ) are the “field” and “source points”, namely. The “funda-
mental solution” appears in the form (see [25–27]) 

G x z r r x z( , ; , ) = ln ˜; ˜ = ( ) + ( ) .1

2
2 2 (14.10)  

Utilizing the bcs (14.2–14.8) into Equation (14.9), we get 

G

n
ik G d

G

n
d

G

n
ik G d

G

n
KG d

G

n
G

n
d

G

n
i G d

G

n
G

n
d

G

n
KG d

n
ik Gd

1

2
+ + +

+ + +

+ +

= .
I

I

1 0 1 1 0 1

1 1
1

1

1
1

1

0

l b r

f i p

i f

r

1 1

2 3

(14.11) 

G

n
G

n
d

G

n
i G d

G

n
G

n
d

G

n
KG d

1
2

+ + + + +

+ = 0.

2 1
1

2 1
1

2

i p i

f

2 1

2

(14.12)  

Now, utilizing BEM, Equations (14.11) and (14.12) are adapted into a system of 
equations (see [28–31] for details): 

H ik G H H KG

H G
n

H i G

H G
n

H KG

G
n

ik

( ) + + ( )

+ + ( )

+ + ( )

= .

j

nbl

j ij ij
j

nbb

ij j
j

nbf

j ij ij

j

nbi

ij j ij
j

j

nbp

ij j ij j

j

nbi

ij j ij
j

j

nbf

j ij ij

j

nbl

ij
j
I

j
I

=1
1 0

=1
1

=1

1

1

=1

1

1
1

=1
1
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2

1
1
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i
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2
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(14.13) 
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H G
n

H i G H G
n

H KG

+ + ( ) + +
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ij j ij j
j
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(14.14)  

It should be mentioned that Equations (14.13) and (14.14) include the unknown 
plate deflection j. To solve the unknown in Equations (14.13) and (14.14), coupling 
is required with Equation (14.5). Now, utilizing the “central difference formulae” to 
discretize the Equation (14.5), we get (see [32]): 

S T
2 + 6 2 +

+
2 +

= ,
j j j j j

j

j j j

j
j j

+2 +1 1 2

4

+1 1

2 1 2

(14.15)  

where S =
g 1 +

i

2

2

+

, and T = i

g 1 +
i

2

+

. Similarly, discretized in Equation (14.6), 

we get 

= 0, = .j j j+1 1 (14.16)  

14.4 RESULTS AND DISCUSSIONS 

Wave power extraction by the PWEC device is written as 

P
gA kh kh kh

kh
R T=

[ sinh cosh +

8 cosh ( )
(1 ˜ ˜ ),ext

2

2
2 2 (14.17)  

Here R̃ and T̃ are signified as “reflection and transmission coefficients”, namely. 
Thus, the incident wave energy flux for random waves is as (see [33–36]) 

P g S C d+ = ( ) .inc I g
0

(14.18)  

Here, Cg is termed as group velocity. Further, the expression for the incident wave 
spectrum is given as (see [37–39]) 

S H exp( ) =
1.25

4
1.25 .I

m m
4

5 1/3
2

4

(14.19)  

Here, m and H1/3 are model frequencies and significant wave heights, respectively 
(Table 14.1). 
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Finally, the PWEC’s wave power extraction efficiency is expressed as the 
following: 

R T= 1 ˜ ˜ .2 2 (14.20)  

Parameters related with the irregular incoming waves and shape parameters of the 
PWEC device are as follows: h m L h l h b h r b= 10 , / = 2.0, / = 2.0, / = 0.5, = +
L h kg m g m s+ 2.0 , = 1025 / , = 9.8 / .3 2

Figures 14.2 and 14.3 illustrate the change in power extraction, Pext, by the 
PWEC device as a function of incident wave frequency, av, for various plate 
length, L h/ , and submergence depth, d h/ , respectively for various sea climates. In 
Figures 14.2(a) and 14.3(a), it is noticed that more resonances occur as L h/ rises. 
This occurs because as the plate length increases, the natural vibration frequencies of 
the plate increase. As a result, the number of resonances increases. In addition, the 
amplitude of the resonance is higher for a plate length with smaller values. Moreover, 
Figures 14.2(b) and 14.3(b) depict the effect of change in submergence depth on the 
wave power extraction by the PWEC device. It is reported that the PWEC device’s 
power extraction is higher for the moderate incident wave frequencies. It is illustrated 
that the PWEC device’s power extraction is higher for the smaller d h/ . The same is 
justified by the fact that wave energy is more concentrated close to z = 0. It is also 

TABLE 14.1 
Significant Wave Heights and Modal Frequencies for 
Various Sea States     

Sea state H1/3(m) ωm  

3 0.875 0.837 

4 0.714 1.875    

FIGURE 14.2 Change in Pext vs. av for numerous (a) L h/ , and (b) d h/ for sea state 3.    
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revealed that the resonance appears at the same incoming wave frequencies 
inattentive of the change in d h/ . Further, a comparison between the Figures 14.2 and 
14.3 shows that the wave power extraction by PWEC device is higher for sea state 4 
than sea state 3. 

In Figures 14.4 and 14.5, the change in wave power extraction efficiency, , by 
the PWEC device vs av is plotted for various L h/ , and d h/ , respectively for various 
sea climates. In Figure 14.4(a), it is found the wave power extraction efficiency is 
higher for smaller L h/ , whereas the number of resonances increases as L h/
increases. Additionally, in Figure 14.4(b), it is illustrated that the wave power 
extraction efficiency by the PWEC device increases with the decrease in d h/ . The 
reason for the same is provided in the discussions of Figures 14.2(b) and 14.3(b). 
The overarching pattern of Figures 14.5 (a) and (b) is same as that of Figures 14.4 
(a) and (b). 

FIGURE14.3 Change in Pext vs. av for numerous (a) L h/ , and (b) d h/ for sea state 4.    

FIGURE 14.4 Change in vs. av for several (a) L h/ , and (b) d h/ for sea state 3.    
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14.5 CONCLUSIONS 

In this research, the hydrodynamics of the PWEC device is analyzed in the 
involvement of irregular incident waves. The BEM is used to handle the corre-
sponding BVP. To construct the erratic wave climate around the PWEC plant, 
the Bretschneider spectrum along with the sea states are taken as the incident wave 
spectrum. It is noticed that the wave power extraction and wave power extraction 
efficiency by the PWEC device is higher for the smaller plate length and the number 
of resonances increases as the plate length increases. Further, it is observed that 
the wave power extraction and wave power extraction efficiency by the PWEC 
device is higher for the smaller submergence depth. Moreover, the amplitude of the 
resonance is higher for sea state 4 than sea state 3. 
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15.1 INTRODUCTION: BACKGROUND 

Over the last two decades, the application of nanotechnology in biosensing led to 
rapid progress in highly sensitive, reliable, and faster biosensor design with inherent 
compatibility with integrated circuit (IC) technology. Owing to this progress, 
the successful emergence of so-called lab-on-chip (LOC) diagnostic systems has 
created exciting opportunities in the fields of medical biology spanning from gene 
sequencing to early detection of lethal diseases. In this context, the recent devel-
opments in the metal-oxide-semiconductor field-effect transistors (MOSFET) based 
electrochemical biosensor has exhibited substantial promise for label-free bio-
molecule detection on the basis of intrinsic charge-states. The compatibility with the 
existing MOSFET process flow, as well as the scope of integration for MOSFET 
biosensors with integrated circuit technology, is considered highly promising for 
LOC-based emerging application areas such as point-of-care (POC) diagnosis. 
Furthermore, the recently reported class of MOSFET-based biosensors which 
operates on the principle of dielectric modulation is drawing more and more 
attention from the global research community due to their capability of label-free 
detection for both charged as well as charge-neutral biological species. Structurally, 
the dielectrically modulated Biological FET (DM-BioFET) biosensors closely 
resemble the conventional MOSFET, which incorporates a relatively thicker gate 
insulator region, where a nano-gap cavity region is introduced during fabrication. 
The cavity region is functionalized with an appropriate bio-receptor having a 
specific affinity towards the target biomolecules, i.e. analyte. Subsequently, after 
analyte incubation, the receptor/analyte binding in the cavity region alters the 
effective dielectric constant as well as the surface charge density of this region. The 
biomolecular interaction in the cavity modulates the gate electrostatic coupling over 
the channel, which in turn alters the carrier injection component into the channel 
and thereby the terminal current of the biosensor device. The detection and quan-
tifications of the target biomolecule in DM-BioFET biosensors have been accom-
plished from the change in terminal current and threshold voltage of the device. 
However, despite their inherent advantages, the incorporation of a thick nano-gap 
cavity region compromises the overall electrostatic integrity and leads to higher 
drain-induced barrier lowering effects in the DM-BioFET device. Consequently, the 
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sensing performance of conventional DM-BioFET gets substantially degraded even 
with moderate channel length. 

On the other side, the ever-increasing demand for miniaturization and expanding 
functionalities in IC technology leads to rapid downscaling of conventional MOSFET 
devices, which imposed a significant technological challenge in device design by 
simultaneously sustaining the device downscaling and limiting the detrimental short 
channel effects (SCE) in the scaled-down MOSFET. Historically, this challenge has 
been most effectively addressed by incorporating different emerging nanostructures 
in MOSFET design and subsequently exploiting their inherently superior electrostatic 
integrity to subdue the SCE. Driven by this paradigm, the integration of different 
emerging nanostructures for conventional charge modulated biological FET (CM- 
BioFET) design leads to significant improvement in the limit of detection (LOD) and 
sensitivity of such biosensors. 

However, to date, no exclusive review is available on nanostructure-based DMFET 
biosensors. Subsequently, this book chapter presents a comprehensive summary of 
emerging nanostructure-based dielectrically modulated biosensors emphasizing the 
design aspects. 

15.2 GENERAL OVERVIEW OF BIOSENSORS 

The International Union of Pure and Applied Chemistry (IUPAC) has defined 
biosensors as “any device that can use bio-molecular interactions at its surface to 
report this signal while rejecting unintended, nonspecific signal”. Thus, biosensing 
principally involves the conversion of the biological signals (alteration in one or 
more physiochemical properties of the biological system) originated from bio-
molecular interaction into an electrical signal that can be electronically processed 
and represented in a convenient form to the end user. The relative intensity of the 
biological signal represents the concentration of any specific biomolecule in 
the sample under question. There are two primary components of a biosensor, 
namely bio-receptor and transducer, as shown in Figure 15.1. The bio-receptor is 
a biological entity that has a specific affinity towards target biomolecules known 
as the analyte, i.e. from a collection of different biomolecules the bio-receptor 
biochemically interacts only analyte. The biomolecule detection in biosensors 
involves a well-defined sequence of generic steps. First, a specific bio-receptor is 
chemically immobilized to the sensor surface, known as bio-receptor functiona-
lization. Next, in the incubation step, the biosensor is subjected to a biological 
sample containing the target biomolecules (analyte) for a sufficient time. The 
analyte diffuses towards the sensor surface and subsequently undergoes a 
selective binding with the functionalized bio-receptor, which is defined as ana-
lyte/receptor conjugation. The quality of the generated biological signal strongly 
depends on the chemical properties of the bio-receptor and the specific functionali-
zation process. The basic requirements of a good bio-receptor include simple and 
stable attachment with the sensor surface, high surface coverage, integrity of bio-
logical activities after functionalization, and reasonable shelf-life. The transducer is a 
device capable of converting the biological signal from analyte-receptor interaction 
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into a measurable and quantifiable electrical signal. The working principle and the 
efficiency of transducers widely vary depending upon the nature of biomolecular 
interaction and the transducing technology. 

Owing to the gradual developments in biosensing technologies, a wide spectrum 
of biosensors are available, which can be classified on the basis of its bio-receptor 
element as well as its transduction mechanism. Therefore, the usefulness of any 
biosensing technology is defined in terms of its figures of merit (FOM), which offer 
a quantitative estimation of performance compared to that of other biosensing 
technologies. Both transient and steady-state responses of the biosensors are con-
sidered for evaluating the FOM. The principal FOM that is usually defined for 
biosensing are as follows. 

15.2.1 SELECTIVITY 

The selectivity indicates the ability of any biosensor to reliably report the presence 
of a specific analyte in a heterogeneous mixture. In other words, a highly selective 
biosensor can successfully distinguish between desired and undesirable bio- 
molecular interactions in its response. The selectivity is often characterized by the 
signal-to-noise ratio (SNR) of the biosensor, where signal represents the biosensor 
response for desired bio-molecular interactions and noise represents the same for 
undesired bio-molecular interactions. 

15.2.2 SENSITIVITY 

The sensitivity (S) is the rate of change of transducer signal with analyte concen-
tration as shown in Figure 15.2. A higher sensitivity implies a detectable change of 
transducer signal for a small change of analyte concentration. 

FIGURE 15.1 Generic representation of a biosensor and its primary components.    
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15.2.3 LIMIT OF DETECTION 

The limit of detection (LOD) refers to the lowest analyte concentration at which a 
biosensor can produce a clearly distinguishable signal from noise in the environ-
ment, as shown in Figure 15.2. Therefore, the SNR of the biosensor will be less than 
one below the detection limit of a transducer. 

15.2.4 DYNAMIC RANGE 

The dynamic range (DR) of a biosensor describes the range of analyte concentra-
tions over which the biosensor can reliably report a concentration variation, as 
shown in Figure 15.2. Generally, the response of a biosensor varies almost uni-
formly with analyte concentration within its dynamic range. 

15.2.5 RESPONSE TIME 

The response time (RT) of a biosensor is defined as the time needed for producing a 
detectable variation in its response, as shown in the inset of Figure 15.2. Hence, a 
smaller response time is needed to accomplish faster detection of the analyte. 

15.3 BIOLOGICAL FIELD EFFECT TRANSISTOR (BIOFET) 

The introduction of ion sensitive field effect transistor (ISFET) by Piet Bergveld 
in 1970 is widely acknowledged as the inception of FET-based electrochemical 
biosensing technology. Since then the field has rapidly evolved and has been an 
integral part of clinical medicine and diagnostic applications. The key advantages 
of such technology include the fast and label-free detection, scope of on-chip 

FIGURE 15.2 Generic plots of steady-state and transient response of biosensors.    
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integration and miniaturization [1,2]. In the past four decades, the basic ISFET 
structure has undergone numerous modifications that either involve the receptor/ 
ion-sensitive layer or the device structure/material. The latest developments in 
nano-fabrication and nano-material synthesis enable the exploration of various 
emerging device structures and materials for today’s state-of-the-art FET-based 
biosensors [3,4]. 

Since the ISFETs represent the basic structural element for any BioFET, the 
working principle of ISFET is briefly discussed and consequent modifications for 
realizing the BioFET are indicated. The structure of ISFET is derived from that of 
MOSFET, where the metal/polysilicon gate electrode is replaced by a remote ref-
erence electrode, as shown in Figure 15.3a. Such a structure was initially introduced 
to measure the pH of an ionic solution (electrolyte) that is prepared by dissolving 
chemical compounds in any polar solvent (such as water). The ISFET offered 
significant advantages over the (then) existing glass-membrane electrode-based pH 
sensing technology in terms of operating temperature range, durability, and in-vivo 
monitoring [1,3,4]. 

The FET-based biosensors (BioFET) are realized by depositing a layer of bio- 
receptors above the gate-insulator region of ISFET, which is the general architec-
ture for all the BioFETs, as shown in Figure 15.3b. After analyte incubation, the 
charged analytes are selectively attached with the bio-receptor at the surface of the 
BioFET, which alters charge densities near the gate insulator. The modulation in 
local charge densities in the gate insulator surface leads to a change in channel 
carrier concentration and thereby the channel conductivity of BioFET [2]. The 
principle transduction mechanism in such a BioFET is based on the electrical 
parameter (such as drain current, threshold voltage, trans-conductance) modulations 
due to the presence of the charged analyte, and hence, this class of BioFETs is 
commonly referred to as charge-modulated (CM) BioFET [5,6]. 

FIGURE 15.3 Schematic representation of (a) ISFET and (b) BioFET.    
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15.4 DIELECTRICALLY MODULATED BIOLOGICAL FIELD EFFECT  
TRANSISTOR (DM-BIOFET) 

The inability of detecting charge-neutral biomolecules using CM-BioFET leads to the 
inception of the dielectric modulation-based transduction mechanism for BioFET. 
This class of biosensors is commonly known as the dielectrically modulated (DM) 
BioFETs. The DM-BioFET effectively integrates the advantages of nano-gap elec-
trochemical biosensor with that of BioFET. A nano-gap electrochemical biosensor is 
a two-terminal device that can potentially serve as a site for biological signal gen-
eration due to the size compatibility of the nano-gap (5–100 nm). The contacts 
between the vertical nano-gap are usually realized by metal or heavily doped Si/Poly- 
Si that can successfully detect immune interaction and DNA hybridization events. 
The analyte/receptor binding alters the dielectric constant in the nano-gap that leads to 
a change in the capacitance between the terminals. 

The DM-BioFET are realized by incorporating such nano-gap in the gate-stack 
region of a BioFET, as shown in Figure 15.4a. Specifically, a MOSFET structure is 
designed with a thicker gate insulator region, which is selectively etched out to form 
the nano-gap (~10 nm–20 nm) cavity regions. Next, the cavity regions are func-
tionalized with appropriate bio-receptors, where after analyte incubation, the ana-
lyte selectively binds itself leading to an increase in the effective dielectric constant 
of these regions. For any applied gate bias, the increasing cavity dielectric constant 
reduces the electrostatic potential drop across the cavity region and thereby 
increases the channel surface potential, as depicted in Figure 15.4b. This effect is 
analogous to the overall gating effect modulation in DM-BioFET, and subse-
quently, a notable change in the terminal current and other electrical parameters is 
observed after biomolecule conjugation, as shown in Figure 15.4c. Furthermore, 
apart from dielectric modulation, the presence of an appreciable charge state in the 
biomolecules can alter the electrostatic potential profile across the cavity leading to 
further modulations in the overall gating effects in DM-BioFET. Therefore, in DM- 
BioFET, the biomolecular interactions in the cavity regions lead to the modulations 
in the electrical parameters, which are exploited for detection and quantifications of 
both charged and charge-neutral target biomolecules. 

The presence of thick nano-gap cavities in the gate-stack region severely com-
promises the overall electrostatic integrity in the channel region of DM-BioFET. 
Hence, for an even larger channel length (~100–500 nm), the geometric scaling 
length appears comparable with the channel length, which results in prominent short 
channel effects and subsequent sensing performance degradation in DM-BioFET [6]. 
On the other hand, the invention of the transistor has propelled the progress of 
integrated circuit technology and the semiconductor industry has seen significant 
growth over the last few decades in terms of transistor count on a chip that led to an 
aggressive downscaling of the transistor size. In the nano-scale regime (sub-100 nm), 
the further miniaturization of bulk MOSFET encounters seemingly insurmountable 
barriers in terms of power dissipation and leakage. Consequently, a number of 
emerging nanostructures have been adopted to replace the conventional bulk- 
MOSFETs in the nanoscale regime of operation. The inherently superior electrostatic 
integrity in such nanostructures have been successfully exploited for effectively 
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FIGURE 15.4 Schematic representation of dielectrically modulated BioFET (DM-BioFET) 
biosensor.    

240                                                      Miniaturized Electrochemical Devices 



reducing the detrimental short channel effects (SCE) and thereby improving the 
performance of nanoscale MOSFET. 

Consequently, different nanostructures including nanowires (NW), nanosheets 
(NS), nanotubes (NT), and bio-tubes (BT) are being actively explored to realize 
robust and high-performance DM-BioFET designs. However, it is to be noted that 
to date, there is a relatively small number of experimental reports available on 
nanostructure-based DM-BioFET-based biosensors, whereas a rapidly increasing 
number of reports present numerical-simulation-based proofs-of-concept for different 
nanostructure transducer architectures for DM-BioFET design. Subsequently, in this 
section, both experimental and simulation-based development of nanostructure-based 
DM-BioFET are comprehensively summarized. 

15.4.1 EXPERIMENTAL PROGRESS IN NANOSTRUCTURE DM-BIOFET 

The DM-BioFET has been experimentally demonstrated by Choi et al., and sub-
sequently, the transduction mechanism has been validated through numerical device 
simulations. In this work, a tri-gated silicon on insulator (SOI) Fin-FET structure is 
realized with dual metal gate stacking with chromium (Cr) and Gold (Au) as the 
inner and outer gate materials, respectively. Subsequently, the Cr gate is selectively 
etched out from the sides which opens up nano-gap cavity regions between the gate 
insulator and the outer gate metal. The nano-gap is then functionalized with biotin, 
and finally the structure is introduced into a solution containing streptavidin. The 
steady-state electrical characteristics of the device have been monitored in each of 
these steps, which show a significant modulation in threshold voltage with biotin/ 
streptavidin binding. The proposed architecture is also investigated through device- 
level simulation where the biotin/streptavidin binding is represented as an appro-
priate change in dielectric constant within the nano-gap cavity. The findings of 
experiment and simulation show qualitative agreement, which eventually estab-
lishes the dielectric constant modulation being the dominant physical mechanism 
for transduction, since the change in charge state is negligible in this case [7]. 
Similar DM-BioFinFET structure has been utilized by Kim et al. for investigating 
the relative effects of charge and dielectric constant variation for DNA hybridiza-
tion in n- and p- channel DMFETs. Their results indicate that an n-channel DMFET 
has optimum transduction efficiency for the neutralized as well as positively 
charged DNA, whereas a p-channel DMTFET is the most suitable for negatively 
charged DNA. The results are also verified through device-level simulation [8]. Ahn 
et al. demonstrated a double-gated DM-BioNWFET structure, where nano-gaps are 
incorporated in the gate insulator, which offers relatively larger cavity occupancy 
due to the two-side opened walls cavity that ultimately facilitates a successful 
detection of the immune interaction between CRP antigen and its antibody. The 
experimental results are verified through device simulation that shows similar 
trends in drain current and threshold voltage modulation [9]. Kim et al. demon-
strated a different DM-BioNWFET architecture, where two independent side gates 
are fabricated on the undoped channel region with a finite underlap from each other. 
The nano-gap cavity region between the gates is modified with (3-aminopropyl) 
triethoxysilane (APTES) and charged polyelectrolytes of poly-sodium 4-styrene 
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sulfonate (PSS) is introduced followed by poly-allylamine hydrochloride (PAH). 
The negatively charged PSS binding with APTES results in a clear shift in I-V 
characteristics from the origin, which is then compensated by the binding of PSS 
with the positively charged PAH. This clearly exhibits the purely charge-modulated 
transduction in proposed DM-BioNWFET for biomolecule detection. In this work, 
the dielectric modulation–based transduction is further demonstrated by detecting 
the immune interaction of avian influenza antigen (AIa) fused with silica-binding 
proteins (SBP) and avian influenza antibody (anti-AI) [10]. Jae-Hyuk Ahn et al. 
systematically investigated the effects of charge and dielectric constant of the 
biomolecules and demonstrated that in DM-BioNWFET the dielectric modulation 
usually dominates over charge modulation, which implies a careful consideration of 
channel doping design in accordance with the charge states of the analyte can 
notably enhance the response of DM-BioNWFET [11]. 

However, the relatively smaller nano-gap dimensions in DM-BioFET can 
potentially impose difficulties for introducing solution containing analyte, as the 
fluid dynamics, in this case, is limited by an extremely low Reynolds’s number. Gu 
et al. has attempted to address this problem by demonstrating a bulk DM-BioFET 
with a suspended chromium gate for detecting avian influenza antibody (ab-AI) in 
SBP-fused AI (SBP-AI) antigen modified gate-insulator surface. The simulation 
based verification and quantitative theoretical modeling of the dielectric modulation 
indicates effective dielectric constant variation in each step of detection [12]. On the 
other hand, the process level and environmental fluctuations in threshold voltage/ 
drain current impose significant limitations in DMFET sensing performance. To 
address this problem, Kim et al. introduced a new sensing matrix based on the 
crucial gate voltage for maximum substrate current that shows reduced statistical 
fluctuations and SNR improvement during PNA detection. The simulation results 
corroborate the experimental finding and identify impact-ionization near the drain 
end of the channel to be the primary contributor to substrate current [13]. 

Although the above-mentioned performance improvement strategies are ex-
perimentally demonstrated for bulk DM-BioFET, the same can be adopted for 
nanostructure DM-BioFET, which is expected to further augment the overall 
sensing performance of this class of biosensors. Finally, the design of efficient read- 
out/detection circuitry for DM-BioFET, compatible with integrated circuit tech-
nology has been identified as another notable research challenge. In this context, Im 
et al. have experimentally demonstrated a low-noise read-out circuitry consisting of 
current-mirror, integration capacitor, and voltage follower circuit for a complete 
point-of-care diagnosis platform using an array of DM-BioFinFETs [14]. 

To summarize, the incorporation of nanostructure presents an attractive avenue for 
highly sensitive DM-BioFET design. However, the experimental exploration is still not 
sufficient for developing a detailed design-level understanding for realizing reliable 
and reproducible biosensor prototypes compatible with the lab-on-chip platform. 

15.4.2 THEORETICAL PROGRESS IN NANOSTRUCTURE DM-BIOFET 

The first experimental works on DM-BioFET have clearly indicated that the find-
ings of experiment and numerical device simulation show qualitative agreement [7]. 
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The subsequent work in this line exhibits that the numerical device simulation is an 
integral part of gaining insight into the transduction mechanism of DM-BioFET 
architectures. 

In one of the initial works, Choi et al. proposed a surface potential-based ana-
lytical model under parabolic profile approximation that shows reasonable agree-
ment between calculated and simulated threshold voltage shift for different 
biomolecule dielectric constants in bulk DM-BioFET. Their model also offers 
useful insight for optimizing different structural properties including such as nano- 
gap length/thickness, gate length, gate-insulator thickness, channel thickness, and 
gate work function. This work demonstrates that the aggressive gate length scaling 
severely degrades the DM-BioFET sensing performance, which eventually becomes 
practically unacceptable [15]. Similar channel length scaling studies has been 
performed by Narang et al., where the gradual degradation in sensing performance 
of DM-BioFET is confirmed, and it has been observed that below 100 nm channel 
length the sensing performance is significantly compromised [16]. The sensing 
performance degradation with channel length scaling can be attributed to the 
increased short channel effects in presence of thick nano-gap cavities in the gate 
insulator regions which weakens the overall gate control over carrier injection 
component and enhances the drain control over the same [6]. Consequently, the 
nanostructure-based DM-BioFET design appears as a natural design-level remedy 
for this shortcoming, and a number of reports presented proof-of-concept for dif-
ferent nanostructure-based DM-BioFET designs using numerical device simulation, 
where the essential physics of the designs and their correlation with transduction 
mechanism is theoretically analyzed and analytically modeled. 

To date, different nanostructures, namely nano-wire (NW), fin (F), nano-sheet 
(NS), nano-tube (NT), and bio-tube (BT) architectures are adopted for DM-BioFET 
design. It should be noted that in these nanostructure-based DM-BioFETs, the 
channel region is elevated on the substrate, and a thin isolation oxide usually 
wrapped around the outer surface of these nanostructures. Furthermore, the nano- 
gap cavity region is introduced between the gate electrode regions, which is also 
wrapped around the nanostructures, as depicted in Figure 15.5. Thus, the nanos-
tructure channels form a quasi-one-dimensional channel, where typically the current 
conduction direction is considerably larger compared to other two dimensions. Such 
a nanostructure along with the wrapped gate architecture significantly augments the 
overall electrostatic integrity in the channel of these nanostructure DM-BioFET. 

Consequently, the gradual development in each of these classes of DM-BioFETs 
is summarized in this section. 

15.4.2.1 DM-BioNWFET 
Similar to experimental research, to date, the NWFET structure is also the most 
theoretically explored nanostructure for dielectrically modulated biosensing appli-
cations. The NW is a cylindrical structure, where the electronic and transport 
properties of NW significantly depends on the diameter. In DM-BioNWFET, the 
one or multiple NW joins the source and drain regions, and the nano-gap cavity is 
introduced between the NW and the gate electrode that is deposited wrapping the 
NW, as depicted in Figure 15.5(a). 
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In one of the early device simulation-based investigations on nanostructure- 
based DM-BioFET, Gautam et al. have introduced an analytical model for a gate all 
around (GAA) DM-BioNWFET that has successfully predicted the on-state and off- 
state drain current under different biomolecule dielectric constant and charge- 
density specifications. This work also exhibits a significant sensing performance 
improvement due to the incorporation of a vacuum gate in GAA-DM-BioNWFET 
architecture [17]. In this line, Kanungo et al. have demonstrated the concept of 
fringing field-based DM-BioNWFET, where a thicker gate insulator with underlaps 
is introduced near the source/channel and channel/drain region. The gate-induced 
fringing field in this structure primarily dominates the transduction mechanism and 
results in a significant performance improvement over the existing bulk DM- 
BioFET structures, which can be further augmented by the application of suitable 
backgate bias. Moreover, this work demonstrates that the sensing performance of 
DM-BioNWFET significantly depends on channel doping, and a large channel 
doping concentration is highly desirable for such a biosensor design [18]. Kanungo 
et al. have further extended this work by designing inverter and ring-oscillator- 
based detection circuits using such fringing field-based DM-BioNWFET [19]. This 

FIGURE 15.5 Schematic representation of (a) nano-wire, (b) nano-sheet, (c) fin, and (d) 
nano-tube with nano-gap cavity region for dielectrically modulated biosensing applications.    
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trend further suggests the suitability of incorporating the junction-less architecture 
for nanostructure-based DM-BioFET design, as the junction-less architecture is 
typically realized by incorporating high and uniform doping in the source, channel, 
and drain regions [20]. Consequently, Ahangari et al. have proposed a junction-less 
DM-BioNWFET architecture, which can simultaneously exploit the advantages of 
relatively higher channel doping in junction-less architecture and inherently strong 
immunity toward the short channel effects of nanowire architecture [21]. Finally, 
Saha et al. have demonstrated a reconfigurable DM-BioNWFET architecture, where 
the device electrostatics and thereby sensing performance can be tuned by using two 
independent gate terminals [22]. 

15.4.2.2 DM-BioFinFET 
Apart from NW architecture, the FiNFET structure has also demonstrated signifi-
cant potential in enhancing the channel electrostatic integrity, thereby realizing 
superior sensing performance in DM-BioFinFET. In FinFET, the channel resembles 
a fin-like cuboid nanostructure, where the height of the cuboid is usually larger than 
the width. Similar to DM-BioNWFET, in DM-BioFinFET, the one or multiple fin 
joins the source and drain regions, and the nano-gap cavity is introduced between 
the fin and the gate electrode, as depicted in Figure 15.5(b). 

Very recently, Sehgal et al. have introduced a junction-less DM-BioFinFET design, 
where the sensing performance is found to be significantly influenced by the fin 
specifications. Furthermore, the work demonstrated that an optimized junction-less 
DM-BioFinFET can potentially outperform its junction-less DM-BioNWFET coun-
terpart [23]. In this effect, Dixit et al. have incorporated the dielectric-ferroelectric stack 
in DM-BioFinFET design to exploit the negative capacitance induced enhanced on- 
sate/off-state current ratio and reduced sub-threshold swing in favor of dielectrically 
modulated biosensing applications. The work clearly exhibits that the incorporation of 
negative capacitance in the DM-BioFinFET design leads to significant improvements 
in drain current and threshold voltage sensitivities [24]. Dixit et al. have further 
introduced a useful material/device co-optimization strategy for DM-BioFinFET 
design, where a GaAs1−xSbx channel and raised source/drain architecture have been 
introduced. In this work, the higher mobility of GaAs1−xSbx and higher surface-to- 
volume ratio in raised source/drain architecture leads to notable sensing performance 
improvement in DM-BioFinFET compared to its conventional silicon-based 
design [25]. On the other hand, Kashyap et al. have demonstrated that the truncated 
fin architecture is particularly beneficial for DM-BioFinFET design, resulting in 
superior performance for both dielectric modulation and charge modulation [26]. 

15.4.2.3 DM-BioNSFET 
Another emerging nanostructure that is drawing significant attention for designing 
high-performance transistor design is NSFET, where the channel is typically a 
cuboid-like nanostructure defined as NS. However, the NS can be perceived as a 
rotated fin structure, where the width of the cuboid is usually larger than the height. 
Consequently, in DM-BioNSFET, multiple NS connects the source and drain 
regions, and the nano-gap cavity is introduced around these NS and the common 
gate electrode region around the entire channel region, as shown in Figure 15.5(c). 
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Li et al. have proposed a DM-BioNSFET architecture for the first time, where 
multiple nanosheets are vertically stacked between source and drain region, and the 
nanogap cavity region is introduced between the nanosheets and gate electrodes. 
The results indicate that owing to the superior electrostics integrity of GAA 
NS architecture, the DM-BioNSFET biosensor outperforms its DM-BioNWFET 
counterpart [27]. 

15.4.2.4 DM-BioNTFET 
Another emerging nanostructure for transistor design is the NT architecture, where 
the channel is wrapped around an inner gate terminal, and an outer gate terminal 
further surrounds the channel region. In DM-BioNTFET architecture, the nano-gap 
cavity regions are introduced in the insulator regions around the inner as well as 
outer gate terminals, as illustrated in Figure 15.5(d). 

Sing et al. have reported the DM-BioNTFET design for the first time [28]. Tayal 
et al. have proposed and systematically studied the junction-less DM-BioNTFET 
structure. In this work, it has been demonstrated that the channel doping, channel 
thickness, and the difference in inner- and outer-gate work functions can significantly 
influence the sensing performance of junction-less DM-BioNTFET, where the outer 
cavity region essentially dominates the channel electrostatics compare to inner-cavity 
region. Furthermore, it has been observed that the advantages of superior electro-
statics integrity in the channel region of NT, and the strong immunity towards the 
short channel effects in the junction-less structure together led to a significantly 
superior sensing performance compared to DM-BioNWFET [29]. 

15.4.2.5 DM-BioBTFET 
Finally, another interesting nanostructured DM-BioFET design termed as DM- 
BioBTFET is recently introduced, which is structurally quite similar to DM- 
BioNTFET. In this structure the channel is sandwiched between the shell (outer) 
gate and the core (inner) gate structure, leading to superior gate control over 
channel electrostatics and thereby a superior sensing performance [30]. 

15.5 SUMMARY 

To summarize the discussions, the sensing performances of different potential 
nanostructure-based DM-BioFETs are analyzed and are indicated in Figure 15.6. 
For this comparative study only the simulation-based reports are considered, and the 
sensing performance is assessed in terms of drain current sensitivity (SID) which is 
defined as given in Equation 15.1 [29]: 

S
I I

I
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_ _ _

_
ID

D no bio D bio

D bio
(15.1)  

where ID_no_bio and ID_bio are the drain current before and after biomolecule con-
jugation, respectively. 

In general, it can be perceived that the introduction of nanostructure in DM-BioFET 
design leads to an acceptable drain current sensitivity (SID > 10) for scaled-down 
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channel lengths. However, due to the presence of thick nano-gap cavity region, the 
gate coupling on channel electrostatic remains weaker even in the nanostructure in 
DM-BioFET. Furthermore, results also indicates, this limitation can be satisfac-
torily addressed by incorporating a relatively highly doped channel region, which 
drastically improve the sensing performance. Therefore, it can be surmised that the 
incorporation of junction-less architecture with nanostructure can pave the way for 
a superior dielectrically modulated biosensor design. 

However, both theoretical and experimental research on nanostructured DM- 
BioFET design is still in its early stages of development, and substantial research 
efforts are still necessary to optimize the sensing performance for both dielectric- 
modulated and charge-modulated transduction mechanisms. 
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16.1 INTRODUCTION TO SURFACE PLASMON RESONANCE 

Surface plasmon resonance (SPR) is one of the popular optical phenomena that 
promises remarkable applications in the field of sensors. The SPR phenomenon is a 
classic example of light-matter interaction. Here, the surface plasmon polaritons 
(SPP) wave is generated at a metal-dielectric interface by the incidence of an 
electromagnetic (EM) wave under suitable optical conditions. The SPP wave is 
generated on the metal surface due to a quantized oscillation of free surface elec-
trons induced by the incidence of EM waves [1]. The SPP waves are dependent 
on the dielectric properties of the metal and the dielectric medium forming the 
interface. The component of wave-vectors of the incident EM wave can be matched 
with that of the SPP wave leading to a maximum energy transfer from the EM wave to 
that of SPP waves (Equation 16.1). This is known as the resonance of surface plasmon 
[2]. At resonance, 

k k=x p (16.1)  

where kx and kp are the components of the wave vector of the incident EM wave and 
the SPP wave, respectively (Equation 16.2). 
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Here, 

k n k
c

=
2

sin( ) and =
+

x pri i p
1 2

1 2
(16.2)  

where λ is the wavelength of the EM wave incident at an angle of θi via a coupling 
medium of RI npri, ω is the angular frequency, c is the speed of light in a vacuum, ε1 

and ε2 are dielectric constants of the metal film and the dielectric medium either in 
form of an immobilized layer on the metal surface or medium with dispersed analytes. 

For a given dielectric medium (ε2), the wave vector of the incident EM wave can 
be matched with that of the SPP wave by altering either the wavelength of the incident 
light (λ) or the angle of incidence (θi) of the monochromatic light. The SPP waves are 
very sensitive to any change in the dielectrics of the medium which can be measured 
accurately and very precisely at a high resolution using the SPR phenomenon. This is 
the basis of a sensing mechanism and bio-analysis using the SPR. There is a plethora 
of literature available for sensing using the SPR phenomenon. Some of the gas, 
chemical and biosensing applications are shown in Table 16.1. 

TABLE 16.1 
SPR-Based Sensing Applications in Different Fields      

Nature of 
application  

Limit of 
detection 

(LOD) 

References  

Food quality 
and safety  

• Domoic acid (DA) was detected in shellfish e.g. 
mussels, oysters and cockles in inhibition format 
of the SPR sensor. 

1 μg/g [ 3]  

• Steroid hormone, progesterone was detected in 
milk using inhibition format. The progesterone 
derivatives were immobilized onto the gold 
surface of the SPR. 

3.6 ng/mL [ 4]  

• Detection of contaminants, 4-nonylphenol in 
shellfish using the monoclonal specific antibodies 
and inhibition detection format in the SPR 
sensor. 

2 ng/g [ 5]  

• Detection of Escherichia coli O157-H7 based on 
immunoassay sensing protocol using SPR sensor. 

104 cells/mL [ 6]   

• Staphylococcal enterotoxin B (SEB) was 
detected in milk and mushroom samples using 
the antibody of SEB immobilized onto the gold 
surface of the SPR sensor. 

1 ng/mL [ 7, 8]  

• Deoxynivalenol was detected in wheat using the 
SPR sensor. Deoxynivalenol conjugated with 
casein was immobilized onto the gold surface 
and the detection was done in inhibition format. 

2.5 ng/mL [ 9]  

252                                                      Miniaturized Electrochemical Devices 



TABLE 16.1 (Continued) 
SPR-Based Sensing Applications in Different Fields      

Nature of 
application  

Limit of 
detection 

(LOD) 

References   

• Peanut allergens were detected using the 
immobilized specific antibody on the gold 
surface of a SPR sensor. 

700 ng/mL [ 10]  

• The adulterants, non-milk proteins in dairy 
products, are detected employing polyclonal 
specific antibodies using a SPR sensor. 

200 ppb [ 11] 

Environmental 
monitoring  

• The carcinogenic and environmental pollutant, 
benzo[a]pyrene was detected using the SPR 
sensor employing the indirect inhibition 
immunoassay format. 

10 ppt [ 12]  

• Detection of dichlorodiphenyltrichloroethane 
(DDT) in water using monoclonal antibodies 
specific to DDT and its derivatives immobilized 
over the gold surface of the SPR sensor. 

15 pg/mL [ 13]  

• Detection of Cu2+ ions using a polymer 
composite of squarylium dye deposited on the 
gold surface of a SPR instrument. 

1pM [ 14]  

• The explosive material and environmental 
pollutant, trinitrotoluene (TNT) was detected by 
monitoring the immunoreaction between 
trinitrophenol-bovine serum (TNP-BSA) 
conjugate and anti-TNP antibody using SPR 
sensor. 

60 ppt [ 15]  

• Detection of pesticide, 2,4- 
dichlorophenoxyacetic acid (2,4-D) using the 
indirect inhibition immunoassay by monitoring 
the interaction between anti-2,4-D antibody and 
concanavalin A-2,4-D conjugate using SPR 
sensor. 

3 ppb [ 16]  

• Detection of organophosphate pesticide 
chlorpyrifos and carbaryl using pesticide 
sensitive SPR sensor. 

1 ng/mL for 
carbaryl & 

50 pg/mL for 
chlorpyrifos 

[ 17– 19]  

• Detection of heavy metals e.g. Cd, Zn and Ni 
using a protein metallothinein. 

100 ng/mL [ 20] 

Biomedical  • The markers for cardiac muscle injury, 
myoglobin and cardiac troponin I were detected 
using the antigen specific antibodies employing 
the SPR sensor. 

2.9 ng/mL for 
myoglobin & 
1.4 ng/mL for 

troponin 

[ 21] 

(Continued ) 
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16.2 ADVANCEMENT IN SURFACE PLASMON RESONANCE 

The sensing technology employing the SPR phenomenon has been improving grad-
ually. The most commonly utilized SPR-based sensing technology relied on prism 
coupling configuration. Among the prism-based SPR instruments, the Kretschmann 
configuration is very popular due to its very large sensitivity, high resolution and ease 
of surface modification for specific molecular interaction [26]. 

A sensor based on the multiparameter measurement is highly reliable and 
practically impactful [27,28]. There are several attempts in different areas for the 
development of a multiparameter measurement system. One such example is an 
electronic nose. An electronic nose is essentially an electrochemical platform 
possessing a number of sensing elements that can be addressed independently [29]. 
There are several reports on sensing using an electronic nose [29]. The reports in the 
literature indicated the advantages of multichannel sensors for dealing with real 
samples. Here, the sensing area of different channels can be functionalized dif-
ferently to address different analytes. Hence, a real sample consisting of a number 
of analytes can be analyzed using such devices directly without undergoing the 
complex sample preparation procedures. There is another way to analyze the real 
samples by measuring several physical parameters, simultaneously in a synchronous 
manner. Such measurement enhances the reliability of the sensors developed to work 
for real samples. Hence, there are few attempts to integrate several physical properties 

TABLE 16.1 (Continued) 
SPR-Based Sensing Applications in Different Fields      

Nature of 
application  

Limit of 
detection 

(LOD) 

References   

• The pancreatic cancer marker, carbohydrate 
antigen (CA 19-9) was detected by a specific 
antibody against CA 19-9 using a SPR sensor. 

410 U/mL [ 22]  

• Detection of pregnancy markers, human 
chorionic gonadotropin hormone (hCG) was 
performed using a wavelength modulated SPR 
sensor with DNA-directed antibody 
immobilization method. 

0.5 ng/mL [ 23]  

• Vascular endothelial growth factor protein 
(VEGF) can have a role in lung, breast and 
colorectal cancers. VEGF was detected using 
SPR imaging by forming a microarray of 
the RNA. 

1 pM [ 24]  

• The prostate cancer marker, prostate specific 
antigen (PSA) was detected using the monoclonal 
antibodies against PSA employing the SPR 
sensor. 

0.15 ng/mL [ 25]    
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measurement units in a multiparameter measurement sensing unit which can be 
trained to work efficiently for real samples in wider ambient conditions [30,31]. 

The SPR sensors based on optical fibers are gaining attention due to several 
reasons. In an optical fiber–based SPR sensor, a simple modification of the optical 
fibers by deposition of gold layer and its suitable functionalization can make it 
possible to use them as a sensor. The device is very much cost effective and por-
table [32]. It has been demonstrated that an optical fiber–based SPR sensor can be 
developed using optical fiber and a smartphone [33]. It promises a point-of-care 
medical diagnosis at the doorstep. Optical fiber–based SPR sensors can be used for 
sensing multi-analytes by using multichannel fibers with different levels of func-
tionalization of each fiber [34,35]. However, the optical fiber–based SPR sensors 
possesses low sensitivity and lower reproducibility. 

The prism-based Kretschmann configuration of SPR setup offers very high sen-
sitivity and resolution. The mutli-analytes can be addressed simultaneously using SPR 
imaging (SPRi) in the Kretschmann configuration [36]. In SPRi, the active area of 
the metal surface is functionalized with an array of spots of different specificity. On 
exposure to the real samples with multi-analytes, the spots can interact differently due 
to their specific binding with the corresponding analytes. These may change the RI of 
the individual spots differently. In the SPRi system, such changes in RI of the indi-
vidual spots can be observed and measured simultaneously. In order to observe the 
change, the reflected intensity from each of the spots can be observed in real time 
using a charged coupled device (CCD) camera. The intensity data from each of the 
spots can be processed through a machine learning algorithm to yield a robust sensing 
performance from a SPRi device addressing real samples [2]. 

16.3 ELECTROCHEMICAL SPR AND APPLICATIONS 

During sensing, in addition to the change in RI several other changes in physical 
parameters can take place on the active area of the transducer. Some of the major 
changes are like electrochemical, mass, photoactive changes due to electronic transi-
tion, vibrational bands, etc. The development of a multiparameter system may include 
a provision to measure these physical properties, simultaneously. Electrochemical SPR 
(eSPR) is getting large scientific attention as electrochemical change is the most 
commonly observed phenomenon in sensing platforms. Therefore, simultaneous and 
real-time measurement of electrochemical and optical (RI) properties can offer a robust 
sensing platform by revealing their dependencies for specific analytes and thereby a 
strong mathematical pattern for decision making. 

There are two different modes of operation of SPR instruments configured in 
prism based Kretschmann methodology. They are wavelength interrogation and 
angular interrogation. The resolution of the wavelength interrogated SPR instru-
ment is limited due to the resolution spectrometer e.g. 0.01 nm. However, the 
angular interrogated SPR instrument can offer a very high resolution as the angular 
scan can be achieved at a step of micro-degree. The instrumentation of angular 
interrogation is simple. Here, the angle of a monochromatic laser beam in a TM- 
mode incident at the metal-dielectric interface is changed and the corresponding 
reflected intensity is recorded. The SPR spectrum thus obtained reveals the reflected 
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intensity as a function of the angle of incidence of the EM wave. At resonance, the 
reflected intensity decreases to a minimum value. The corresponding angle is known 
as the resonance angle (RA). This can be easily observed by using a coupled arm 
goniometer equipped with lasers, optical components, sensing elements and detector. 
However, the goniometer can increase the cost of the equipment and limit the mobility 
for any field study. Therefore, a novel opto-mechanical scanning mechanism was 
adopted for the fabrication of the SPR instrument. The schematic of the equipment 
with the novel design is shown in Figure 16.1. 

In the setup shown in Figure 16.1, a monochromatic laser beam in TM mode is 
allowed to incident on a scanning mirror. The angle of incidence at the metal- 
dielectric interface is changed by rotating the scanning mirror using a computer- 
controlled motor. As the angle of incidence is changed at the interface, the angle of 
reflection also changes accordingly. This may cause the reflected beam spot on the 
array detector to deflect from an initial position. The amount of spot displacement 
is fed back to the computer, which can compensate for this by adjusting the height of 
the prism assembly vertically. Once the original set point is achieved, the detector 
records the total intensity corresponding to the angle of incidence. This is a novel 
opto-mechanical scanning system [37]. This setup is very compact, low-weight, 
portable, low cost and yet very sensitive. The setup was calibrated using the standard 
glucose solution with the bare gold sensing chip. The result is shown in Figure 16.2. 

The calibration curve is found to be linear (Figure 16.2). The sensitivity of the 
equipment is found to be 194.7°/RIU. 

The setup can be used for sensing in different environments. It is therefore 
necessary to choose a suitable flow-cell for dispensing the analytes on the active 
area of the SPR sensor. The flow-cells for gas sensing and sensing in an aqueous 
medium and electrochemical cells can be fabricated. In 2010, Shan et al. reported 
that the local electrochemical current can be related to the optical signal arising 
from SPR. They indicated the role of the heterogeneous surface of the SPR chip in 
the electrochemical signal [38]. It is therefore essential to obtain a homogeneous 
immobilization over the gold sensing chip of SPR during electrochemical mea-
surement. In an e-SPR, the electrochemical flow-cell needs to be integrated with the 
basic SPR setup (shown as a schematic Figure 16.3). The electrochemical flow-cell 

FIGURE 16.1 Schematic of a Kretschmann-based SPR instrument based on a novel opto- 
mechanical scanning system (Indian Patent: 2644/DEL/2014).    
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should be leak-proof, chemically inert and capable of housing reference and counter 
electrodes. In e-SPR, the working electrode should be the SPR sensing chip whereas 
Pt is a counter and Ag/AgCl are reference electrodes (Figure 16.3). 

The flow-cell was fabricated in the laboratory and calibration was done using the 
electrolytes, polyvinyl (PVA) + KCl dissolved in 10 ml of ultrapure ion-free water 
medium. The electrochemical cyclic voltammogram (CV) is obtained by changing 
the voltage at a rate of 0.1 V/m (Figure 16.4). As the voltage sweeps, the change in 
SPR response is recorded as a shift in resonance angle, simultaneously. The CV 
curves show the usual trend of current as a function of applied voltage without 
any significant redox peaks. The trend is more like a charge storage behavior due to 
the presence of the electrolytes. Therefore, the surface capacitance values were 
calculated and its variation as a function of concentration of PVA in the aqueous 

FIGURE 16.2 (Left) The SPR spectra recorded for (a) gold-air interface and (b) gold-aqueous 
interface for different concentrations of glucose. (Right) A calibration curve showing the shift 
in resonance angle (ΔRA) as a function of RI of the aqueous solution of glucose.    
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medium is shown in Figure 16.4. The slope of the linear trend of the capacitance is 
40.9 mF/g-cm2. 

The change in capacitance can alter the dielectric properties (i.e. RI) of the medium 
adsorbed over the gold surface. This change was measured by recording the shift in 
RA measured, simultaneously (Figure 16.5), as a function of change in the concen-
tration of PVA in the aqueous medium of 1M KCl. The calibration curve drawn 
from the SPR response is found to be linear with a slope of about 410.6 o/g 
(Figure 16.5). The slope of the calibration curve is an indicator of the sensitivity of the 
device [39]. Thus, the sensitivity for the developed eSPR is reasonably very high. 
These measurements clearly indicate a dependency of electrochemical properties with 

FIGURE 16.3 (Left) Schematic of electrochemical SPR system. The three electrodes will 
be enclosed in an electrochemical flow-cell for dispensing analytes. (Right) Schematic of an 
electrochemical flow-cell.    

FIGURE 16.4 (Left) Cyclic voltammogram curves for different concentrations of PVA 
dissolved in 10 mL of KCl (1M) solution of ultrapure ion-free water medium. (Right) 
Calibration curve showing the variation of surface capacitance as a function of concentration 
of PVA in the aqueous medium.    
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that of dielectric properties of the material at the metal-dielectric interface. These 
properties can change due to the interaction of the analytes with the ligands im-
mobilized over the gold surface of an e-SPR system. 

The time dependency of the current and the shift in the resonance angle can be 
calculated analytically [40]. The shift in resonance angle (ΔRA = θ(t) − θο) due to 
electrochemical interaction is given by Equation 16.3: 

( )RA t B D D nF i t t t dt( ) = ( ) ( )( )R R o o

t1
2

1
2 1/2 1

0

1/2 (16.3)  

where B is some constant, αR and αο are changes in local refractive index per unit 
concentration of reduced and oxidized molecules, n is a number of electrons 
transferred per reaction, F is Faraday constant and Do and DR are diffusion con-
stants for oxidized and reduced species, respectively. It is important to note that the 
temporal change in resonance angle is dependent on the convolution function of 
the current signal. Therefore, the Faradic current, as well as double layer current can 
shift the resonance angle during electrochemical SPR measurement. Heterogeneity 
of the electrode surface may arise due to non-uniform immobilization of the ligands. 
Therefore, sometimes the electrochemical double layer (EDL) formation on such 
e-SPR chip is expected to be non-homogeneous. This non-homogeneous feature can 
change ΔRA locally according to the above relation. Therefore, it is essential to 
fabricate a homogeneous sensing surface for a single-channel eSPR measurement. 
It can also be noted that the co-factor in the above equation is dependent on the 
DR and Do. 

FIGURE 16.5 The calibration curve shows the resonance angle as a function of the con-
centration of PVA in aqueous medium.    
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The eSPR reveals valuable information related to the Faradic and ELD currents 
on the sensing chip of the SPR. Additionally in several cases, the states of redox 
reaction during interaction with the analytes yield a strong parameter for sensing 
and analysis. In 2013, Zhang et al. reported the fabrication of an e-SPR imaging 
instrument and demonstrated its capability for the measurement of cellular optical 
and electrochemical activities [41]. They analyzed A595 cells using the eSPR and 
related the change in morphology due to the death of the cells with the SPR 
response. The oxidation process due to cellular activity was related to the elec-
trochemical response. The combination of these parameters yields valuable infor-
mation on the cellular activities, which can lead to a path for bio-analysis. In 2015, 
Wu et al. reported real-time assessment of cancer cells treated with drug molecules 
daunorubicin (DNR) using eSPR technology [42]. Interestingly, on treatment with 
DNR, the HePG2 cancer cell residue is released. The change in morphology and 
mass leading to the mortality information of the cancer cell was related to the SPR 
signals. Similarly, the concentration of extracellular DNR residue was estimated 
from the electrochemical responses. This report indicated a potential application of 
eSPR for therapeutics and bio-analysis. In 2018, Golden et al. have employed eSPR 
for monitoring Faradaic processes optically, which occurs due to the change in 
redox state at the electrode surface [43]. 

Recently, Li et al. have demonstrated a forensic diagnostic application using 
eSPR. The synchronous signals of SPR and electrochemical were used to detect 
amphetamine-type stimulants (ATS) in human urine and serum samples. They 
claim the proposed methodology is very rapid, accurate and low cost [44]. 

Transferrin is a bio-marker for kidney disease. In 2010, Nakamoto et al. [45] 
reported eSPR measurements for the detection of transferring in urine samples. The 
SPR sensing chip was functionalized using anti-transferrin antibodies and was 
exposed to the urine sample. The binding of transferrin from the sample shifted the 
resonance angle, whereas the production of H2O2 as the by-product of the protein’s 
interaction was detected from the electrochemical signal. The limit of detection 
(LOD) was reported to be around 20 ppb. 

In 2021, Ribeiro et al. have used eSPR for the detection of breast cancer cell markers 
in the serum samples [46] using the suitable surface immobilized antibody. They re-
ported that the LOD of the cancer cell increased from 21 U/mL to 0.0998 U/mL when 
the measurement was performed in the absence and presence of an electrochemical 
setup, respectively. The electrochemical process has given a great amplification for 
enhancing the detection limits of the cancer cell. 

The neural activities at different locations of sciatic nerves from bullfrogs were 
studied using eSPR in imaging mode [47]. The combination of SPR and electro-
chemical responses revealed important information on the nervous system at molecular 
and cellular level. 

In 2019, Qatamin and coworkers have functionalized the sensing chip of eSPR 
with a monoclonal antibody for a specific target antigen from the influenza virus. 
The SPR response was strategically modulated using the electrochemical potential 
sweep. This increases the sensitivity and the LOD of the influenza virus was re-
ported to be 300 pM [48]. 
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16.4 CONCLUSION 

The optical phenomenon SPR has demonstrated immense potential for the next 
generation of sensors. The label-free sensing mechanism is extremely popular in the 
field of biosciences, pharmaceuticals and biomedical fields. The SPR-based 
developed technology is extremely sensitive for the detection of analytes in very 
low concentrations i.e. it is capable of detecting the interaction of a few molecules 
on the sensing chip. Such a high sensitivity and resolution can reduce the sensing/ 
bio-analysis time remarkably. The real samples from sputum/urine/serum do not 
require any further amplification for strengthening the signal-to-noise ratio. The 
next-generation SPR-based transducers have been conceptualized and adopted. An 
improved SPR sensing platform with multi-channels and/or multi-parameters 
measurement can improve the selectivity and sensitivity issues of a sensor. The 
analysis of multi-parameters obtained through such a sensing platform using the 
advanced mathematical algorithm (e.g. machine learning) can simplify the decision 
making during sensing. Such a system can yield reliable outcomes even from 
the real samples. The practical application of SPR-based sensors as point-of-care 
devices can be developed and commercialized. Enormous opportunities are available 
for the integration of measurement for several other physical parameters (viz. elec-
trochemical, piezoelectric, thermal and optical spectroscopy) including the SPR 
responses. In this chapter, we have briefly reviewed the electrochemical SPR and 
some of its popular applications. It has been demonstrated by several researchers that 
synchronous analysis of both SPR and electrochemical responses can yield several 
valuable pieces of information about the system under investigation. It can be em-
ployed as a reliable sensing platform for biomolecules. The response of specific drugs 
on bio-active materials like cells and bacteria can be assessed using the eSPR. The 
dependencies of electrochemical responses on the dielectric properties at the metal- 
dielectric interface of the SPR chip can be analyzed using eSPR. In a nutshell, the 
immense potential of eSPR is evident and thus the field needs scientific and tech-
nological breakthroughs for the development of high-impact societal relevant devices. 
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17.1 INTRODUCTION 

Energy storage has gained intense interest from researchers and commercial com-
panies due to the world’s economy’s rapid growth and the rise in the use of portable 
electronics and electronic vehicles. Different types of energy, including thermal, 
chemical, electrical, and electrochemical energy, can be stored (Iqbal et al. 2019). 
Using electricity, thermal energy produces heating (geezers) or cooling (air con-
ditioners). The most sources of renewable energy that produce electricity are wind 
and solar power. EESDs combines electrical and chemical energy within a short 
period and store in chemical form (Iqbal et al. 2019). Super-capacitors and re-
chargeable batteries are the EESDs that store and deliver electricity effectively and 
therefore used in a large number of industries (S. Chen et al. 2020; Gogotsi and 
Simon 2011; Liu et al. 2010). Due to these industries’ rapid development, the needs 
for related EESDs are expanding in variety and specificity for various applications. 
For high mileage and quick charging, the increasingly popular EVs need EESDs 
having large energy/power densities or a load-bearing capability to act as structural 
body elements to reduce overall weight/volume (Bruce et al. 2012; Kang and Ceder 
2009; Asp and Greenhalgh 2014). These new features require innovative EESDs, 
which are compact, flexible, wearable, large energy/power density, and have high 
physical strength. Traditional EESs, on the other hand, are heavy, inflexible, and not 
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intended for load-bearing. They also have low energy/power demands; therefore, 
they are vital to creating essential materials, which rely on novel designs for the 
devices’ structural components. However, the progress in energy conversion and 
storage relies heavily on nanostructured materials. They have distinctive dimen-
sions with novel qualities and potential. 

In light of this, the current review offers an outline of the development of EESDs 
and their fundamental purposes. Additional discussion of the numerous nanoma-
terials employed in EESDs during the last few decade has been included. 
Sustainable energy storage materials developments also have been emphasized as a 
future trend. 

17.2 HISTORY OF EESDS AND MATERIALS 

Numerous energy storage technologies, including fuel cells, batteries, capacitors, 
solar cells, etc., have been produced to date. Among them, a British scientist named 
William Grove invented the fuel cell in 1839, which was the first energy storage 
technology capable of producing a significant quantity of energy (Zackay and Ofek 
2017). Grove’s method was applied by NASA to create the first fuel cell utilized 
commercially in 1960 (Zackay and Ofek 2017). After that, several changes were 
made to enhance its capacity to produce electricity. Following that, scientists 
concentrated on the energy storage technologies like the battery and supercapacitor. 
Gaston Plante created a battery in the year 1859. Following the development of 
sticky plates in 1880, Emile Alphonse Faure was commercially launch the battery 
(Whittingham 2012). During development, he improved the battery’s storage 
capacity by coating Pb plates with a paste made of Pb powder and H2SO4. Other 
researchers have employed this procedure extensively, and an increase in storage 
capacity was observed. Sellon has patented a method for creating batteries utilizing 
Faure’s technology, which is having a larger capacity than Faure’s battery (Iqbal 
et al. 2019). Further, Standard Oil of Ohio and American Oil Company developed 
and patented the first electronic double-layer supercapacitors in year 1961 
(SOHIO). Following that, these devices greatly caught the researchers’ attention, 
and a notable advancement in their development was noted. The invention of solar 
cell technology was another huge advancement in energy storage. Becquerel created 
the first solar cell in 1839 and introduced the idea of a solar cell (Iqbal et al. 2019). 
Scientist have investigated variety of resources to further improve the storage 
capacity and stability of these devices that are discussed in the following sections. 

17.3 FUNDAMENTALS AND TYPES OF EESDS 

Supercapacitors and batteries are the two basic categories of EESDs. Figure 17.1a 
depicts the standard components of planar supercapacitors and batteries. In the charge 
and discharge methods, supercapacitors quickly transfer charge (either ions or elec-
trons) to store and release electrical energy. The CVC (Figure 17.1b) and linear 
galvanostatic charge-discharge curves demonstrate this quick charge-discharge 
characteristic (Figure 17.1c). Supercapacitors can operate for a significant number 
of cycles at close to 100% Coulombic efficiency. As a result, supercapacitors are 
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utilize in devices that need a high power output, including electric drills, cranes, and 
EV acceleration systems. The electrodes of supercapacitors are facilitated by two 
different types of capacitance. One type of capacitance is known as an electric double 
layer (EDL), and it occurs when electrolyte ions quickly absorb or desorb from the 
surface of an active material (Nishino 1996). The other is pseudo-capacitance, which 
is brought on by quick redox processes that take place during charge and discharge 
(Simon and Gogotsi 2008). Metal oxides, hydroxides, sulphides, nitrides, and con-
ductive polymers are examples of pseudo-capacitive active materials. They all have a 
significantly large specific capacitance (SC) compared to CBMs (Simon and Gogotsi 
2008). Keep in mind that due to their substantial SSA, nanostructured metal oxides 
exhibit considerable EDL capacitance. 

The existence of redox surface groups and doped heteroatoms in the carbon ma-
terials make it a pseudo-capacitance. Examples include oxidized CNTs, RGO, B/N/P/ 
S-doped RGO, and reduced graphene oxide (RGO)(S. H. Lee et al. 2010; Wu et al. 
2012). Due to the latter’s improved conductivity and stability, hybridizing carbon- 
pseudo-capacitors is a common technique to boost the former’s usable capacitance 
and cycle performance (Frackowiak and Béguin 2001; D.-W. Wang et al. 2009). A 
supercapacitor’s anode and cathode materials may be the same or different depending 
on whether the construction is symmetric or asymmetric. The working voltage of 
asymmetric capacitors is often higher, which leads to a substantially large ED. 

FIGURE 17.1 Structure and electrochemical behavior of supercapacitors and batteries. 
Reprinted with permission from (S.  Chen et al. 2020). Copyright 2022 American Chemical 
Society.    
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Due to the materials’ limited capacity for ion diffusion and electron transport, 
batteries use electrochemical redox processes to accumulate and discharge electrical 
energy. Batteries, therefore, have a significantly better ED. However, it has lower 
power density compared to supercapacitors. Rechargeable batteries are the subject 
of this review because they exhibit reversible redox processes while charge and 
discharge are shown by the existence of anodic and cathodic peaks in the CV curve 
(Figure 17.1d) and one plateau in the GCD curves (Figure 17.1e). Materials used as 
anodes include metals, metal oxides/sulfides, metal-organic complexes carbon Si, P, 
and organics, that are reduced while charging and oxidized after discharge (S. Chen 
et al. 2020). Typical cathode materials include sulphur, metal oxides/sulfides, metal 
hydroxides, metal phosphates, sulphur, oxygen (also air), iodine, and organics 
(S. Chen et al. 2020). These materials are oxidized during the charging process but 
reduced during discharge. Batteries with a large voltage output range and energy 
densities are employed to a variety of applications under varying working condi-
tions thanks to versatile anode and cathode material combinations. 

Hybrid cells, which use a capacitive electrode and battery electrode on the same 
component, have been created for the pursuit of EESDs having high energy and 
power densities. NiOOH/Ni(OH)2 and PbO2 are examples of capacitive carbon 
anodes that can be used in combination with the cathodes for NiCd and lead acid 
batteries to create hybrid cells with higher output voltages that operate in aqueous 
electrolytes. 

17.4 CBMS FOR SUPERCAPACITORS AND BATTERIES 

Many materials have been created that have demonstrated their potential for use in 
energy storage devices, including graphene, polymers, metal oxides, and carbon 
nanotubes. 

17.4.1 CNT-BASED MATERIALS 

CNTs are the most popular and effective one-dimensional nanostructure material 
for use in energy storage. They have good storage capacity; large surface-to-weight 
ratio; and outstanding electrical, thermal, and mechanical qualities (H. Zhang et al. 
2008). A review of the literature showed that many papers have discussed the usage 
of CNT-based materials for EESDs. 

He et al. (Yang He et al. 2010) created a Fe3O4/CNT composite and examined its 
electrochemical characteristics, for instance. This material was found to be stable up 
to 145 cycles and to have a great discharge capacity (656 mAh g1). The creation of 
a conductive network within the composite may be responsible for these materials’ 
excellent electrochemical performance. MWCNT/S composite materials have been 
created by Wei and colleagues for use in batteries. They demonstrated the good 
retention capacity of the synthesized materials, which was 96.5% for 100 cycles, 
and determined that it may be used as cathode for Li-ion batteries. The uniform 
dispersion of MWCNT, that improves ion movement inside the nanocomposite, 
may be responsible for the composite’s enhanced electrochemical characteristics 
(Wei et al. 2011). Then, utilizing a solution mineralization technique, Kim et al. 
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(Kim et al. 2010) created a core-shell wire of nano-size using CNT and FePO4 and 
examined their electrochemical characteristics. In comparison to previous compo-
sites that have been published, they revealed that nanocomposite shows higher 
SC (1,000 mA g1) and significantly large rate. The core-shell assembly of the 
nanocomposite, which improved Li-ion transport and enhanced electrochemical 
characteristics, may be employed as environmentally acceptable cathode for bat-
teries, according to researchers. CNT/RuO2 core-shell composite was made by Jian 
et al. (Jian et al. 2014) using a sol-gel method, and the electrochemical activity was 
examined. While the composite was charged and discharged at 100 mA g1, they 
saw that it demonstrated outstanding efficiency (79%) over-potentials of 0.51 V and 
0.21 V. Chemical vapor deposition was used by Xie and his associates (Xie et al. 
2015) to create an effective electrode material utilizing tin (Sn) and CNT. The 
surface of carbon paper was used to generate the Sn/CNT nanopillar, which served 
as a free-standing anode material for a Na-ion battery application. The synthesized 
electrode displayed good cyclability up to 100 cycles and an exceptional reversible 
capacity (RC) (887 mAh cm2). Hong et al. (Hong et al. 2019) formulation of 
c-Fe2O3/CNT composite is intended for use in the field of energy storage. It 
demonstrated outstanding RC (518.5 mAh g1) and high cycling capacity (1186.8 
mAh g1) after 400 cycles at 200 mA g1. These characteristics of the c-Fe2O3/CNT 
composite give it an advantage over other materials for Li-ion battery applications. 

As a result, outstanding chemical and thermal resilience, CNT is also frequently 
utilized in the manufacture of supercapacitors (SC). Numerous publications on the 
production of CNT-based composite for use in SCs are currently available. As an 
illustration, Chen et al. (Y. Chen et al. 2015) described the manufacture of PPy 
electrodes based on CNT and examined their capacitive performance. This material 
outperformed pristine conducting polymers in terms of electrochemical perform-
ance and overcame the shortcoming of CP-based SC, namely quick capacitance 
degradation. The manufactured electrode demonstrated exceptional stability, flex-
ibility, long life, and the capacity to preserve 95% capacitance even after 
10,000 cycles, according to the authors. Later, Sun et al. (J. Sun et al. 2016) created 
a composite material for stretchable yarn SC applications utilizing PPy, CNT, and 
urethane. The PPy@CNTs@urethane hybrid has outstanding capacitive perform-
ance and can tolerate around 80% of the applied strain. This demonstrated their 
ability to become a top SC. MnO2/CNT and Fe2O3/CNT macro-films have been 
created by Gu et al. (Gu and Wei 2016) for use in SCs. In comparison to pure CNT, 
MnO2, and Fe2O3, the scientists discovered that the stated film is stretchy and has 
strong capacitive performance. The synergistic combination of each component is 
responsible for the exceptional behavior. A stretchable film with good electro-
chemical performance was created by Yu et al. (J. Yu et al. 2016) and has a SC of 
1,147.12 mF cm2 at 10 mV s1. These materials can withstand a 200% omni-
directional strain, which is twice as much as what biaxial stretchy SCs made of 
CNT can withstand. This is explained by the interfacial interaction between the 
substrate molecule and the CNT. Then, using electrospinning techniques, Simotwo 
and colleagues (Simotwo et al. 2016) created polyaniline (PANI) and polyaniline- 
based CNT (PANI/CNT) nanofibers. They demonstrated how the synthetic mate-
rials might be a candidate for use in SC electrodes. When compared to pure PANI 
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(308 F g1), the PANI/CNT hybrid electrode performed better (SC of 385 F g1). The 
PANI/CNT hybrid electrode performs at its peak due to the interconnected net-
work’s improved electron transport to the active site. 

17.4.2 GRAPHENE-BASED MATERIALS 

The graphene-based materials used in various EESDs were covered in the following 
sections. Because there is a high van der Waals force, graphene is a more durable 
electrode material than CNTs. Additionally, they have a lot of surface area, are 
microporous, and have strong electrical conductivity, which makes them a good 
option for energy storage use. Reddy and colleagues (Iqbal et al. 2019) have created 
nitrogen-doped graphene films using a CVD process and studied its electrochemical 
characteristics in this regard. The capacitive behavior of the composite film was 
noticeably better than that of the virgin graphene film. The inclusion of numerous 
flaws on the surface of graphene, which increased the contact between the N and 
graphene, may be the cause of the composite film’s enhanced reversible discharge 
capabilities. Due to the composite film’s intercalation capabilities, Li batteries could 
potentially benefit from it. 

Later, Wu et al. (Wu et al. 2011) demonstrated a comparison study by synthesizing 
graphene materials with nitrogen and boron dopants for use in LIB. It used a heat 
treatment process to create the aforementioned materials. The researcher found that 
the composite had outstanding rate capability and cyclability in addition to out-
standing specific capacities of 199 mAh g1 and 235 mAh g1 at 25 A g1. For heavy- 
duty LIBs, these composite qualities may be advantageous. Manganese oxide 
(Mn3O4) and rGO were used to create an anode material for the LiB used by Wang 
et al. (Xing et al. 2017). The surface of the rGO sheets has been grown with Mn3O4 

nanoparticles. Due to the outstanding interaction between these moieties, several 
electrochemical parameters, including SC and cyclability have been improved. It is 
demonstrated an exceptional 900 mAh g1 SC and are good for battery use. Following 
that, Sun and his team (Y. Sun et al. 2011) used a solution phase technique to create 
composite made of MoO2 and graphene. The authors examined the synthesized nano- 
hybrid for use in LIBs and discovered that it has a good reversible SC (848.6 mAh g1) 
and cyclability (100% up to 70 cycles) at a current density (CD) of 500 mA g1. These 
two moieties’ better specific capacities and capacity for charge storage result from 
their synergistic features. This nano-hybrid can also be used on an industrial scale 
because it was created without the use of seed crystals, templates, or additives. 

For usage in LiB, Abe et al. (L. Wang et al. 2013) looked into performance of a 
LiFePO4/graphite composite. The authors discovered that the material in question 
had good performance after more than 5,000 charge-discharge cycles. The per-
formance is higher and the overall capacity will be lower as the N/P ratio decreases. 
Aging by cycling may be to blame for the decline in capability. A Na3V2(PO4)3- 
integrated graphene microsphere was created by Zhang et al. (J. Zhang et al. 2017) 
using a spray drying technique (Figure 17.2). The creation of a highly conductive 
route, which improves electron transport and leads to an increase in electrochemical 
properties, may be responsible for the composite’s enhanced electrochemical 
capabilities. These materials might have used as cathode in Na-ion batteries. 
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After that, He et al. (Yanyan He et al. 2017) created a composite material employing 
rGO, nickel oxide (NiO), and tin oxide (SnO2) that served as an anode for Li-ion and 
Na-ion battery applications. The NiO/SnO2/rGO composite, according to the scientists, 
demonstrated an outstanding SC of 800 mAh g1 at a CD of 1,000 mA g1, as well 
as enhanced cyclability (400 cycles). The homogenous combination of these materials 
shortens the Li-ion diffusion path and boosts electron flow, is likely responsible for 
the composite’s superior electrochemical properties. These improvements were made 
possible by the improvement in electrochemical properties. 

Investigations into the electrochemical characteristics of the aforementioned 
foam revealed that it has a very high SC (123 mA/g at 5,000 mA/g of CD) and a 
very high cyclability (up to 10,000 cycles). Additionally, the synthesized foam’s 
exceptional stability and capacity to charge and discharge at quick rates (80 s and 
3,100 s, respectively) may expand their application in Al-ion batteries. 

A TiO2/GO composite for a Na-ion capacitor was made by Le et al. (Le et al. 
2017) using a microwave-assisted solvothermal method. The Na-ion capacitor’s 
significant flaw, according to the literature, is its high capacitive performance. At a 
CD of 0.2C, the scientists discovered that the manufactured materials had better 
capacity (268 mAh g1). The SC of the aforementioned materials was discovered to 
be 126 mAh g1 after the cyclability through 18,000 cycles. As a result, it could be a 
contender for the Na-ion capacitor. Zuo and colleagues developed a high- 
performance 3D composite material utilizing graphene and SnO2 (Figure 17.3). The 
material showed a remarkable RC of 720.8 mAh g1, according to the authors’ tests 
of their electrochemical properties. The 3D structure and large surface area of the 
composite are likely responsible for its exceptional electrochemical characteristics. 
The increased surface area gives the molecules more room to interact, which leads 
to faster kinetics and improved electron transport, which increases their potential for 
use in batteries and super capacitors (Zuo et al. 2017). 

17.4.3 ACTIVATED CBMS 

Activated carbon (AC), a superior CBM, shares similarities with graphene and has 
application potential in energy storage devices (Z. Fan et al. 2011). The AC also should 
have small pores to enhance its electrochemical characteristics. By adding additional 
components, like conductive polymer, metal oxides, CBMs, these characteristics of the 

FIGURE 17.2 Synthesis schematic of NVP@rGO microspheres. Reprinted with permission 
from (J.  Zhang et al. 2017). Copyright 2022 American Chemical Society.    
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AC have been further enhanced. For this report, Fan et al. used graphene, MnO2, and 
activated carbon nanofiber to create an effective energy storage material (ACN). The 
hybrid materials that were created have been evaluated for use in supercapacitors. They 
discovered a possible candidate for aelectrochemical supercapacitor use and dis-
covered that the composite materials had spectacular SC (97%) after 1000 cycles 
(Z. Fan et al. 2011). Later, activated carbon cloth (ACC) was created by Wang et al. 
(Gongming Wang et al. 2014) for use in solid-state supercapacitors. With a SC of 
8.8 mFg1 at a scan rate of 10 mV/s, they demonstrated excellent electrochemical 
characteristics and were discovered to be significantly greater than that of regular 
carbon cloth. The authors also showed that the manufactured ACC has a rapid charging 
rate and retains 50% of its capacitance. As a result, it was determined that this material 
would make the best flexible and high-performance capacitor. Zhang and his team 
have created a porous, ultrahigh-activated CBM for use in Li-S batteries. With a SC 
of 1,105 mA h g1, the synthesized materials displayed significant surface area 
(3,164 m2 g1) and good electrochemical characteristics. After 800 cycles, the manu-
factured material had outstanding retention capacity (up to 51%) and was identified as a 
viable cathode material for Li-S battery applications. Due to the high surface area and 
wide pore volume that aid in the homogeneous dispersion of sulphur into the AC, the 
stated composite has outstanding characteristics, which is why an improvement in 
electrical behavior is shown (S. Zhang et al. 2014). For an effective anode material for 
Na-ion batteries, Luo et al. (Luo et al. 2015) have also looked into the electrochemical 
characteristics of CNT, graphene, graphite, and activated CBMs. After that, Li et al. 
(Li et al. 2016) added nitrogen (N) to the AC and investigated its electrochemical 
functionality. They discovered that the addition of N improves the electrochemical 
characteristics, particularly a rise in energy density (ED) (230 Wh kg1). Even after 
8000 cycles, the nitrogen-doped activated carbon showed significant specific retention 
(76.3%). Due to these qualities, the synthetic composite material is used in hybrid 
supercapacitors. Additionally, employing activated pinecone carbon, Barzegar et al. 

FIGURE 17.3 A schematic representation of the synthesis process. Reproduced from Ref. 
( Zuo et al. 2017) from the Royal Society of Chemistry.    

272                                                      Miniaturized Electrochemical Devices 



(Barzegar et al. 2017) developed an asymmetric capacitor (APC). They have been used 
in low-cost, environmentally friendly carbon-based capacitors because of their huge 
surface area (808 m2 g1), the bright SC of 69 F g1 at a CD of 0.5 A g1, and exceptional 
ED (24.6 Wh kg1). Lee and coworkers have created sulfur-incorporated activated 
carbon composite to further enhance the electrochemical characteristics of AC. They 
demonstrated that adding sulphur to the AC improved the aforementioned composite’s 
electrochemical performance and allowed for usage in Li-S battery applications. The 
interaction between sulphur and AC intensifies, shortening the distance between layers 
and enhancing the composite’s capacity for Li-ion transit and storage. The authors 
discovered that the composite had a high SC (1,351 mA h g1) and that the SC only 
decreased after 300 cycles by a certain amount (920 mA h g1) (J. S. Lee et al. 2017). By 
utilizing potassium hydroxide as a surface-etching agent during a high-temperature 
annealing process, Tai et al. (Tai et al. 2017) have created AC from graphite. Yu et al. 
(L. Yu et al. 2018) recently created a flexible electrode by a one-step chemical method 
using MXene (Ti3-C2Tx) and AC. The synthesized material’s electrochemical 
capacitance performance was evaluated, and it was found that the composite 
electrode displayed outstanding capacitive behavior. According to the authors, the 
synthetic material has outstanding charge retention properties and superior 
capacitance (126 F g1) at a CD of 0.1 A g1 (57.9%). MXene was used as a binder, 
conductive additive, and to give the electrode a flexible backbone in this situation. 

17.4.4 CONDUCTING POLYMER-BASED MATERIALS 

In addition to having high mechanical strength and flexibility, carbon-based fibers 
(CFs) like carbon nanotube (CNT) and graphene fibres also have strong electrical 
conductivity and electrochemical characteristics. They can be put together to create 
textile and wire-shaped EESDs, which can serve as unique power sources for wear-
able, tiny, flexible electronics and intelligent apparel (Figure 17.4). High-strength CF 
textiles can also be used to assemble structural EESDs as active electrodes and current 
collectors. 

Wang and colleagues (Gang Wang et al. 2015) developed a SnS2/PANI hybrid 
and demonstrated its promise in LIB application. Due to the lamellar sandwich 
structure of the SnS2/PANI nano-plates, they showed that the hybrid material has 
improved RC and rate capability. Due to the sandwich structure’s ability to prevent 
SnS2 nano-plate stacking and promote quick electron transport between the two 
moieties, an increase in capacity and cyclability is seen. Additionally, the interac-
tion of PANI with exfoliated SnS2 provides a short path length for Li+ ion transport, 
further enhancing their capacity for charge-discharge. This results in increased 
cyclability, coulombic efficiency, and energy storage capacity. The SnO2/PPy 
hybrid composite was subsequently made by Cao et al. (Cao et al. 2016) who also 
investigated its electrochemical performance for energy storage. They showed that 
the composite material had a remarkable SC (646 mA h g1) and an exceptional 
ability to retain charge (98%) even after 150 cycles. 

According to the authors, PPy prevents materials from directly contacting the 
electrolyte, causing a stable solid electrolyte interface (SEI) layer to form. These 
layers are crucial to improve both stability and rate capability. Then, Parveen et al. 
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(Parveen et al. 2017) created a composite of polyaniline, TiO2, and graphene, and 
discovered that it had significantly better cyclic and stability properties than PANI/ 
GN and pure PANI (80% retention after 1,000 cycles). The ternary composite’s 
improved electrochemical characteristics were primarily responsible for quicker 
contact due to the porous structure involving the electrolyte and the electrode. The 
substantial surface area and greater SC were achieved due to faster electron 
transportation. 

The use of CP is also found in the supercapacitor industry. The CP-based 
supercapacitor is a matter of widespread research. One such example is the GO 
nano-sheet, nano-wafer hybrid material that Gao and colleagues (Gao et al. 2013) 
produced and investigated. At 5 mVs1 CD, aforementioned composite material 
displayed a remarkable capacitance of 329.5 F g1. They demonstrated the improved 
life cycle of the aforementioned hybrid material as well. These characteristics of the 
hybrid make them a possible contender for use in supercapacitors. The hierarchical 
structure of the hybrid composite, which allows for quick electron transport 
between the two moieties, may be the cause of its remarkable electrochemical 
capabilities. By employing a chemical polymerization method with polyaniline 
(PANI) and rGO, Fan et al. (W. Fan et al. 2013) created a hybrid hollow sphere. 

FIGURE 17.4 Overview of CFs for advanced EESDs and their potential applications in 
various fields. Reprinted with permission from (S.  Chen et al. 2020). Copyright 2022 American 
Chemical Society.    
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They demonstrated that the hybrid electrode has exceptional cyclability and sta-
bility as well as a huge capacitance of 614 F g1 at 1 A g1. The creation of a 
conductive network between moieties is primarily accountable for composite’s 
exceptional electrochemical characteristics. 

A rise in electrochemical properties is observed due to wrapping of rGO on the 
PANI surface. A hybrid graphene-PPy aerogel was created by Ye and colleagues 
(Ye and Feng 2014), and its capacitive performance has been studied. The synthetic 
aerogel demonstrated exceptional stability, rate capability, and capacitance 
(253 F g1). The vast space provided by PPy’s high surface area also prevents 
aggregation and restacking of graphene sheets, which speeds up the electron 
transmission. Due to these characteristics, hybrid materials are effective for high- 
performance supercapacitors. Tao et al. (Tao et al. 2013) created a ternary hybrid 
material based on polypyrrole (PPy), MnO2, and carbon fiber (CF) for use in su-
percapacitors. The authors showed that the material might serve as an electrode for 
EESD because it had an outstanding capacitance (69.3 F cm3) and high ED (6.16 
103 Wh cm3). Mesoporous PANI/G hybrid was created by Wang et al. (Q. Wang 
et al. 2014) and its electrochemical characteristics were investigated. The meso-
porous material had a large capacitance of 749 F g1 when the CD was 0.5 A g1, 
which is significantly greater than that of an electrode based on nascent PANI 
(315 F g1). This might be controlled by the interaction between PANI and graphene. 
A flexible PANI/RGO/MWCNT ternary hybrid film has been created, as reported 
by Fan and colleagues (H. Fan et al. 2014) in a different investigation. The com-
posite film demonstrated improved capacitance and stability, making it a potential 
top choice as a component in supercapacitor applications. The MWCNT served as a 
connecting element, interconnecting to the RGO flaws, forming a conductive 
channel, and facilitating quick electron transport. So, employing graphene, SnO2, 
and PANI, Jin et al. (Jin and Jia 2015) created a ternary hybrid material and 
assessed its electrochemical performance. They demonstrated that the artificially 
created composite materials have a remarkable capacitance of 913.4 F g1, as well as 
strong cyclic stability (1,000 cycles), and rate capability. The hybrid composite’s 
great stability and enhanced mechanical strength are both a result of the homoge-
nous dispersion of graphene nano-sheets. Through in-situ chemical oxidative 
polymerization, Liu et al. (Lu et al. 2018) have created hollow composite materials 
based on polypyrrole (PPy) and carbon microspheres. The hollow carbon micro-
sphere’s SC of 508 F g1 at 1 A g1 is increased by the 15 nm PPy coating. This 
improvement is primarily controlled by the development of a thin PPy coating on 
the carbon microsphere, which leads to an increase in electron transport. 

17.4.5 FULLERENE MATERIALS 

Another significant class of carbon is called fullerene (C60), in which the carbon 
atoms are linked together by single and double bonds to form a closed mesh-like 
structure (Kroto et al. 1985). Due to their chemical and thermal stability, they have 
drawn a lot of attention since their discovery in 1985. These materials are used in 
energy storage devices because of their superior conductivity. For usage in sec-
ondary batteries, Arie et al. (Arie et al. 2009) have created a fullerene-coated silicon 
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thin film anode material. They used a plasma coating method to coat the fullerene, 
and they discovered that the material has an excellent SC of >2,000 mAh g1. 
According to the author, the fullerene coating improves the materials’ conductivity, 
which makes them more useful for battery applications. Later, Troshin and col-
leagues (Troshin et al. 2011) developed fullerene (C70)-based materials for solar 
cells, including (W. Fan et al. 2013) fullerene, PCPP, and [phenyl-C71-propionic 
acid butyl ester ((W. Fan et al. 2013) PCPB). The C70 molecule was discovered to 
function as a better acceptor than photovoltaic materials composed of the C60 
molecule and has a 10% greater short circuit CD. These characteristics indicated 
that these materials might be used in bulk heterojunction solar cells. The efficiency of 
photovoltaic systems is also increased by grafting the C60 molecule onto graphene, as 
demonstrated by Yu et al. (D. Yu et al. 2011). These materials were employed in solar 
cells as electron acceptors, improving the efficiency and performance with a 1.22% 
power conversion. Non-transition metal (cluster (C60)) cathode have been produced 
by Zhang et al. (R. Zhang et al. 2015) for use in Mg-battery applications. This 
cathode’s precise capacity was discovered to be 50 mAh g1. The additional electrons 
across C60 cluster and increase in cathode’s efficacy were primarily responsible for 
the improved performance of these materials. According to Noh et al. (Noh et al. 
2017), nitrogen-doped fullerene (NC60) was created and used as a catalyst in fuel cell 
and batteries. 

17.5 PROSPECTS AND CONCLUSION 

Numerous studies on the creation of energy storage materials have been published, 
but much more work has to be done. A review of the literature showed that several 
author reported on three-dimensional composite materials and that two-dimensional 
nanostructures have been created in vast quantities. Therefore, future work should 
concentrate on creating these kinds of materials. Literature also demonstrates that 
minor structural changes can enhance electrochemical characteristics. Therefore, it 
is necessary to select materials with good electrochemical properties while making 
batteries. Additionally, new composite materials such as metal-organic/inorganic 
frameworks have recently drawn a lot of interest from scientists and technologists, 
yet there aren’t many articles that discuss them. Additionally, according to the 
literature, different materials have been created to take the role of silicon in solar 
cell devices. However, these materials still perform poorly. So, to improve power 
conversion efficiency, synthesized materials and hybrid materials must be devel-
oped soon. Similar to this, the materials demonstrated good SC in supercapacitor 
applications, but maintaining their stability is a significant difficulty. Therefore, 
future research should concentrate on creating such materials with great stability 
and superior electrochemical characteristics. 

Further improvement of these materials can undoubtedly increase their ability to 
store energy and their stability, which is also crucial for EESDs. In conclusion, the 
current review paper emphasizes the development of EESDs as well as their funda-
mental purposes across a range of EESD kinds. Additionally, a thorough discussion of 
the numerous nanomaterials employed in EESDs during the last few years has also 
been included. 
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18.1 INTRODUCTION 

Rare cells are low abundance cells with concentrations less than 1,000 per millilitre 
volume of a sample [1]. Their efficient selection, enumeration, and isolation are 
essential in a various applications such as cancer research, discovering circulating 
tumour cells (CTCs) in blood for early diagnosis and prognosis, non-invasive 
isolation, and characterization of fetal cells from maternal blood, environmental 
monitoring, detection of T lymphocytes or autoimmune diseases, as well as isola-
tion and identification of pathogens and protozoan parasites in numerous food and 
water samples. However, their isolation from various complex heterogeneous 
samples is fraught with challenges. Common types of rare cells include CTC, fetal, 
stem, somatic, T cell, bacteria, virus, and protozoa/helminths [1]. According to the 
World Health Organisation (WHO), cancer, in 2019, ranked as the first- or second- 
leading cause of premature mortality in 112 of 183 countries and ranked third or 
fourth in a further 23 countries, including India. This worldwide burden of cancer is 
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estimated to reach 28.4 million in 2040 [2]. Cancer can manifest itself in over 200 
different forms, such as lung, bladder, prostate, bone, breast, colon, neuron, hem-
atologic, skin, leukaemia, and ovary [3,4]. Therefore, CTCs early detection through 
screening has gained significant interest and attention to reduce this future burden 
and suffering. 

Current conventional methods for the detection of rare cells and treatment methods 
are based on high-end complex clinical settings and molecular tools. These include 
computed tomography imaging (CT-scan), X-ray, positron emission tomography 
(PET), magnetic resonance imaging (MRI), sonography, biopsy, cytology, endo-
scopy, radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), 
polymerase chain reaction (PCR), immune-histochemistry (IHC), thermography, and 
flow-cytometry [4–8]. Although the present methods and technologies are effective, 
they are cumbersome, intrusive, non-robust, costly, time-consuming, and are limited 
to large hospital laboratories as it requires skilled personnel for authenticated results 
potentiates the demand for the development of specific, novel, and ultra-sensitive 
micro devices. Microtechnology and nanotechnology breakthroughs have enabled 
miniaturized, on-site, and cost-effective early cancer diagnosis [4]. Therefore, sci-
entists and engineers are adopting a wide variety of microfluidic-based devices for 
low abundance rare cell manipulation, evaluation, and collection enabling high sen-
sitivity, throughput, and non-invasive real-time monitoring with electric and elec-
trochemical systems needed for point-of-care (POC) diagnosis [9]. 

Cancer is abnormal and uncontrolled cell growth caused due to a sequence of 
cellular occurrences such as genomic changes in normal cells followed by protein 
and transcriptome alteration, tumour generation, cancer-cell migration, and tumour 
metastasis [10]. This proliferation of cancer cells is marked by release of different 
biomarkers. This morphological or biochemical attribute of the cancerous cells are 
different than normal cells, which help in their spotting [8]. Biomarkers are chemical 
or biological molecules detected in bodily tissues and fluids (e.g. blood, urine, and 
saliva) under various clinical circumstances and act as an accurate real-time indication 
of cancer in the body. They are either products or by-products of numerous intra-
cellular events such as genomic mutations and transcriptional or post-transcriptional 
aberrations [4]. Biomarkers are generally classified based on characteristics as 
imaging biomarker and molecular biomarker and based on application as diagnostics 
biomarkers, prognostic biomarkers, and predictive biomarkers. The diagnostic bio-
markers assist in the detection of a specific disease, for example, prognostic bio-
markers assist in assessment of disease recurrence and the predictive biomarkers 
assist in the prediction of disease prior to symptoms appearing [6]. Although several 
types of biomarkers are known, such as protein/surface antigens, microRNA, circu-
lating tumour DNA (ctDNA), cytokines, MMPs, exosomes, CTCs, the detection of 
protein and CTCs are commonly accepted for diagnosis by medical and clinical teams 
[4,11,12]. These biomarkers/biomolecules are variably demonstrated in or on tumour 
cells and are denotative of cancer advancement [8]. Figure 18.1B represents the 
biomarkers’ origin, migration, and colonization of cancer cells. The aforementioned 
biomarkers are also used in monitoring the response to the treatment allowing patient 
follow-up. In diagnostic assemblies, biomarkers should be an element that can simply 
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be removable out of the physiological fluids of rehabilitants in a non-invasive method; 
it shouldn’t be present in a healthy body [8]. 

For cancer biomarker analysis, a biosensor is emerging as an attractive alter-
native to aforementioned standard methods such as IHC and ELISA. The electro-
chemical techniques have widespread use in numerous biosensors owing to their 
high sensitivity, portability, robustness, wider economic feasibility, specificity, 
superior analytical performance, customizability, and advantage of rapid response 
because of direct appraisement of physiological fluids (e.g. blood, saliva, serum, 
milk, urine) using a non-invasive method [8]. Therefore, electrochemical biosensors 
are widely accepted not just for clinical diagnosis but also for daily health mon-
itoring [4]. This development of non-invasive detection of cancer biomarkers using 
biosensors is imperative for detection and isolation of rare cells thereby increasing 

FIGURE 18.1 Schematic diagram of advantages, component parts, and various measure-
ment methods of the electrochemical biosensor (A) and the cancer biomarker originating 
from tumorigenesis, cancer cell migration, and colonization to a second site (B) [ 10]. 
Adapted with permission from [ 10]. Copyright (2020) Journal of Electrochmeical Society.    
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the success rate in diagnosis [11]. Also, the ambiguity surrounding the false positive 
prostate specific antigen (PSA) test can be eliminated using biosensors [3]. 

In this chapter, the emphasis is placed on the emerging biosensor-based elec-
trochemical techniques for rare cell detection. As per latest research, the incorpo-
ration of microfluidic technology and cancer-on-chip is discussed that has 
downsized the biosensors further and enabled a more user-friendly detection pro-
cess. Finally, the challenges, possible solutions, and future scope are elucidated. 

18.2 BIOSENSORS 

A biosensor is a device that translates chemical signals into an electrical reaction by 
detecting and quantifying biomarkers [6]. They are built based on the type of the 
molecules to be detected, consisting of binding sites for the biomarkers of interest. 
Since the invention of measuring blood and tissue oxygen tensions continuously 
using oxygen electrodes by Leland Charles Clark Jr., the father of biosensors, in the 
1950s [13] and commercial launch of the first glucose biosensor by Yellow Spring 
Instrument Company in 1975 [14], significant improvements have been achieved in 
both bioreceptor and transducer areas. 

Biosensor integration with miniaturized electrochemical systems/transducers are 
potential alternative tools to conventional assays for rare cell early diagnosis, staging, 
and prognosis. The use of biosensors as a diagnostic tool holds vast potential. Due to 
simple, rapid, and cost-effective detection, electrochemical biosensors are also used 
for environmental monitoring and food quality control [6]. Over the last ten years, 
biosensor research has rapidly grown in a wide range of illness diagnoses with re-
searchers working on cardiovascular diseases, cancer, and diabetes all around the 
world. The primary goal is to increase the specificity and sensitivity of biomarker- 
based quantification methodologies resulting in more dependable, stable, and sensi-
tive biosensing platforms. This wasaccomplished by improving sensor fabrication and 
manufaturing quality, developing advanced surface chemistries to increase the affinity 
between target biomarkers and surface ligands, and signal amplification studies using 
nanomaterials such as magnetic gold particles or quantum dots [7]. 

Choosing the conductive surface on which the bioreceptors or bio-recognition 
components (e.g. enzymes, proteins, receptors, antigens, nucleic acids, or antibodies) 
are immobilized is the first step in the design of a biosensor that is responsible for 
selectivity. For visual examination of results or response, the conductive surface on 
which the bio-recognition element is immobilized must be lucent [6]. Aiming to 
acknowledge a biomarker, recognition elements also known as bioreceptors are used, 
they interconnect with the biomarkers available on cell surface or the shucked off 
extracellular domains (ECDs) and thereby produce a relative dose-dependent 
response. These biochemical motion generated by the interlinkage of the bior-
eceptor with the biomarker requires further selection of a specific type of bio- 
transducer. In particular, changes in the proton concentration are determined by the 
potentiometric bio-transducer, discharge or uptake of the electrons are measured by 
amperometry bio-transducer, absorption/fluorescence/light emission or reflectance 
measured using the optical detection, and changes in the mass due to piezoelectric 
biosensors [8]. 
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Figure 18.1 represents the advantages of electrochemical biosensors, biomarker 
detections using biosensors equipped with transducers, and various electrochemical 
measurement methods. The biosensor machine mainly comprises three primary 
components: the biological recognition surface; the signal transducer; the electronic 
signal processor that relays, amplifies, and presents the information [3,6]. The 
transducer, which could be electrochemical, piezoelectric, optical, thermometric, 
magnetic, or mechanical, transforms the biological signal to an electrical output 
when the molecular identification constituent recognizes a signal from the en-
vironment in the pattern of an analyte [7]. 

The analyte detected by a biosensor in the case of a rare cell is a tumour bio-
marker [3]. Therefore, the biosensors can judge whether a tumour is present and 
whether it is benign or cancerous, and whether a treatment effectively reduces or 
eliminates cancerous cells by tracking the extent of specific proteins expressed and/ 
or exuded by tumour cells. As most cancers involve multiple biomarkers, bio-
sensors capable of detecting numerous analytes could be particularly beneficial 
for cancer diagnosis and monitoring. The capacity of a biosensor is to screen for 
numerous markers simultaneously and aids diagnosis with reduced consumption of 
both money and time [3]. Biosensors are less invasive and provide more accurate 
results, which aid in diagnosis. 

18.3 RARE CELL TYPES AND THEIR ISOLATION 

There are many rare cell types currently known such as circulating tumour cells 
(CTCs), cancer stem cells, circulating endothelial cells, antigen-specific T cells, 
invariant natural killer T cells, endothelial progenitor cells, circulating rare cells, and 
many more. Currently, the rare cell research has progressed expeditiously providing 
much more information on type of biosensor to be used for their isolation. Therefore, 
the rare cell isolation methods are also discussed. 

18.3.1 CIRCULATING TUMOUR CELLS (CTCS) 

These cells are discharged from the primary tumour into the bloodstream, which 
makes them the principal supporter of metastasis, which is the main cause of death 
from cancer. Many scientists targeted these cells to understand the tumour biology 
and also to improve the clinical management of the disease. The absolute system for 
the analysis of CTCs must comprise of the maximum efficiency of discovery in real 
time [15] (Figures 18.2 and 18.3). 

18.4 ELECTROCHEMICAL BIOSENSORS 

The compatibility of the bio-transducer with the bioreceptor is critical to the bio-
sensor’s success [8]. The biosensor’s recognition element is a crucial component. 
According to the detection mechanism, biosensors are classified as electrochemical, 
mass, calorimetric, optical, and aptasensors [6]. Because of great sensitivity, por-
tability, ease of use, specificity, and quick response, electrochemical bio-transducers 
are widely used in biosensing. The majority of electrochemical research takes 
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FIGURE 18.2 Showcasing different methods of CTC isolation and detection in a tabular 
form [ 15]. Adapted with permission from [ 15]. Copyright (2014) Sensors.    

FIGURE 18.3 Showcasing different biosensors for CTC detection and their limit in a 
tabular form [ 15]. Adapted with permission from [ 15]. Copyright (2014) Sensors.    

288                                                      Miniaturized Electrochemical Devices 



advantage of this characteristic attempting to find the ideal combination of the 
conductivity enhancer (nanoparticles) and the target bioreceptor, which provide 
an enhanced readout [8]. Electrochemical sensors provide a useful platform for 
immobilization of bioreceptors of various types that can generate analyte concen-
tration signals. Receptor proteins, enzymes, antibodies, antigens, and nucleic acids 
are the examples of recognition elements [3]. 

Early biosensors relied on purified recognition elements extracted from biolog-
ical or environmental systems. Many of the biosensor-recognition elements are at 
present getting manufactured in the laboratory because of improvements in tech-
nology and synthetic chemistry, authorizing for increased biosensor function sta-
bility and repeatability [3]. 

Since all reactions are usually detected only near the electrode surface, the 
electrodes themselves are critical to the effectiveness of the electrochemical bio-
sensor. Electrode material, surface variation, and size all have a significant influence 
on the sensing capabilities of a particular electrode, depending on the function 
selected [14]. A standard electrochemical workstation comprises of an auxiliary 
electrode, a working electrode, and a reference electrode system. The biochemical 
events relating the targeted bioreceptor interaction occur on the working electrode’s 
surface 8 and the counter electrode connects the electrolytic solution, allowing 
current to flow to the working electrode [14]. Generally, the electrochemical bio-
sensors involve plane/modified glassy carbon electrodes (GCE), Ag/AgCl (in sat-
urated KCl) and Pt wire as working electrode, reference electrode, and counter/ 
auxiliary electrode, respectively [12,16–18]. 

The different types of electrochemical biosensing techniques such as ampero-
metry, impedance spectroscopy, conductometry, and various field effect transistors 
are discussed below. Currently, the sensing platforms have progressed from elec-
trochemical electrodes to capacitor sensors providing high sensitivity, label-free, 
and cost-effective detection using a capacitor surface [8]. Therefore, the capacitive 
sensing methods are also discussed. 

18.4.1 AMPEROMETRY 

Amperometry is the most widely used technique in the detection of rare cell bio-
markers, where current developing from the reduction or the oxidation of electro-
active species in the biochemical reaction is measured continuously at a steady 
applied voltage. Clark’s oxygen electrode is the first amperometry biosensor for 
detecting glucose, where current isresulted in proportion to the oxygen concentration 
[19]. Kim and co-workers applied an amperometry immunosensor with AuNP/Den 
for an early identification of lung cancer biomarkers Annexin II and MUC5AC, which 
has shown limit of the detection (LOD) of 280 ± 8.0 pg/ml [16]. Chandra et al. 
demonstrated that an amperometry nano-biosensor is capable of detecting multi-drug 
resistant cancer cells (MDRCC) by sensing permeability glycoprotein (P-gp) in serum 
and mixed cell samples. It offers linear range (LR) of 50 to 105 cells/ml and LOD of 
23 ± 2 cells/ml [12]. In another work, Zhang and co-workers applied an amperometry 
technique for microRNA-21 (miR-21) detection that’s based on 2’-O-methyl mod-
ified DNAzyme and DSN-assisted target- recycling without miRNA labeling, 
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enrichment, or PCR amplification [20]. Furthermore, the detection of 5-methylated 
cytosines (5-mC) in DNA or DNA methylation, one of the most frequent molecular 
phenomena in human cancer, using immunosensor and DNA sensor–based am-
perometry is reported [21]. This utilization of electrochemical biosensor avoids the 
bisulphite and PCR quantification making it suitable for point-of-care applications. 
The immunosensor detects rare cells with LR of 23 to 24,000 pM and LOD of 
6.8 pM, whereas a DNA sensor detects rare cells with a LR of 139 to 5,000 pM and 
LOD of 42 pM [21]. 

18.4.2 IMPEDIMETRIC 

Electrochemical impedance spectroscopy (EIS) is a commonly accustomed imped-
ance method, because of its low-excitation voltage, high sensitivity, and fast speed, 
impedance biosensors are a reassuring approach for cancer-biomarker detection. 
The low-excitation voltage of 5 mV or 10 mV is lower than that needed in voltametric 
methods i.e., 200 mV to 600 mV [10]. This limits the problem of electrode 
heating, making it appropriate for the long-term and real-time sensing. More 
importantly, EIS-based biosensors might work on both Faradaic and non-Faradaic 
modes allowing label-free detection by measuring changes in form of capacitance 
and/or resistance [22]. The use of interdigitated microelectrodes (IDμE) with EIS 
offers additional advantages [22]. 

Chan et al. reported an electrochemical impedance spectroscopy (EIS) biosensor to 
detect MCF-7 human breast cancer cell lines in whole blood with LOD of 5 cells/ml. 
In this work, three electrode systems with surface 3D microarray coated with a gold 
layer have been used, which enhances the capture efficiency of rare cells [18]. In a 
study conducted by Chen and colleagues, an impedance-based high-density EIS 
biosensor is developed for breast tumour cell (MCF-7) detection using Au electrode 
and CMOS substrate [23]. Furthermore, the cancer cells have also been isolated using 
self-propelled nano/micromotors functionalized with aptamers as bioreceptors, since 
the oxygen bubbles generated on the nanomotors accelerates movement as well 
as chemical and biochemical reaction. Based on this concept of electrochemical 
aptamer-based biosensor, Tabrizi and co-workers targeted human promyelocytic 
leukaemia cells (HL-60) from human serum using EIS with LOD and LR of 250 cells/ 
ml and 25 to 5 × 105 cells/ml, respectively [24]. 

Other impedimetric technique is called capacitive sensing, where capacitive 
alteration are occurring due to revamping in the obstruction induced by the surface 
dielectric, charge distribution, or local conductance are measured [22]. 

Capacitive sensing depends on the capacitive coupling phenomenon. The input to 
the system in this method is human body capacitance. These sensors can be used to 
detect anything as far as that object is conductive or has dielectric dissimilar from that 
of air [25]. An et al. put forward a dielectrophoretic (DEP) microfluidic enrichment 
platform which has inbred differential contactless capacitive sensor for detection of 
rare tumour cells. In this work, DEP forces were resulted using sinusoidal function 
signal, with 16 Vpp amplitude and a frequency of 1 MHz, are applied to target cells 
which are dangled in chamber to pivot them towards sensing electrodes. Furthermore, 
capacitive measurements were carried out at 300 kHz frequency to locate cells [26]. 
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18.4.3 CONDUCTOMETRIC SENSING 

Conductometric sensing is a rapidly emerging research field with thrilling new 
prospects for the advancement of a new analytical tools for biotechnological and 
bioanalytical applications. They have many distinctive advantages over other sensor 
such as acceptable for miniaturization and a large-scale manufacturing. Moreover, 
they don’t need a reference electrode but do require a low operatable voltage [27]. 
These sensors typically contain a planar glass mounting which are integrated with 
pairs of gold electrodes on one plane of the planar configuration, and the signal is 
driven due to electrical resistance in the middle of two parallel electrodes by 
multiple biochemical reactions which changes the ionic compositions in the solu-
tion [28]. Tang et al. drafted a design of a conductometric immunosensor in order to 
get AFP sensing on an anti-AFP capture antibody modified inter-digitated gold 
transducer utilizing horseradish peroxidase (HRP)-labeled carbon-nanoparticles in 
order to generate a H2O2–KI system [29]. 

18.4.4 FIELD-EFFECT TRANSISTOR (FET) 

Field-effect transistors (FETs) are appealing for point-of-care operations because of 
their low detection time credentials. There are some recent studies which shows that 
incorporation of nanoparticles in FET could help in amplify their sensitivity as a 
biosensor. Lately, graphene- based materials are also in study for a breast cancer 
FET biosensor because of its outstanding electrical and mechanical properties [30]. 
Sun et al. proposed a novel organic field effect transistor (OFET) formed biosensor 
using 2,6-bis(4-formylphenyl) anthracene (BFPA) substance as a preventive and 
viable layer for the ultrasensitive and diagnosis of alpha-fetoprotein (AFP)- 
biomarkers up to femtomolar level (53 fM for threshold voltage (Vth) as a sensing 
signal and 45 fM for Ids as sensing-signal) in the human serum. In addition, this 
device shows an improved reliability in monitor targeting the AFP-biomarkers in 
human serums and has the ability to distinguish between the liver cancer patients 
from the healthy individuals. This OFET-based biosensor could be used in the 
future as a definitive tool in the prior diagnosis of liver cancer [31]. 

18.5 FUTURE OF ELECTROCHEMICAL BIOSENSORS 

The future for electrochemical biosensors is promising though there are many 
unanswered questions. Although significant progress has been made in this field, there 
are still many obstacles to overcome, particularly those requiring the development of 
novel materials to increase the specificity and sensitivity of biorecognition events 
and biosensor stability. Apart from that, miniaturization plays a vital role in point-of- 
care (POC) diagnosis. Therefore, the success depends on developing both miniatur-
ized systems (including electrodes) and biorecognition elements. The integration 
of multi-channeled microfluidics-based diagnostic automation could lead to down-
sized and smart point-of-care devices with public appeal. During a diagnostic ex-
periment, microfluidics enables for regulated laminar flow of participating reactants 
throughout microchannels, resulting in lower material consumption, smaller sample 
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sizes, real-time analysis, and high throughput screening [32]. On the other hand, this 
necessitates the requirement of pumping components with valves that adds compli-
cation to POC devices for observing numerous forms of cancer at preliminary stages. 

The absence of specific, sensitive, low cost, quick and easy detection, and iso-
lation of rare cells has brought more in the growth of electrochemical biosensors 
research. The emerging technologies and discoveries in lab-on-chip microdevices 
and the nano-sensors fields offer chances for the growth of completely new and 
better biosensors [33]. In addition, electrochemical biosensors are easy to integrate 
into innumerable platforms (i.e., microfluidics) where different assay steps can be 
involved, making them a good alternative for detection of DNA in actual samples. 
The synergy between electrochemical detection and the use of NPs, either as labels 
or as carriers, is given to the devices with evolved sensitivity in addition to evolved 
stability, if compared to other technologies using enzymes or other labels. With a 
boost in nanotechnology research in general and in NMs in particular, the price of 
NP-based DNA biosensors is anticipated to go hand in hand with mass production, 
making them an ideal tool for easy-to-use devices and future point-of-care for di-
agnostics, security, and environmental applications. 

A growth in electrochemical-DNA biosensors predicated on microchip devices can 
be observed. Microfluidics platforms (lateral-flow devices or lab-on-chip devices) are 
the marvellous pathway for integrated DNA technology. These mediums have thus far 
integrated into a single device, with all the steps necessary for detecting DNA such as: 
sample pre-treatment, amplification reaction, labellng, pre-concentration, and lastly 
detection. Majorly, such a level of integration is expected for preferable path for the 
DNA technology to point-of-care operations in many settings where there are fewer 
resources and unavailability of specialized personnel to carry out such level of 
analysis. To escalate more the sensitivity of DNA detection, the integration of iso-
thermal amplification techniques with electrochemical detection can be expected to 
bring noteworthy advantages. This integration may streamline the design and func-
tioning of DNA biosensors. The possibility of multi-detecting of different DNA 
sequences or SNPs in the same run (sample) can be reached using various NPs (with 
various catalytic/electrochemical properties). Studying different DNA sequences in 
tandem with a fast, inexpensive, and easy-to-use biosensor will greatly simplify the 
screening of mutations, besides other applications. 

18.6 CONCLUSION 

Currently, different types of cancer are diagnosed only after they have spread 
throughout the body; at that point, the cancer is essentially untreatable. Therefore, 
there is an urgent need for accurate, early detection and diagnosis. The utilization of 
these emerging biosensor technology has been contributory in the prior detection of 
rare cancer cells, improving a patient’s overall chance of survival. The epicentre 
of advancement in cancer-diagnostic techniques has been recently repositioned to 
biomarkers because of several advantages, such as efficient detection at a very low 
concentrations of the biomarkers, well-defined endpoints, numerous biomarkers that 
can be utilized for parallel detection, and the procedure is relatively speedy and 
economical. 
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Biosensors can also be used in medicine to detect glucose levels in diabetic 
blood, identify infections, and diagnose and monitor cancer; and in the environment 
to detect dangerous pesticides or bacteria in the air, water, or food. Recently, the 
military has become very much interested in the advancements of the biosensors as 
counter-bioterrorism devices, which can detect biological and chemical warfare 
materials in order to prevent illness or exposure. Biosensors might potentially be 
implanted on the human body to monitor vital signs, correct irregularities, or even 
signal a cry for help in an emergency, according to the futuristic vision. Biosensors 
have an almost infinite number of uses in theory. 
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