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Preface

One of the innovative and useful materials now being researched for potential
applications and prospects for value addition for ongoing quality and performance
improvement is metal chalcogenide-based carbon composites. Numerous popular
science and engineering databases, including Scopus and Web of Science, can be
used to search through the vast body of engineering and science literature on metal
chalcogenide-based carbon composites. However, reports of novel materials, pro-
cessing methods, and structure-to-property and processing-to-property correlations
are ongoing. Reviews are published in journals on a regular basis in ever-increasing
numbers, yet the aim of having them all in one place is frequently defeated by their
diversity and dispersion.

In this book, significant papers on the synthesis, characterizations, and appli-
cations of chemically deposited metal chalcogenide-based carbon composites for
versatile applications are collected. This book has developed from our earlier one
on “chemically produced nanocrystalline metal oxide thin films for a variety of
applications.”

It is clear that the book now available on chemically deposited metal
chalcogenide-based carbon composites for energy conversion, storage, and sensing
might assist the community in accessing the necessary resources in a single
location. As a result, the book was designed to offer advice on chemically
produced metal chalcogenide-based carbon composites for energy conversion
(photovoltaic); chemically produced metal chalcogenide-based carbon composites
for energy storage (supercapacitors and batteries); and chemically processed metal
chalcogenide-based carbon composites for sensing, simulation, and modelling.

The first 8 chapters of this book, which has a total of 14 chapters, are devoted
to providing general information on the development of solution-processed metal
chalcogenide-based carbon composites, their properties and applications, their
structural and electronic properties, and the insights gained from first-principles
calculations on the properties derived from Chap. 13 of the book.

The subsequent five chapters thoroughly discuss the water-splitting and photo-
voltaic uses of carbon composites based on metal chalcogenides. Reviews on the
subject’s most recent developments in general as well as the advantages of metal
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chalcogenide-based carbon composites for photovoltaic activity are covered. The
chapters also cover photoelectrochemical cells, hydrogen production, and the use of
carbon composites based on metal chalcogenides for photocatalysis.

Lithium ion batteries, supercapacitors, and other energy storage technologies
are the subjects of the majority of this book’s chapters, along with broader energy
storage topics.

We are grateful to the authors who put their time and effort into creating this
book, which would not have been possible without them. We really hope that the
time and energy you invested in writing the chapters will assist to increase your
profile as a specialist in science and engineering research. Working with the Springer
Nature’s editorial teams has been a delight, especially with Michel Luby, Zoe
Kennedy, Brian Halm, and Praveena John. Thank you all, for your rapid assistance
with editing and ideas that improved the book’s presentation. In fact, it was a
pleasure working together with the book’s editors.

Finally, we would like to extend our sincere gratitude to you, the reader, and we
really hope that reading this book was beneficial to you. We really hope that you
enjoyed reading this book and found it useful.

Nsukka, Nigeria Fabian I. Ezema
Kolhapur, India Chandrakant D. Lokhande
Abu Dhabi, United Arab Emirates Abhishek C. Lokhande
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Abbreviations

0D Zero dimensional

1D One dimensional

2D Two dimensional

Ag! Ampere per gram

A° Angstrom

ASC Asymmetric supercapacitors

Cg™! Coulomb per gram

CDh Charge-discharge

CpbL Double-layer capacitance

CE Counter electrode

CNT Carbon nanotube

Csp Specific capacitance

cv Cyclic voltammetry

E Energy density

ECSA Electrochemically active surface area
EDLCs Electrical double-layer capacitors
EDS Energy-dispersive X-ray spectroscopy
EES Electrochemical energy storage

EIS Electrochemical impedance spectroscopy
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1 Introduction

Nature has provided mankind with all necessary things for survival, but his desire for
an easy and fast world has motivated him to innovate. His aspiration has encouraged
unrestrained utilization of fossil fuels, naturally available resources, nuclear energy,
etc. Uncontrolled utilization of non-renewable resources has led to their extinction
and an increase in their cost, to such an extent that it has compelled all world
powers and scientific societies to find sustainable energy storage technology. An
ample amount of energy can be retrieved from renewable resources, but their storage
has been a matter of great concern. Intensive research has been directed towards
alternative ways of energy production and energy storage. It is also being taken care
that these substitutes should be cost-effective, exhibiting good performance with
sustainability. These must also be environment-friendly and reliable. At present,
the use of portable electronic gadgets with innovative features like flexibility,
lightweight, and reduced size has made energy storage an essential need of the
hour [1]. Inclination towards advanced technologies contributed to the sudden surge
in energy storage systems (ESS). These devices can save ample amount of energy
from various renewable resources like wind, solar power, etc. and release it when
needed [2]. Depending on the function, response time, and duration of storage,
these can be classified, but the most common method of classification is its energy
storage mechanisms. Figure 1 gives a broader classification of the mechanisms by
which the energy can be stored. These are categorized as electrical, mechanical,
thermal, chemical, and electrochemical [3]. The energy storage devices are expected
to be cost-effective, long lasting, durable, efficient, and trustworthy. The market
potential of ESS is predicted to increase over the coming decades. However, a lot
of emphasis and breakthrough research are reported in the field of electrochemical
ways of energy storage. Figure 2 shows that after thermal energy storage, it is
supercapacitors and batteries that have garnered major attention in the world for
research scenarios.

Electrochemical energy storage (EES) systems have found inevitable importance
in our daily life as they are being widely used for electronic gadgets, electrical
vehicles (EVs), and power grids. EES systems displaying high energy density with
unrestrained high-power density and better cycling life have posed an enormous
challenge in front of world powers and scientific societies. Figure 3 shows different
types of electrochemical energy storage devices inclusive of batteries, fuel cells,
and electrochemical capacitors. The desirable amount of power required, charging
requisite, and speed of the device determine the ESS to be utilized.

Batteries play a vital part in our lives as these are being used rigorously in
cars, radios, mobile phones, watches, laptops, remote controls, etc. [4]. Although
these are rechargeable and reusable, they have shown a lot of setbacks like their
ability to store charge deteriorates over time and eventually needs to be disposed
of when they can no longer hold a charge. Also, they have low power density
with low charge-discharge time. These disadvantages associated with the batteries
have been the cause of the development of fuel cells. Fuel cells incorporated with
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Fig. 2 Publications on different energy storage systems over the past 15 years [3]

Fig. 3 Various electrochemical energy storage devices

hydrogen are being utilized in telecommunication and hybrid vehicles and for
uninterrupted power supply, etc. as hydrogen is a non-hazardous and abundantly
available resource. These cells are rechargeable and theoretically can provide
continuous energy. However, their storage and handling are of great concern as they
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Fig. 4 Ragone plot for various energy storage devices [2]

require bulky and heavy tanks like CNG and complex insulating bottles, making the
whole system massive [5]. Nevertheless, they have their constraints which prevent
their exchange in each other’s domain. These drawbacks of batteries and fuel cells
lead to the invention of electrochemical capacitors, i.e. supercapacitors (SCs) which
fill the gap between capacitors and batteries.

The Ragone plot shown in Fig. 4 quantitatively compares the performance of
various electrochemical storage devices based on their power and energy density.
SC falls within the batteries and conventional capacitors, where it shows the merits
of both devices [6]. SCs, secondary energy storage systems, can exhibit high
power density with a less negative impact on the environment when compared to
batteries [7]. The capacitance and charge-discharge capability of SCs are much
higher than that of any other conventional capacitors. The specific energy density
(1-10 Wh kg~!) associated with SCs is much lower than that of batteries but higher
when compared to conventional capacitors. Similarly, the specific power density (>
10 kW kg~!) of SCs is higher than the batteries but lower when compared to the
capacitors [5, 6]. The equivalent series resistance (ESR) of SCs is low eventually
increasing the power and minimum loss of energy during the operation [7]. Since
no chemical reaction takes place during the charging or discharging process, it can
be charged and discharged hundreds to thousands of times without any degradation,
thus increasing the life span (> 10° ) [1, 6, 8-10]. Also, its efficiency is 90% with no
maintenance, while that of currently used batteries is 80% [11-14]. Table 1 briefly
articulates the merits of SC compared to batteries and conventional capacitors [15].
For high-power and high-energy-devices like mobiles and electric vehicles, SCs can
be used in combination with rechargeable batteries [16].
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Table 1 Comparison of battery, supercapacitor, and capacitor [17]

Battery Supercapacitor Capacitor
Cycle life 1000 > 500,000 Almost infinite
Charging time 1to5h s to min 10%t0 103 s
Discharge time 0.3to3h |stomin 10%t0 103 s
Charge storage Faradaic | Non-faradaic/faradaic | Charge is stored in the
dielectric material in an
electrostatic field
Specific energy (Whkg™") | 10-100 1-10 <0.1
Specific power (W kg™!) < 1000 500-10,000 >>10,000
(@) — e 1 |le — (b)
Charge ' | Discharge
Anode Cathode
Charge ‘ Fuel v
Cu- e
- { [
C e
R
Li- o
o P Used fuel
- Discharge recirculates
Lli%OO Flow Field
r g Plate
Non-aqueous Separator Gas Diffusion Gas Diffusion
electrolyte Electrode(Anode) Electrode(Cathode)
Proton-exchange
membrane
(C) Electrolyte j Separator
9
"
Current t
collector ‘_S;[:;or
Porous
Electrode

Fig. 5 Schematic representation of (a) intercalation/de-intercalation reaction mechanism in a
rechargeable lithium-ion battery containing solid electrodes and a liquid electrolyte, (b) proton-
exchange membrane fuel cell, and (c¢) two-electrode supercapacitor [18-20]

All three ESS (batteries, supercapacitors, and capacitors) have different
energy storage behaviours. Figure 5 shows the schematic arrangement for (a)
intercalation/de-intercalation mechanism of a lithium-ion battery with solid
electrodes immersed in liquid electrolyte [18], (b) proton-exchange membrane fuel
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Fig. 6 Schematic showing the working mechanisms of (a) carbon-based electrical double-layer
capacitor (EDLC), (b) pseudocapacitor, and (¢) hybrid supercapacitor

cell [19], and (c) the two-electrode SC [20]. Analogous to batteries and fuel cells,
SCs consist of one positive and one negative electrode with an electrolyte which
can be in liquid or gel form and a separator to isolate the two electrodes electrically
[21, 22]. Studies have shown that the electrode material and its morphology have
an inevitable impact on the charge storage ability of the device. Electrodes with
high surface area and porous structure can enhance the supercapacitive behaviour
of the device to a large extent. Nanomaterials with their high surface-to-volume
ratio characteristics have been able to establish a substantial impact on the field
of energy storage systems. The electrochemical performance of the SC device is
highly influenced by the specific surface area (SSA) of the electrode material as it
decides the amount of charge to be stored, increasing the capacitance of the device.
Along with SSA, pore size distribution, pore shape, structure, surface functionality,
and electrical conductivity of the electrode material also contribute to the specific
capacitance [23]. The morphology of electroactive material seems to improve the
cycling performance of the device fabricated due to its ability to accommodate strain
during ion insertion/removal [24]. Electrodes trigger charge accumulation at the
electrode/electrolyte interface when they are placed in the electrolyte. Based on the
charge accumulation mechanism and the active materials used for the electrodes, the
electrochemical SCs are widely categorized under electrical double-layer capacitors
(EDLCs), pseudocapacitors, and hybrid supercapacitors [5, 25]. Figure 6 shows
the schematic representation of (a) carbon-based electrical double-layer capacitor
(EDLC), (b) pseudocapacitor, and (c) hybrid supercapacitor [26, 27].

2 Electrical Double-Layer Capacitor

EDLCs store charges through the electrostatic method exhibiting no prominent
oxidation or reduction peaks in cyclic voltammetry (CV). Due to this, the resulting
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energy density of EDLC SCs is low (Fig. 6a) [28-30]. Materials prepared from
carbon shows such behaviour where charges pile on the electrode and an equal
but opposite charge develops in the electrolyte which provides charge neutrality.
Charge accumulations on the surface of the electrode and in the electrolyte together
form a double layer. Such accumulations can be explained based on the following
theoretical models: (1) the Helmholtz model, (2) the Gouy-Chapman model, and
(3) the Stern model [15]. The theoretical Helmholtz model is well depicted in Fig.
7a which predicts that the charges opposite to that on the surface of the electrode
diffuse through the electrolyte and accumulate at the electrode/electrolyte interface
when polarized, causing the formation of two layers parallel to each other termed as
‘electrical double layer (EDL)’, but there are certain disadvantages associated with
this theory, such as it does not consider the diffusion of ion through the electrolyte.
Dipole moment interaction of both electrode and electrolyte is neglected. According
to the Gouy-Chapman model, as shown in the Fig. 7b, there is an exponential
decrease in the potential as we move from the electrode surface to the bulk fluid.
This model predicted a larger capacitance at the interface; as a result, this was not
applicable for highly charged layers. Lastly, the Stern model (Fig. 7c) considered
both the Helmholtz model and the Gouy-Chapman model. The inner region of
ion distribution was considered as an adsorption area, and the region outside
was considered as a diffusion region of distributed ionic charge. Thus, the total
capacitance of an EDLC is given by

1
Ca

+
Cu  Caitr

ey

Stern layer

()

Diffuse layer

— Diffuse layer
+ Q _'I'@O l 'I'b@ﬁ-' ugiF y
DO SIS )
H O 4o \ol ® o Yol
|
H © H© # 1
i b ] o@: 5 +C|?| O &8
I ol
H O # # 2 #Ho © i
d - — ‘
solvated O m—) ANION
@ cation

Fig. 7 Schematic representation of (a) Helmholtz model, (b) Gouy-Chapman model, and (¢) Stern

model [15]
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Here Cg represents the EDLC capacitance, Cy represents the capacitance of
Stern type, and Cygjsr is the capacitance corresponding to the diffusion region [31].
The electric charge accumulated is relative to the number of ions adsorbed.

3 Pseudocapacitors

Pseudocapacitors, the second type of electrochemical SC, are made up of two
electrodes with “two different” active materials having porous morphology (Fig.
6b). These SCs store energy by using one of the following processes: (a) ion
electrosorption or adsorption (Fig. 8a), (b) surface redox process (Fig. 8b), or (c)
intercalation process (Fig. 8c). The energy densities associated with these SCs
are higher than those observed in EDLC. This is due to the highly reversible
faradaic nature of the active material, used as an electrode in pseudocapacitors
[32]. However, the energy stored in these types of SCs is less compared to other
storage devices; hence there is a significant challenge in enhancing this property
and employing it as a replacement for batteries [33]. The main difference between
pseudocapacitor and EDLC is that in the case of EDLC, no ion-exchange (IE)
process occurs between the electrode and the electrolyte, indicating that the elec-
trolyte ions remain almost stable during electrochemical activity, while in the case
of pseudocapacitors, it suffers from poor cyclic performance due to repetitive redox
reactions and a large internal resistance caused by the poor electrical conductivity
[26, 34].

(b)

Fig. 8 Representation of (a) ion electrosorption or adsorption, (b) surface redox process, and (c)
intercalation [32]
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4 Hybrid Supercapacitor

Hybrid supercapacitors (HSCs) with high energy density values of approximately
>50 Wh kg~! and power density > 10 kW kg~! with a stable cycle are considered to
be an excellent energy storage system [26]. Figure 6¢ shows the utilization of porous
material on one electrode and carbon-based material on another electrode. The first
reported HSCs used battery-type electrolytes where Li ions intercalated into the
porous anode and increased the energy density while the anions adsorbed onto the
surface of the carbon-based cathode and resulted in high power density. However,
the main issue with this type of energy storage is that the cation-intercalation
kinetics is slower which caused an imbalance in the rate performance of each
electrode.

5 Characteristic Behaviour of EDLC and Pseudocapacitors

Supercapacitors are mainly categorized based on their cyclic voltammetry (CV)
and charge-discharge (CD) profile. Brief insight is given into the characteristic
behaviour of both types of SCs.

5.1 Cyclic Voltammetry

Cyclic voltammetry (CV) yields basic information about the electrochemical cell
such as the working potential window, charge storage capability, charge storage
mechanism, and cycle life of the cell. The electrochemical cell utilized for analysis
purposes consists of three electrodes, counter electrode (CE), reference electrode
(RE) and the working electrode (WE), placed in a beaker filled with an appropriate
amount of electrolyte. For CV measurements, a triangular-shaped potential, also
called sweep voltage, as shown in Fig. 9a, is applied between the WE and RE while
the response current is measured between the WE and CE. The output obtained will
show a plot between the current and the voltage as shown in Fig. 9b. This study is
termed as cyclic voltammetry since this can be continued for ‘n’ number of cycles.
Here, we can also change the rate at which the electrode surface should be scanned.

The rate at which the voltage changes over time during each phase of the sweep
voltage is termed as the scan rate of the experiment. The current response of
EDLC and pseudocapacitor is different when voltage is applied. EDLC has almost
a rectangular voltammetric shape, while pseudocapacitor shows redox peaks, one
for oxidation and the other for reduction process (Fig. 10) [35]. During the initial
forward scan, reduction of the active materials occurs, generating a cathodic current
which keeps on increasing till it reaches a peak value termed as cathodic peak
current (Epc) where almost complete analyte is used up. After reaching the peak
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Fig. 10 Characteristic CV of (a) EDLC and (b) pseudocapacitor [35]

value, increasing the forward scan reduces the current. Now on a reverse scan,
if the material is reversible, then oxidation of the material begins in such a way
that the highest peak current is obtained in the reverse direction which is termed as
anodic peak current (Ep,). A nearly rectangular-shaped CV curve of EDLC materials
indicates that the capacitive behaviour of the active material is good and it provides
a low contact resistance which can boost the charge transfer process at the interface
[33]. However, in the case of a pseudocapacitive electrode, the peak current of the
CV curve must vary linearly with the scan rate. Typically, CV is studied for different
scan rates. If at each scan rate an identical curve is obtained, then it implies that the
redox process of the electrode material is reversible and is reproducible. During a
high scan rate, the superficial surface of the electrode is utilized, while in case of a
lower scan rate, both the exterior and the interior of the active material participate
actively. From the CV curve of the electrode, the specific capacitance (Csp) can be
calculated by using the formula [36]
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[Idv

mXZdi—l;X(Vz—Vl)

Cyp = 2)

Here response current (A) is denoted by ‘I, ‘m’ total mass of the active material
(g), Vo — Vj potential window of the CV curve (V), and fli—‘; the scan rate (V s~1).

5.2 Galvanostatic Charge-Discharge Characteristics

The galvanostatic charge-discharge (GCD) process is studied by applying a constant
current to the electrochemical cell [37]. It is a more versatile and accurate approach
for characterizing the SC device. A constant current is applied to the cell which will
be less than the maximum current obtained from the CV curve. The output obtained
will be a plot between the potential (V) and time (s). The CD profile for both EDLC
and a pseudocapacitor is distinct. EDLC shows an almost ideal capacitor profile as
shown in Fig. 11a. The time taken for charging (7.) will be almost equal to the time
taken for discharging (Ty). If the curve appears non-linear, then the charge storage
ability of the material will be pseudocapacitive in nature (Fig. 11b). A small IR drop
usually appears in the case of pseudocapacitors; these may also appear in the case
of EDLCs. This drop arises due to the internal resistance of the cell as well as due
to the different rates of oxidation and reduction reactions occurring within the cell
[38, 39]. The smaller the IR drop, the lesser will be the internal resistance of the
device which implies that there is good adhesion between the active material and
the substrate, improving the conductivity of the electrodes which is necessary for
energy electrodes [36, 40]. A larger discharge time indicates that the charge storage
capability of the material is good, i.e. the material can provide energy for a longer
duration of time [41]. Cs, is calculated from the CD curve using the formula [42]

>

Potential (V, vs Ag/AgCl)

Potential (V, vs Ag/AgCl)

Time (s) Time (s)

Fig. 11 Charge-discharge curves of (a) ideal supercapacitor and (b) pseudocapacitor
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3)

where ‘I’ represents current density, ‘m’ mass of the active material, f Vdt area under
the experimental curve, and Vy and V; the final potential and the initial potential of
the active window. Energy and power density are two key attributes of a SC, where
the former defines the quantity of energy that can be stored in the device, while the
latter tells about how fast this can be released [43]. Energy stored by a SC is related
to the charge accumulated at each of its various interfaces and on its active potential
window (V). It is calculated from CV using the formula

0.5 x Csp x (V2 — V2.) 1
E= min’ — Cop x V2 4
3.6 2x36 P X
where Viax and Vi represent the maximum and the minimum potential of the
window in V and Csp the specific capacitance in F g~ !. Power is related to energy
density and discharge time using the formula

E x 3600
p=—"—"="

T ®)

where Tq is the discharge time in seconds.

5.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is used to estimate the resistive
properties of electrode. It measures the resistivity offered by any circuit to the flow
of electric current through it. EIS can also be used to determine the different reaction
processes occurring at the surface of the active material. It provides information
regarding the electron transfer rate of any reaction. It plots the graph between the
real and the imaginary part of the impedance value, termed as the ‘Nyquist plot’.
For measurement, a sinusoidal signal of certain frequency range is applied to the
electrochemical cell. The Nyquist plot shows a semi-circle at higher frequency
range, while at lower frequency range, it shows a 45° angle line as shown in Fig.
12. X-axis intercept of the semi-circle is termed as the internal resistance (Rg) or
equivalent series resistance (ESR). ESR is the sum of various resistances exciting
in the electrochemical cell. These includes the resistance at the interface of the
active material and the current collector, the resistance offered by the electrolyte
ions, and the intrinsic resistance of the active material [44]. It can also determine
the rate at which the cell can be charged-discharged (power capability) [45]. Lesser
value of Ry is beneficial for rapid ion transport from solution to the electrode [46].
Twice the radius of the semi-circle formed in the Nyquist plot provides the charge
transfer resistance (R¢) at the electrode/electrolyte interface. If the semi-circle at
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Fig. 12 EIS spectrum of an electrochemical cell

higher frequency is negligible, then it suggests that the resistance provided is due
to the ion-diffusion process which is frequency dependent. Theoretically, the ESR
estimated from the IR drop and that from the intercept must be the same, but it
appears to vary in most of the cases. This is mainly because in charge-discharge
analysis, the resistance offered is a sum of various constituents of the cell that
includes the active material and the separator, while in the case of Nyquist plot,
resistance is a function of frequency. Thus, ESR estimation through Nyquist plot is
more accurate than the charge-discharge analysis [47]. The second part of Nyquist
plot which is a 45° inclination line is called the Warburg resistance and is a result of
ion diffusion/transport in the electrolyte [39]. If this line is nearly vertical at lower
frequency, then the electrode is close to an ideal capacitor, i.e. the ion-diffusion path
becomes short and the ion-diffusion resistance reduces [48].

5.4 Stability

An ideal SC must charge and discharge for an infinite number of cycles; however
in actual conditions, the stability of SC is highly influenced by the mechanical
and chemical stability of the electrode material [49]. Instability obtained during
cycling process of SCs may be attributed to various facts such as (i) phase change of
electrode material during oxidation-reduction process, (ii) dissolution of electrode
material in electrolyte, or (iii) due to some other side reactions. During stability
study, the material is subjected to continuous cycle of sweep potential and the
corresponding current is studied, i.e. during stability analysis, continuous graph of
CV or CD is taken for cycles >1000. The material with good stability will not show
any significant loss, indicating less degradation of the electrode material [50].
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Fig. 13 Factors affecting the energy density of the supercapacitors [58]
6 Factors Affecting Supercapacitive Behaviour

Supercapacitors (SCs) are supposed to be the saviour for next-generation high
energy demands [51, 52]. This can exhibit high capacitance with high power density,
with low internal resistance, fast charge-discharge rate, and good stability with safe
operations [53, 54]. These are low maintenance and lightweight devices which can
be used in places were high current for short duration of time is a must [55]. Alas,
with all such benefits, its moderate energy density value is one of the most crucial
challenges that requires to be enhanced so that it can be a commercially viable
primary power supply. Also, the fabrication processes for large-scale manufacturing
continues to be the major challenge for its commercialization. Several other
challenges faced by SCs apart from being low energy density device and surged
cost in mass production are that its voltage output per unit cell is low and it has a
high self-discharge trait [56].

In general, energy associated with an electrode or device can be calculated using
the formula [57]

1 2
E=-CV (6)
2
which indicates that it is proportional to the capacity and potential window within
which the SC can actively exhibit higher capacitance. However, energy density
calculated for the device is more compelling than that of the electrode alone since
the capacitance typically reduces in device compared to the electrode. Figure 13

indicates the factors that can increase both capacitance and the potential window of
SC [58].
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6.1 Specific Surface Area

Increased specific surface area can provide more functioning sites for faradaic
reactions [34]. However, Lu et al. [52] had stated that for high performance,
materials with dimensions in nano-regime are not enough, but structures with high
ionic accessibility play a dominant role. Such accessibility should be supported by
materials even during fast charge-discharge process [52]. Carbon nanomaterials
and their allotropes are advocated to be one such potential candidate for SC
applications. Theoretically, the specific capacitance must increase with specific
surface area (SSA) as C = g 8,%. However, practically this relationship is not
linear as it depends on the electrolyte entering through the micropores of the
material surface [59].

6.2 Pore Size

Specific surface area, a key factor for increasing the capacitance, is a combination
of highly interfused pores of macro (> 50 nm), meso (2-50 nm), and micro (<
2 nm) range. Each pore size has their own individual significance such as macro-
pores can facilitate transportation of electrolyte ions into the internal parts of active
materials, meso-pores provides transport conduits for the diffusion of electrolytes,
while micropores allows accommodation of electrolyte ions through controlled
diffusion and molecular sieve method [60]. Kondrat et al. [61] during their study
about pore size and its influence on energy storage efficacy had stated that the
ideal pore size that provides maximum energy density increases with the operating
voltage and saturates at higher voltage [61]. Here, not only pore size but also
its distribution, connectivity, and wettability have significant influence over the
capacitance storage capability of the electrode. Interconnected pores with open and
continuous path assist rapid ionic transport which are advantageous for attaining
high specific capacitance and ultrahigh power density. Pore connectivity is more
important than the size as it ensures fast interfacial faradaic reaction in compact
electrodes. Highly wettable micropore reduces the system resistance and improves
the power response of the electrode. It increases the contact surface between the
electrolyte and the active material [60].

6.3 Electrical Conductivity

Besides pore size and its distribution, material conductivity also enhances the
capacitance of SC as it highly favours the faradaic reactions [62]. Most of the
transition metal oxides, sulphides, and hydroxides have low conductivities, while
carbon-based materials have good electrical conductivity. So, a composite of such
materials seems to increase the conductivity and reduce the internal resistance
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drastically. Pandit et al. [63] could easily demonstrate the significant enhancement
in the Cyp of the electrode when the conductivity was increased by anchoring
silver (Ag) nanoparticles onto multiwalled CNT (MWCNT). Ag nanoparticles
demonstrated a Cgp of 452 F g~ ! at a scan rate of 2 mV s~! which increased to
757 F g~ ! in case of its composite with MWCNT. Similarly, the specific energy of
the metal was found to be 27.8 W h kg~! which improved to 60.7 W h kg~! for
same potential window of 0.9 V when combined with MWCNT [63, 64].

6.4 Additional Redox Capacitance

The charge storage capability of any electrode is higher if their existing redox peaks
provides high current output. There are multiple ways to increase the redox peaks:
(i) use of materials with multiple oxidation states, (ii) synthesis of bimetal or tri-
metal electrodes, and (iii) addition of redox materials to the electrolyte. Multivalent
transition metals lead to high electrical conductivity which eventually has an impact
over the SC behaviour. Similarly, induction of a material into a host will also render
multiple oxidation states which eventually enhance the SC behaviour. Electrolytes
are also considered to be another key factor for the better performance. Energy
density is related to the decomposition voltage of the electrolyte, while power
density is depended on the ionic conductivity of the electrolyte. Redox electrolyte
consists of redox-active material which takes an active part during charge-discharge
process and also facilitates the electron transfer while undergoing redox process
[65-67].

6.5 Organic Electrolyte

An electrolyte not only provides ions for electrochemical activity in SC but also
defines the cell voltage beyond which it decomposes, creating gases. Electrolytes
used in SCs should provide wide working potential range with high conductivity,
low viscosity, and chemical stability. These are also expected to be environmentally
benign, easily available, and cheap. There exist three main types of electrolytes such
as aqueous, organic, and ionic liquids, the properties of which are summarized in
Table 2 [59].

Aqueous electrolytes have good ionic conductivity than organic or ionic liquid
(IL) electrolyte. However, its restricted potential window with low decomposition
potential refrains it from being an ideal electrolyte for high energy density SCs.
In case of organic electrolytes, a wider voltage window of approximately 3 V is
obtained, while in case of aqueous electrolytes, it is 1 V. Aqueous electrolytes are
environmentally benign and composed of small anions and hydrated cations which
can penetrate through micro-, meso-, and macro-pores of the electrode material. On
the other hand, organic electrolytes suffer from high cost, poor ionic conductivity,
and high toxicity, which would limit their application, though in case of non-
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Table 2 Different types of electrolyte properties [59]

Electrolyte type | Electrochemical window | Ion size Cost | Toxicity
Aqueous <1 0.37-0.26 nm L L
Organic 2.5~2.7 Solvated ~1.3-1.16 nm M/H | M/H

Bare cation ~0.67 nm bare
anion ~0.48 nm

ILs 3-6 0.76 x 0.43,0.8 x 0.3 nm VH |L

aqueous electrolyte, its resistivity is more resulting into higher internal resistance
(ESR). Accessing the active sites becomes easier with small electrolyte ions or with
ions whose size is comparable to the pores of the electrode material [68]. Organic
electrolytes can increase the potential window with higher decomposition voltage
instead of aqueous electrolytes. But organic electrolytes are flammable and toxic
which curtails its maximum utilization in SCs [69].

6.6 Ionic Liquid

Ionic liquids (ILs) are safe alternative to organic electrolyte, owing to their
incombustible nature, wide working potential range, and more ionic conductiv-
ity with thermostability. ILs have two redox moieties which can undergo fast
reversible redox reaction providing a high capacity, high rate of charge storage
[60]. These contains bulky, asymmetric organic cation and weakly coordinating
inorganic/organic anion which can deliver a wide range of working potential [65].
Despite the use of organic or ionic electrolytes, it is essential that the pore size of
the electrode material should be compatible with the size of the electrolyte ions to
enable easy diffusion [70]. Pure, eutectic, and ILs/organic solvent mixtures have
been studied for SC applications. Even with many advantages, their application is
limited, owing to their high viscosity, limited ionic conductivity at low temperature,
and poor contact with the electrodes [71]. Still, IL-based solids or gel electrolytes
are the most promising electrolytes for solid SCs [72].

6.7 Asymmetric Supercapacitors

Asymmetric SC (ASC) is reported to work in a wide potential range, and as energy
density is directly related to it as per Eq. 6, it can be considered as a promising
alternative. Here, one electrode will be of battery type which serves as energy
source and another as capacitive type electrode which serves as a power source.
ASCs combine the voltage window of the two electrodes working on different
mechanisms, to increase the maximum operating voltage. In aqueous electrolyte,
this can reach up to 2 V, eventually enhancing the energy density and power density
of the device.
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Innumerable materials are explored for the purpose of enhancing the supercapac-
itive properties. Besides pursuing for new materials and their various combinations,
nanostructuring of materials has also been the major focus of scientific experts as it
decides the active areas available for electrochemical activity.

7 Nanostructure Dimensions

0D, 1D, 2D, and 3D nanostructures propose different amounts of specific surface
area for electrochemical activity. Same material with different morphologies can
show different SC activity, so comparison in terms of nanostructures is not a
sufficient method. Figure 14 shows various dimensions of nanomaterials that are

Fig. 14 Different possible dimensions of the nanomaterials with their examples
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synthesized and classified, till now. Core-shell morphology in both OD and 1D forms
has also been evaluated.

7.1 Zero-Dimensional (0D) Nanostructure

Structures with their dimensions below nanometer level (100 nm) along their three
sides are classified as zero-dimensional (0D) materials. Such structures have good
specific surface area which can provide more functional surfaces for electrochemical
activity [73]. As shown in Fig. 14, these include quantum dots and nanoparticles of
shapes like cages, spheres, and onion. Hollowed and core-shell OD structures have
augmented the Csp of SCs considerably.

Pandit et al. [63] used electroless method to deposit Ag nanoparticles on stainless
steel substrate (SS). Figure 15(a,b) shows the FESEM images of Ag nanoparticles
over SS substrate which exhibits nearly circular shape of Ag particles. HRTEM
image shown in Fig. 15¢ depicts a morphology analogue to quantum dots. CV
analysis of the material in 0.5 M NaOH electrolyte between —0.2 and —1.1 V as
shown in Fig. 15d exhibits prominent redox peaks at each scan rates. It reached
up to 452 F g~! Csp at a scan rate of 2 mV s~!. GCD study shown in Fig. 15e
indicates IR drop up to 0.6 V and then a linear behaviour. Cy, evaluated from
GCD showed nearly half the value obtained through CV analysis, i.e. 247 F g~ ! at
2 mA cm™2 current density. This is because the potential windows for both studies
were different. The electrode showed specific energy and specific power density of
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Fig. 15 (a, b) FESEM images of Ag nanoparticles at different magnifications, (¢) HRTEM image
of the nanoparticles showing size <100 nm, (d) CV analysis of the electrode material, (¢) GCD
profile of the material, and (f) retention test of the Ag nanoparticles. Inset showing CV of the
electrode material at different cycles [63]
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Fig. 16 (a) TEM image of NiCo,S4 QDs and the inset shows the histogram for particle size, (b)
FESEM image of NiCo0,S4 QD and inset showing the HRTEM image of single QD, (c¢) schematic
of NiCo,S4//mitrogen doped reduced graphene oxide nanosheet device fabricated, (d) specific
capacitance and coulombic efficiency of the device fabricated, (e) charge-discharge study of the
device at different current density, and (f) capacitance and coulombic retention of the device with
inset showing the CD cycles at different cycles [75]

27.8 Whkg~! and 4.1 kW kg ™!, respectively. With initial deterioration of 37%, the
material could maintain 63% of its initial capacity up to 10,000 cycles (Fig. 15f).
The bode plot analysis showed —72° phase angle which is nearer to the ideal —90°
for capacitive behaviour [63]. Zhang et al. [74] fabricated graphene quantum dots
of size less than 5 nm using hydrothermal method with nitric acid and obtained
a Cyp of 296.7 F g~ ! at a current density of 1 A g~! in 2 M KOH. The GCD
curves were symmetric indicating EDLC behaviour of the electrode. The electrode
showed an energy density 41.2 W h kg~ at a power density 500 W kg~! within a
working potential of —1 to 0 V. The electrode could maintain 97.6% of its initial
potential even at 5000 CV cycles [74]. Chen et al. [75] stated that during material
fabrication, there exist many internal dead zones that virtually do not participate in
electrochemical activity. Apparently, the depth to which an electrolyte can diffuse is
only 20 nm. So, to involve all such areas, it has been reported that quantum dot (QD)
structures can provide the requisite small size with large specific surface area and
rich pore structure essential for an enhanced SC behaviour. They prepared NiCo,S4
QDs through colloidal hot injection process and coated it over the nickel foam (NF)
using binder. Figure 16a shows the TEM image of the QD with excellent mono-
dispersity. From Fig. 16D, it is evident that the synthesized material has a spherical
or ellipsoidal morphology. A comparative analysis of NiCo;S4, NiS;, and CoS;
quantum dots showed that NiCo,S4 encloses larger CV area in KOH electrolyte.
The GCD analysis showed Cyp of bulk NiCozS4, CoSz, NiSz, and NiCo2S4 to
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be 177.2, 294.1, 308.9, and 987.2 C g~!, respectively. Figure 16c represents
schematic of device fabricated using NiCo,S4//nitrogen doped reduced graphene
oxide nanosheets as cathode and anode electrodes, respectively. The highest C,
obtained from the device was 168.1 F g~! at a current density of 1 A g~! (Fig. 16d).
Very small potential drop can be seen from the GCD curves (Fig. 16e) with nearly
symmetric branches of charge-discharge indicating good and reliable capacitance.
Cyclic study of the device showed 91.9% stability at 15,000 cycles (Fig. 16f). The
device was able to exhibit a maximum energy density of 67.5 W h kg~! at power
density of 850 W kg~! [75].

7.2 One-Dimensional (1D) Nanostructures

One-dimensional (1D) nanowire (NW) has attracted great consideration due to their
ease of synthesis and unidirectional route. Such morphology exposes more active
interfaces between electrode and electrolyte. 1D structures have unique property
of efficient charge transfer and fast strain relaxation during electrochemically
driven volume expansion/contraction. They have unique chemical and physical
features and promising applications in LED, lasers, field emitters, solar cells, and
as electrode materials for energy storage devices [76]. As shown in Fig. 14, 1D
includes nanowires and nanotubes which can also exist in core-shell form. TiO» is
one of the oxides with higher stability, low cost, better safety, and environmental
friendliness in comparison to other metal oxides. Its composite with ID MWCNT is
believed to deliver an enhanced electrochemical behaviour due to the synergetic
effect of both the materials. Sankapal et al. [77] coated SS substrate with 1D
MWCNT through dip-coating method followed by the deposition of TiO, nanodots
through the chemical bath deposition method (CBD) (Fig. 17a). CBD method is
a simple, low-cost, and binder-free approach for large-scale deposition of material
on different substrates. This helps in pin-hole-free and uniform deposition of the
electrode material. Figure 17b shows the FESEM image of TiO; — coated MWCNT
with entangled networks having larger pores enabling the accessibility of the active
areas by the electrolyte ions. Figure 17c clearly shows the formation of TiO;
nanodots over MWCNT. The CV analysis of the electrode shown in Fig. 17d
has pseudocapacitive nature implicating that the charge storage is through redox
mechanism. Redox peaks are obtained either through intercalation/de-intercalation
of the electrolyte ion or through the adsorption of H™ ions on the surface. A
maximum specific capacitance of 329 F g~! was obtained at a scan rate of 5 mV s~!
in 1 M H>SO4 within a potential frame of 0 to 0.9 V. As per Fig. 17e, the stability
analysis showed a drop for the first 100 cycles; thereafter, it could retain 76% of
its initial capacitance for the next 1500 cycles. At higher current density, GCD
profile showed an almost linear relation between charging-discharging time and
voltage, while at lower current densities, this behaviour changed to a non-linear
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Fig. 17 (a) Pictorial representation showing the process of formation of TiO;-coated CNT. (b)
FESEM image of TiO,-coated CNT. (¢) HRTEM image showing TiO, nanoparticles over CNT.
(d) CV analysis of the electrode material at different scan rates. (e) Stability study of the electrode.
Inset showing the CV curves at 10th, 100th, and 1500th cycles. (f) Charge-discharge curve of the
electrode at different current densities [77]

pattern. At current density of 5 mA cm™2, the electrode showed a maximum specific
capacitance of 312 F g~! [77].

Raut et al. [78] fabricated vertically aligned arrays of TiO, nanotubes through
anodization method on Ti foil. FESEM image shown in Fig. 18a depicts vertically
aligned nanotubes which can provide a unidirectional path towards the substrate,
reducing the internal resistance of the electrode. Such vertical alignment reduces
the barriers and promotes easy flow of electrolyte ions enabling access to active
areas within the hollow region of the nanotubes. The cross-sectional view of the
material shown in Fig. 18b indicates a thickness of 3.2 wm. The nanotubes have
an average length of 3 um with diameter of approximately 96 nm. The TEM
image in Fig. 18c clearly shows tube-like structure of the electrode material. The
electrochemical behaviour of the electrode was analysed in various electrolytes like
NaOH, KOH, and Na;SO4 within a potential window of 0 to —1 V. It was observed
that in 1 M KOH, TiO nanotubes showed largest Csp of 153 F g~ . As the radius
of hydrated electrolyte ion K* is around 3.31 A° which is less than the diameter
of the nanotube, it permits intercalation of electrolyte ions along the direction of
the nanotube. The high ionic conductivity of K is another factor that contributes
to the larger specific capacitance of the electrode material. Figure 18d shows the
CV analysis of TiO; electrode material at different scan rates. It has a maximum
Cyp of 207 F g~ ! at 5 mV s~! scan rate which was maintained up to 153 F g~!
at 100 mV s~ !. Galvanostatic charge-discharge analysis (Fig. 18¢) showed a non-
linear behaviour with reduced IR drop. TiO; electrode could exhibit 27.8 W h kg™!
energy density corresponding to 1.42 kW kg~! power density at 0.6 mA cm™>
current density. Stability analysis of the same showed 100% retention for the first
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Fig. 18 (a) FESEM images of vertically aligned TiO, nanotubes, (b) cross-sectional view of TiO;
nanotubes, (¢) HRTEM image of the nanotube, (d) CV analysis of the TiO, nanotube at different
scan rates, (e) charge-discharge analysis of the electrode material, and (f) stability analysis of the
electrode material. Inset shows CV of the material during stability study [78]

300 cycles which slowly increased to 103% and remained constant up to 1500 cycles
[78]. When comparing TiO, nanodots over MWCNT and TiO; arrays of nanotubes
vertically aligned over the substrate, it can be inferred that the MWCNT increases
the Csp of the electrode material, while the vertically aligned material increases
the stability of the electrode. Patil et al. [40] used the same CBD method for the
deposition of cadmium hydroxide (Cd(OH);) NWs over SS substrate and studied
its SC property. Cd(OH);, exhibited high energy density, long lifetime, and high
discharge rates. Figure 19a shows ultralong, entangled nanowires of Cd(OH),. The
electrochemical analysis in different molarity of NaOH electrolyte showed that in
1 M, the specific capacitance obtained was the highest. On further analysis with 1 M
NaOH, it was observed that the electrode showed a specific capacitance of 267 F g !
at 5mV s~! (Fig. 19b). The electrode exhibited specific energy of 23.61 W h kg~!
with a maximum power of 3269.23 W kg~! for 1.87 A g~! current density (Fig.
19¢). Figure 19d shows 86% cyclic stability for Cd(OH), electrode. Figure 19e
shows the CV curve of symmetric supercapacitor with Cd(OH),//Cd(OH), as the
electrode and NaOH as the aqueous electrolyte. It exhibited a maximum Cs, of
51Fg ' at 5mV s~!in —1.9 to 0 V potential window (Fig. 19f). The charge-
discharge graph showed a sudden drop during discharging process, indicating the
high internal resistance (Fig. 19g) with maximum energy density of 11.09 W h kg ™!
and power density of 799 W kg—! at 0.84 A g~! current density (Fig. 19h). The
device showed an increase in its capacitance by 17% till 500 cycles and maintained
the same upto 1000 cycles [40].

In continuation, Patil et al. [79] prepared 1D core-shell morphology with
Cd(OH); as the core and Cu(OH); as the shell. Cd(OH);, was deposited using CBD
method and further converted into Cu(OH), through ion-exchange (IE) method
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Fig. 19 (a) Cd(OH), nanowires over stainless steel, (b) specific capacitance of the electrode in
1 M NaOH, (c¢) charge-discharge curve, and (d) stability of Cd(OH); nanowires. Inset showing
CV curve of the electrode in 1 M NaOH for different scan rates, (¢) CV curve of symmetric
supercapacitor device with Cd(OH), as both the electrodes and the corresponding (f) specific
capacitance, (g) charge-discharge curve, and (h) Ragone plot of the device. Inset shows the
Cd(OH),//Cd(OH), symmetric device with liquid electrolyte [40]

where the Cd(OH), nanowire was placed in a Cu source [79]. IE method can
generate shapes and morphologies in nano-dimensions, which are otherwise difficult
to attain. A controlled procedure of such processes help in the formation of lightly
doped nanoparticles, alloys, core-shells, and segmented rods. In nanoparticles, the
surface-to-volume ratio is large; hence the IE process is much faster [80, 81].
Depending on the requisite type of material, IE can be of cationic or anionic
form which is highly influenced by the thermodynamics and the activation barrier.
The spontaneity of IE process is attributed to the lower activation barrier which
allows diffusion of atoms in nanocrystalline solids when compared to the bulk
phase [82]. The difference in the solubility product (Ksp) of the initial and the
resultant material results in the IE process. The more negative the K, the more
will be the probability of conversion from parent material to the final without
much alteration in the initial surface architecture [83, 84]. The free energy or
solubility product (Ksp) of Cu(OH), (~107'9) is more negative than the Ky, of
cadmium hydroxide (~107!%), thus assisting the conversion process. Figure 20(a,b)
shows the FESEM images of Cu(OH), nanowires and Cd(OH),/Cu(OH); core-
shell nanowires, respectively. Figure 20c shows the TEM image of the synthesized
sample. The image evidently shows the formation of small particles on the surface
of the core nanowires. Figure 20d shows the CV analysis of core material Cu(OH);
prepared at different deposition time. It is evident from the image that the area
enclosed by the curve increases as the deposition time increases. It increased till
15 min; thereafter it reduced due to the overdeposition of the shell material on
the core which eventually hinders the smooth flow of electrolyte ions. Samples
deposited for 15 min have been further used for electrochemical analysis. Figure 20e
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Fig. 20 FESEM images of (a) Cd(OH), nanowires on stainless steel, (b) core-shell structure of
Cd(OH),/Cu(OH)3, (¢) TEM image of Cd(OH),/Cu(OH), core-shell structure, (d) CV analysis
of different time duration for Cu(OH), shell deposition, (e¢) CV analysis of Cd(OH),/Cu(OH);
core-shell nanowires in 1 M NaOH for different scan rates, (f) charge-discharge analysis for
different current density, and (g) stability test of Cd(OH),/Cu(OH), electrode. Inset showing CV
of Cd(OH),/Cu(OH); core-shell nanowire. (h) FESEM image of Cd(OH),/Cu(OH), core-shell
nanowire after the stability test [79]

depicts the CV of Cd(OH),/Cu(OH); core-shell nanowire for different scan rates.
Maximum Cy, obtained is 374 F g~ ! for 5 mV s~! scan rate. For different current
densities, the sample showed a non-linear charge-discharge curve (Fig. 20f). Cy,
calculated from charge-discharge curve was found to be 277 F g~! for a current
density of 1.5 A g~!. Stability analysis showed that the capacitance increased for
initial 100 cycles which was further retained up to 62% for 1000 cycles (Fig. 20g).
Figure 20h shows the morphology of Cd(OH)>/Cu(OH), nanowire after stability
test, and it shows that the morphology of the material remains almost intact [79].

Working on similar concept, Patil et al. [85] fabricated Cd(OH),/Fe(OH), core-
shell material through IE process. Figure 21a shows the Csp of Cd(OH)2/Fe(OH),
core-shell electrode material in various electrolytes. It is evident that for Nay;SO4
electrolyte, the specific capacitance was high. Further analysis for the electrode
was performed in 1 M NapSOy4 electrolyte where Fig. 21b shows the CV char-
acteristic of the electrode. From Fig. 21c, the specific and areal capacitance of
Cd(OH),/Fe(OH), core-shell electrode was calculated to be 331 F g_l and 82.80
mF cm~2 within working potential of 0.3 and — 0.9 V, respectively. Electrolyte
ions at the surface of Cd(OH),/Fe(OH), core-shell electrode practice two processes:
surface adsorption and intercalation process. The surface adsorption mechanism
reaction is as shown below:

Fe(OH), + Nat + e~ < Fe(OH),Na™ (7)

Cd(OH), + Na™ 4+ e~ < Cd(OH),Na™ (8)
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Fig. 21 (a) Specific capacitance of Cd(OH)2/Fe(OH), core-shell structure in different elec-
trolytes, (b) Cd(OH),/Fe(OH), core-shell material for different scan rates, (¢) graph exhibiting
both specific capacitance and areal capacitance, (d) charge-discharge curve for different current
density, (e) specific capacitance of Cd(OH),/Fe(OH), core-shell electrode for different current
density, and (f) stability test of Cd(OH),/Fe(OH); core-shell electrode material. Inset showing CV
curve of Cd(OH),/Fe(OH); core-shell electrode [85]

Intercalation process involves the following mechanism:

Fe(OH), + Nat + e~ <> FeONa + H,O )

Fe(OH), + Na* + ¢~ <> CdONa + H,0 (10)

GCD analysis showed a maximum Cg, of 368 F g lat2 A g7! (Fig. 21(d.e)).
Also, stability of 52% was obtained for over 5000 cycles at a scan rate of 50 mV s~
[85].

Likewise, Nair et al. [86] synthesized CdS nanowire from Cd(OH), nanowires
using ion-exchange process and studied its electrochemical activity. Figure 22a
shows schematic involving the synthesis of CdS nanowires. Initially, a compact
layer of CdS was grown over SS followed by the growth of Cd(OH); nanowire
bundles using CBD method, and its further conversion to CdS nanowires through
IE process was accomplished by placing the sample in a sulphide ion source.
As solubility product (Kgp) of both parent and final products is different, such
transformations are possible and visible through the naked eyes. The solubility
product of Cd(OH); is ~10714, and that of CdS is ~10727, resulting in the conversion
of the host material. Figure 22b depicts the deposition of compact CdS over SS
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Fig. 22 (a) Schematic of the process undertaken for the growth of CdS nanowires. FESEM images
of (b) CdS compact layer coated over the stainless steel substrate and (¢) CdS nanowire bundles
grown over the CdS compact at a magnification scale of 500 nm with inset at a magnification
scale of 2 pwm. (d) Porous surface of CdS nanowires at a magnification scale of 100 nm and (e)
HRTEM image of CdS nanoparticles on the surface of CdS nanowire. Inset showing the image of
CdS nanowire at a magnification of 100 nm (f) CV analysis of CdS nanowire bundle at different
scan rates, (g) charge-discharge curves of CdS nanowires for different current densities, and (h)
capacity retention of the material for 400 cycles [86]

substrate. Figure 22c shows the deposition of CdS nanowire bundles over the
compact layer. Inset of the figure shows the FESEM image of the same material
at magnification of 2 pwm. Figure 22d shows the FESEM image of the porous
CdS nanowire at a magnification of 100 nm. Such porous structure induces an
enhanced surface area for electrochemical activity. Figure 22e shows the HRTEM
image of CdS nanoparticles on CdS nanowire. The fabricated material was further
scrutinized for electrochemical activity in different electrolytes of different molarity
for different potential windows. It was observed that for 1 M NaySOj3 electrolyte,
CdS showed the maximum specific capacitance. The CV curve showed in Fig.
22f had prominent oxidation-reduction peaks within a potential range of —1.1 to
—0.1 V. These peaks correspond to the transformation of Cd** to Cd® and that of
S%. Redox peaks implicate a pseudocapacitive type of charge accumulation. Csp of
CdS nanowire was found to be 181 F g~! at a scan rate of 5 mV s~!. GCD showed
a maximum specific capacity of 33.41 F g~ at 89 mA g~! current density (Fig.
22g). Energy density and power density of the electrode at same current density
were calculated to be 1.72 Wh kg~! and 27.14 W kg~ !, respectively. The stability
analysis showed that the electrode specific capacitance increased initially and then
remained constant up to 76% from 250 to 400 cycles (Fig. 22h) [86].
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Fig. 23 (a) Graphical representation of the ion-exchange process during the immersion time.
FESEM image of (b) CdS nanowires. Inset showing the ultralong structure of the CdS nanowire.
FESEM images of the initial material after immersion in the cation source for (¢) 1 min, (d) 1 h,
and (e) 6 h. HRTEM images of (f) CdS, (g) CdS after 1 h of immersion in the cationic source, (h)
Ag)S precipitates formed on the surface of the nanowire, (i) Ag>S nanowire after 6 h immersion,
(j) CV of the Ag,S material at different scan rates, (k) charge-discharge characteristics of Ag,S at
different current densities, and (1) charge-discharge curve of different samples prepared [87]

Further, study reported the conversion of CdS NWs into Ag,S NWs by placing
parent structure in Ag * ion source. As Ksp of AgoS (~ 10739) is more negative than
that of CdS (~10727), IE process is spontaneous. To analyse the effect of cationic
source, samples of different immersion time in the cationic source were prepared,
and their electrochemical activity at each stage was evaluated. Figure 23a shows the
schematic for the fabrication of sample. In Fig. 23b, initial CdS nanowire prepared
can be seen. Inset of the figure shows a network of wire prepared. Three different
immersion times (1 min, 1 h, and 6 h) in cationic source have been studied. Figure
23c—e shows the FESEM images of the samples for time durations 1 min, 1 h, and
6 h, respectively. The surface of initial nanowire was smooth; as the immersion
time increased, the surface became rough. Figure 23f shows the HRTEM image
of the CdS nanowire. Figure 23g depicts the HRTEM image of CdS nanowire
after 1 h immersion in cationic source. Figure 23h shows precipitates of AgyS
formed on the surface of CdS nanowire which is the cause for uneven surface of
CdS samples, as observed in the FESEM image. On further increasing the time
duration, the sample converted from CdS to AgrS as shown in Fig. 23i. Study
revealed that at an intermediate stage, a core-shell heterostructure is formed due
to the formation of precipitates on the surface of the CdS sample. Such process is
an uncomplicated and facile method for the synthesis of core-shell heterostructure
morphology. Electrochemical study of each sample showed that after complete
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conversion into Ag,S, the CV curve exhibited maximum current (Fig. 23j). The
charge-discharge curve of Ag,>S in 1.5 M NaOH showed charging duration to be less
compared to the discharge time (Fig. 23k). When comparing the charge-discharge
curves of samples (Fig. 231), CdS, CdS/Ag>S-1 (1 min), CdS/Ag>S-2 (1 h), and
Ag>S (6 h) showed that in case of Ag,S, the IR drop is less compared to other
samples. Also, their discharge time is less compared to other samples within the
same potential window. This is attributed to the high electrical conductivity of silver.
Csp of CdS, CdS/AgsS-1 (1 min), CdS/Ag>S-2 (1 h), and AgsS (6 h) at 1.5 mA cm—2
current density were found to be 41.46, 15.04, 56.84, and 268.47 F g’] , respectively.
It is evident from the Cy, analysis that the capacitance increases as the amount
of conducting material increases. The specific energy density and specific power
density of Ag>S sample were found to be 44.74 W h kg~! and 1278.43 W kg~ !,
respectively [87].

A similar study on the formation of HgS on CdS nanowires by Nair et al.
[90] showed that the core-shell morphology exhibited maximum Cgp. Figure 24a—d
shows the schematic of the process involved during the fabrication of HgS electrode.
Figure 24e—h shows the FESEM images of CdS, CdS immersed in the Hg*source
for 15, 30, and 60 min, respectively. It shows that although the nanowire morphology
is maintained, but the surface is more uneven as the immersion time increases.
HRTEM images show that such unevenness is because of the formation of HgS
precipitates over the surface of the CdS nanowires (Fig. 24i, j). Figure 24k, 1
shows that before complete conversion to HgS, a core-shell heterostructure of
CdS/HgS composite is formed. Figure 24m-o shows the CV graphs of CdS
immersed in Hg " source for different time durations. CV indicates that for core-shell
heterostructure, the current output is more than other samples. The charge-discharge
analysis of the same material as shown in Fig. 24p implicates very less IR drop
compared to other samples. Cg, of HgS nanowire electrode was evaluated as
94.40 F g~! at a current density of 2 mA cm™2 which is more than that of CdS
(27.82 F g~!) and HgS (19.08 F g~ !). Trasatti plot analysis (Fig. 24q, r) shows
that the maximum contribution to the Cgp is from the inner surface of the electrode
as compared to the outer surface. The intercept of linear plot between Ciory and
v!”2 indicates the contribution from inner surface, while the intercept of linear plot
between Ciora and v1/2 gives the contribution from the outer surface. Stability
analysis for 1250 cycles showed that core-shell heterostructure had approximately
87% of retention compared to other samples [88].

Transition materials with higher oxidation states and reversible nature are being
explored for SC applications since these are capable to increase the Csp. However,
some of these materials exhibit poor electrical conductivity which restricts its wide-
scale capability. To overcome such incongruity, highly conductive carbon materials
like graphene, carbon nanotube (CNT), single-walled carbon nanotube (SWCNT),
and multiwalled carbon nanotube (MWCNT) are used in conjunction with the
high valent transition materials and utilized as an electrode material. Most of the
metal deposition process involves two highly complex conventional methods like
hydrothermal, electrostatic co-precipitation method and electrophoretic deposition
to obtain a good quality transparent film.
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Fig. 24 (a—d) Schematic of the process undertaken for the fabrication of the electrode. FESEM
images of (e) CdS. CdS placed in Hg source for (f) 15 min, (g) 30 min, and (h) 60 min. HRTEM
images of CdS in Hg source for (i—j) 15 min and (k-1) 30 min; (m) CV analysis of CdS/HgS for
15 min, (m) CdS/HgS 30 min, (o) Hg 60 min, (p) charge-discharge curve of CdS/HgS 30 min, and
(q) Trasatti plot for calculation of Cgp from total surface of the electrode. Inset showing Trasatti
plot for outer surface of the electrode. (r) Contribution from both inner and outer surfaces of the
electrode and (s) capacitance retention of the samples prepared [88]

Sankapal et al. [89] used low-cost ‘dip and dry’ process, SILAR, to deposit
Co304 nanoparticles over MWCNT. Figure 25a, b shows the FESEM images
of Co304/MWCNT electrode material at different magnifications. It is evident
from the HRTEM image shown in Fig. 25c¢ that Co3O4 nanoparticles form an
encapsulation over MWCNT. CV analysis of Co304/MWCNT composite in 2 M
KOH showed maximum Cyp of 685 F g~ ! at 5 mV s~! within a potential
window of 0.2 to 0.5 V (Fig. 25c). The charge-discharge study as illustrated in
Fig. 25e indicates a reduced or negligible IR drop with non-linear behaviour at
lower current densities, indicating that the charge storage mechanism is solely of
pseudocapacitive type. At higher current densities, this showed a linear behaviour
indicating non-faradaic reaction. The maximum specific energy and specific power
of the electrode material were found to be 1641 W h kg™! and 300 W kg~!,
respectively. Capacitance retention study showed 73% preservation for 5000 cycles
(Fig. 25%) [89].

Pandit et al. [64] used electroless method to deposit Ag nanoparticles over
MWCNT. Electroless process involves two steps as shown in Fig. 26a wherein the
cationic precursor is first coated over MWCNT and later dipped in a reducing agent
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Fig. 25 FESEM images of Co304/MWCNT electrode material at (a) 500 nm and (b) 100 nm, (c)
HRTEM image of the electrode material, (d) CV of the electrode material at different scan rates,
(e) charge-discharge analysis of Co304/MWCNT electrode material, and (f) capacitance retention
of the material. Inset shows CV cycles at different cycles [89]

like hydrazine to form the metal particles. FESEM image (Fig. 26b) of the material
synthesized shows Ag nanoparticles evenly deposited over MWCNT.

When MWCNT-coated substrate was dipped into the cationic source, the van
der Waals forces trigger adsorption of Ag* ions. Hydrazine reduces Ag™ ions into
metallic element as shown below:

4AgT + NoHy — 4Ag | +Np 4 +4HT (11)

EDS plot shown in Fig. 26c indicates a sharp peak at 3 keV which validates
the formation of Ag metal. Electrochemical study of the electrode in 0.5 M NaOH
shows sharp oxidation and reduction peaks within a potential range of 0.9 V (—1.1
to —0.2 V) (Fig. 26d). Maximum Cj;, obtained was equal to 757 Fg~! at2 mV s~!
scan rate. GCD analysis showed a synergetic profile of both MWCNT which is
a linear variation corresponding to EDLC and Ag NPs showing non-linear profile
corresponding to faradaic behaviour (Fig. 26e). Through GCD, C;;, obtained was
equal to 540 F g~ at 2 mA cm~2 current density. Stability analysis showed 83%
retention for 3000 cycles, implicating an excellent stable nature of the electrode
material (Fig. 26f). The maximum specific energy and power of the composite
electrode were calculated as 60.7 W h kg~! and 3.3 kW kg™, respectively [64].
Csp of Ag nanoparticles prepared by electroless method has been reported to exhibit
452 F g=! at 2 mV s7! [63]. On comparison of both Ag nanoparticles and its
composite with MWCNT, the composite showed enhancement in the Cgp.
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Fig. 26 (a) Schematic of the process involved in the electroless deposition of Ag nanoparticle
over MWCNT. (b) FESEM image of the Ag nanoparticles over MWCNT. Inset showing the
intertangled image of MWCNT. (¢) EDS analysis of the electrode material. (d) CV analysis of
the fabricated electrode. (e) Charge-discharge curve of the electrode. (f) Cyclic stability of the
fabricated electrode [64]

Among other transition metals, vanadium has also gained quiet remarkable atten-
tion due to its multiple valence states. Vanadium oxide is a layered structure which
helps in effortless intercalation/de-intercalation of the electrolyte ions. Mostly such
structures are not ruptured during continuous cyclic process, implicating that such
structures are able to sustain the volume expansion observed during the cyclic
process.

Pandit et al. [90] encapsulated MWCNT with layered V205 using CBD method
as shown in Fig. 27a. Figure 27b shows the FESEM image of V,05 nanoflakes
forming an interconnected layer over MWCNT. Inset of the Fig. 27b shows the
EDAX spectra of the fabricated electrode. Figure 27¢, d demonstrates the HRTEM
images of the electrode. Figure 27e—g validates the existence of vanadium, carbon,
and oxygen in the electrode material. Figure 27h shows the CV of MWCNT, V,0s,
and V,0s/MWCNT where the specific current of Vo,O5/MWCNT is found to be
maximum when compared to other samples. The CV profile of V,O5/MWCNT
is analogues to that observed in EDLC and pseudocapacitor combination. This
implies that the charge storage mechanism in the electrode is of both faradaic and
electrostatic types (Fig. 27i). The CD curve shows an almost triangular profile
with reduced IR drop in case of Vo,Os/MWCNT composite (Fig. 27j). It shows a
maximum Cg, of 629 F g 1 at 2 A g! specific current in 2 M LiClO4 within
a working potential of 0 to 1 V. The stability study (Fig. 27k) initially showed
reduction, and after 250 cycles, it showed 100% retention. This increases to 109%
after 1200 cycles and again reduces slowly to 93% at 4000 cycles. A flexible solid-
state SC (FSS-SSC) fabricated with V,0Os/MWCNT and PVA-LiClO4 exhibited an
excellent reversibility even at lower scan rate as shown in Fig. 271 within a potential
window of 1.8 V. CD curve showed an asymmetric curve in Fig. 27m, attributed
to the reversible redox mechanism. The device showed a specific capacitance of
160 F g=' at 1 A g~! within a potential window of 1.8 V. The specific energy of
the device could reach a maximum value of 72 W h kg™! at 1 A g~! with specific
power of 2.3 kW kg~!. The stability analysis showed decrease during initial cycles
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Fig. 27 (a) Schematic of the dip and dry method with chemical bath deposition process. (b)
FESEM image of V,0Os_ encapsulated MWCNT. Inset showing the EDAX spectra of the electrode.
(c—d) HRTEM of V,0s/MWCNT at different magnifications. Inset of (c) interplanar spacing of
MWCNT. Inset of (d) SAED pattern of V,O5/MWCNT. (e-g) Elemental mapping of the electrode
showing carbon, vanadium, and oxygen. (h) CV curve of MWCNT, V;,0s, and V,05/MWCNT. (i)
CV curve of V,05/MWCNT at different scan rates. (j) CD curve of the electrode and (k) stability
analysis of the electrode. Inset showing the CV cycles of the electrode at first, 2000™, and 4000t
cycle. (1) CV curve of FSSC device. (m) CD curve of the fabricated device. Inset showing specific
capacitance and coulombic efficiency with respect to the specific current [90]

which reached up to 105% retention after 1200 cycles. After 4000 cycles, it showed
an excellent capacitance retention of 96% [90].

Adding to these studies, Pande et al. [91] attempted to extend the potential
window of V,0O5/MWCNT electrode device from 1.8 to 2 V since most of the
typical devices require a minimum voltage of 1.5 V. The CV analysis of the
symmetric device made with V,O5/MWCNT electrode in 2 M LiClO4 aqueous
electrolyte showed an extended potential window up to 2 V without compromising
on its reversibility. For 2 V potential frame, the Cyp of the device reached up to
569.7 F ¢=! for 2 mV s~!. The GCD study of the device showed 111.7 F g=! Cy,
for a high current density of 3 mA cm™2. The fabricated device retained 89% of
the capacitance even after 4000 cycles. In aqueous electrolyte, the device was able
to demonstrate maximum energy density of 62 W h kg~! with a power density of
11.5kW kg~! [91].

Ceria is a reactive rare earth oxide that has played a vital role in various emerging
technologies. Nevertheless, its two oxidation states Ce®™ and Ce*t can help to
boost the supercapacitance profoundly. Deng et al. [92] fabricated CeO2/MWCNT
nanocomposite electrode through hydrothermal method and found that for mole
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Fig. 28 (a) TEM image of
CeO,/MWCNT
nanocomposite. (b) CV
curves of MWCNT, CeQO»,
and CeO,/MWCNT
nanocomposite. (¢) CV curve
of CeO,/MWCNT
nanocomposite at different
scan rates. (d)
Charge-discharge curves of
CeO/MWCNT
nanocomposite [92]

ratio of 1:1 the electrode exhibited maximum Cs, of 455.6 F ghatl A g!
current density. TEM analysis (Fig. 28a) shows a rectangular-shaped CeO, on
the surface of MWCNT. CV analysis of MWCNT, CeO;, and CeO2/MWCNT
is shown in Fig. 28b; it implicates that the nanocomposite formed by CeO;
and MWCNT produces more current output as compared to other samples. Its
further electrochemical analysis in KOH of 6 M within a potential range of 0 to
0.43 V at different scan rates (Fig. 28c) showed a redox peak, characteristic of
pseudocapacitance. The charge-discharge analysis (Fig. 28d) showed maximum Csj,
of 455.7 F g~! for CeO,/MWCNT at 1 A g~! which was 246% and 518% more
than the Cs, of MWCNT and CeO;, respectively. The capacitance retention study
of CeO2/MWCNT electrode showed 81.1% stability for 2000 cycles for 10 A g~!
current density [92].

Similarly, Pandit et al. [93] fabricated CeO2 on MWCNT but by using CBD
method. Figure 29a shows the FESEM image of CeO/MWCNT where CeO,
nanoparticles appear to encapsulate the outer surface of MWCNT offering well-
established conductive network. Such encapsulation reduces the charge transfer
resistance and increases the access to the functioning surface. HRTEM image shown
in Fig. 29b is in full agreement of FESEM image where the CeO; is anchored on
the surface of MWCNT. Electrochemical analysis of the electrode is shown in Fig.
29c¢ which has a redox peak corresponding to the reversible redox reaction:

CeV0, + OH™ < CeMO,0H + e~ (12)

within a potential window of —0.5 to —1.1 V when tested in 0.5 M NaOH.
Compared to CeO, and MWCNT, CeO,/MWCNT composite showed maximum
capacitance of 1215.7 F g~! at a scan rate of 2 mV s~!. Charge-discharge curve of
CeO,/MWCNT (Fig. 29d) incorporates EDLC and pseudocapacitive behaviours.
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Fig. 29 (a) FESEM image on stainless steel substrate. (b) HRTEM image of CeO,/MWCNT thin
film. (¢) CV curve in 0.5 M NaOH electrolyte. (d) Charge-discharge curve at different current
density. (e) Stability test of electrode. (f) Schematic representation of the fabricated device with
CeO2/MWCNT as electrode and PVA-LiClO4 gel electrolyte. (g) CV curve of the fabricated device
at different scan rates. (h) Charge-discharge curve of the device at different current density. (i:a)
Stability study of the device, (i:b) capacitance retention at different bending angles, (i:c) CV curve
at different bending angles, and (i:d—g) working model demonstration of the device fabricated [93]

Through charge storage mechanism, the electrode exhibited a maximum Cg, of
10442 F g~ ! at 1.5 mA cm™2. The electrode showed Csp retention of 92.3% for
10,000 cycles (Fig. 29¢e). They also calculated the real and imaginary capacitance
with respect to frequency and obtained maxima for imaginary component at 20.6 Hz
frequency with the relaxation time as 48.5 ms. The Bode plot analysis showed a
phase angle of —77°, suggesting good capacitive response. Figure 29f shows the
flexible symmetric solid-state SC device fabricated from CeO,/MWCNT with PVA-
LiClOy electrolyte. CV curve of the device shown in Fig. 29¢ displayed Cyp of
486.5 F g~ ! at a scan rate of 2 mV s~! within 1.2 V potential. Figure 29h depicts
the CD curve of the fabricated device at different current densities. Device displayed
a maximum specific energy of 85.7 Wh kg~! with a power density of 2.6 kW kg~!.
Power density value was enhanced to 5 kW kg~! as the energy density changed
to 41.9 Wh kg~!. Stability study of the device showed a sudden drop for initial
1000 cycles which stabilized after 2000 cycles up to 10,000 cycles with excellent
retention of 92.1% (Fig. 29i:a).

Figure 29i:b, ¢ shows the study of the device bending effect (0-175°) on the Cyp,
and it was able to retain 98.2% of its initial capacitance. Figure 29i:d—g demonstrates
the working model of the device [93].
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7.3 Two-Dimensional (2D) Nanostructures

Two-dimensional (2D) nanostructures are thin films or layers where two sides are
in nanometer range. These normally include nanosheet or nanoplate morphologies.
Such morphology can expose more functional surfaces for electrochemical activity.
Layered structure with dimensions of few atomic ranges can also be classified under
this. It allows easy penetration of electrolyte ions which increases the Cs, of the
electrode.

Raut et al. [94] compared the electrochemical behaviour of FepO3z and its
composite with MWCNT, prepared by SILAR method. Figure 30a, b shows the
FESEM images of Fe,Os agglomerated nanoparticles and Fe,O3 encapsulated
MWCNT, respectively. Due to the formation of agglomeration on MWCNT, many
active surfaces are available for the electrolyte to store the charges. Figure 30c
shows the HRTEM image of Fe;O3/MWCNT composite material. Comparing CV
of MWCNT, Fe;O3 and Fe, O3/ MWCNT showed that the current output of the
composite was more when compared to other samples in 1 M NaySO3 (Fig. 30d).
The charge storage scope of Fe;O3/MWCNT is more when compared to other
samples; this is due to the synergetic effect of both materials wherein MWCNT
exhibits rectangular shape, while Fe;O3 induces the redox peaks. The CV analysis
of the composite material for different scan rates is shown in Fig. 30e, and from the
graph, the Cy, of the electrode material is evaluated to be 431 F g lat5mvs!
within a potential frame of —0.8 to 0 V. Figure 30f indicates the GCD profile of the
composite electrode at different current densities. This shows low internal resistance
and excellent conductivity with 437.5 F g~/ CpatlA g~ !. Electrode exhibited
an energy density of 38.89 W h kg~! and power density of 800 W kg~! at 2 A

g~ ! current density. Retention study of the electrode showed 48% for 500 cycles
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Fig. 30 FESEM images of (a) Fe;O3 and (b) Fe;O3/MWCNT. (¢) HRTEM image of
Fe; O3/MWCNT. (d) CV analysis of MWCNT, Fe;03, and Fe;O3/MWCNT at 5 mV s~! scan
rate. (e) CV analysis of Fe;O3/MWCNT at different scan rates. (f) Charge-discharge profile of
Fe, O3/MWCNT. (g) Stability study of MWCNT, Fe>03, and Fe; O3/MWCNT [94]
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in case of Fe;O3, while in case of Fe;O3/MWCNT, it was 65% [94]. In extension
to above work in 2021, Raut et al. [95] prepared solid-state symmetric SC device
by assembling Fe,O3/MWCNT as both electrodes and PVA-LiClO4 gel as both
separator and gel electrolyte. The fabricated device was able to extend the potential
window to 1 V and display a specific capacitance of 70.16 F g~ at 0.57 A g~!
current density. The device had specific energy and power of 9.74 W h kg™!
and 487.24 W kg~!, respectively, with a coulombic efficiency of 69.23%. Under
different folding angles from 0° to 140°, the device could maintain 95% of the
initial capacitance indicating its great flexibility. During stability analysis, the device
for initial 400 cycles showed 155% enhancement in the capacitance which reduced
to 75% for the next 900 cycles. The fifth day analysis of the device showed only
7% decay in the capacitance. The device was further studied for series and parallel
combinations, and it was observed that for parallel conditions, the current value
increased four times when compared to single device, while for series combination,
enhancement in the potential window to 2 V has been observed but compromising
its current output value [95].

Raut et al. [97] used SILAR method to fabricate thin film of mixed transition
metal oxide ZnFe,O4 on SS substrate. The morphology of the fabricated electrode
showed nanoparticles of ZnFe;O4 over nanoplates. The electrochemical study of
the material gave a maximum specific capacitance of 471 F g=! at 5 mV s ! in
1 M NaOH. The curve showed reversible redox peaks corresponding to Zn-O to
Zn-0O-OH or Fe-O to Fe-O-H, implicating that the charge storage mechanism is the
same as that found in pseudocapacitors. GCD analysis at different current densities
showed there was an initial drop in the current which further exhibited a linear
behaviour within the potential frame of 0 to —1 V. Energy density was calculated
to be 53.22 W h kg~', while power density was found to be 1.87 kW kg~!.
The electrode could maintain 72% of its initial capacitance over 1000 cycles. A
flexible solid-state symmetric SC device fabricated with ZnFe,O4 as the electrodes
and PVA-LiCIOy as gel electrolyte had a Cyp of 26 F g~!. GCD analysis of the
device showed a Cgp of 32.22 F g~ ! with energy density 4.47 Wh kg~! and power
density of 277.78 W kg~!. The device could retain 66% of its capacitance over
1000 cycles. 34% of capacitance loss was attributed to the degradation of ZnFe;O4
and the gel electrolyte [96]. Composite of ZnFe;O4 material with CNT enhanced
the characteristics of the ZnFe;O4 SCs with a specific capacity of 217 mAh g~!
at 5 mV s~! scan rate in a potential frame of —1 to 0 V. Symmetric solid-state
device with ZnFe;O4/CNT as the electrodes and PVA-LiCl as the gel electrode
showed a shift in the potential window to 0—1 V. Their CV analysis showcased
an almost symmetric rectangular profile for different scan rates. GCD showed
almost negligible IR drop with 92.2 F g~! Csp at 035 A ¢~ ! current density.
Corresponding specific energy was calculated to be 12.8 Wh kg~! with a specific
power of 377.86 W kg~ !. For 2000 cycles, the device showed a capacitive retention
of 70%. They analysed the Nyquist and bode plot of the device before and after
2000 cycles and found that there was very minute change in the Nyquist plot, while
the bode plot remained almost the same, indicating the good cyclic stability of
the device [97]. Raut et al. [98] investigated the effect of replacing Fe with Co
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in ZnFe, 04 material. Mesoporous 2D nanoflake structured ZnCo,O4 material was
synthesized through SILAR method. It showed a Cs, of 675 F ¢~ in 1 M KOH for
a potential window of 0 to 0.5 V. Symmetric device fabricated with this material as
both cathode and anode electrodes and PVA-KOH as the electrolyte exhibited a Cgp
of 69.56 F g~! at 1.07 A g'! with specific energy of 9.67 W h kg~! and specific
power of 1.45 kW kg~!. The device could exhibit 68% of its original capacitance
for 2000 cycles [98].

Selenium, one of the chalcogens, has been already being extensively considered
for solar cells, optoelectronics, and light-emitting diodes. Pawar et al. [99] used
CdSe microspheres as electrode material for electrochemical application. They used
one-pot CBD method for the synthesis of CdSe, wherein cadmium sulphate was
initially reduced to cadmium hydroxide, and further Na;SeSO3; was added to form
CdSe. They varied the deposition time on FTO substrate from 2, 4, 6, 8, to 10 h
keeping the solution at a temperature of 70 °C. As the time duration increased, a
more even and denser film was observed with larger microspheres since the material
deposition increased with time. For 8 h reaction, the microsphere size was found
to be 600 nm. On further increasing the deposition time, it distorted the sphere
shape and formed a 2D layer over the substrate. The charge transfer resistance of
the sample during electrochemical analysis showed a decrease as the deposition time
increased. Along with this, the electrochemical cell resistance also reduced till 8 h
beyond which the resistances increased again due to the flattening and peeling of
the electrode material. CdSe showed a highest areal capacitance of 1.285 mF cm™2
in 0.1 M H,SO4 electrolyte within a potential frame of —0.2 to 0.8 V at 10 mV s~!
scan rate. The energy density of the electrode was calculated to be 4.015 W h kg™
with a capacitance loss of 12.5% for initial 1000 cycles and later 3.8% for the next
1000 cycles [99].

Kavyashree et al. [100] fabricated Sr(OH); thin film over SS substrate by SILAR
method at room temperature. Figure 31a shows the schematic deposition procedure
of Sr(OH); film using SILAR method. They obtained a dendrite morphology (Fig.
31b, c) with high porosity which reduces the diffusion path of the electrolyte ion
and increases its specific capacitance. They found that for 20 SILAR cycles, a more
prominent and reversible oxidation-reduction peaks were visible in optimized 1 M
NaOH electrolyte. Figure 31d shows the CV analysis of Sr(OH); thin film in 1 M
NaOH electrolyte within a potential window of 0 to —0.8 V. Peaks observed in
CV curve are related to the reduction of Sr(II) to Sr(0) and oxidation of Sr(0) to
Sr(II). The highest specific capacity obtained for Sr(OH), thin film is 308 C g~ at
5mV s~! (Fig. 31e). Figure 31f shows the CD analysis of Sr(OH), thin film wherein
the initial drop signifies the internal resistance; later there is a linear variation of
double-layer capacitance due to the charge separation at the interface and finally
the pseudocapacitive behaviour due to the adsorption and desorption process at the
interface. The highest specific capacity of the thin film from CD curve was evaluated
tobe413F g~ at2 A g~! with energy density and power density of 45.95 W hkg™!
and 2.6 W kg~!, respectively. It is evident from the stability graph that as cycle
increases, the specific capacity declines by ~35% up to 5000 cycles (Fig. 31g) [100].
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Fig. 31 Sr(OH); thin film: (a) Schematic diagram. (b) FESEM image (¢) FESEM image at higher
magnification. Inset shows the EDS pattern. (d) CV in 1 M NaOH. (e) Specific capacity at different
scan rates. (f) Charge-discharge curve. (g) Capacitance retention of the film. Inset showing the CV
characteristics [100]

Kavyashree et al. [101] further tried to increase the specific capacity and cyclic
stability of Sr(OH), sample by doping it with 1%, 2%, and 3% of copper since
cationic doping has the ability to enhance the electrical conductivity of the sample.
Applying the same SILAR method they deposited, Cu doped Sr(OH), thin film
over SS substrate. They obtained similar tuberose structure for undoped Sr(OH);
as earlier which on further increasing the concentration of dopant formed flake-like
structure over the tuberose morphology Sr(OH), with 2% doping exhibited very
high current output within a potential window of —0.8 to 0. The maximum specific
capacities of 2 and 3% Cu-doped Sr(OH), are found to be 303 and 442 C g~ !,
respectively. Nevertheless on increasing the scan rate, the specific capacity of 2%
Cu-doped Sr(OH), is more when compared to other doped samples. On analyzing
the charge-discharge behaviour of Cu-doped Sr(OH); in 1 M Na;SOq, it was
observed that the peak current is proportional to the square root of the scanning rate
which is a characteristic of battery-type electrode. The specific capacities of 2% and
3% Cu-doped Sr(OH), were found to be 554 and 817 C g~! for 0.4 mA cm™! charge
density, respectively. They analysed that the IR drop in the CD curve reduced as
the doping concentration increases, indicating that the conductivity of the electrode
increased with the doping concentration. Also, it was observed that the charging
time reduced while the discharging time increased as the doping concentration
increased. The capacity retention of the electrode increased initially with the doping
concentration up to 2% which on further increasing the concentration reduced the
retention percentage. For 2% Cu doping, the retention was about 71%, while for
3% doping, this value reduced to 45% for 6000 cycles [101]. Similarly, they tried
to dope Sr(OH), sample with 0.1, 0.5, and 1% of Fe using the same SILAR method
and found that for 1 M NaySOy4 electrolyte within a potential window of —1.1 to
0V, specific capacity varied as 685, 776, and 653 C g~! at a scan rate of 5 mV s,
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For 0.5% doping of Fe in Sr(OH),, the specific capacity calculated from charge-
discharge curve was found to be 871 C g~! at 1.2 mA cm™2 which is greater than
the values obtained for 0.1 and 1% doping concentration. High capacity retention
of about 79% has been observed in case of 0.5% doping for 800 cycles [102].
This study reveals that the doping process does not impact the primary structure
of the material, but additional surfaces are added which eventually increases the
area available for electrochemical activity, enhancing the specific capacity, potential
window, and the stability of the material considerably.

Bismuth is another material which has found importance in the field of SCs.
Bismuth oxide has wide band gap, high refractive index, dielectric permittivity,
ionic conductivity, and photoconductivity. Raut et al. [103] successfully fabricated
interconnected needle-like structure of BipO3 through SILAR method and studied
its electrochemical analysis. In 1 M NaySOy4 electrolyte, BioO3 film showcased
maximum current response displaying specific capacitance of 329.6 F g~! at
5 mV s~! scan rate within a potential window of —0.8 to 2 V. The CD analysis
initially showed IR drop which later showed a non-linear behaviour indicating that
the charge storage mechanism is moreover redox type rather than capacitive type.
At 5.17 A g~! current density, the Csp was calculated to be 399.6 F g~ ! within
the potential window of —0.8 to 0.3 V. Bi,O3 material also showed a capacitance
retention of 72% for 3000 cycles before which at initial 200 cycles the Cgp increased.
The FESEM analysis of the sample after 3000 cycles shows collapsing of the
nanoneedle-like structure which is supposed to be the reason for the decrease in
the specific capacitance of the electrode [103].

Vanadium can exist in multiple oxidation states like +2, +3, +4, and + 5, and
its oxide in 1D morphology has shown Cp of 165 F g’l [90]. So, Pandit et al. [104]
worked on the fabrication of 2D morphology of vanadium oxide (V,0Os) as it can
expose more areas for electrochemical activity and found that the Csp, increased to
735 F g~! at 1 mV s™! scan rate, implying that the morphology of the electrode
material plays a major role in assigning capacitance to the SC. As shown in Fig.
32a, they obtained 2D nanoflakes of V,0Os5 through CBD method. Figure 32b shows
the HRTEM image of the nanoflakes obtained. The CV study of the material in 2 M
LiClO4 shows a non-EDLC behaviour within a potential window of O to 1 V with an
areal capacitance of 0.40 F cm™2 (Fig. 32¢). Inset of Fig. 32¢ shows the oxidation-
reduction peaks of CV profile and also the specific and areal capacitance at different
scan rates. The GCD study showed in Fig. 32d indicates IR drop for initial potentials
and then a non-linear behaviour of the electrode material due to the reversible redox
reaction of the intercalation/deintercalation of Li™ ions in the electroactive sites of
the material. GCD showed a Cs, of 222 F g~ ! at a current density of 1 A g~!. The
electrode showed capacitance retention of 71% at 1000 cycles for 20 mV s~! scan
rate (Fig. 32e). A flexible all-solid-state symmetric device with V,0Os as electrode
material and PVA-LiClOy as gel electrolyte (Fig. 32f) showed a Cgp of 358 F g !
and areal capacitance of 0.38 F cm~ for a potential window of 1.8 V. Figure 32g
shows the CV response of the device for various potential windows. From the GCD
study in Fig. 32h, it can be inferred that the device initially showed an IR drop which
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Fig. 32 (a) FESEM image of V;,0s thin film. (b) HRTEM image of V,0Os thin film. (¢) CV of
V105 thin film in 2 M LiClOy4 electrolyte. Inset showing the oxidation-reduction curve of the film
at 1 mvV s_! scan rate and the graph showing the areal and specific capacitance. (d) Charge-
discharge profile of V,Os thin film. (e) Stability test of V2Os thin film electrode. (f) Schematic of
the flexible symmetric solid SC device (FSS). (g) CV of the fabricated device in different potential
windows. (h) Charge-discharge curve of the device. Inset showing the specific capacitance of the
device. (i) Capacitance retention of the device. Inset showing the CV of the device at first, 500th,
and 1000, cycle [104]

further formed a non-linear behaviour. The Cgp of the electrode was evaluated to be
96 F g~ ! for 0.5 A g~ ! current density. The device could show a capacitance stability
of 88% for 1000 cycles (Fig. 32i). Bending the device from 0° to 175° showed 91%
retention of capacitance for potential window of 1.8 V. The device showed specific
energy of 43 Wh kg~! with specific power of 900 W kg~! [104].

Since bismuth and vanadium have shown good Cs, Bommineedi et al. [105]
fabricated orthorhombic BiVO,4 material with spongy morphology through SILAR
process over SS substrate. Figure 33a shows the schematic process for the synthesis
of BiVO4 material. Figure 33b, ¢ shows the FESEM images of the material
at different magnifications. It shows that BiVO4 forms nano-pebbles with spiky
surface increasing the surface area of the electrode material. Figure 33d shows the
CV analysis of the material in 1 M KCI. It clearly indicates the presence of oxidation
and reduction peaks of Bi and V. It could attain a Cyp of 707 A g~ ! at a scan rate of
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Fig. 33 (a) Schematic of the work undertaken for the fabrication of BiVOy. (b—c) FESEM images
of BiVO, at different magnifications. (d) CV analysis of BiVOy4 at different scan rates. (e—f)
Contributions from faradaic and capacitive methods at two different scan rates, 100 and 20 mV s_ 1
respectively. (g) CD analysis of the electrode at different current density. (h) Stability study of the
material. Inset showing CV of the electrode at every 500th cycle. (i) Bode phase plot [105]

3 mV s~!. They also calculated the electrochemically active surface area using CV
for two different scan rates. Here they have used the formula

ECSA = Cpr/C; 13)

where Cpr, represents the double-layer capacitance obtained from the CV curve
corresponding to the non-faradaic region, whereas Cs represents the Cg), of electro-
chemical double layer. Cpy. is evaluated from the slope of the /pp.-V graph where
Ipy is evaluated from the formula Ip;, = Cpr, x v. Here, v denotes the scan rate and
the Cs is approximated to be 40 mF cm™~2. The calculated electrochemically active
surface area of BiVO4 was 87.1 m? g~!. The GCD analysis (Fig. 33g) showed non-
linear behaviour which was in accordance with the CV studies. From GCD study,
the Cs, was calculated to be 199 F g 1 at 3.3 A g=! current density. Capacitance
retention showed 102% at 3500 cycles wherein it reduced to 98% during initial
1000 cycles. The relaxation time obtained from frequency vs. capacitance graph
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was 20 ms which was closer to the 19 ms obtained from the Bode phase plot at 45°
phase angle. Reduced relaxation time indicates high power delivering capacity of an
ideal SC [105].

Although 2D materials have shown their importance in the field of SCs, the SCs
mainly require an increased surface area for the enhancement in the capacitive value.
However, a uniform repeatable deposition of 2D structures like nanosheets is still a
great challenge.

7.4 Three-Dimensional (3D) Nanostructures

3D structure facilitates large surface area and short diffusion path. These includes
nanocubes, nanostars, nickel foam, and metal oxide frames. Yan et al. [106]
fabricated thin film of MnO; over 3D Ni foam through hydrothermal process. Figure
34a shows the FESEM image of intertwined nanosheets of length 100-200 nm
formed on the surface of Ni foam. Such structures make certain that more area is
exposed to the electrolytes for the reaction purpose as the pore sizes were found to be
~20 nm. CV curve (Fig. 34b) showed nearly a rectangular curve with no redox peaks
within a potential frame of 0 to 1 V in 1 M NaySO4 at 2 mV s~! scan rate. GCD
study (Fig. 34c) shows a linear and symmetric curve indicating reversible behaviour.
At 1 A g~! current density, the thin film showed Cspof 241 F g~ 1. Stability analysis
showed loss in capacitance at initial 300 cycles, and later, there was only 10% loss
up to 1000 cycles [106].

Zhu et al. [107] used 2D nanosheets of V,05 as the building blocks for the
construction of 3D architecture with high surface area, ultrathin thickness, and
porous architecture. Figure 35a shows the schematic of the fabrication process
undertaken for the formation of 3D V,05.FESEM image of 3D V;05 shown in Fig.
35b clearly displays that the 3D structure is formed of numerous interconnected
nanosheets. This morphology is formed by freeze drying V,0O5 nanosheets. They
compared the 3D V;,05 with its bulk and stacked structures. Figure 35¢ shows
that the Cs, of 3D V05 is 521 F g_l which is more than that observed in case
of bulk and stacked structures. Also, the charge-discharge analysis of different
morphologies showed that in case of 3D V,0s, the discharge time is more and

s

Fig. 34 (a) FESEM image of 3D MnO; film over the Ni foam. (b) CV analysis of MnO» film. (c)
Charge-discharge profile. (d) Stability study of the film [106]
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Fig. 35 (a) Schematic of the fabrication process involved for 3D V,0s architecture. (b) FESEM
image of 3D V,0s. (¢) Specific capacitance of bulk, stacked, and 3D V,0Os. (d) Charge-discharge
profile of bulk, stacked, and 3D V,05 [107]

the slope is less, indicating higher electrochemical activity. In 1 M aqueous NaSOg4
electrolyte, 3D morphology showed a maximum specific capacitance of 451 F g~!
at 0.5 A g~ current density within a potential window of —1 to 1 V. It showed that
the proposed structure gave an energy density of 247.9 W h kg~! and power density
of 497.1 W kg~ !. This architecture was also able to exhibit a capacitance retention
of ~90% after 4000 cycles [107].

Metal organic frameworks (MOFs) are famous for their extraordinary porosity
and surface area which can be tuned through the selection of appropriate linkers and
metal nodes [108]. Wang et al. [109] fabricated Ni-based MOFs and co-doped it
with different weights of Co. Figure 36a—d show the SEM and TEM images of Ni-
MOF and Co-doped Ni-MOF prepared through hydrothermal method. The image
corresponding to Ni-MOF shows microspheres with nanoribbon-like morphology
on the surface. On co-doping with Co, this shows microspheres of reduced diameter
with interconnected and enlarged nanoribbons forming a 3D flower-like morphol-
ogy. The CV analysis with different amounts of Co shows that for Co,-Ni-MOF, the
Csp was larger compared to others. The CV analysis of Coz-Ni-MOF in 6 M KOH
shown in Fig. 36e indicates oxidation-reduction peaks due to the ion exchange of
OH™ ions and the oxidation states of Ni and Co. Microsphere morphology with
interconnected nanoribbons facilitates the intercalation and de-intercalation of the
electrolyte ions. Coz-Ni-MOF showed the maximum Cgp of 1300 F ghatl A
g~ ! with extended discharge time indicating its ability to store charges (Fig. 36f).
Capacitance retention showed 59% and 71% of initial Cgp value for both Ni-MOF
and Coy-Ni-MOF, respectively. Hybrid supercapacitor device fabricated with Co;-
Ni-MOF as one electrode and AC as another electrode showed CV as depicted in
Fig. 36g with redox peaks indicating faradaic behaviour. The GCD (Fig. 36h) shows
almost symmetric curves indicating excellent electrochemical stability. The device
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Fig. 36 SEM and TEM images of (a-d) Ni-MOF and (¢, d) Co;-MOF. (e) CV plot of Co,-Ni-
MOF. (f) CD profile of CO,-Ni-MOF, asymmetric SC fabricated with Coy-MOF//AC electrodes.
(g) CV curve. (h) CD profile. (i) Capacitance retention of the device [109]

could retain about 78.1% of the capacitance even after 6000 cycles (Fig. 36i). The
energy density of the device was found to be 25.92 W h kg~! with power density
of 375 W kg_l [109]. Table 3 tabulates the literature survey for OD, 1D, 2D and 3D
nanostructured materials for SC application.

8 Summary and Conclusions

This chapter gives a brief outlook on various architectures of electrode materials
which have been utilized for supercapacitors. Nanomaterials with OD, 1D, 2D, and
3D morphologies have found to have an impact on the capacitive behaviour of
the supercapacitors. Each morphology exposes different amounts of active area for
electrochemical activity as a result the specific capacitance offered by them is dif-
ferent. As for energy density, devices in which materials with maximum active area
exposed to the electrolyte provided a wider potential window eventually enhancing
the supercapacitors. Most of the morphologies encompass large amount of dead
zones or areas not accessible by the electrolyte ions. The main aspect of varying the
morphology is to allow areas to be exposed for the electrolyte dissociation, although
no exact configuration of the material morphology can be claimed to provide the
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utmost electrochemical behaviour. The literature review identifies interconnected
morphologies like nanowires and metal organic frameworks of highly conducting
materials have shown an increased life span and high specific capacitance. In the
present literature survey, Co,-Ni-MOF have shown the highest specific capacitance
with a moderate energy density and excellent cyclic stability. For energy density
of supercapacitors, vanadium oxide with interconnected nanosheets have shown an
excellent value.

Nowadays hollow structures have found more complex features to enhance the
electrocapacitive performance as both inner and outer surfaces can provide active
sites for electrochemical activity. Besides the contemporary fabrication of nanowires
and core-shell structures, more different types of morphologies like star-shaped,
square-shaped, hollow spheres, and hollow cube shapes are being explored for the
electrochemical enhancement.

9 Future Scope

Ample amount of work has been testified for supercapacitors wherein different
materials with different morphologies have been explored. However, there exists
still disparity in case of its energy density. Increase in specific capacitance does
not guarantee a remarkable presentation of energy density. Hence, there exists still
a wide scope pertaining to the energy density of the devices fabricated from the
published materials. Besides all these studies have been carried out at laboratory
level where the environment is under extreme control. A large-scale fabrication
and practical implementation of such devices in our daily chores need to be
investigated.
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1 Introduction

The developing global economic system raises social and ecological issues such
as fossil fuel degradation and destruction of environmental health, which are the
important reasons to increase the need development of clean and renewable power
resources [1-6]. However, the storage of energy supplied by renewable energy
sources is the main problem that can be solved by developing efficient electrical
energy storage devices. Among them, supercapacitors attract more attention due
to the many attractive features at the advanced industry levels such as fast
charging-discharging; high specific power, i.e.,>10 kW kg~!; high cyclic stability,
i.e.,100,000 cycles; and eco-friendly behavior [7-9].

In rural areas, public grids are not readily available and are complicated to
reach due to the requirement of high-cost wiring to supply electricity. In these
areas, supercapacitors are helpful; also, they are used in portable electronic devices
like digital cameras, mobile phones, laptops, etc., because of their flexibility and
lightweight. Also, the supercapacitor’s high-power density makes it suitable for
use in hybrid and electric vehicles, which is required for quick acceleration after
braking, which saves energy and protects the batteries from the higher frequency
fast charge-discharge processing.

The performance of different energy storage devices is plotted in the Ragone plot
and presented in Fig. 1. In a comparative study, it seems that the supercapacitor is an
intervening stage between the conventional capacitor and batteries. The gap between
the low-power batteries and low-energy capacitors is fulfilled by supercapacitors
offering higher power than a battery and higher energy than capacitors. The
supercapacitors store charges in the range of 100-1000 F for each device which
is higher than conventional capacitors (WF to mF) [10, 11].

Supercapacitors are classified into three types depending on their charge stor-
age mechanisms: electric double-layer capacitor (EDLC), pseudocapacitor, and
hybrid capacitor. The materials (carbon-based) like carbon nanotubes, activated
carbon, graphene, etc., considered EDLC materials, store charges electrostatically.
The metal hydroxide/oxides, chalcogenides, conducting polymers, etc. commonly
exhibited pseudocapacitive performance by storing charges via redox reaction [12,
13]. The charges are stored by both mechanisms in a hybrid capacitor.

Up to now, numerous materials have been studied for supercapacitor application,
but they have not fulfilled the requirements of supercapacitor electrode material,
like low preparation cost, high capacitance, and durability. The performance of
supercapacitors is based on the properties of active materials. So, tremendous efforts
are taken by researchers to improve the capacitive performance of material via
increasing specific surface area and conductivity. The manipulating or downscaling
of the microstructures of the active materials in 1D, 2D, and 3D is the most authentic
approach to increase the conductivity and surface area of the active material,
which ultimately enhances supercapacitive performance in terms of energy density
and power density. Among all types of materials, the metal chalcogenides (metal
selenides, sulfides, tellurides, etc.) catch much attention because of their unique
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Fig. 1 Ragone plots for different energy storage devices with their energy and power densities

physicochemical features and are used for different applications [14]. Therefore,
the morphological structures (1D, 2D, and 3D) and strategies used to enhance the
electrochemical performance of metal chalcogenides are summarized in this chapter.

2 Fundamentals of Supercapacitors

The electric double-layer charge storage technology was well known in the nine-
teenth century, but its first practical use in double-layer capacitor was patented by H.
I. Becker in 1957 using carbon electrodes in aqueous electrolyte [15]. Furthermore,
B. E. Conway in 1975-1985 developed a new charge storage principle that replaced
coin cell batteries in memory backup systems. The fast and reversible redox reaction
in bulk electrode material, i.e., pseudocapacitive material used for the storage
mechanism like ruthenium oxide (RuQ3), and this invention opened new trends in
energy storage development [16]. From 1990, the research world concentrated on
developing high-performance supercapacitor devices to replace battery technology.
Now, numerous companies all over the world manufacture supercapacitor devices
for commercial applications. Based on recent research and development trends,
supercapacitors are divided into three classes as follows: electric double-layer
capacitors (EDLCs), pseudocapacitors, and hybrid capacitors.
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Fig. 2 Schematic representation of charge storage mechanism of electric double-layer capacitor

2.1 Electric Double-Layer Capacitors (EDLCs)

The EDLCs are prepared by combining two carbon electrodes, an electrolyte, and
a separator, and charges are stored electrostatically (non-faradaically), similar to
conventional capacitors [21-24]. So, there is no net charge transfer between elec-
trode and electrolyte. In charging, electrons externally move towards the positive
electrode from the negative electrode via an external loop, and in an electrolyte,
ions move in the direction of oppositely charged electrodes and are adsorbed on the
surface of the electrode (Fig. 2a). The double layer of ions forms at the surface of
each electrode (Fig. 2b. The reverse direction movement of the electrons and ions
occurs in discharging process (Fig. 2c) [26-27].

In a non-faradic reaction, no net charge transfer between electrode and electrolyte
avoids phase transformation of material and offers high reversibility in charge
storage that the main reason for the higher cyclic stability of EDLCs. The materials
based on carbon-like carbon nanotubes, carbon aerogels, activated carbon, and
graphene are generally applied to increase the performance of EDLC.

2.2 Pseudocapacitors

In a faradic process, oxidation and reduction (redox) reactions take place in between
electrolyte and electrode interface by the charge transfer; pseudocapacitors stored
charges by faradaic mechanism. The capacity of charge storage in pseudocapacitive
materials is larger than EDLC materials because of the involvement of less number
of ions in the formation of double layer than in the process of ion exchange
because of the utilization of more surface area of active material for the reaction.
Other factors also play a key to boost the performance of the pseudocapacitors,
such as materials’ conductivity, particle size, and the usage of electrolytes. The
schematic representation of the charge storage mechanism in the pseudocapacitor
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is shown in Fig. 3. The process of intercalation/deintercalation, redox reaction, and
electrosorption between the de-solvated ions and electrode surface are labeled as
pseudocapacitors [20]. Generally, conducting polymers, metal oxides/hydroxides,
metal chalcogenides, etc. are employed as pseudocapacitive materials [17-19].
Pseudocapacitors are further categorized into three groups depending on the charge
storage mechanisms: (a) intrinsic pseudocapacitor (on or near material surface
faradaic reactions), (b) intercalation-type pseudocapacitor (charge stored in tunnels
or layers of materials), and (c) extrinsic pseudocapacitor (faradaic reaction at the
surface of nano-sized battery materials).

2.3 Hpybrid Capacitors

The EDLC offers high specific surface area but low specific capacitance, and on the
other hand, pseudocapacitor offers high specific capacitance but limited cyclic life
due to faradaic reactions. Thus, the hybridization of EDLC and pseudocapacitors is
an effective path to solving the problems related to both systems [28—32]. Therefore,
the hybrid capacitors developed by the amalgamation of EDLC and pseudocapacitor
store charges through both a faradic and a non-faradic reaction mechanism, a
charge storage mechanism schematically presented in Fig. 4. In such type of
system, pseudocapacitors offer higher capacitance that provides high energy density,
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although EDLCs provide high power density. So, the hybrid capacitors achieve
higher energy density, power density, and cyclic stability than their individual
counterparts. Generally, the combination of carbon-based materials with pseudoca-
pacitive materials enhances the contact between materials and electrolyte and charge
storing ability. This combination offers high energy of batteries and power like a
capacitor with improved cycle life. These devices may be capable of bridging the
gap between batteries and supercapacitors. Therefore, the coupling between carbon-
based materials with pseudocapacitive materials has obtained enormous interest due
to the large enhancement in the total capacitance of the device.

3 Metal Chalcogenides

The Group 16 of the periodic table is identified as chalcogen; it is also familiar
as the oxygen family. The oxygen (O), polonium (Po), tellurium (Te), selenium
(Se), and livermorium (Lv) elements exist in this group. Among them, polonium
and livermorium are radioactive and synthetic elements, respectively. The chemical
behavior of oxygen is different from selenium, sulfur, polonium, and tellurium.
The chalcogens are lighter and have relatively low atomic radii, and they have —2,
+2, +4, and + 6 common oxidation states [33]. In Group 16 elements, selenium
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and tellurium are metalloids, oxygen and sulfur are nonmetals, and polonium is
metal under typical conditions. The chemical compounds consisting of at least
one chalcogen anion are referred to as chalcogenides and are used in various
applications. In particular, metal-based sulfides, tellurides, and selenides are used in
various applications such as optoelectronic sensors, ionic sensors, solar cells, fuel
cells, batteries, and supercapacitors.

3.1 Metal Sulfides

The tenth commonly available element in the universe is sulfur which has mul-
tiple oxidation states —2, —1, 0, +1, +2, 43, +4, 45, and + 6 [34]. Sulfur
associated with metal cations provides extensive tunable physical, chemical, and
electrochemical properties in metal sulfides. Also, metal sulfides are cheap and
abundant in nature. Many of them have various valence states showing multiple
redox transitions and are good conductors. Furthermore, the metal sulfide offers
a high theoretical capacity (1672 mAh g~!) and specific energy (2567 Wh kg™!)
with an environmentally friendly nature. The metal sulfides are considered a
capable aspirant for the high-performing supercapacitor application owned by their
cost-effectiveness, good electrical conductivity, lower electronegativity, and redox
behavior. The different metal sulfides such as NiS, CoS, CoS,, CuS, NiS, NiS», etc.,
as well as their composites, have been prepared and investigated for supercapacitor
applications.

3.2 Metal Selenides

Selenium, present in the same group of sulfur, and the identical valence electrons
and oxidation states are shown as sulfur [35]. So, it offers similar chemical and
electrochemical properties like metal sulfide. The attractive physical and chemical
properties of metal selenide allow its application in various fields and their high
refractive index with photoconductive nature useful for photodetectors and sensor
applications [36]. The low volume effect, high bulk density, good reversibility,
and rate capability make them potential electrode material for batteries (lithium
and sodium-ion batteries). Also, they catch a lot of interest as a capable aspirant
for supercapacitor applications because of their rich redox behavior, thermal and
mechanical stability, and good electronic conductivity. The various metal selenides
like NiSe, CoSe, CoSe;, Cu3zSe,, NiSe,, etc. and their composites have been
synthesized for supercapacitor applications.
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3.3 Metal Tellurides

Tellurium (Te) has attracted great attention due to its nonlinear optical, thermoelec-
trical, gas sensing, and electrochemical properties. Te is a p-type semiconductor
that has 0.35 eV bandgap [37]. Te has —2, +2, +4, and + 6 oxidation states,
and its association with metal cations is referred to as metal tellurides. Due to
the metallic structure and unique morphology, metal tellurides have high electrical
conductivity, high specific surface area, and higher active sites for electrochemical
reaction. The above excellent properties make them a favorable candidate for
numerous applications, like solar cells, fuel cells, lithium-ion batteries, electro-
catalysis, supercapacitors, etc. [38]. Also, their strong spin-orbit coupling induces
large nonsaturating magnetoresistance, which makes them a potential candidate for
spintronic and magnetic memory devices [39, 40]. The numerous single metals
and their composites of selenides like TaTe, CoTe, NiTe, GaTe, CoTe,, etc. were
synthesized for supercapacitor applications.

3.4 1D Structured Metal Chalcogenides

A large assortment of materials with different nanostructures studied for superca-
pacitor application in recent years, nanostructured one-dimensional (1D) materials,
including conducting polymers, carbon, metal oxides/hydroxides, nitrides, and
chalcogenides, etc., show innovative advantages like proficient 1D electron transfer,
higher specific area, and tremendous mechanical strength, which makes capable
them beneficial for flexible devices [41-46]. The 1D nanostructures which include
nanorods, nanotubes, nanofibers, nanowires, etc. can provide shorter path lengths
for charge transportation with higher conductivity that offers more efficient contact
between the electrode and electrolytic ions and more electroactive sites, conse-
quently improving the rate of charging-discharging even at higher current densities
[47—49]. Various methods for the preparation of 1D structured chalcogenide
materials such as hydrothermal, electrodeposition, solvothermal, chemical bath
deposition (CBD), reflux, etc. are summarized in Table 1 with their corresponding
morphologies, specific capacitance, electrolyte, energy density, power density, and
cyclic stability [50-75].

Table 1 displays various preparation methods of 1D structured chalcogenide
materials having different morphologies and electrochemical performances. Sub-
hadarshini et al. [63] prepared 1D NiSe-Se by chemical method, i.e., CBD method,
nanotubes of NiSe-Se deposited on Ni-foam by the chemical reaction of NiCly,
HCI, LiCl, SeO; in deionized water at 85°C temperature for 5 h. The schematic
illustration of the synthesis process is shown in Fig. 5a, after 5 h reaction NiSe-
Se layer was deposited over the Ni-foam, and the FE-SEM images of NiSe-Se are
presented in Fig. 5b.
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Fig. 5 (a) Schematic representation of the preparation of nanotubes of NiSe-Se by a chemical
bath deposition method. (b) SEM images of NiSe-Se nanotubes at different magnifications [63].
(Reproduced with permission from American Chemical Society, Copyright © 2020)

The electrochemical performance of NiSe-Se was investigated in 1 M KOH
electrolyte using a half-cell system, where Ag/AgCl, Pt, and NiSe-Se is used
as a reference electrode, counter electrode, and working electrode, respectively.
The electrochemical performance of NiSe-Se electrode with cyclic stability is
presented in Fig. 6a—e. The NiSe-Se exhibits a maximum specific capacitance of
2447.46 F g~ ! at a current density of 1 A g~! (Fig. 6 (d)) with 95.09% capacitive
retention after 10,000 GCD cycles (Fig. 6e). Also, the hybrid supercapacitor device
was also fabricated, which achieves a maximum 29.90 Wh kg~! energy density
at 594.46 W kg~! power density. Furthermore, chemically deposited nanotubes
of NiSe-Se over Ni-foam enhance the electrode’s total electroactive area, which
increases electroactive sites for electrolytic ions adsorption and diffusion; also the
space between the sheets acts as ion pools; therefore, it shows good electrochemical
performance.

Yanhong et al. [52] synthesized Ni-Co sulfide by hydrothermal method and
obtained nanowire-like morphology for Ni-Co sulfide after 12 h reaction at 90°C
temperature. In the synthesis process, the same molar ratio of nickel and cobalt was
used, and Ni-foam was used as a conducting substrate for binder-free synthesis.
The nanowires of Ni-Co sulfide obtained a higher capacitance of 2415 F g~ ! at
the current density of 2.5 mA cm™2 with good (78.5%) capacitive retention for
3000 cycles. The practical applicability of Ni-Co sulfide was tested by fabricating
an asymmetric supercapacitor device, which delivers 25 Wh kg ! energy density at
a high power density (3.57 kW kg™1).
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Fig. 6 (a) The CV curves, (b) galvanostatic charge-discharge curves, and (c) EIS study of NiSe-
Se nanotubes; (d) plot of specific capacitance at various current densities; and (e) cyclic stability
of NiSe-Se electrode at 10 mA cm™2 current density [63]. (Reproduced with permission from the
American Chemical Society, Copyright © 2020)

Narthana et al. [51] prepared binary and ternary compounds of sulfides, and the
effect of composition variation on morphology and electrochemical performances
have been studied. The binary and ternary sulfides (NiS, CugSs, and NiggCug2S)
were prepared hydrothermally with nanorod-like morphology. The pseudocapacitive
nature of ternary and binary sulfides was observed in electrochemical study. The
ternary compound exhibited higher specific capacitance higher than binary com-
pounds. The nanorods of Nig gCuq »S achieved maximum capacitance of 1092 F g~!
at 15 mA g~!, higher than CuoSs (70 F g~!) and NiS (575 F g~!) binary
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compounds. Also, NipgCup2S showed lower charge transfer resistance (R() as
compared to CugSs and NiS and 80% capacitive retention after 3000 CGD cycles.

Cobalt selenide and selenium-enriched cobalt selenide (CoSe-Se) were prepared
by Subhadarshini et al. [68] using the CBD method. In this work, only nickel
precursor was replaced by the cobalt precursor, i.e., CoCl,.6H,0, and followed the
same synthesis process of NiSe-Se for the preparation of CoSe-Se. The reaction
time and temperature were varied in the synthesis process to study the impact
of preparative parameters on morphologies and corresponding performance. The
maximum specific capacitance obtained for CoSe-Se was 1750.81 Fg~'at 1 A g~!
current density.

The selenium-rich nanotube-like architecture of NiSe synthesized by the CBD
method offers a higher electrochemical response than the other single and composite
chalcogenides. In addition, the high specific surface area, mechanical strength, and
efficient pathway for both electrons and ions offered by 1D nanostructures are
advantageous for flexible devices. The overall study demonstrates that the self-
standing 1D material exhibits superior electrochemical capacity and is a promising
aspirant for high-performance supercapacitor applications.

3.5 2D Structured Metal Chalcogenides

The 2D structured materials owned much interest due to their exceptional mechan-
ical properties, like strength and Young’s modulus, with lower weight and ultrathin
structure as compared to their bulk counterpart. Other characteristics such as
flexibility, chemical stability, transparency, etc. enhance their usage in various
applications [76]. The unique physiochemical properties for ultrathin layered
2D materials were obtained at single or few atomic thicknesses. The essential
advantages offered by 2D materials for the future generation of energy storage are
as follows: (i) their thin nanosheet-like structure offers a high active surface area
for the reaction because of the whole contact of surface atoms, (ii) their edges are
more reactive in chemical reaction than the basal planes, and the gaps between the
sheets (open van der Waals gap) provide more intercalation of electrolytic ions,
and (iii) high flexibility and mechanical strength due to single atomic thickness
boost their application in wearable electronics [77]. The literature survey on the
2D structured chalcogenide materials, mostly sheetlike morphology obtained using
different methods, morphologies, and respective electrochemical performances, is
tabulated in Table 2 [78-100].

Igbal et al. [78] prepared graphene oxide (GO) based on Al>S3 by hydrothermal
method on Ni-foam substrate. The GO-based Al,S3 obtained nanowall-like mor-
phology after 4 h reaction at 120°C temperature. The higher specific capacitance was
achieved for GO-based Al,S3 nanowalls of 2362.15 F g_l at scan rate of 2 mV s~}
than the pristine Al,S3 (1097.88 F g_l). The GO-based Al;S3 nanowalls exhibit
higher specific capacitance of 2373.51 F g~ at 3 mA cm~2 current density than the
pristine Al,S3 (1108.25 F g~ 1).
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Fig. 7 (a) Schematic representation of preparation of nanotubes of CuS/AB by hydrothermal
method and (b) (bl and b3) SEM and (b2 and b4) TEM images of CuS/AB nanosheets [80].
(Reproduced with permission from Elsevier, Copyright © 2015)
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Haung et al. [80] solvothermally prepared acetylene black (AB)-incorporated
nanosheets of copper sulfide, using ethylene glycol, copper nitrate trihydrate,
and thiourea solution, heated at 150°C for 24 h in stainless steel autoclave. The
schematic presentation of the synthesis process for CuS/AB nanosheets is shown
in Fig. 7a. The SEM and TEM images are given in Fig. 7b. The stacked plate-
like morphology was obtained for CuS material in SEM and TEM analysis. The
sheets have irregular thicknesses with an irregular diameter of less than 20 nm. The
electrochemical study of AB, CuS, and CuS/AB was compared in this study and
given in Fig. 8a—e. The comparative CV and GCD plots of AB, CuS, and CuS/AB
electrodes are presented in Fig. 8a—c, respectively.

The CuS/AB electrode exhibited high electrochemical response than the other,
so the CV (at different scan rates) and GCD (at different current densities) studies
of CuS/AB electrodes were tested and displayed in Fig. 8b—d, respectively.

The highest specific capacitance obtained by CuS/AB electrode of 2981 F g~
at 1 A g~! current density in aqueous (6 M KOH) electrolyte is higher than copper
sulfide/acetylene black flower-like morphology [80]. Also, the CuS/AB electrode
displays good cyclic stability (92%). Sahoo et al. [89] synthesized nanosheets
of quaternary material of nickel-cobalt-manganese sulfide by electrodeposition
method on Ni-foam. The nanosheet-like architecture of Ni-Co-Mn-S confirms from
transmission electron microscopy (TEM), and the average size was found to be 10—
12 nm. The electrochemical study studied an aqueous (2 M KOH) electrolyte that
shows a specific capacitance of 2717 F g~! at 1 A g~! current density with 80%
capacitive retention.

The electrodeposited nanosheets of Ni-Co-Mn-S deliver the highest capacitive
performance than the other composites. The 2D structured materials only offer a
contact of surface area than the bulk material that improves the usage of the active
material in the electrochemical performance of supercapacitors. The overall inves-
tigation suggested that the 2D architecture of material offers high electrochemical

1
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Fig. 8 (a) CV curves of CuS, AB, and CuS/AB; (b) GCD curves of CuS, AB, and CuS/AB; (c)
specific capacitance with current density of CuS, AB, and CuS/AB, and (d) cyclic stability of
CuS/AB [80]. (Reproduced with permission from Elsevier, Copyright © 2015)

performance due to high active electrochemical area; also, it allowed flexibility and
lightweight.

4 3D Structured Metal Chalcogenides

The 3D structure of active material provides 3D interconnected porosity, proper
interlayer spacing, and maximum surface area. The porous 3D structure with pores
is favorable for quick diffusion and easy access to electrolytic ions. In a 3D
structure, an open network offers maximum theoretical surface area, leading to
improved capacitive performance [101-103]. Generally, 3D structured electrodes
are prepared using templates of metal foam or the active material combined with
3D nanostructures. The recent study on 3D structured chalcogenides is tabulated
in Table 3 with respective synthesis methods, morphology, and supercapacitive
performance [104-126].
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The 3D metal chalcogenide materials were prepared by different chemical
methods such as CBD, hydrothermal, solvothermal, electrodeposition, etc., which
have obtained different morphologies and supercapacitive performance. In 3D metal
chalcogenide, the literature study shows better performance by changing the method
of preparation of materials. Some material shows excellent specific performance,
good cyclic stability, and better energy density and power density.

Gao et al. [110] prepared 3D microspheres of NixCoj_ xS 097-1GO by
hydrothermal method. The supercapacitive performance of NixCoj — xS1.097-rGO
was measured in an aqueous (2 M KOH) electrolyte and achieved a specific
capacitance of 1152 F g~! at a current density of 0.5 A g~!. Xie et al. [109]
used the solvothermal-hydrothermal method for the synthesis of Nij.xCoxS», cobalt
successfully doped in NiS; at 200°C temperature after 14 h chemical reaction. The
hollow spheres observed for pristine NiS, material (Fig. 9a) and cobalt doping
in NiS, change the morphology. The hollow spheres break gradually after cobalt
is doped into the NiS, and the seldom intact hollow spheres are observed for
Nig75C0025S2 (Fig. 9b), and the nanoparticle-like nature is observed for CoS;
material (Fig. 9¢). Similar results were observed from TEM analysis, after doping
of cobalt in NiS; hollow spheres converted into nanoparticles. The electrochemical
characterization of Nij.xCoxS;y electrodes was carried out in an aqueous (2 M
KOH) electrolyte. The CV curves of Nij.xCoxS, electrodes at 10 mV s~ scan
rate are presented in Fig. 9d. The highest current response was obtained for
Nig 75C00.25S; electrode than the other electrodes. The CV curves of Nig 75Co0¢.25S2
at different scan rates are recorded and presented in Fig. 9e. The GCD analysis of
Nig75C00.25S> electrode was carried out within 0-0.4 V vs SCE potential window
at various current densities and given in Fig. 9f, representing higher kinetics and
ideal battery-like behavior. The GCD analysis used for the specific capacitance
calculation and calculated capacitance of NijxCoxS, electrodes are presented
in Fig. 9g. The Nig75C0025S> electrode exhibited a maximum capacitance of
21419 F g7' at 2 A g~! current density which is higher than the pristine NiS,
electrode (1542.6 F g’]).

The surface of Nip75C0¢25S2 is rough, allowing the maximum contact among
electrolytic ions and electrode material at the time of the charging and discharging
process, which is responsible for high electrochemical performance. The asym-
metric supercapacitor device fabricated using activated carbon (negative electrode)
and Nigp75Cop 2552 (positive electrode) delivers 54.9 Wh kg’l energy density at
1515.4 W kg~! power density with 81% capacitive retention after 4000 cycles.
Shaikh et al. [106] synthesized CoS at ambient conditions via a rapid chemical route
method. The 3D hexagonal CoS obtained capacitance of 1173 F g~! at 1 mV s~!
with 99% capacitive retention after 1500 cycles. The CoS and CoS-G showed
maximum specific capacitance of 2100.0 F g~! and 2423.3 F g~!, respectively, at
the scan rate of SmV s~

The composite of nanoparticles of CoS with graphene sheets exhibits highest
specific capacitance 2423.3 F g~! at 5 mV s~ scan rate [107]. In addition, the 3D
architecture of composite material exhibits higher supercapacitive performance than
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Fig. 9 SEM images of (a) NiS,, (b) Nip75C00.25S2, and (¢) CoS,. (d) CV curves of NijxCoxSa
at 10 mV s~ ! scan rate. (e) CV and (f) GCD curves of Nig75C00.25S5 at different scan rates and
current densities. (g) Specific capacitance at various current densities of Nij_xCoxS, electrodes
[110]. (Reproduced with permission from Royal Society of Chemistry, Copyright © 2014)

the pristine due to higher specific surface area for electrochemical reaction and easy
paths for ion transportation with high mechanical stability.
5 Conclusions and Future Perspectives

This chapter briefly summarized the preparation of 1D, 2D, and 3D structured
metal chalcogenide materials and their performance in supercapacitor application.
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The precise attention was rewarded, illustrating the properties of chalcogenides
materials. The present study is concentrated on the progress of metal chalcogenide
materials using different synthesis methods that allow variety in the dimensions of
morphologies. In 1D structured metal chalcogenide materials, the different kinds of
morphologies were obtained such as nanowires, nanorods, nanotubes, etc. by differ-
ent methods like hydrothermal, electrodeposition, CBD, reflux, etc. The structure
or morphology of the materials was changed with a change in preparation methods,
preparative parameters, etc. In 2D metal structured chalcogenide materials, mostly
nanosheets were obtained and reported. The 3D structured metal chalcogenide
materials contained morphologies like nanoboxes, nanotubes, nanoparticles, micro-
spheres, flower-like etc. It is found that different structures of chalcogenide materials
exhibit distinct electrochemical properties in supercapacitor application. A possible
future trend is to fabricate composite material, which is the combination of various
dimensionalities or core-shell structures (1D over 2D or 3D structures) that may
offer high surface area, efficient charge transport, specific capacitance, and cyclic
stability. These composite or core-shell structured materials can be a combination
of EDLC (high cyclic stability) and pseudocapacitive properties (high specific
capacitance) to achieve further high supercapacitive performance.
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1 Supercapacitors

Problems like changing climate, exhausting fossil fuels and storage of energy
produced by solar and wind power can be solved by providing highly capable, inex-
pensive, and environment-friendly electrical energy storage devices [1]. Today’s
energy demands can be fulfilled with the help of advanced energy conversion and
storage (ECS) devices [2] which include SCs.

In today’s market, the SC industry is in high demand [3]. Also, SCs are a
significant part of the emerging energy storage technology [4]. The demand for
flexible and wearable microelectronic devices is increasing day by day due to the
need and development in different fields [5—-10].

As shown in Fig. 1, SCs consist of three classes: electric double layer capacitor
(EDLC), pseudocapacitor, and hybrid capacitor [12, 13]. Each category is based
on different charge storage mechanisms. These mechanisms are governed by non-
faradic and/or faradic processes. The EDLC’s charge storage mechanism is based
on a non-faradic process [14], and there is no transfer of charge at the electrode-
electrolyte interface [12, 15]. EDLC’s performance can be enhanced depending on
the electrolyte type used. Generally, carbon materials are used to prepare electrodes
for EDLCs [11]. The pseudocapacitor’s charge storage mechanism is based on a
faradic process [16]. The pseudocapacitor stores the charge electrostatically, and the
faradic charge transfer occurs at the electrode-electrolyte interface. The electrode
materials include conducting polymers and/or metal chalcogenides (MCs) [12].
The pseudocapacitance may be intrinsic or extrinsic. Generally, the charge storing

Electric Double Layer Capacitors ‘ Pseudacapacrtors
Carbon materials Hybrid Capacitors Metal Chalcogenides
Conducting polymers
Asymmetric Hybrid
Composite Hybrid J

Fig. 1 Classification of SCs and the associated electrode materials. (Adapted from Ref. [11])
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capacity of the pseudocapacitive electrode is higher than that of the EDLC electrode.
This is because the number of ions involved in charge separation is much smaller
as compared to the number of protons exchanged between the electrode surface and
electrolyte. The reasons for the variation in the performance of the pseudocapacitor
are conductivity of the active material, the specific surface area of the electrode,
particle size, category of the electrolyte, and the design of the device. Moreover, the
charge storing capacity of the pseudocapacitive electrode is very high (high Sc) as
compared to that of the EDLC electrode, but these electrodes have limited CS and
low PD due to phase change and faradic reactions [11].

To overcome the drawbacks, hybrid SC is constructed, which is a combination of
both EDLC and pseudocapacitor. In hybrid SC, one electrode is of EDLC type, and
other is of pseudocapacitor type. These SCs work with various storage mechanisms,
and in various electrodes’ potential ranges, the hybrid devices can accomplish an
extensive potential window, which results in the rise in ED while retaining their
high PD [17]. The scheme, optimization, and fabrication of the proper electrode
material are crucial challenges to gain high EC performance of the hybrid devices
for energy storage [15].

Current collectors (2), electrode material, electrolyte, and separator are the
main components of any type of SC. The quality of SC is dependent on the
choice of each of these (including working potential window). While choosing
the electrode material, the preference is given to the properties of the material
such as multiple oxidation states, good electrical conductivity, high surface area,
porosity and chemical stability, good surface wettability, EC activity (how freely
electrolyte ions can interact with the electrode surface), long cycle stability, and
thermodynamic stability for extensive working potential window [18, 19]. For
electrode materials, researchers are always in search of materials with low cost,
high efficiency, and outstanding properties. MCs are extensively used as electrode
materials [20]. MCs for SC electrode material application include metal oxides [21—
24], metal sulfides [25, 26], metal selenides [27], and metal tellurides [28]. As
compared to bulk, nanostructured MCs are advantageous for energy devices due
to new physicochemical properties (quantum size effect) [29], high specific surface
area [1, 26], and stability [30-32]. Carbon materials comprising activated carbon,
carbon nanotubes (CNTs), and graphene are extensively useful due their high
conductivity and higher surface area [15, 35-46]. Among these hybrid materials
MC-based carbon composites have numerous advantages for SC applications.

To suppress the shortcoming and to enhance their usual properties, hybrid MCs
are formed by loading/combining them with other materials like carbon materials,
noble metals, metal oxides, and conductive polymers, by fabricating mixed metal
chalcogenides, or by doping heteroatoms [30, 33, 34].

2 Thin Film SC Electrode Materials

Preparation of electrode using binder to coat powder on the conducting substrate
has drawbacks of poor adhesion and electrical contacts. One of the promising ways
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to have good EC properties is to develop binder-free electrodes. The binder-free
electrodes have the benefits of complete utilization of the electroactive material [47].
Therefore, in order to improve the performance, the material is deposited in the form
of thin film, which gives better adhesion and electrical contact. While choosing a
certain deposition method, one has to know about the electroactive material, the
substrate’s nature, morphology, and thickness for a particular application [48].

Chemical deposition methods cost less in comparison with physical deposition
methods. Under chemical methods, solution-based deposition methods are one of
the bottom-up approaches as chemical reactions occur in solutions resulting in
precipitation, which gets deposited in thin film form on the substrate kept in solution
[49]. Neither a special instrument nor a vacuum is needed. The basic things needed
are chemicals, beakers, hot plate and stirrer, etc. [S0]. Any type of substrate, whether
it is conducting or nonconducting or has a flat or complex shape, can be used for
chemical deposition. Moreover, oxidation or corrosion is avoided due to the low-
temperature deposition process. For large area deposition, chemical methods can be
easily scaled up.

The formation of nuclei and successive growth are the two main factors leading
to film formation in the chemical deposition. Parameters that control the growth
of the film are precursor concentration, stirring rate, pH, complexing agent, and
temperature. Microcrystalline structures with varying grain sizes up to 100 nm
are observed in chemically deposited MC thin films depending on deposition
conditions. Depending on application, the required morphology of the film differs.
This can be obtained by the variation in the precursor and/or complexing agent
[51]. High-quality MC thin films have been deposited by solution-based chemical
methods. Table 1 gives a short description of various chemical methods that have
been used for deposition of MC thin films.

3 Iron Chalcogenide Thin Film Supercapacitor Electrodes

After silicon, iron is the most abundant element in the Earth’s crust. High theoretical
capacitance, environmentally friendly, less cost, and more availability on earth
are the main reasons due to which iron chalcogenides are thought as one of the
important electrode materials for SCs. During an EC process, iron chalcogenide
(iron oxide, iron sulfide, iron selenide, and iron telluride) materials exhibit multiple
valence states like Fe3*, Fe2T, and Fel. Hence, they offer redox sites that include
Fe/Fet, Fe¥/Fe’T, and Fe?/Fe3t, which enhance the performance of energy
storage device.

Important shortcomings of the iron-based materials’ electrode are poor conduc-
tivity and CS. This can be overcome by development of nanomaterials. Different
iron-based 1D, 2D, and 3D nanostructures have been developed [53]. In the follow-
ing sections, we summarize the available literature dealing with iron chalcogenide
thin films for SC applications.
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4 Iron Oxides

There are many reports available on the cathode materials of SCs, but the study
of anode materials is rarely reported. Iron oxide is among the best suitable anode
materials for aqueous SCs. Owing to high stability (thermodynamically) and
abundant availability, hematite (a-Fe,O3) phase has many applications [54] along
with SCs [55]. a-Fe; O3 is considered a capable material for anode in SC application
(particularly asymmetric) because of the following: large negative potential window,
less cost, high redox activity, and environmentally friendly [56]. So far, theoretical
high capacitance value does not match with the practical EC performance. The
stability and ED of iron oxides are low. Poor electrical conductivity is one of the
reasons. The carbon based composite material has sufficient conductivity from the
carbon to transport the electron back and forth from the iron oxide structure [57].

Wu et al. anodically electrodeposited nanostructured iron oxide onto nickel
substrate in aqueous solution at room temperature and at 300 °C annealing done
for 1 h. A film deposited at a 0.125 mAcm~2 higher CD was highly porous in
structure with randomly distributed NS, and that at a 0.05 mAcm 2 lower CD it
was also porous but with smaller pores, i.e., aggregated NR. At 3 Ag~! discharge,
the Sc of the film was 173 Fg~! deposited at 0.125 mAcm™2, and that of film was
120 Fg~! deposited at 0.05 mAcm~2. This is because electrochemically larger pores
are accessed earlier than small pores [58].

By implementing simple and low-cost anodization method, highly ordered a-
Fe>O3 NT arrays on an iron foil were prepared by Xie et al. In Fig. 2a, a nanotubular
structure (with an average pore diameter of ~100 nm, a thickness of wall of ~ 20 nm,
and a length of ~3 wm) can be visualized. From Fig. 2b, tubular structure of single
a-FepO3 NT after annealing is confirmed. Insets of Fig. 2b SAED and HRTEM
(top and bottom) prove that nanotubes are crystallized in a hematite structure.
Because there were fast transport of ions and large surface area of these unique
nanostructures, the electrode showed high Sc (138 Fg~! at 1.3 Ag~!) and good CS
(89% after 500 cycles) [59].

Lokhande et al. electrodeposited Fe;O3 thin films on SS plates with varying
precursor concentrations. The estimated maximum Sc was 540 Fg~! at 2.5 Ag™!
in 1 M KOH [60]. This electrode was annealed at various temperatures for various
time durations. For 40 min of annealing at 300 K, the electrode showed a maximum
Sc of 487 Fg~!' at 20 mVs~! [61]. It is well known that annealing can cause
changes in morphology, phase/structure, and other properties, but the effect of
annealing on EC properties was not studied by the authors. Sarma et al. observed
the effect of annealing temperature on the supercapacitive properties of a-Fe;O3 NT
electrodes. Figure 3 shows the effect of annealing on morphology. The preparation
of electrodes was carried out using a pure Fe substrate by EC anodization, and
thereafter, they were annealed between 200 and 700 °C. The temperature used for
annealing is highly responsible for the supercapacitive behavior. The electrode for
which annealing was done at 300 °C was found to show superior supercapacitive
performance at 20 mVs~lof 187 mFem~2 [62] (Fig. 4a). The electrodes made
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Fig. 2 (a) FE-SEM image of the top view of as-anodized a-Fe,O3 NT arrays on an iron foil with
cross-section in inset and (b) TEM of single a-Fe;O3 NT after annealing. The insets (top and
bottom) are of SAED pattern of NT and HRTEM, respectively [59]

using a similar procedure were annealed in different gas atmospheres: air, argon,
nitrogen, and oxygen. The EC behavior of these electrodes was studied by doing CV,
GCD, CS, and IS. The highest Sc obtained was 298 mFem™2 at 3 mAcm ™2 for the
electrode annealed in Ar atmosphere (Fig. 4b). The improvement in EC performance
was due to the more electrical conductivity through the formation of a more quantity
of the Fe304, which resulted in increment of oxygen vacancies [63].

Huang et al. directly grew a-Fe,O3 NS on Ni foam by a hydrothermal method
and heat treatment. Nickel foam has a 3D structure with high electrical conductivity;
hence, there is increase in the charge transfer, and internal resistance is reduced
by keeping a rapid reaction. The EC performance of the a-Fe;O3 electrode was
analyzed in 1 M LipSOy4, NaSOy4, and KOH electrolytes. At 0.36 Ag’], the a-
Fe,O3 NS electrode displayed highest Sc as 147 Fg’1 in LipSOy4 electrolyte [64].

a-FexO3 NT were developed on fabric of carbon by Yang et al. through a
template-accelerated hydrolysis method. The areal capacitance (Ac) of the a-
Fe,05 electrode obtained was 180.4 mFem ™2 at a CD of 1 mAcm 2. The Sc
at an equivalent CD of 1.4 Ag~! corresponded to 257.8 Fg~! [65]. Lee et al.
demonstrated vertically aligned mixed iron (III) oxyhydroxide/oxide NS grown on
iron foils by an oxidation chemically. The EC characterizations were tested in KOH,
Na;S0Oy4, and NaySOs electrolytes. The Ac of the electrode was highest in Na;SO3,
312 mFem—2 at 10 mVs~! [66]. Among the various hematite nanostructured
morphologies like nanoparticles (NP), nanoflakes (NF), nanoflowers, NS, NT,
nanorods (NR), nanocorals, nanowires (NW), nanocubes, and nanofibers, NF are
promising for photoelectrochemical and SC devices. Different studies show that
synthesizing hematite NF is very much time-consuming and also requires binder in
some cases. Liu et al. prepared ultrathin hematite NF with a binder-free and less
time-consuming process. First, akaganeite (3-FeOOH) NR were synthesized by a
seed-assisted hydrothermal method. Following annealing in tube furnace, it was
converted to hematite NR. Electrochemically induced morphological transformation
from hematite NR to hematite NF was done by applying —1.2 V vs. Ag/AgCl. From
an EC study, at the CD of 1 mAcm 2, the Ac calculated was 145.9 mFem ™2 [67].
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Fig. 3 Images of the a-Fe;O3 NT after annealing for 2 h at (a) 200, (b) 300, (c) 400, (d) 500, and
(e) 600 °C and (f) transformed NR at 600 °C (cross-sectional view) [62]

Gund et al. synthesized a-Fe,O3 NP on flexible SS by implementing the SILAR
method [68]. 0.1 M NaOH (at 333 K) and 0.05 M FeSO,4 were used as anionic
and cationic sources, respectively. After 100 SILAR cycles, the a-Fe, O3 NP grown
substrate was washed and dried at 353 K for 5 h. This electrode showed uniform
casing of a highly porous microstructure comprised of fine interconnected NP of
about ~20 nm diameter on an SS sheet (Fig. 5a, b). Diffusion and ion transport
are supported through the electrode due to its porous microstructures. The highest
calculated value of Sc of this electrode at 5 mVs~! was 283 Fg~!. An asymmetric
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Fig. 4 (a) Variation in Sc against the annealing temperature [62] and (b) variation in Sc versus
scan rate for the a-Fe,O3 NT annealed in various atmospheres [63]

FSS-SC device was fabricated (MnO,//Fe>03). The estimated maximum Sc was
92 Fg~! at 5 mVs~!, and the decrease after 3000 CV cycles was 91%. Chodankar
et al. reported a-Fe;O3 on SS by SILAR. These a-Fe;Os3 thin films were prepared
at 313 K by 100 SILAR cycles, in which 0.05 M FeCl3 was used as a cationic
precursor whereas 0.1 M NaOH was used as an anionic precursor. As seen in
Fig. 5S¢, d, the morphological study reflected the formation of NP of irregular size
and shape. Also, the substrate was densely covered by randomly oriented NP. This
electrode at 5 mVs~! showed Sc 339 Fg~! and 360 Fg~! at a CD of 1 mAcm 2.
The MnO,//Fe;03 asymmetric cell revealed a high Sc of 145 Fg~! with an ED of
41 Whkg~! and a PD of 2.1 kWkg~! [69]. Shinde et al. also prepared Fe;O3 thin
films on flexible SS by SILAR. For this synthesis procedure, solutions of 0.01 M
FeCl; and 1 M NaOH were used as cationic and anionic precursors. 120 SILAR
cycles were carried for the uniform deposition on substrate. The FE-SEM images
(Fig. 5e, f) revealed the formation of highly porous surface morphology comprising
NP that are decorated on the surface of the substrate. This provides insertion and
de-insertion of electrolyte. The EC performance revealed maximum Sc at 5 mVs~!
of 275 Fg_l (CV)and at 5 mAcm 2 of 350 Fg_l (GCD). Also, a a-Fe,O3/a-Fe, 03
symmetric device was being fabricated. Its maximum Sc at 5 mVs~! was 21.5 Fg~!
and 11 Fg_1 at 0.5 mAcm 2. A fabricated asymmetric (CuO//Fe;03) SC device
at 2 mAcm~2 showed an Sc of 79 Fg~! (2.0 V potential range). The ED and PD
of 23 Whkg~! and 19 kWkg~! were calculated for asymmetric SC. Moreover, it
demonstrated the exceptional flexibility with 89% retention at a bending angle of
180° [70].

Hydrothermally homogenous a-Fe, O3 NW (diameter, about 10 nm) were grown
on a CFP by Tang et al. At 2 Ag~!, a high Sc of 908 Fg~! was achieved along with
a superb efficiency of 90% retention till 10 Ag~! in an extensive negative potential
range of 0 to —1.35 V [71]. Nan et al. made a sequence of 3D porous spinous a-
Fe;O3 on a flexible iron foil by a simple wet chemical method and annealing at
400 °C in air for 4 h (Fig. 6). Effects of temperature, precursors’ concentration, and
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Fig. 5 FE-SEM of a-Fe;03 electrodes prepared through SILAR at two different scales: (a) 2 um
and (b) 500 nm reported by Gund et al. [68]; (¢) 1 wm and (d) 500 nm reported by Chodankar et
al. [69] and (e) 2 wm and (f) 1 wm reported by Shinde et al. [70]
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Fig. 6 FE-SEM images with two different magnifications of the porous spinous a-Fe; O3 annealed
at 400 °C in air for 4 h [72]

reaction time on morphology were studied. From GCD at 1 Ag~!, the highest Sc
determined was 524.6 Fg_1 [72].

Kadam et al. carried out electrodeposition (cathodic) to deposit a-Fe,O3 on SS.
A morphological study revealed that the film surface was well covered with irregular
shaped grains. At 5 mVs~!, the observed Sc was 135 Fg~! in the 0.5 M NaSOy
electrolyte. CS showed 4-5% decrement after 1000 cycles [73]. Due to the less
electrical conductivity (~10_14 S/cm) of the a-Fe; O3 electrode, there is problem
of low PD and ED. This problem can be resolved by combining it with carbon-
based materials, metals, etc. But instead of searching other materials to combine
with a-Fe; O3, Tang et al. tried and scrutinized a heterostructure of iron ferrite @iron
oxide core-shell NRAs. From CVs at 5 mVs~!, a 1206 Fem™ (231.9 Fg~!)
volumetric capacitance was revealed, higher than the individual electrodes of Fe304
(315 Fem™3) and a-Fe;03 (595 Fem™3) [74]. Along with the capacitance, rate
capability was also noticeably improved.

Peng et al. grew hematite nanocrystals on a CC by a hydrothermal method. It
displayed at 2 mAcm~2 a high Ac of 1.66 Fem™2 (1660 Fg~!) and an admirable
CS of 5000 cycles and a retention of 88.6% at higher CDs. After fabrication of the
symmetric FSS-SC device, at 2 mAcm 2, the 16.82 Fem—3 volumetric capacitance
for the Fe;O3/CC//Fe;O3/CC device from GCD was noted. Also this device proved
outstanding under various conditions [75].

Zhang et al. synthesized, a-Fe,O3 NR on CC using the hydrothermal method
delivered Ac of 500 mFem 2 at 4 mAcm 2 from GCD. Also, an asymmetric device
was fabricated with NiO NS on nickel foam and a-Fe>O3 NR on CC, which showed
the maximum Ac and Sc values 228.8 mFcm™2 and 57.2 Fg~! at CD 4 mA cm 2.
This asymmetric SC in solid state revealed large PDs and EDs of 312 Wkg~! at
12.4 Whkg~! and 951 W kg~! at 3.64 Whkg~! [76].

In order to enhance the capacitive efficiency of Fe,O3; anodes, Liang et al.
carried out novel phosphine plasma activation. This effectually altered the defect
concentration, active surface area, and conductivity without changing the bulk
phase of Fe;O3. Hence, a fivefold improvement in Ac was accomplished for the
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plasma functionalized Fe;O3 (Fe,O3-P). An asymmetric device made up of MnO;
and Fe,03-P attained a high ED of 57.3 Whkg~! at a PD of 1404 Wkg~! [77].
Zheng et al. reported the preparation of spinous a-Fe,O3 on Ni foam through a
hydrothermal method. Their EC properties from GCD at 1 mAcm~2 showed a high
discharge Ac of 681 mFem™2 and a CS of 76.1% when compared to initial Ac after
6000 cycles. The outstanding supercapacitive conductivity is due to its distinctive
spatial structures, which provided enormous numbers of active sites [78].

Nanomaterials of carbon are costly and unsuited for the environment since haz-
ardous liquids (conc. H>SO4, NoHy, N-Methyl-2-pyrrolidone, etc.) that prominently
hamper their applications may be used in synthesis. In such scenario, silver NW
(AgNW) are used in flexible electrode materials due to their good antioxidation
property, simple synthesis, flexibility, and conductivity. Chen et al. reported a
conductive, cheap, and environmentally compatible current collector in which
porous coffee-filter (CF) sheets behave like frame and networks like conductive
structures of silver NW are formed due to H-bonding among them. AgNW were
grown on CF by dip coating, and then Fe,O3 NR were grown on this AgNW/CF
by a hydrothermal method. The Fe,O3 NR/AgNW/CF electrode revealed reversible
charging and discharging with an exceptional Sc, 287.4 Fg~! at PD 18 kWkg~! and
ED 64.6 Whkg~!. The Fe;03 NR/AgNW/CF electrode showed 5000 cycles CS.
This electrode suggested an innovative opening for researchers to make biosensing
devices constructed on 3D hierarchical materials [79].

We deposited a-Fe,O3 on flat SS by LPD and studied the EC behavior of it.
The nature of the a-Fe,O3 film on SS (flat) was porous (Fig. 7a). In 0.5 M, which
was the optimized concentration of NaySO3, the maximum value noted of Sc at
5 mVs~! was 582 Fg~! from CV. At 2 mAcm™2, the highest value 179 Fg~! of
Sc was observed from the charge-discharge curve. LPD is a low-cost method, and
hence, the electrodes fabricated by this method are affordable [80]. Similarly, using
an LPD method, a-Fe,O3 was deposited on SS mesh. It was observed from SEM
(Fig. 7b, c) that the mesh fibers were well covered with a-Fe;O3. The morphology
showed a porous nature compact film that covered all fibers of SS mesh (Fig. 7d).

The highest Sc of a-Fe,O3 films on the mesh of SS estimated from GCD at
4 mAcm~2 was 960 Fg’1 in 0.5 M Na,SO3, and that from CV at 5 mVs~! was
548 Fg~!. Figure 8a, b reveals the strong increase in Sc of the a-Fe,O3 thin film
by altering the substrate. Hence, the a-Fe,O3 on SS mesh was more capable and
flexible for SC with the high surface area [81]. Therefore, SS mesh was chosen in
the fabrication of the a-Fe;O3/a-Fe, O3 FSS-SC device. The maximum Sc of the
device obtained from CV at 5 mVs~! was 1.6 Fg’1 [82].

Kang et al. synthesized the a-Fe;O3 electrode with abundant oxygen vacancies
and uniformly aligned it on a carbon cloth through a hydrothermal method. By alter-
ing the temperature of reaction, the morphology can be adjusted. At 100-180 °C,
reaction was performed, and the study revealed the optimized reaction temperature
as 160 °C. Oxygen vacancies introduced into this optimized a-Fe; O3 (a-Fe,03-Vo)
electrode commendably increased the number of active sites that improved Sc along
with the pseudocapacitive contribution. The maximum Ac and Sc of the a-Fe;O3-Vo
electrode at 1 mAcm™2 were 862.12 mFem ™2 (~354.05 Fg’]), which is 5.88 times
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Fig. 7 FE-SEM of (a) a-Fe; O3 film on the flat SS substrate at 200,000, (b) SS mesh at 1000x,
(c) and (d) a-Fe;O3 mesh of SS at two magnifications: 2000x and 1,50,000x, respectively [80,
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Fig. 8 Variation of Sc obtained by GCD versus CD of the a-Fe,O3 electrode on (a) flat and (b)
mesh SS [81]

more than that of the a-Fe,O3 electrode (146.5 mFem™2). a-Fe,03-Vo electrode
exhibited CS with 51.23% retention after 2500 cycles. From Fig. 9, it can be
seen that the capacitive-controlled process contributing to a-Fe,Oj3 is significantly
greater than the a-Fe,O3-Vo electrode, indicating the dominant diffusion-controlled
charge-storage mechanism for the a-Fe;O3-Vo. It can be noted that the surface-
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Fig. 9 The capacitance contribution at different scan rates for a-Fe,O3-Vo and a-Fe, O3 electrodes
[83]

controlled Sc contributions lead the total Sc as the scan rate increases and the inner
contribution decreases [83].

Yadav et al. reported the preparation of the iron oxyhydroxide film (ASD)
by reduction using nitrate applying cathodic potential. Post-deposition annealing
treatment at 300 and 500 °C in Ar (300-Ar and 500-Ar) and air environments
(300-Air and 500-Air) converted y-FeOOH to a-Fe;O3. Along with the phase,
there was transformation of the structure from layered to rhombohedral. Observed
morphology was of flake-like NS. From the EC tests, an Sc of 79.57 Fg~! was
detected for the phase with oxygen deficiency of a-Fe;O3 in the 0.5 M NaySOq4
electrolyte, in which pseducapacitive contribution was 45.1% and EDL contribution
was 54.9% (Fig. 10). The enhanced Sc was 161.02 Fg_l in 0.5 M Na,SOs3 [84].
Table 2 represents the summary of the SP of the a-Fe,O3 electrode based on
CV/GCD measurements in the three-electrode system.

Table 3 compiles the reported SP of the a-Fe,O3 symmetric device based on
CV/GCD measurements. The enhancement in EC performance of Fe,O3 (as anode)
can be achieved by making chemical modifications by varying the structure and
improving the conductivity by means of several forms of carbon [92]. To increase
the charge storage and transmission capabilities, core-shell is formed from metals
and a-Fey O3 [55, 93].

Zhao et al. applied low temperature hydrothermal and spray deposition (on
copper foils) for the flexible nanostructured hybrid SC based on thin film MWNT
formation as cathode and composite anode of a-Fe;O3/MWNT. The randomly



Chemically Deposited Iron Chalcogenide-Based Carbon Composites for. . . 99

©
o
s

[<2]
o
s

Y
o
L

74% 54.9%

N
o
L

Specific Capacitance (Fg™)

ASD 300-Air 300-Ar 500-Air

Fig. 10 Charge storage contribution obtained from Trasatti method of y-FeOOH and air and argon
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oriented separate MWNTSs showed an interconnected nanoporous structure (Fig.
11a) that proposed the accessibility of a high concentration of mixed ionic/electronic
conducting routes. The a-Fe, O3 particles were spherical (diameter, ~100 nm) with
narrow diameter distribution (SEM). In the presence of MWNTs, the size and shape
of the a-FeyO3 particles did not change (Fig. 11b, c). The CTAB has a major
role in the preparation of monodisperse a-Fe,O3 particles. The a-FeoO3/MWNT
composite was formed by the hydrothermal method without CTAB showing a
change from spherical to cuboidal or polyhedral morphology and a broadening of
sizes (Fig. 11d, e). EC characterizations revealed the high Sc of 100 Fg~! of the
MWNT-a-Fe,03 SC. From charge-discharge studies (potential range, 0-2.8 V), a
high ED of 50 Whkg~! at a PD of 1000 Wkg~! was observed. Insertion of MWNT
penetrating inside networks of the monodisperse a-Fe, O3 nanosphere containing a
film was the reason for this excellent EC performance [94].

Zhang et al. fabricated the a-Fe,O3/graphene nanocomposite by a solvothermal
method and later gave treatment of annealing. The superb combination of small
homogeneous crystalline a-Fe,O3 nanoparticles (~35—-40 nm) and interconnected
graphene sheets offers ion transport and fast electronic, which made this composite
extraordinarily potential for fast energy storage. The maximum Sc calculated at
5mVs~! was 2310 Fg~! [95].

Guan et al. reported iron oxide NP decorated on a 3D ultrathin graphite foam-
carbon NT forest substrate (GF-CNT@Fe;03). The graphite foam-CNT (GF-CNT)
forest was prepared via a CVD method and iron oxide by ALD on the GF-CNT.
The 3D graphite foam is covered by wire-shaped structures (Fig. 12a). The high
magnified image inside inset (a) displays that after the ALD coating, the foam
structure is maintained. From a magnified image (Fig. 12b, c), it was seen that CNT's
were coated uniformly with NP and without aggregation. At CD 20 mAcm ™2, the
maximum Ac was ~470.5 mFcm™2, which was ~4 times greater than that of GF-
CNT (~93.8 mFecm™2). Also, excellent stability for 50,000 cycles for the electrode
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Fig. 11 SEM of the spray-deposited top surface of (a) a purified MWNT film, (b) a-Fe;O3
film, and (c¢) a-FeoO3/MWNT composite film; (d) a-Fe,O3 and (e) a-FeoO3/MWNT composite
synthesized by the hydrothermal method without CTAB [94]

was recorded. The GF-CNT has advantages due to its good mechanical stability,
flexibility, lightweight, and conductivity. Moreover, ALD is effective in emerging
uniform material. This is particularly for substrates having complex morphology
and high aspect ratio [96].

In portable electronic devices, electrodes need to withstand deformations main-
taining their functioning. Hence, flexible electrodes play an important role in this
respect. Cheng et al. prepared a 3D CNT@Fe,O3 sponge electrode with a porous
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Fig. 12 SEM of GF-CNT@Fe, 03 at three different scales (a—c) [96]

structure by a hydrothermal method. This comprised a conductive CNT network,
with coating of Fe,O3 nano-horns. The highest Sc from CV for the CNT@Fe,03
sponge at 5 mVs~! is about 296.3 Fg~! obtained. The CNT@Fe>O; sponge
in deformed state maintained higher than 90% of the original Sc under a 70%
compressive strain [97]. Raut et al. studied preparation of MWNTSs, Fe;O3, and
Fe;O3/MWNTs on SS. The coating method of “dip and dry” was carried out for
MWNTs and the SILAR for deposition of Fe;O3. Uniform interconnected porous
morphology was observed for MWNTs; aggregation of Fe,O3 NP was seen for the
Fe, O3 thin film and porous nature with Fe;O3 NP decorated on MWNT uniformly
for the Fe; O3/ MWNT hybrid thin film. Scs of MWNTs, Fe; O3, and Fe,O3/MWNT
electrodes calculated from CV at 5 mVs ™! revealed values of 81, 187, and 431 Fg_1 s
respectively. From this, it confirmed that the Fe,O3/MWNT electrode showed the
highest Sc. Also this hybrid electrode presented a high ED of 38 Whkg~! with a PD
of 800 Wkg~! [88]. Li et al. synthesized a-Fe;O3 porous nanospheres on the cloth
of ACC (a-Fe,O3@ACC) through a hydrothermal method. The a-Fe,O3@ACC
composite electrode at 1 mAcm™2 displayed an Sc of about 2775 mFem™2 and
at 2 mVs~! about 4755 mFem™2. The symmetric device fabricated from two pieces
of the a-Fe,O3@ACC electrodes showed a wide (0-1.8 V) potential window. A
maximum Ac found at 1 mAcm~2 was about 1565 mFecm™2 and revealed good
CS with 95% retention after 4000 cycles. This symmetric device delivered a
volumetric energy density of 9.2 mWhem™ at a PD of 12 mWem ™ and an ED
of 4.5 mWhem™ at a PD of 204 mWem ™~ [98].
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Due to chemical stability, high specific surface area, and high conductivity,
VACNTs are considered to be perfect for electrode materials. Moreover, CNTs in
the arrays promote abundantly of 1D conductive paths well-orientated to move the
electrons in the similar direction. They also promote the transport of intermediate
reactants and electrolyte ions. Zhang et al. synthesized Fe;O3-decorated millimeter-
long VACNT anode materials for asymmetric SC by using two steps: impregnation
using supercritical CO, and then annealing. Fe;O3/VACNT composites revealed a
high Sc of 248 Fg~! at 8 Ag~!. Asymmetric SC is fabricated with NiO/VACNTs as
cathode and Fe;O3/VACNTs as anode in 2 M KOH (aqueous). This device showed
ED and PD of 137.3 Whkg~! and 2.1 kWkg~!, respectively. It retained with ED
and PD of 102.2 Whkg~! and 39.3 kWkg~!, respectively. After 5000 cycles, Cs
was 89.2% at 8 Ag~! [99].

Huang et al. reported the Fe;O3 network of nanosized wires with a transparent
film (FNW-TF) made at the interface of water-air through a bioinspired gas-liquid
diffusion method. It was observed that the film was transparent with a large-area
porous NW structure. Moreover, it can be moved onto any substrate of interest.
To improve the EC stability, Fe,O3 NW were enveloped in shells of graphene
(FNW @Gr-TF) for use as transparent electrodes due to the distinguishing graphene
properties. Electrode material’s stability is significantly increased in KOH reported
92.3% initial capacitance after 10,000 cycles. Due to the graphene coating, the
electro-active material is prevented from getting dissolved in the electrolyte. The
Ac of the symmetric device from CV was 3.3 mFem™2 at 10 mVs~!, which was
minimum hundred times greater than transparent devices with TF based on planar
CVD graphene. Moreover, the symmetric device has a PD of 191.3 Wem ™3, which
was more than electrolytic capacitors, and an ED of 8 mWhem 3, which was similar
to that of thin-film lithium-ion batteries [100]. The developed a-Fe,;O3/graphene
oxide paper (GP) negative electrode for high energy SCs was reported by Xie et al.
This electrode was made by an exfoliation method. The Ac of a-Fe;O3/GP from
GCD at 5 mAcm 2 was 3.08 Fem ™2, which was almost 14 times of the Fe;O3/CP
(0.22 Fecm™2). Ninety-five percent of initial capacitance was retained even after
5000 cycles for the a-Fe,O3/GP hybrid electrode [101].

Pourfarzad et al. synthesized a-Fe,Os/graphene hydrothermally on nickel foam
as negative electrode for supercapacitive energy storage application [102]. The EC
characterizations in the three-electrode system were measured in 3 M KOH. From
the charging-discharging studies, it was confirmed that storage of charge was due
to quasi-capacitive reactions (battery and pseudocapacitive type of materials can be
differentiated with the help of EC signatures and kinetics analysis quantitatively
[103]). For this composite, the calculated Sc was 420 Fg~! at 1 Ag~'. The
maximum PD and ED were 91.5 kWkg™! and 101 Whkg™!, respectively, with a
CS of 82.5% capacitance retention after 5000 cycles. Tables 4 and 5 summarize
the SP of the carbon-based a-Fe;O3 thin film electrode based three electrode and
symmetric SC device measured by CV/GCD measurements.

Recently, Fe304 is becoming a more interesting SC electrode material due to
its moderate electrical conductivity, high Sc, earth abundance, and environmental
friendliness [104]. Chung et al. carried out the novel synthesis of highly crystalline
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Fig. 13 (a) TEM of the as-prepared particles, (b) and (¢) SEM images of the Fe3O4 film with
different magnifications [106]

and pure in cellular nanoform Fe3O4 thin film through EC green rust deposition
and later oxidation. This method made the Fe3Oy, thin film on the Pt substrate with
350-950 nm mean pore diameter, 30—150 nm mean wall thickness, and ~3 pm film
thickness. The maximum Sc obtained from EC studies at 20 mVs~! was 105 Fg~!
[105]. Chen et al. prepared the Fe3O4 film on an SS foil by a hydrothermal process.
The dense Fe3O4 film comprised octadecahedron (average diameter, ~500 nm)
morphology (Fig. 13). The typical pseudocapacitive behavior was observed in a CV
study in 1 M NaySOj3 solution. The Sc value was 118.2 Fg~! at the 6 mA current
with a capacity retention of 88.75% after 500 cycles [106].

Pang et al. fabricated electrodes of magnetite thin films in nanoform. First, the co-
precipitation method was used to prepare the stable colloidal suspension of Fe304
NPs. Then thin films were made by drop coating on SS plates. After this, the
films were subjected to calcination at different temperature and atmosphere. From
a morphological study, it was seen that a nanoparticulate with porous nature films
exhibited a particle size of 5-31 nm. EC properties were checked for these films
in 1 M Na;SOy solution. The highest Sc (at 50 mVs~!) calculated of thin films
made under optimized conditions (magnetite loading of 0.4 wmol/cm? and calcined
at 300 °C in nitrogen) was 82 Fg~! [107].

Hydrothermal method followed by post-annealing was used by Li et al. for
synthesizing the Fe3O4 NR film on a Ti foil. For CV analysis, a 2.5 M Li»SOq4
(aqueous) electrolyte was used. Sc determined at 0.5 mVs~! was 191.35 Fg~!. The
process of Fe3O4 in Li»SO4 was related to inserting of Li* ion in spinel Fe;04 to
form LixFe304 based on the use of the Fe?/Fe3* redox couple. The Li* insertion
into Fe3O4 was tested by examining the XRD pattern and XPS spectrum. From
the CVs (Fig. 14), it was concluded that for a moderate scan rate, LiT insertion
is almost half of the stored charge is not capacitive. At a fast or slow scan rate,
the charge storage difference for two different mechanisms is more noticeable
due to the quick charge/discharge features related with capacitive processes. The
quantitative analysis disclosed the fact that both diffusion-controlled contribution
(Li™ insertion) and capacitive are responsible for the charge storage. It was believed
that pseudocapacitive electrodes are responsible for storing charge on surface and
nearby area. In contradiction to this, it was proved in this work that the Fe304 NR
film stored energy through uptake of Li in more large amount at high scan rates,
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Fig. 14 CV of Fe;O3 NR film tested in 2.5 M Lip SOy at different scan rates with the shaded area
signifying the curve containing capacitive contribution [108]

which related conversion (topotactic) to LixFe304 without change in phase [108].
Table 6 shows the comparison of SP of Fe304 in the form of thin film electrode
based on CV/GCD measurements in the three-electrode system.

Shi et al. prepared Fe3;Os/reduced graphene oxide nanocomposites. Here, a
solvothermal method was used for growing iron ferrite NP and rGO in one step.
In this nanocomposite, Fe304 NP were decorated on rGO sheets. Further, this
nanocomposite was sprayed on a carbon paper. In the 1 M KOH electrolyte,
EC characterizations were performed. As compared to rGO and Fe3;O4 NP, their
nanocomposite showed higher Sc. Also, different Fe304:rGO weight ratios in
Fe304/rGO nanocomposites were studied. The highest Sc found for the Fe304/rGO
nanocomposites with 73.5 wt% Fe304 NP was 480 Fg~! at 5 Ag~! from GCD. The
analogous ED was 67 Whkg~! at a PD of 5506 Wkg~!. Interestingly, Fe304/rGO
composites in nanoform exhibited no decrease in Sc after 1000 cycles [109].

Using a two-step technique, nanoporous ultrathin Fe3O04-CNS was reported by
Liu et al., which shows a high surface area of 229 m?g~!. A high Sc of 163.4 Fg~!
at 1 Ag~! of NS electrodes was obtained due to their distinctive morphology. The
charge transfer increases significantly for the porous interconnected structure due
to larger interfaces and considerably decreases the ion/electron diffusion pathways
due to the thickness of ultra-small NS. Also, carbon nanopillars between NS layers
contribute to high conductivity [110]. Fu et al. reported an outstanding “necklace”
structure in which Fe3Oy4 spherulite “beads” were strung along carbon nanofibers
(CNF) by a hydrothermal method (Fig. 15). This necklace was sprayed on SS
substrates to fabricate electrodes. CNFs confirm the electrons flow to the current
collector in the electrode and along the strings of the necklace. Good strain tolerance
and high surface area were noted for CNFs decorated with Fe3O4 beads with
<300 nm dimension. Fe3O4 is completely utilized as its bead on CNF is from its
center itself. The SC electrodes at 1 Ag~! showed a high Sc of 225 Fg~! [111].

O’Neill et al. synthesized mesoporous composite electrodes of 1D Fe3O4/FeOOH
nanowires by spray deposition on SS, which were entangled with MWNT. The
Sc calculated was 300 Fg_l, in aqueous Nap;SOs3 at 2 mVs~! [112]. Sun et al.
fabricated the C@Fe3Q4 electrode, which was used as negative electrode for
flexible fiber-shaped asymmetric SC. This electrode was synthesized via a two-
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Fig. 15 SEM (a) and TEM (b) images of the as-prepared Fe3O4/CNF necklaces [111]

step electrodeposition followed by heating. In the first step, the Fe3O4 precursor
was electrodeposited directly on the SS fiber, which revealed an NS structure. The
second step consists of electrodeposition of PEDOT and heat treatment. Hence,
a carbon layer was uniformly coated on Fe3O4 NS. The EC performance in the
three-electrode system with 1 M LiCl (aqueous) provided an Sc of 127 mFem ™2
for 1 mA from GCD [113]. Table 7 compares SP of the C-based Fe3O4 electrode as
thin film based on CV/GCD measurements in the three-electrode system.

5 Iron Sulfide

Among the seven types of iron sulfides (cubic FeS, pyrrhotite, mackinawite,
greigite, troilite, marcasite, and iron pyrite), the most stable phase and abundant
is pyrite. Pyrite includes Fe?t and S*~ and it is FCC in structure. Mostly for
applications of battery and photovoltaics this phase is studied. Troilite and greigite
have applications for energy storage. For pseudocapacitor applications, there is less
literature on FeS as cathode electrodes.

In lithium primary and secondary batteries, iron sulfides are tested due to low cost
and availability in nature [114]. Also iron sulfide with carbon composite (FeS/C) has
potential application as anode material in LIBs [115].

When iron sulfide is considered as electrode material for SCs, there are very few
reports. Karade et al. synthesized for the first time iron sulfide (FeS) by SILAR
on SS substrates and the fabricated flexible symmetric SC device [116]. Recently,
layered and tunnel structures have attracted great attention for the high performance
of pseudocapacitors. Charge storage of electrodes is enhanced when such structures
are used ,which provide better channel for extraction and ion insertion. Javed et al.
synthesized CP-supported FeS, by a hydrothermal method. This electrode without
binder exhibited an Sc of 852.3 Fg~! in the LiCl liquid electrolyte from CV at
10 mVs~! with admirable stability. The fabricated solid-state symmetric flexible
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Fig. 16 FE-SEM images of (a) the tGO/FeS composite on an iron foil and (b) enlarged image of
it [119]

device showed highest Sc of 484 Fg~! from CV at 5 mVs~!. FeSq octahedrons are
arranged in a network-like structure, which forms a FeS; orthorhombic structure,
where six S atoms surround the central Fe atom. This offers fast transmission of
electrons and diffusion channel required for ion de-intercalation and intercalation
provided by tunnels along the c direction during GCD. Hence, excellent EC
performance was observed in this work [117].

Upadhyay et al. synthesized iron sulfide for 4, 7, and 12 h by a hydrothermal
method on SS. Morphology of the material and EC performance were dependent
on synthesis time. Synthesis time of 4 h showed formation of randomly oriented
nanowires, 7 h as porous cuboidal and 12 h as smooth/dense cuboidal morphology,
respectively. The EC tests performed between 0 and —0.95 V showed a maximum
Ac of 730 mFem ™2 from GCD at 1 mAcm ™2 for the electrode material synthesized
for 7 h. This material exhibited very good CS, with 95% of the Sc retention after
2000 GCD cycles [118]. Zhao et al. reported the synthesis of the porous composite
of rGO and iron sulfide on an iron foil by a hydrothermal method. In this synthesized
electrode, a Fe foil was the iron source of FeS, the reductant of GO, and also the
current collector. The morphology observed was a porous structure resembling a
rose and between FeS interconnections (Fig. 16), which considerably enhanced
large area and the speedy transport and ion diffusion of ions and electron transport.
The electrode of rGO-iron sulfide revealed a high Sc of 900 mFem™2 (300 Fg~!) at
10 mAcm~2 and a higher CS of 97.5% capacity retention after 2000 cycles (in 2 M
KOH). Ac found at a charging-discharging CD of 20 mAcm ™2 was 711.11 mFem ™2
for rGO/FeS, which was higher than that for pure FeS on a Fe foil (344.44 mFcm™2)
[119].
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6 Iron Selenide

In comparison with iron oxides and iron sulfides, iron selenides’ EC performance
is superior. This is because selenium has lower electronegativity than oxygen and
sulfur. The weaker electronic and chemical bonding between selenium atoms due to
these electronic states may change, allowing for more active performance in the EC
reaction. Iron selenides FeSe, and Fe;Seg are applied in sodium-ion batteries [120].
When solid-state SC applications are considered, there is very limited literature on
iron selenide as electrode material. Two phases are present for iron diselenide, FeSe;
and a-FeSe, and its purity after synthesis is challenging.

Santoshkumar et al. reported a submicron-sized flower-like iron selenide (FeSe;)
nanostructure synthesized using a KCl-templated solvothermal method and inert
atmosphere used for calcination. From Fig. 17, it can be seen that the as-prepared
sample’s nature is cubic (a and b), which changed to flower-like nanostructures of
2D NF consisting of irregular platelets (¢ and d). This contained hollow cavities
giving porosity that provided adhesion, which resulted in high stability. Figure 17e,
f shows that even after 12 h of ultra-sonication, morphology was retained, indicating
the stability of the material. This FeSe, electrode proved to be an excellent anode
material for LIBs and SCs [121]. This flower-like FeSe, nanostructure showed an
excellent Sc of 362.1 Fg~! at 1 Ag~! from GCD along with good CS after 5000
cycles.

Pandit et al. synthesized iron selenide with a porous NF surface through SILAR.
This iron selenide electrode exhibited highest Sc of 671.7 Fg~! at 2 mVs~! from
CV, 434.6 Fg~! at 2 mAcm ™2 from GCD analysis and 91.9% CS for 4000 cycles
(in 0.5 M NaOH electrolyte). Also, a bendable symmetric solid-state SC cell was
fabricated, which showed a remarkable PD of 5.1 kW kg~!. Along with very good
tolerance for deformation, a demonstration of practical of running a small fan
indicated ability for advanced energy storage applications. The best capacitance
found for this cell was 65.3 Fg_1 at 2 mVs~! [122]. Tian et al. fabricated the
iron selenide/graphene aerogel (FeSe,/GA) anode by a facile solvothermal method.
Morphology of the FeSe,/GA composite showed a structure comprising FeSe, NP
uniformly dispersed in GA NS, which effectively forms an efficient conducting
network of FeSe, nanoparticles. The EC testing exhibited a maximum Sc of
940 Fg~! from GCD at 1 Ag~! in 1 M KOH [123].

7 Iron Telluride

Bommineedi et al. prepared iron telluride-based mixed phase thin films on SS by
SILAR. Structural studies indicated the growth of mixed phase of FeTe: Fe,TeOs.
Surface morphology of iron telluride revealed uniform distribution of spherical
nanopebbles with mean particle size distribution calculated as 30 nm. The EC
characterizations depicted an Sc of 591 Fg~! (166 mFem~2) at 3 mVs~! from CV
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Fig. 17 FE-SEM images of flower-like FeS; nanostructures at low and high magnification of as
prepared (a) and (b); after calcination (c) and (d) and after ultra-sonication (e) and (f), respectively
[121]

and 107 Fg~! (30 mFem™2) at 0.4 mAcm~2 from GCD in the NaCl electrolyte. The
electrode’s EC stability study showed 66% capacitive retention at 100 mVs~! for
2000 CV cycles [124].
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8 Summary and Future Outlook

Wet chemical methods are more useful due to their economical and ecological
nature and ability for large-scale manufacturing with low cost when compared to
physical methods. Hence, chemically deposited iron chalcogenides are very much
useful as electrode materials in the fabrication of SCs. Among iron chalcogenides,
iron oxides form a huge and important class of electrode materials. In the future,
there is a vast scope in fabricating and developing electrode materials using iron
chalcogenides. For this, iron chalcogenides have to be deposited with advanced
growth mechanisms. New strategies can be applied for changes in deposition
methods in order to achieve various outstanding morphologies that can uplift
the EC performance of electrode materials. Novel materials can be prepared by
combining iron chalcogenides with the new emerging carbon materials to improve
the efficiency of SCs. The combination of such novel materials can be tried on
different types of flexible substrates to increase the flexibility of the fabricated SC
device. Other approach can be the use of many electrolytes for superior stability and
good charge transport.
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1 Introduction

Current energy needs have risen exponentially and so has the demand for energy
storage systems. Energy harvested from renewable sources is infamous for its
intermittency and unreliability. These issues are efficiently tackled with an effective
and robust energy storage system. Batteries are currently the main option for energy
storage. They are not always suitable as certain applications demand faster charging-
discharging energy storage systems. With high power density and cyclic stability,
supercapacitors can be employed in power-intense applications.

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are
a new class of energy storage, which have risen to prominence due to fast-rising
demand and advancements in electric vehicles and portable electronics. The ability
to charge-discharge at a very high rate and deliver power at such an unprecedented
level of magnitude makes it the ideal energy storage system. The only parameter
in which supercapacitors trail batteries is the energy density. Apart from energy
density, supercapacitors surpass batteries in stability, power density, lifetime, and
rate capability. Supercapacitors’ ability to withstand a high amount of load without
sustaining any damage makes them the ideal candidate for energy storage devices.
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Supercapacitors are classified as an electrochemical double-layer capacitors
(EDLC), pseudocapacitors, or hybrid capacitors. The classification is based on the
charge storage mechanism. EDLC stores charge via ion adsorption at the electrode-
electrolyte interface. The electrostatic attraction between the electrolyte ions and
electrode leads to the formation of an electrochemical double layer. The double-
layer capacitance is expressed as (1)

ErEp A

C=—p5 ey
where €, is the electrolyte dielectric constant, €, is the dielectric constant of the
vacuum, A is the electrode surface area, and d is the effective thickness of the double
layer (charge separation distance). Thus, it is obvious that area (electrode surface
area) is an important factor in determining the capacitance of the electrode material.
Pseudocapacitive materials due to their multiple oxidation states and fast surface
redox reaction can imitate the performance of EDLC materials. The charge storage
mechanism is a result of faradaic reactions involving charge transfer between
electrolyte ions and the electrode material. Theoretically, pseudo-capacitance is
controlled by thermodynamics according to which the extent of a reaction (g)
that stems from Faradaic charge-transfer processes is a continuous function of the
applied potential (V), so that a derivative, dg/dV, arises, which is equivalent to

capacitance and is expressed as (2) [1].

_3(Ag)
T 3(AV)

(@)

The effective surface area influences the reaction kinetics. The larger the effective
surface area, greater the electrolyte coverage and penetration. With increased
effective surface area, more electroactive sites are exposed and are easily accessible.
This increases the electrochemical performance of the material and influences
parameters such as capacitance, energy density, and power density of the material.

A hybrid-type capacitor is made of asymmetric electrodes, one of which is
pseudocapacitive and the other is EDLC type. In some cases, battery electrodes are
also used in tandem with supercapacitor electrodes to fabricate a hybrid capacitor.
The main criterion for the hybrid capacitor is that electrodes exhibit different charge
storage mechanisms.

Nanoscale research has unlocked potential avenues for enhancing the per-
formance of supercapacitors by synthesizing nanostructured electrode materials.
Owing to the easy transport of ions through nanomaterials, a large number of
electroactive sites and electrode-electrolyte interfaces are available which inevitably
enhance the electrochemical performance. Even the properties of the nanomaterial
deviate from the bulk and can be used to amplify the performance. Nanocomposite
materials offer even better avenues for designing advanced electrodes. Such materi-
als exhibit the synergetic effect of individual materials.
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2 Nanotechnology and Nanomaterials

The word “nano” is a deviation of the Latin word “nanus” and the Greek word
“vavg” both meaning dwarf. The International System (SI) of units describes
nano as 107 parts of a unit. Nanotechnology is the general term for technology,
which allows a controllable way to synthesize and manipulate nanomaterials [2].
Nanotechnology is defined as “a science, engineering, and technology conducted at
the nanoscale (1 to 100 nm), where unique phenomena enable novel applications in a
wide range of fields, from chemistry, physics, and biology, to medicine, engineering,
and electronics” [3]. According to the definition, nanotechnology is related to the
scale and size of the structures as well as to their application. Due to their small
size, nanomaterials exhibit some interesting properties, and nanotechnology relates
to taking advantage of such properties for their novel application.

The history of nanotechnology does not have a universally accepted and well-
established time span. The ambiguity arises due to the use of nanotechnology in
distant times without the awareness of it being used. For thousands of years BC,
humans knew and mastered the art of making fabrics [4-6]. The fabrics through
processing developed a network of pores with a size of 1-20 nm. The nanoporous
material (fabric) was able to absorb sweat quickly and effectively and dry out much
quicker as well. Another example of the use of nanotechnology is the Ayurveda
medicines [7, 8]. Ayurveda is an ancient branch of medicine that has various
examples, which would argue about the knowledge of nanotechnology. Description
of processes similar to modern-day pyrolysis can be found to synthesize “bhasmas.”
Bhasmas (burnt powders) of gold, copper, iron, lead, etc. have been actively used in
the treatment of various illnesses and diseases [9—11]. The use of nanotechnology
in paints by the Maya civilization is another example, which proves that the use of
nanomaterials was quite widespread [12]. Maya blue and yellow paint pigments are
made by embedding coloring pigments in local phyllosilicate clay (palygorskite).
The process of making such pigments allowed them to create different colors with
the same ingredients by just controlling the size [13—15] (Fig. 1).

Through his famous talk “There’s Plenty of Room at the Bottom,” Richard
Feynman promoted the concept of nanotechnology and nanomaterials into the
limelight [16]. Feynman questioned “Why can’t we write the entire 24 volumes of
the Encyclopedia Britannica on the head of a pin?”, and then went on to elaborate
on a vision of using machines to build smaller machines down to the molecular
level. Feynman’s ideas to demonstrate the hypothesis have come to pass, and
for these reasons, he is regarded as the father of modern nanotechnology. Norio
Taniguchi at a conference in 1974 used the term nanotechnology for the first
time to define and describe semiconductor processes [4]. K. Eric Drexler further
popularized nanotechnology with the book “Engines of Creation: The Coming Era
of Nanotechnology” [17]. In this first-ever book on nanotechnology, he describes
complex machines from an atomic level that can independently manipulate other
atoms and molecules into nanostructures. In 1991, Drexler, Peterson, and Pergamit
published a book entitled “Unbounding the Future: the Nanotechnology Revolution”
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Fig. 1 Gold bhasma (a) and Maya blue color (b) as examples of the use of nanotechnology in
ancient times

wherein they intrigued the readers’ interest through nanobots and assemblers for
medicinal purposes, thereby coining the term nanomedicine.

The progress of modern nanotechnology has some significant milestones. After
Feynman’s lecture, work in this field took off. Physicists G. Binnig and H.
Rohrer invented a new type of microscope now known as the scanning tunneling
microscope (STM). A sharp tip moves very close to the test surface, thereby
affecting the electron wave functions of the atoms in the tip and the test surface.
Upon application of high voltage, the electrons jump through the vacuum gap.
The electron signal is processed further to obtain the STM image. They received
a Nobel Prize for the design of STM in 1986, and their work led to the development
of other techniques such as atomic force microscope (AFM) and scanning probe
microscopes (SPM) which are still used by researchers and scientists. During the
same period, the synthesis of nanomaterials was budding. In 1985, R. Cur, H.
Kroto, and R. Smalley discovered stable spherical structures of carbon (C60 and
C70) also known as fullerenes. A few years later, carbon nanotubes (CNTs) were
observed by lijima et al. Nanotechnology was garnering a lot of attention due to
its numerous applications. In 2000, President Clinton earmarked 490 million US$
for research in nanotechnology. In 2003, President George W. Bush signed the
twenty-first century Nanotechnology Research and Development Act and paved the
way for the National Nanotechnology Initiative (NNI) [3]. With this, research in
nanotechnology became a national priority. This sparked interest of many scientists
and the synthesis of nanostructured materials kick-started. In the past two decades,
different nanostructures have been successfully synthesized. The number of nanos-
tructures increased at such a great pace that it became essential to distinguish them
categorically. A few attempts were made. Gleiter in 1995 gave the first classification
which was further improved upon by Skorokhod in 2000. The updated classification
still failed to consider all the nanostructures. Pokropivny and Skorokhod modified
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the classification scheme for NSMs, in which all nanostructures (0D, 1D, 2D, and
3D) were included [18]. They argued that nanostructures should be separated from
nanostructured materials because the nanostructures are characterized by form and
dimensionality while then nanostructured materials by composition in addition. The
detailed classification is summarized in Fig. 2.

3 Synthesis Methods

These synthesis or manufacturing methods are classified into two categories: top-
down and bottom-up. Each of which differs in the quality of nanostructures,
synthesis time, and cost. The top-down method is in essence breaking the bulk
material into smaller nano-sized particles. The breakdown processes such as
mechanical, optical, thermal, sputtering, chemical etching, etc. are employed to
break the bulk material into smaller particles. These methods are not suitable for
the preparation of uniformly shaped nanoparticles. Imperfections or variations of
the surface structures of the particles have a significant impact on the physical and
chemical properties of the nanomaterials. The bottom-up approach, on the other
hand, refers to building up material from the bottom: atoms, molecules, and clusters.
This route is utilized more in the preparation of nanoscale materials with uniform
shape sizes and surface structures. This approach also employs mainly chemical
methods. The self-assembly of the atoms or molecules into ordered materials is the
key factor in the bottom-up approach. There are, however, other techniques such as
positional assembly and templating, in which atoms, molecules, or clusters can be
positioned specifically. Methods for fabricating nanoparticles can be further divided
as physical or chemical. Figure 3 illustrates the schematic approach for the top-down
and bottom-up approaches.

3.1 Physical Methods

Mechanical Milling Milling powder in a mill to break down the particles into
smaller size or blending into new phases is the underlying concept of mechanical
milling. The mechanical attrition of the coarse particles is achieved with the use of
suitable balls (zirconia, agate, stainless steel, etc.). The balls are either let to roll
down the surface of the chamber or fall freely or rotated in the chamber with arms
attached to rotating central shaft. The kinetics of the milling process is dependent
on the transfer of energy from the milling medium to the powder. Factors such as
size of balls, rotating speed, temperature, time, and dry or wet conditions affect the
final size of the nanomaterials. There are multiple types of ball milling available,
for example, attrition ball milling, vibrating ball milling, low-energy tumbling,
planetary ball milling, and high-energy ball milling.
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Fig. 3 Schematic representation of top-down and bottom-up approaches for synthesis of nanopar-
ticles

Mechanical milling has drawbacks such as nonuniform shapes, surface structures
and size distribution, contamination, and no control over the shape of the nanostruc-
ture.

Gas Phase Methods The gas phase method is based on homogeneous nucleation,
condensation, and coagulation. Gas phase methods can be classified into chemical
or physical methods and are one of the best methods for thin film deposition. The
physical vapor deposition (PVD) is a collective set of processes, which employ the
same underlying principle in a different way. The fundamental steps involved in
PVD are as follows:

1. Vaporization of the material from a solid source.
2. Transportation of the vapor.
3. Condensation onto the substrate.

The general schematic diagram of gas phase method is shown in Fig. 4.

Laser Ablation In this technique, as seen in Fig. 5, a high-power laser beam
strikes the target in a vacuum chamber generating plasma. It then converts the target
material into colloidal solution of nanoparticles, which is carried by the carrier gas
to the collector positioned downstream. The vapor condenses and deposits on the
collector. The quality of the nanomaterials produced depends upon the type of laser,
number of pulses, pulsing time, laser power and wavelength, temperature, pressure,
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Fig. 4 Schematic of gas phase method illustrating the steps involved in the synthesis of nanopar-
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Fig. 5 Schematic of laser ablation method

type of inert gas, and catalysts. This technique can also be used for liquid phase as an
efficient way to exfoliate material into their 2D forms. Solvent and fluid dynamics
near the target play important role in thickness, shape, and size of the nanomaterial.

Sputtering Sputtering is a physical process. The solid-state target is vaporized
and converted into the gas phase by bombardment with high energy ions (mainly
noble gas ions). During sputtering, the energy of a plasma (partially ionized gas)
pulls the atoms from the surface of a target (cathode) and deposits them on the
substrate. The amount of material is controlled to achieve desirable thickness.
Sputter deposition is a commonly used technique to deposit thin films. There are
many types of sputtering: DC sputtering, RF sputtering, magnetron sputtering, and
reactive sputtering, each with its advantages and disadvantages. Basic schematics of
sputtering is shown in Fig. 6.

Thermal Evaporation Thermal evaporation is a method in which the source
material is heated to high temperature under a vacuum, causing it to evaporate. The
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Fig. 7 Schematic drawing of thermal evaporation process

vapor particles move towards the substrate, where these vapors cool and change to
a solid state. Figure 7 depicts the basic working of sputtering. The advantages of
thermal evaporation are high deposition rates, low cost, and simplicity.

Templating Templating method is used to synthesize nanomaterial with uniform
morphology or to mimic the morphology of the known material. In this method, the
desired morphology is achieved via reactive deposition or dissolution or etching.
The template material is coated on the substrate and acts as the platform for
further deposition of the target material. The size and shape of the nanomaterial
can be controlled by adjusting the morphology of the template. Numerous template
materials were discovered and studied in the last few decades. With the use of a
template, uniform and well-ordered nanostructures can be created on a large area.
The problem with the method is that the removal of the templates after synthesis
may become complicated.
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3.2 Chemical Methods

Sol-Gel Method The sol-gel process is a chemical method used for the synthesis
of various metal oxide nanoparticles with different nanostructures. In this method,
precursors (metal alkoxide) are dissolved in a solvent to form a colloidal solution
(sol). The colloidal solution is then heated to make a gel. The obtained gel is usually
wet and dried to remove excess solvent. The rate at which solvent is evaporated
determines the pore distribution in the gel. After the drying stage, the produced gels
are ground and calcined. This method is highly cost-effective and used to produce
materials for different applications (Fig. 8).

Hydrothermal and Solvothermal Method A hydrothermal or solvothermal
method is a closed vessel reaction in which precursors react with each other or
decompose in the presence of a solvent (solvothermal) or water (hydrothermal).
The reaction happens at high temperatures and pressure. By application of heat
(energy) to the system, autogenic pressure is generated that is a function of the
percentage fill of the vessel and concentration of dissolved precursors. These
methods are used to synthesize and deposit material. It is possible to synthesize
a wide variety of nanostructures with simple control of parameters. Temperature,
time, the concentration of precursors, pH, solvent, and percentage fill can be
controlled to produce any type of structure and thermodynamically stable products
(Fig. 9).

Precursor 2 -
=3
solution 1 I
- Hydrolysis

Stirring i Condition

Fig. 8 Schematic drawing of sol-gel synthesis process
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Fig. 9 Illustration of hydrothermal/solvothermal equipment used in the synthesis of nanoparticles

Sonochemical Method The sonochemical process is a powerful method to
enhance chemical reactions and synthesize material. Ultrasonic radiations (20 kHz
to 10 MHz) of fixed frequency are passed through a precursor solution. The
alternating waves of expansion and compression cause cavities to form, grow, and
implode. This is called acoustic cavitation and is primarily responsible enhanced
rate of reaction. According to some researchers, the bubble formation and collapse
can raise the local temperature up to 5000-25,000 k for less than a nanosecond
and is followed by a very high cooling rate. A sonochemical method is simple and
allows easy control of the size of nanoparticles by controlling the concentration of
precursors and ultrasound radiation power. This method has proved useful in the
synthesis of metal and metal oxide nanoparticles (Fig. 10).

4 Quantum Confinement Effect

The quantum size effect describes the physics of electron properties in solids
where the particle size reduces significantly. Particles measuring in the range of
10-100 nm exhibit size effect, whereas quantum size effects are demonstrated by
nanocrystallites measuring less than 10 nm. This effect becomes dominant when
the nanometer size range/scale is reached. To understand quantum confinement, it
is important to first understand the underlying phenomenon of quantum dots (QDs).
QDs are extremely small semiconductor crystals of nanometer size. The electron
in semiconductor materials is stimulated from the valence band to the conduction
band. A “hole” is left behind in the valence band, which can be supposed as a
particle with individual charge (4-1) and effective mass. The electron-hole pairs are
considered quasiparticles and are also known as “exciton.” The spatial confinement
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Fig. 10 Schematic drawing of sonochemical synthesis of nanomaterials

of excitons (electron-hole pairs) in one or more dimensions is quantum confinement.
Due to the confinement of electronic wave function to the physical dimensions, the
electronic energy levels become discrete. Quantum confinement happens when the
radius of the quantum dots becomes smaller or equal to the Bohr exciton radius. The
motion of electrons and holes is spatially confined to the physical dimensions of the
quantum dot. Similarly, the restriction of the mobility of electrons and holes in the
crystal dimensionality happens when the energy difference between two levels of
quantum dots exceeds KBT (KB is the Boltzmann constant). Depending on the size,
the QDs exhibit size-dependent optoelectronic properties with discrete electronic
transitions. The physicochemical properties of QD particles also differ from the bulk
materials. Due to the small particle size, the surface-to-volume ratio increases which
affects their properties such as magnetic and electronic and also their interaction.
The Quantum confinement effect in QDs results in discrete electronic states and
hence the emergence of size-dependent properties (Fig. 11).

Based on the structure, the following classification is made concerning the
quantum confinement in Table 1.
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Table 1 Classification of quantum-confined structures

Structure Quantum confinement Number of free dimension

3D 0 3

2D 1 2

1D 2 1

0D 3 0

5 Nanostructures

0D Structures OD nanostructures are the simplest building block and can be
utilized for building other nanostructures. 0D NSMs such as quantum dots, core-
shell quantum dots, hollow spheres, etc. are some examples of 0D nanostructures.
These nanostructures have numerous applications and have been successfully
employed in LED, solar cells, lasers, and biosensors. OD structures for super-
capacitor electrodes are a lucrative prospect. The small size is desirable for
electrode material. Electrochemical double-layer capacitors store charge based on
electrostatic attraction, while pseudocapacitors store charge through surface redox
reactions. Small size maximizes the effective surface area that is directly correlated
to specific capacitance. Thus, it would be advantageous to use OD nanostructured
electrode material for supercapacitor application. 0D nanostructured materials are
several thousand atoms and are spherical in shape. The main problem with using 0D
materials is twofold. Synthesis of 0D materials in large quantities is not easy, and
when it comes to scalability, the large quantity production leads to coalescence and
aggregation of particles, which alters their chemical and physical properties.
Carbon quantum dots (CQD), graphene quantum dots (GQD), carbon
nanospheres, and activated carbon are the prominent 0D nanostructured materials
used as electrode materials for EDLC. Small size is favorable for increasing
surface area, which enables large ionic adsorption. CQD are a new class of carbon
materials with particle size less than 10 nm with a nanocrystalline core enveloped
by the amorphous shell. The shell contains surface functional groups that are
responsible for ion adsorption. CQD reported by Athika et al. [19] exhibited a
specific capacitance of 95 Fg~! with coulombic efficiency of almost 100%. The
CQD were synthesized from denatured milk by hydrothermal method. Once the
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CQD applicability as electrode material was established, researchers started to pair
the CQD with other carbon materials to boost its performance. CQD was paired
with rGO to yield a composite electrode. In their study, Zhao et al. [20] synthesized
CQD-decorated interconnected rGO. The electrode exhibited a specific capacitance
of 308 Fg~! and showed excellent stability and efficiency. Hoang et al. [21]
demonstrated that 3D porous rGO/CQD composite has superior specific capacitance
of 374 Fg~! with reasonable stability of 93% over 10,000 cycles. Similar to CQD,
GQD are also garnering attention of researchers. Due to its excellent conductivity,
high surface area, and nontoxicity, GQD are potential candidate for electrode
material in energy storage device. Liu et al. [22] fabricated GQD//GQD symmetric
micro-capacitor of 534.7 wF cm™2 and the energy density of 0.074 wWh cm™2,
The excellent electrochemical performances of micro-supercapacitors are the result
of large specific surface area, ample active sites, and accessible edges. Zhang et al.
[23] synthesized GQD with uniform sizes of less than 5 nm by a novel top-down
strategy. They implemented the strategy via sonication and hydrothermal processes.
GQD electrode material shows an ideal electric double-layer capacitance behavior
with a high specific capacitance of 296.7 Fg~!, an energy density of 41.2 W h kg™!
at 1 Ag~!, a low internal resistance, and excellent cycling stability. Chen et al.
electrodeposited GQD onto 3D graphene to obtain a novel supercapacitor electrode.
The composite electrode had a specific capacitance of 268 Fg~!, a 90% increase
over the pure 3D graphene electrode. The increase in the electrochemical charge
storage performance can be attributed to the increase in surface area and pore size
distribution. The presence of microspores with a diameter less than 2 nm increased
after GQD deposition. This was mainly due to the formation of new interstices
between deposited GQDs on the 3D graphene scaffold. Due to their large inner pore
volume and high specific surface area, carbon nanospheres and its various forms
have been synthesized and used in supercapacitors as a high-performance electrode
material.

Pseudocapacitive electrode materials usually exhibit better energy density than
carbonaceous materials. However, the power density is relatively low. Nanocrys-
talline metal oxides have shown better discharge capacity, resulting in improved
power density. Pseudocapacitive materials like transitional metal oxides and sulfides
have their performance limited due to low surface area and reaction Kkinetics.
Nanoparticles especially quantum dots have an extremely small size which increases
the surface area as well as the surface reaction rate. Metal oxide quantum dots
(RuO3, SnO,, MnO;, CoOx, NiOx, Nb,Os, WO3, etc.) have been reported as
supercapacitor electrode materials with improved performance [24]. Geng et al.
[25] synthesized SnO; quantum dots (4—6 nm) by microwave-assisted hydrothermal
method. The BET analysis revealed a high surface area of 285.5 m?g~! which
contributed to high specific capacitance of 315 Fg~!. Zhao et al. [26] synthesized
ruthenium oxide (RuO,) quantum dots on reduced graphene oxide (rGO) surface by
rapid microwave-assisted hydrothermal method. The composite material exhibited
specific capacitance of 1120 Fg~! with excellent rate and cyclic stability. RuO; is a
popular pseudocapacitor with numerous reports; however, in this report, the perfor-
mance of RuO, quantum dots approached the theoretical limit in terms of specific
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capacitance. Thus, it is apparent that as the size becomes smaller, the surface area
increases and enables better performance. Cong et al. [27] prepared 1.6 nm WO3
quantum dots demonstrating improvement in electrochemical properties compared
to bulk counterparts. The quantum dots showed an increase in capacitance and shift
in redox peaks, indicating improved reversibility. To ascertain the reversibility of the
redox reactions, the potential difference between the oxidation and reduction peak
potential (Ep — ER) is an important parameter. WO3_ x QD has 0.12 V, but the bulk
counterpart has a 0.25 V potential difference, suggesting the improved reversibility
in the case of quantum dots.

1D Structures 1D nanostructures have a certain aspect ratio, that is, length/diameter.
According to these values, the nanostructures exhibit different structures such as
nanorods, nanotubes, nanowires, and nanoribbons. 1D nanostructures maximize
the surface area, provide an efficient pathway for electron transfer, and facilitate
deep electrolyte penetration. The electrochemical performance is influenced by the
choice and synergistic effect of the component materials and the proper arrangement
of the materials. Isacfranklin et al. [28] directly grew one-dimensional carbon
nanorods on stainless steel plate by chemical vapor deposition. The electrochemical
performance revealed specific capacitance of 198 Fg~! for the free-standing carbon
nanorods. Wu et al. [29] reported N-doped carbon nanorods synthesis by one-step
pyrolysis of melamine formaldehyde and cellulose nanocrystals. The nanorods had
a high surface area of 564.2 m?g~! which resulted in a specific capacitance of
352 Fg~!. The well-developed porous structure was critical for augmenting the
EDLC and stimulating the pseudocapacitance effect. Polyaniline-derived carbon
nanotubes were synthesized in bulk with a yield of 300 g in single preparation.
Polyaniline nanorods were synthesized by oxidative polymerization of aniline and
then converted to carbon nanorods through carbonization under inert atmosphere.
The carbon nanorods possessed large specific surface area of 2246 m?g~!. The
EDLC fabricated from such electrodes exhibited capacitance of 32 Fg~! at 10 Ag™!.
Zhao et al. [30] designed binder-free electrode by depositing boron- and nitrogen-
doped carbon nanowires onto carbon paper substrate. The electrode material had
specific surface area of 1024 m>g~! and exhibited specific capacitance of 504 Fg~!.
Hu et al. [31] reported 1D carbon nanowires with specific capacitance of 258 Fg~!
at a current density of 1 Ag™!.

Balamuralitharan et al. [32] synthesized V;Os nanorods by hydrothermal
method. The controlling factor was the pH of the solution, which enabled control
over the size of nanorods. The 50-10 nm V05 nanorods provided excellent
electron pathways, which improves electrical conductivity and provides a large
number of reactive sites for redox reactions. The electrode displayed a high
areal specific capacitance of 417.3 mF cm™2 in 0.5 M. Cyclic stability of 80%
over 5000 cycles suggests that there is still scope for improvement. Similarly,
Joseph et al. [33] successfully prepared Bi;S3 nanorods through hydrothermal
synthesis. These nanorods offer large spaces between each other, which offers
better ion intercalation, and electron transport through the structure and facilitate
high electrochemical performance. The BiyS3 exhibits a high specific capacity of
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134.66 Cg~! at 1 Ag~! current density and a long cycle life of over 5000 cycles.
NiMoO4 nanorod electrodes were directly synthesized onto the Ni foam. The
binder-free, nanostructured electrode exhibits a high specific capacity of 1320 Cg~!.
Saini et al. [34] demonstrated the effect of pH on the size of nanoparticles in the
synthesis of hexagonal WO3. They synthesized nanorods with a specific capacitance
of 741 Fg~!. Shinde et al. [35] also reported a specific capacitance of 694 Fg~!
for nanorods and nanoneedle-shaped WO3. Similarly, 1D nanostructures of RuOs,
NiO, MoOs3, MnO3, TiO», etc. have been synthesized and tested as supercapacitor
electrode materials [36, 37].

2D Structures 2D nanostructures radically change surface reaction rates, and the
structure provides efficient pathways for electrical transport throughout the material,
leading to significant improvement in the performance of the electrode. Governed
by quantum mechanics, electrons can freely move in the two-dimensional plane, but
the motion is constrained in the third direction. Layered 2D materials have asserted
dominance in materials science due to their extraordinary electrical, electrochemi-
cal, mechanical, and optoelectronic properties. Graphene and its derivatives are well
known for their layered morphologies. Its 2D structure provides a large surface area
that provides an extensive platform for ion adsorption. High electronic conductivity
of graphene enhances power and energy density, while the superior mechanical
property enables the fabrication of highly flexible and stable electrodes. Table 2
summarizes the electrochemical performance of graphene and its derivatives as a
supercapacitor electrode.

MXenes were developed recently in 2011. They belong to a family of 2D
inorganic compounds generally known as MAX. where M denotes the transition
metal (V, Mo, W, Nb, Ti, Cr, etc.), X is nitrogen and/or carbon, and A element is
tin, aluminum, or silicon. MXene is a novel category of materials that are produced
through selective etching of an element from its precursors. These are generally
transition metal nitrides, carbides, and carbonitrides, There are several examples
of MXene, which have proven to be good electrode materials for supercapacitors.
They store the charges through pseudocapacitive mechanisms (reactive metal sites)
as well as EDL mechanism due to their high specific surface area.

Transition metal dichalcogenides (TMDs) are layered compounds with MXj;
configuration, in which M is a transition metal element and the term X can be
any chalcogenide elements such as S, Se, and Te. The weak van der Waals force
is responsible for holding the monolayers in place to form a layered structure. Each
constituent layer comprises of three atomic sublayers, in which a transition metal
layer is sandwiched in between the two-chalcogen sheets. TMDs have garnered a
lot of interests as electrode materials for supercapacitor due to their large surface
area, high chemical activity, low cost, high chemical and mechanical stability,
and ease of synthesis through facile preparation methods. Table 3 summarizes the
electrochemical charge storage performance of different 2D MXenes.

3D Structures 3D materials possess three dimensions, namely, length, width, and
height. Unlike 2D materials, 3D materials possess an extra dimension, i.e., thickness
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Table 3 Summary of different 2D nanostructure material MXenes and metal chalcogenides and
their electrochemical performance

Electrode material Electrolyte Specific capacitance References
TizCoTx 1 M KOH 140 Fg~! [45]
V4C3 1 M H,SO4 268.5 Fg~! [46]
Ti3C2/rGO 1 M H,S04 494.8 Fg~! [47]
W,N 1 M KOH 700 Fem 3 (48]
VN 1 M KOH 1340 Fg~! [49]
Nb4Njs 1 M H,SO4 225.8 mF cm ™2 [50]
TiN 1 M KOH 150 Fg~! [51]
WS, 1 M NaySOy4 70 Fg~! [52]
CuWs, 1 M Li;SO4 2666.6 Fg~! [53]
MoS=/rGO 1 M KOH 1071 Fg~! [54]
CuSbS; 1 M LiOH 120 Fg~! [55]
SnSe; 6 M KOH 228 Fg~! [56]
VS, BMIMBE,-PVA 4760 pFem ™2 [57]

or depth. 3D nanostructured electrode materials have a high specific surface area,
and due to the virtue of their nanostructure, they exhibit good stability (chemical and
mechanical). The ordered macroporous structure is responsible for high interfacial
area (electrode-electrolyte) and enables efficient ion diffusion and electron transfer
within the materials. Ramesh et al. [58] investigated the fabrication of hierarchical
3D nanostructures with different metal oxides and highly porous graphene as sup-
port. 3D flower-like nanostructure of Coz0O4 @MnO; on nitrogen-doped graphene
oxide scaffold showed significant specific capacitance of 347 Fg~! at 0.5 Ag~!.
Feng et al. [59] demonstrated self-assembled 3D hierarchical MnMoO4/NiWO4
microspheres for high-performance supercapacitor. The microspheres were synthe-
sized using the hydrothermal method, and the electrode exhibited a high capacitance
of 598 Fg~! at a current density of 1 Ag~!. Similarly, 3D MnO, nanoparticles
decorated on graphene hydrogel showed a maximum capacitance of 242 Fg~!
[60]. Dong et al. [61] synthesized 3D graphene foam and loaded Co304 onto it
to fabricate a high capacitance composite. The 3D graphene scaffold provided a
platform for the growth of cobalt oxide nanowires. The composite electrode had
a high surface area which contributed to a specific capacitance of 1100 Fg~!. Li
et al. fabricated 3D honeycomb-like CoN-Ni3zN/N-C nanosheets on carbon cloth
via a mild solvothermal method [62]. The electrodes had an areal capacitance of
1.2Fem~2

6 Conclusion

Supercapacitor technology has systematically evolved over the last decade. Their
current state has benefited from the overall research focused on them. Electrode
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material research has greatly improved the electrochemical performance of super-
capacitors. Composite electrode materials with compatible components can improve
the overall electrochemical performance, but to make the devices commercially
viable, a more significant development is necessary. Nanostructured electrode
material has proven to be an efficient way to enhance electrochemical performance.
0D nanoparticles generally lead to superior powder density at a high rate, owing
to short ion diffusion paths, while 1D structures provide efficient electron-ion
transport. In 2D structures, due to the high aspect ratio, electron transfer and
movement are unrestricted. This reduces the overall internal resistance of the
electrode material. 3D structures with macroporous surfaces are famous for high
ion diffusion and electron transfer. Nanostructures have an exceptionally high
surface area, which is a vital attribute for electrode material. High surface area
ensures deep electrolyte penetration, exposure to a large number of active redox
sites, and increase in ion diffusivity and electron conductivity. All these factors
directly influence electrochemical performance. When dealing with nanoparticles,
the quantum effect also plays an important role in defining the material properties.
Synthesis of nanoparticles with different sizes and shapes can enable the designing
of electrode materials more suitable for supercapacitor application.
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LiFOB Lithium difluoro(oxalato)borate
MEMP-DFOB  Mesylethyl-methyl-pyrrolidinium
NMP N-methyl-2-pyrrolidone

NACA N-acetylcaprolactam

N Nitrogen

1D One dimensional

PVDF Polyvinylidene fluoride

PD Power density

PCN Porous carbon nanofiber

PDMS Polydimethylsiloxane

PVA Polyvinyl alcohol

PAA Polyacrylic acid

PR Polyrotaxane

PFPI Pentafluorophenyl isocyanate
SCs Supercapacitors

G Specific capacitance

Si0, Silicon dioxide

SA Sodium alginate

DFEC Trans-difluoroethylene carbonate
TFPC Trifluoropropylene carbonate

0D Zero dimensional

1 Introduction

Renewable energy sources such as tidal, wind, and solar energy have gained
significant attention in recent years as an effective alternative to traditional energy
sources (wood, coal, petroleum, etc.) due to their clean and abundant nature [1].
However, these energy sources’ erratic nature results in uncertainties regarding
noncontinuous power generation and utilization. As a result, energy storage systems
play an important role in overcoming these drawbacks by providing the desired
energy needs. Various energy storage systems such as thermal and hydropower
energy storage, flow batteries, electrochemical batteries, flywheel, and compressed
air energy have been reported [2]. Out of these, electrochemical energy storage
has emerged as a reliable and well-established technology for satisfying ever-rising
energy demands.

Electrochemical energy storage systems consist of lithium-ion batteries (LIBs)
and supercapacitors. These energy storage devices occupy a very crucial status in
the electronic industry such as electric vehicles and portable electronics. Typically,
LIBs exhibit high energy density (100-150 Wh/kg) but suffer from poor power
density (<1 kW/kg) and lower cyclic stability (<4000 cycles) [3]. On the contrary,
supercapacitors exhibit high power density (>10 kW/kg) and high cyclic stability
but suffer from low energy density (10-20 Wh/kg) [4]. These combined drawbacks
result in very limited applications of LIBs and supercapacitors in commercial
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systems where simultaneous high energy and high power densities are required.
The employed electrode plays a significant role in tuning the electrochemical
performance of these energy storage devices. Usually, the electrodes used in
LIBs exhibit a charge storage mechanism based on slow redox reactions (faradic
reactions). On the other hand, the supercapacitor electrode exhibits a charge storage
mechanism, that is, electric double-layer capacitance (EDLC) based on rapid surface
capacitive reactions. So far, numerous research attempts have been made to improve
the energy density of supercapacitors by developing high surface area carbon-based
electrodes and the power density of LIBs by enhancing the reaction kinetics at the
electrode-electrolyte interface. However, the performance attained by these energy
storage devices is still not satisfactory.

Commercial electrical systems usually require high energy and high power
density for operation [5]. However, none of the energy storage devices such as
batteries and supercapacitors are competent enough to provide the desired energy
requirements. Thus, there is a great need to develop an energy storage system
that integrates the combined advantages of batteries (high energy density) and
supercapacitors (high power density). In this regard, hybrid lithium-ion capacitors
(LICs) consisting of battery-type anode (redox) and supercapacitive-type cathode
(EDLC) have emerged as reliable energy storage devices for commercial systems
[6]. LICs exhibit enhanced energy and power densities with higher cyclic stability.
As a result, LICs form a bridge between the traditional batteries and capacitors,
which can be used in a variety of commercial electronic applications (Fig. 1). The
concept of LIC was first demonstrated in 2001 by Amatucci et al. [7] by fabricating
a device based on LigTisOj, (LTO) redox anode and activated carbon (AC) EDLC
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Fig. 1 The reported various energy storage systems. (Reprinted with copyright permission from
Ref. [2])
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cathode. Since then, numerous research attempts have been made to develop high-
performance LICs. LICs’ performance is mostly influenced by the properties of
electrode materials [8]. One of the major challenges associated with LICs is the
kinetic imbalance between the sluggish reaction-based anode and the rapid surface
reaction-based cathode [9]. Therefore, developing the anode property by making
it kinetically compatible with the cathode is the possible solution for attaining
high-performance LICs. The strategies involved in improving the anode properties
generally include the modifications of the electrode material’s structural, electrical,
and chemical properties. Additionally, exploring and developing novel electrode
materials are the key to achieving improved LICs’ performance. Therefore, in this
chapter, we aim to discuss the fundamental idea of LIC along with the selection
criteria for electrode materials, current developments, drawbacks, and future scope
of LICs.

2 Architecture, Fabrication, and Performance Evaluation
of LIC

The typical LIC device structure is shown in Fig. 2.
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Fig. 2 The schematic structure of the lithium-ion capacitor (LIC)
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As seen, LIC is composed of four components, namely, anode, cathode, elec-
trolyte, and separator. The anode is the redox-type electrode in which the charge
storage mechanism is accomplished through the intercalation/de-intercalation reac-
tions of Li ions. The cathode is based on EDLC material where the charge storage
mechanism is accomplished through surface adsorption reactions. Generally, high
surface area carbon materials are usually employed as cathodes. A high charge
capacity is obtained in cathodes due to efficient charge separation in the Helmholtz
double layer at the electrolyte-electrode interface [10]. Both the electrodes (anode
and cathode) are placed in an electrolyte containing Li salts. The electrolyte is
composed of three main components, namely, the lithium salt which acts as the
charge carrier, the additives that improve the physical and chemical properties,
and the solvent that is used to dissolve the Li salt and additives (Fig. 3). The
LIC electrolytes can be classified as aqueous and nonaqueous (organic) [11]. The
aqueous electrolytes have low viscosity and high ionic mobility. As a result, they
exhibit high power density and high rate capacity. Some of the commonly aqueous
electrolytes are alkaline nitrates (LiNO3), sulfates (Li»SO4), and hydrates (LiOH).
However, the aqueous electrolytes exhibit the disadvantage of the low operating
potential (up to 1.2 V) [12]. Due to this, the aqueous electrolytes exhibit low energy
density. On the contrary, the nonaqueous electrolytes exhibit a wide operating
potential of up to 3 V for organic electrolytes and 4 V for ionic liquids [13]. As
a result, ultra-high energy densities are attained for the nonaqueous electrolytes.
However, the low ionic mobility of these nonaqueous electrolytes due to high
viscosity results in lower power density. Generally, LiPFg salt dissolved in an

Lithium Salt

SOLVENT

Additives |
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Fig. 3 The components of the Li-ion-based electrolyte
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equal mixture of ethylene carbonate (EC) and diethyl carbonate (DC) is used as
the organic electrolyte. The organic electrolyte is highly moisture sensitive, and
thus, the LIC device fabrication is done in an inert environment (Ar) inside the
glovebox. The separator used is a polypropylene, ceramic, or glass fiber membrane.
The separator promotes the efficient travel of electrolyte ions to the electrodes.
During charging, the Li* ions intercalate into the anode, and the PFO~ ions adsorb
on the cathode. During discharging, these ions revert into the electrolyte. Thus, the
motion of these ions from the electrolyte to electrodes and vice versa results in
charging-discharging cycles.

The process of LIC fabrication is similar to that of the LIBs. The electrode
materials are fabricated using the “conventional slurry-coating” approach. In elec-
trode fabrication, the active material is mixed with a binder and conductive carbon
material in a solvent to form a slurry. The slurry is then coated on the conducting
substrate using the drop-casting or doctor-blade method and dried to form the active
electrode. Polyvinylidene fluoride (PVDF) and N-methyl-2-pyrrolidone (NMP) are
the commonly used binder and solvent, respectively. Carbon black, super-P, or
activated carbon (AC) is used as the conductive carbon material. The ratio of the
active material/binder/conducting carbon material is generally kept as 75:10:15,
respectively. For the anode and the cathode fabrication, the slurry is coated on cop-
per and aluminum foil, respectively, for efficient charge extraction. The drawback of
this conventional slurry-coating approach is that it is a time-consuming and complex
method. Additionally, the use of binders reduces the capacity of the electrodes as
it significantly raises the “dead weight” and introduces high electrical resistance
[14]. Thus, the possible solution to restore the capacity is to fabricate “binder-free”
electrodes. The binder-free electrodes can be fabricated using the “wet filtration
technique” [15]. In this technique, a homogeneous dispersion of active electrode
material and carbon nanotubes (CNTSs) is obtained in an aqueous medium (water +
ethanol) and then vacuum filtration followed by air drying (80 °C — 2 h) to form the
active electrode (Fig. 4). The electrochemical contribution of the CNTs is negligible
as it only acts as the support structure (substrate) for the active material. Most of the
charge generation/storage is exclusively contributed by the active material. Vacuum
filtration is advantageous as it allows the easy escape of solvent between composite
channels, enabling the formation of a uniform and dense stacking-like composite
structure. Additionally, vacuum filtration enables the formation of a binder-free

Active material+CNTs dispersion Vacuum filter Active material/CNTs paper electrode

Fig. 4 The schematics of the wet filtration technique



Emerging Electrode Materials for Li-Ion Capacitor 153

electrode in the form of thin paper or membrane (buckypaper) that can be directly
used for energy storage applications.

The LIC performance is evaluated using standard electrochemical techniques
such as cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and elec-
trochemical impedance spectroscopy (EIS) under ambient conditions. The specific
capacitance (Cy), energy density (E), and power density (P) of the LIC device are
calculated from the GCD analysis using the following equations:

I xTy
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Here, the discharging time is in seconds (s), E is the energy density, and P is
the power density. Furthermore, as the LIC device structure is hybrid (anode and
cathode are different), the specific capacity of the electrodes is different. Therefore,
systematic mass balancing (anode/cathode) is required to match the reaction kinetics
of the electrodes. The mass balancing is attained using the equation below:

0, =0-(0=CxV xm) “)

C, V, and m are the capacitance, operating voltage, and mass of the active
material, respectively. The significance of mass balancing is that it results in
proper and equal utilization of the electrodes during charging/discharging processes,
thereby resulting in higher capacity with longer cyclic stability. If mass balancing is
not achieved, either of the electrodes (anode or cathode) will be over/underutilized,
eventually leading to significant performance deterioration.

3 Electrodes of LIC

The performance of LICs is exclusively governed by the properties of the elec-
trodes. Hence, major emphasis is given to the development of advanced electrodes
to achieve the desired efficient performance. Various anode materials based on
metalloids (Si/C, Sn/C) [16], transition metal compounds (TiO,, NbyOs5, Fe;03,
LTO) [17-19], polyanions (TiP,O7/C, TiNb,O7/C) [20, 21], and graphite [22]
in combination with EDLC-type cathode based on the carbonaceous materials
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Fig. 5 The various reported electrode materials for LICs. (Reprinted with copyright permission
from Ref. [84])

(graphene and Ac) have been reported as electrodes for LICs (Fig. 5). Based on
the involved charge storage mechanism, these electrodes are classified into three
types, namely, (a) insertion type, (b) conversion type, and (c) alloying type [23].
The insertion-type electrodes such as graphite, LTO, LiCrTiOy4, TiO,, TiP,07, and
LiTi2(PO4)3 are structurally stable and hence exhibit high cyclic stability [19, 20,
24-26]. However, their high de-intercalation potential (1.5 V vs. Li/Li™) limits the
output voltage, resulting in lower energy density. In addition, the lower electrical
conductivity, as well as the lower theoretical capacity (140 mAh/g for LTO and
372 mAh/g for graphite) of these materials, also results in reduced performance.
The conversion-type electrodes such as V,0s, VN, Nb,Os, Fe; O3, and MnO exhibit
high energy capacity and high-rate capability due to efficient redox activity [27-31].
However, these electrodes suffer from volume expansion issues that result in gradual
capacity loss after subsequent cycling. The third type of electrodes based on the
alloying mechanism (Cu/Si, Sn, B-Si, SiO,) [32, 33] even exhibits higher energy
capacity than the conversion-type electrodes, but suffers from rapid capacity loss
during successive cycles due to significantly high volume expansion issues (300
times for Si) [34]. In addition, the kinetic charge imbalance between the redox-
type anode and the EDLC-type cathode also results in restricted electrochemical
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performance. Hence, there is a great need to explore and develop novel anode
electrodes that overcome these existing problems and deliver efficient performance
in LICs for commercial applications. In this chapter, we tend to discuss the most
commonly reported electrodes for LIC application. The electrodes based on sulfides
[35-41], oxides [42—57], silicon [58-77], two-dimensional (2D) structured MXene
[78-83], and carbon [84-92] materials are discussed in this chapter.

3.1 Sulfide-Based Electrodes for LIC

Metal sulfides have emerged as the ideal material for energy storage applications
due to their numerous advantages such as low cost, easy processability, high natural
abundance, high electrical conductivity, high theoretical capacity, low electronega-
tivity, and superior redox activity [35-37]. Metal sulfides based on multiple atoms
(binary sulfides) have also been used as reliable electrode materials due to their
rich oxidation states. The metal-sulfur (M-S) bonding is weak, and as a result, the
structure can be easily polarized, thereby leading to high redox activity (high charge
generation) [38—41]. Metal sulfides such as MoS;, SnS, CoS, MnS, Cu,SnS3, etc.
have been reported for LIC application [35—41]. The MoS; is a transition metal
sulfide and exhibits a structure analogous to graphite (layered structure). Recently,
MoS, has emerged as a suitable electrode material in LIB and LIC applications
due to its captivating properties such as high ionic conductivity, high theoretical
capacity (669-1675 mAh/g), and wider interatomic layer spacing (0.62 nm) [35,
36]. The MoS; structure is composed of three atomic layers in which the Mo layer
is sandwiched between two S layers and interacted with a weak van der Waals force.
As a result, the interatomic layer spacing can be easily varied, resulting in easy
and resistance-free Li-ion intercalation/de-intercalation. Additionally, the layered
structure of the MoS; provides double-layer capacitance that is highly beneficial for
obtaining superior rate capabilities. Ju et al. [35] fabricated a MoS,-based porous
carbon nanofiber (PCN) composite electrode for LIC. The PCN/MoS; composite
was fabricated in a two-step process in which the PCNs were initially synthesized
using the electrospinning method and then the MoS, nanosheets were fabricated
on the PCNs using a carbonization pretreatment followed by the hydrothermal
method (Fig. 6a). The fabricated PCN/MoS, composite exhibited a unique structure
in which the MoS; nanoflake-flowerballs were uniformly deposited on PCNs. The
combination of one-dimensional (1D) PCNs and 3D MoS; nanoflake-flowerballs
resulted in the formation of a porous hierarchical structure with a high surface area
(81.67 mZ/g) (Fig. 6b). The LIC device fabricated with the PCN/MoS; composite
anode and AC as cathode delivered a high performance with a maximum energy
density (ED) of 75.5 Wh/kg and a power density (PD) of 25.5 kW/kg. The obtained
performance was attributed to the synergistic effect of the evenly distributed 3D
structured MoS; nanoflake-flowerballs that provided stupendous electro-active sites
for Li-ion storage and the PCNs that provided the least resistance conductive
pathways for ionic diffusion. Additionally, the PCNs also avoided the aggregation
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Fig. 6 (a) The schematics of the multistep fabrication process of the MoS> nanosheets and (b) the
FESEM image of the composite porous carbon nanofiber (PCNF)/MoS; nanosheets. (Reprinted
with copyright permission from Ref. [35])

of MoS; nanostructures during electrochemical cycles, thereby restoring their active
electrosites. However, the LIC device exhibited low cyclic stability of 78% for
5000 cycles which could be ascribed to the volume expansion issues and the
polysulfide diffusion effect of the MoS, nanostructures.

Wang et al. [36] attempted to solve these issues of MoS, nanostructures and
improve the electrochemical performance by utilizing a novel structural strategy.
The strategy was based on the encapsulation of MoS, nanostructures with RGO
nanosheets and introducing a conductive carbon layer between MoS; layers using
a one-step hydrothermal method followed by the carbonization process (Fig. 7a).
The RGO encapsulation significantly buffered the volume expansion of MoS;
nanostructures, increased the surface area for maximum Li-ion interaction, and
enhanced the electrical conductivity and charge transfer kinetics. Furthermore, the
RGO encapsulation provided numerous anchoring sites for immobilized polysul-
fides, resulting in a restricted polysulfide diffusion effect. The conductive carbon
layer increased the interlayer distance of MoS; layers from 0.63 to 0.99 nm, thereby
resulting in maximum accommodation of Li ions (Fig. 7b, c¢). Such synergistic
effects of RGO encapsulation and the interplanar carbon layer improved the
electrochemical performance. The LIC device fabricated using MoS;-C-RGO anode
and AC cathode exhibited a high ED of 188 Wh/Kg, PD of 40 kW/kg, and 80%
cyclic stability for 10,000 cycles. The enhanced electrochemical performance was
also recognized by the attainment of triangular GCD profiles for the LIC device at
varied current densities (1-20 A/g) due to the optimized mass ratio of the electrodes
(anode/cathode, 1/2) (Fig. 7d).

Yin et al. [37] also demonstrated the improved performance of the TizCyTx
MXene electrode by increasing their interlayer distance using MoSe; nanoparticles.
A self-standing MoSe,/Ti3C>Tx MXene composite electrode film was fabricated
using a vacuum filtration technique (Fig. 8a). The vacuum filtration resulted in the
formation of the binder-free flexible composite electrode film in which the MoSe;
nanoparticles were embedded between the layers of Ti3C>Tx MXene nanosheets
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Fig. 7 (a) The schematics of the multistep fabrication process of MoS, nanosheets and (b, ¢)
the interplanar lattice distance of the pristine MoS; and the conductive carbon layer-based MoS;
nanosheets, respectively, and (d) the galvanostatic charge-discharge (GCD) curves of the LIC
device based on M0S;-C-RGO anode and AC cathode at varied current densities. (Reprinted with
copyright permission from Ref. [36])

(Fig. 8b, c). The MoSe; nanoparticles act as a spacer between the TizCpyTx
MXene nanosheets and prevent them from restacking. As a result of this unique
arrangement, the active electrode surface area is restored, and maximum electro-
active sites are exposed for efficient Li-ion interaction and transport. The composite
electrode demonstrated a high ED of 110.1 Wh/kg and PD of 4.76 kW/kg.

Huang et al. [38] adopted an approach to improve the electrochemical perfor-
mance of the alloy-type SnS nanosheets by encapsulation of nitrogen-doped porous
carbon layer (NPC). A two-step process consisting of freeze-drying of the metallic
precursors followed by the carbonization process (600 °C- 2 h in argon) was adopted
to fabricate the SnS/NPC composite electrode (Fig. 9).

The freeze-drying resulted in the formation of 3D structured morphology of the
electrode, highly suitable for electrochemical application. The SnS/NPC composite
electrode delivered a high initial discharge capacity of 1399.7 mAh/g in the half-cell
configuration and exhibited a high ED of 155.5 Wh/kg and PD of 0.213 kW/kg with
cyclic stability of 86% for 3000 cycles in LIC device configuration. The obtained
higher performance was ascribed to the NPC coating on the SnS nanosheets that
resulted in improved electrical and charge transfer properties. Additionally, the NPC
coating resulted in a three-time improvement in the surface area of the composite
electrode (210.55 m?/g) than the pristine SnS electrode (74.32 m?/g). Likewise,
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Fig. 8 (a) The schematics of the fabrication MoSe,/MXene composite using the vacuum filtration
technique, (b, ¢) the photo image and the corresponding cross-section FESEM image fabricated
flexible MoSe,/MXene composite electrodes, respectively. (Reprinted with copyright permission
from Ref. [37])
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Fig. 9 The schematics of the fabrication of SnS-based nitrogen-doped porous carbon layer (NPC)
composite electrode. (Reprinted with copyright permission from Ref. [38])

Lokhande et al. [39] demonstrated the improved electrochemical performance of the
“conversion-alloy”’-type Cu;SnS3 (CTS) electrode using CNTs’ encapsulation. The
CNTs’ encapsulation improved the microstructural, electrical, and structural prop-
erties which were reflected through the generation of high-density electro-active
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Fig. 10 (a) The photograph of the fabricated LIC device using the CTS/CNT anode and AC
cathode in the (a) unbent and (b) bent conditions. (Reprinted with copyright permission from Ref.

[39D)

sites, buffering of volume expansion, enhanced reaction kinetics, and increased
electrical conductivity. The theoretical analysis using density functional theory
(DFT) further revealed that the Li ions exhibited favorable interactive features with
the CTS/CNT composite electrode than the pristine CTS electrode in terms of
higher valence charge transfer and higher binding energy. As a result, improved
charge storage capacity, rate capability, and cyclic stability were obtained for the
CTS/CNT composite electrode. The LIC device fabricated using CTS/CNT anode
and AC cathode with the optimized mass balanced ratio (1:5.5) exhibited an ultra-
high ED of 158.77 Wh/kg, PD of 12.5 kW/kg, and more than 80% cyclic stability for
10,000 cycles. To further demonstrate the practical applicability of the LIC device,
a flexible LIC device was fabricated using polydimethylsiloxane (PDMS) support
layers. The performance of the LIC device was unaffected in the twisted and unbend
conditions, reflecting its possible applicability in wearable systems (Fig. 10).

Xing et al. [40] reported a LIC device based on an anode containing multiple
metal sulfides (MnS, Co4S3, and Ni3S») supported with carbon nanofibers exhibited
a high ED of 182 Wh/kg at the PD of 0.21 kW/kg. The obtained higher ED
was attributed to the synergistic effect of multiple charge storage mechanisms
and restricted particle aggregation provided by the multiple metal sulfides and
carbon nanofibers, respectively. Thus, from the above literature reports, it is clear
that carbon encapsulation on metal sulfides results in improved electrochemical
properties. Carbon encapsulation provides numerous advantages such as high
electrical conductivity, high surface area, buffering of volume expansion, poly-
sulfide adsorption, avoiding particle aggregation, and enhanced reaction kinetics.
Surprisingly, some electrode materials perform well even in the absence of carbon
encapsulation. The “conversion-type” 3D CoS electrode fabricated by Wang et al.
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Fig. 11 (a, b) The low and high magnification FESEM images of CoS microspheres, respectively.
(Reprinted with copyright permission from Ref. [41])

Table 1 The electrochemical performance of the reported metal sulfides for LIC application

Energy Power

density density
Anode (Wh/kg) (kW/kg) Cyclic stability References
MoS,/porous carbon 75.5 25.5 78% for 5000 cycles [35]
nanofiber (PCNF)
MoSe;/MXene 110.1 4.76 60% for 1000 cycles [37]
MoS,/C/RGO 188 40 60% for 10,000 cycles [36]
SnS/N-doped porous 155.5 0.213 86% for 3000 cycles [38]
carbon
CuaSnS;3 (CTS)/CNT 158.77 12.50 84% for 10,000 cycles [39]
MnS/Co4S3,/NizS» 182 0.121 79% for 2000 cycles [40]
CoS 125.2 6.4 81.75% for 40,000 cycles | [41]

[41] exhibited an impressive performance with a high ED of 125.2 Wh/kg and
ultra-high cyclic stability of 81.75% for 40,000 cycles. The superior performance
was ascribed to the combined effect of higher electrical conductivity and the 3D
structured morphology of CoS electrode. The higher electrical conductivity led to
enhanced reaction kinetics by promoting rapid charge transport, while the unique 3D
structured morphology (Fig. 11) (open flake-like assembly with porous structure)
provided numerous high-density electro-active sites with lower cross-plane ionic
diffusion. Thus, the electrode intrinsic properties also play a vital role in influencing
electrochemical performance. Further enhanced electrochemical properties could be
expected if CoS is encapsulated with carbon material.

By summarizing the results in Table 1, it is shown that metal sulfides exhibit
a great scope in LICs due to their high attainable specific capacity and enhanced
rate capability. However, the “polysulfide-diffusion effect” results in low cyclic
stability. Though carbon encapsulation has proved effective in restricting polysulfide
diffusion, it cannot be considered an efficient and cost-effective approach due to
the involved complex procedures. Thus, other novel strategies based on simpler
approaches need to be developed.
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3.2 Oxide-Based Electrodes for LIC

Metal oxides have also emerged as reliable electrode materials for energy storage
systems. Metal oxides such as LisTisO12 (LTO), LiFePO4 (LFP), MnO, TiO3,
Co0304, V703, Fe304, SnO,, and MnCo,04 have been used as anode for LIC appli-
cations [42—59]. Out of these oxides, the LTO and LFP are the most commonly used
electrode materials for commercial applications due to their unique properties such
as low cost, environmentally friendly, high coulombic efficiency, stable operating
voltage (1.55 V vs. Li/Li*), and zero volume change during Li insertion/de-
insertion. However, the low electrical conductivity (1072 Scm™!) and the low
Li-ion diffusivity result in low specific capacities and poor rate capabilities of these
materials. Bokenfeld et al. [42] reported a lower rate capability of the LFP electrode
with an attained capacity of 70 mAh/g at 50 C and 60 mAh/g at 100 C current
density. Ye et al. [43] attempted to improve the LTO performance using a carbon
composite structure (Fig. 12a). However, the strategy of using carbon composite
did not prove so impressive as the LIC device fabricated using the LTO/C anode
and porous graphene as cathode exhibited mediocre performance (ED, 72 Wh/kg;
PD, 8.3 kW/kg; and 65% stability for 1000 cycles). Lin et al. [44] obtained the
improved electrochemical performance of the LTO electrode using an ionic doping
approach. The 3D structured spherical LTO particles were fabricated using a “spray-
dry method” during which the metallic ions such as Mg?* and Cr**+ were doped into
its crystal structure. The 3D structured spherical shape of the LTO particles (Fig.
12b) provided high-density electro-active sites, highly desirable for attaining higher
charge storage capacity. The ionic doping resulted in improved reaction kinetics
and ionic mobility. Additionally, the thermal treatment under hypoxic conditions
(inert atmosphere) further resulted in an oxygen-deficient structure, resulting in
enhanced electrical conductivity. The LIC device fabricated using an LTO anode and
porous carbon cathode yielded a higher electrical performance(ED, 142 Wh/kg; PD,
4.55 kW/kg; and 87% stability for 10,000 cycles). Thus, the above studies confirm
the influence of the electrode intrinsic properties on electrochemical performance.

Fig. 12 The FESEM images of the (a) carbon-coated LTO microparticles and (b) the Mg2+— and
Crt-doped LTO microspheres. (Reprinted with copyright permission from Refs. [43, 44])
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Recently, transitional metal oxides such as MnO have garnered importance for
energy storage systems due to various advantages such as low cost, high abundance,
environmentally friendly, low voltage hysteresis, and high theoretical capacity
(756 mAh/g) which is almost twice the theoretical capacity of graphite (372 mAh/g)
[45]. However, the conversion reactions during the charge-discharge process result
in high volume expansion of MnO structure. As a result, the pulverization effect is
more prominent, resulting in high capacity loss. Additionally, the lower electrical
conductivity of MnO results in poor rate capability. As a solution to address
these issues, various literature reports have suggested MnO encapsulation with
carbon material [45-47]. Jia et al. [45] fabricated RGO-encapsulated 3D MnO
microspheres using a two-step process involving a solvothermal method followed
by a calcination process (Fig. 13a). The RGO is uniformly encapsulated over MnO
microspheres (Fig. 13b) and, as a result, provides a highly conductive framework
for rapid charge transport. Moreover, the RGO encapsulation significantly improves
the surface area of the composite electrode (63.1 m?/g) than the pristine MnO
electrode (18.1 m?/g), thereby providing high-density electro-active sites. The
LIC device fabricated using the composite electrode exhibited a high ED of
98 Wh/kg, PD of 10.35 kW/kg, and cyclic stability of 71% for 5000 cycles.
The performance was further enhanced by Xiao et al. [46] through sulfur (S)
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and nitrogen (N) doping in MnO/graphene composite electrode. The S and N
doping generated additional pseudocapacitive charge generation in the composite
electrode. The graphene encapsulation improved the overall electrical conductivity
of the composite electrode (high rate capability), buffered the volume expansion
of MnO, maintained the structural integrity, and provided stupendous electro-
active sites for high charge generation/storage. Thus, the collective effect of ionic
doping and carbon encapsulation resulted in superior electrochemical performance
of the composite electrode despite exhibiting similar morphology (Fig. 13c) to the
one reported in Fig. 13b. The morphology also plays a vital role in influencing
the electrochemical performance of the electrode. Chen et al. [47] demonstrated
further improved performance by fabricating 1D MnO nanorods encapsulated with
graphene scrolls (Fig. 13d). The LIC device exhibited superior performance such
as high ED of 179.3 Wh/kg, PD of 11.7 kW/kg, and long-term cyclic stability of
80.8% for 5000 cycles. The 1D structure is highly beneficial as it provides a large
surface area (high surface-to-volume ratio) and high mechanical strength, prevents
self-aggregation, and promotes rapid ionic transport. The combined benefits of a
1D structure with graphene encapsulation resulted in improved performance. Other
carbon materials such as “hard carbon coating” on MnO have also been reported
for attaining enhanced electrochemical performance [48]. A novel approach such
as “alkali metal doping” in MnO structure has also proved very efficient in
enhancing electrochemical performance. The study conducted by Zhang et al. [49]
on potassium (K) doping in MnO structure improved kinetics, enhanced redox
activity, and restricted volume expansion. Other alkali metals such as Li, Na, Rb,
and Cs could also be considered for doping in MnO.

Transitional metal oxides such as TiO, have attracted significant research interest
due to their applications in versatile fields such as photocatalysis, solar cells, water
splitting, and the semiconductor industry [50, 51]. It has also emerged as reliable
electrode material in energy storage systems due to various intriguing properties
such as good theoretical capacity (335 mAh/g), reasonable redox potential (1.75 V
vs. Li), low cost, and environmentally friendly nature [S0-52]. Calcagno et al. [50]
fabricated fast-charging anatase-structured TiO, microspheres (Fig. 14a) using a
two-step method (solvothermal + calcination) as an anode for LIC. The LIC device
delivered a high capacity of 37 mWh/g at the current density of 0.5 A/g and retained
a capacity of 10 mWh/g at the ultra-high current density of 20 A/g. Furthermore, the
LIC device exhibited high cyclic stability for 10,000 charge-discharge cycles with
no reduction in a specific capacity. Such an improved performance was attributed
to the formation of irreversible lithium-rich titanate (LiTiO;) on the surface of
TiO, microspheres that significantly counterbalanced the capacity decay at higher
potentials. However, the performance was restricted due to the poor electrical
conductivity of TiO, microspheres. Kim et al. [51] succeeded in improving the
electrical properties of TiO, microspheres using an RGO composite. The uniformly
distributed TiO, microspheres on RGO sheets (Fig. 14b) enabled faster reaction
kinetics with high-density electro-active sites. Additionally, the combined role of
TiO, and RGO resulted in a high specific capacity of 258 Wh/kg. TiO, has also
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Fig. 14 The FESEM images of (a) TiO, microspheres, (b) TiO2/RGO composite, and (c)
TiO2/Co304 composite. (Reprinted with copyright permission from Refs. [50], [51], and [52])

been used as an encapsulant for other active electrode materials such as Co3O4. The
Co304 has emerged as the ideal electrode material due to its good electrochemical
corrosion stability and high theoretical capacity (890 mAh/g). However, the struc-
tural collapse due to high volume expansion and particle aggregation results in lower
performance. Peng et al. [52] fabricated TiO,-encapsulated interconnected Co3zO4
microspheres (Fig. 14c) using a template-based strategy. The TiO» encapsulation
proved to be beneficial as it promoted fast ionic diffusion, offered high surface area,
and prevented Co3zO4 from falling off the electrode. As a result, a high discharge
capacity of 944.1 mAh/g was obtained after 100 cycles. The LIC device also
displayed a good performance with an ED of 87.9 Wh/kg, PD of 10.20 kW/kg,
and cyclic stability of 88.1% for 6000 cycles.

Metal oxides exhibiting extremely high theoretical capacities such as Fe3zO4
(924 mAh/g), SnO, (994 mAh/g), and V,03 (1070 mAh/g) have also been used
as electrode materials for LIC application [53-55]. However, the lower electri-
cal conductivity (low ionic diffusion) and the high volume expansion of these
electrodes limit their performance. The high volume expansion is a serious issue
as it completely ruptures the electrode’s crystal structure, leading to a sudden
capacity drop. This issue is more profound in Sn-based electrodes (SnO,, SnS) as
there is 300% volume expansion during the lithiation process. Therefore, carbon
encapsulation is done on these electrodes as it improves the electrical conductivity
and buffers the volume expansion. Huang et al. [53], Arnaiz et al. [54], and Ren
et al. [55] obtained improved performance of Fe304, SnO;, and V,03 electrodes,
respectively, using carbon coating (RGO). The performance of other metal oxides
such as MnCo,04 [56] and LizVOg4 [57] has also been improved using such
carbon encapsulation. The LIC device performance of the reported metal oxides
is summarized in Table 2. Indeed, metal oxides have shown promising performance
in LICs. The basic problem of metal oxides such as high volume expansion and low
electrical conductivity still needs to be addressed decisively for their large-scale
integration into the electronics industry.
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Table 2 The electrochemical performance of the reported metal oxides for LIC application

Energy Power

density density
Anode (Wh/kg) (kW/kg) Cyclic stability References
LisTisOy2 (LTO)/C 72 8.3 65% for 1000 cycles [43]
LTO/porous carbon 142 4.55 85.7% for 10,000 cycles | [44]
MnO/RGO 98 10.35 71% for 5000 cycles [45]
MnO/graphene sphere 126.7 5.72 81% for 10,000 cycles [46]
MnO/graphene scroll 179.3 11.7 80.8% for 5000 cycles [47]
N-doped MnO/C 125.3 19.9 83.2% for 5000 cycles [48]
K1.04MngO16 127.6 0.99 97% for 10,000 cycles [49]
TiOz 27 - - [50]
TiO2/RGO 258 - 90% for 1000 cycles [51]
TiO2/C0304 87.9 10.20 88.1% for 6000 cycles [52]
Fe304/RGO 98.8 34 78.9% for 1000 cycles [53]
Sn0O2/RGO 60 10.6 55% for 10,000 cycles [54]
V,0s5/C 116.5 32 81.2% for 5000 cycles [55]
MnCO,/RGO 78.8 3 76.9% for 1000 cycles [56]
Li3VOg4/graphene 122.9 17.6 95% for 300 cycles [57]

3.3 Silicon-Based Electrodes for LIC

Recently, silicon (Si) has emerged as a reliable electrode material because of its
unique advantages such as low cost, low lithiation potential (0.2 V vs. Li*/Li), and
high theoretical capacity (4200 mAh/g) [58, 59]. The Si anode holds great promise
in the development of energy storage systems as it can outperform the existing
commercial electrodes. However, the Si electrode exhibits serious drawbacks of
high volume expansion (300%), pulverization, low electrical conductivity, forma-
tion of unstable solid electrolyte interphase (SEI) layer, and Li-ion trapping during
the Li intercalation/de-intercalation processes (Fig. 15). As a result, the capacity is
significantly reduced, resulting in poor cyclic stability.

Eguchi et al. [58] fabricated a LIC device based on Si anode and Ac cathode
exhibiting an ED of 183 Wh/kg and a PD of 10 kW/kg with low cyclic stability
of 86.6% for 1000 cycles. The majority of research work is focused on improving
the cyclic stability of the Si anode by buffering its volume expansion. Shao et al.
[59] attempted to improve the performance by encapsulating the Si with carbon
coating. A two-step method comprising “gelation” followed by “carbonization” was
opted to achieve uniform carbon encapsulation on the Si surface (Fig. 16a). The
encapsulation resulted in the formation of an enhanced dual interface with a highly
conductive network, suitable for efficient ionic diffusion (Fig. 16b). Additionally,
carbon encapsulation provided a flexible framework for buffering volume expansion
(Fig. 16¢). As a result, improved electrochemical performance in terms of enhanced
ED (213 Wh/kg), and PD (22.3 kW/kg), and high cyclic stability of 76.3% for
5000 cycles was obtained. Furthermore, a higher volume expansion buffering was
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Fig. 15 The schematic illustrations of the various drawbacks of Siin Li-ion energy storage system.
(Reprinted with copyright permission from Ref. [61])
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Fig. 16 (a) The schematics of the multistep fabrication process of the carbon-encapsulated Si
particles, (b) the schematics depicting the enhanced interfacial bonding between the Si particles
and carbon coating, and (¢, d) the FESEM images of the carbon-encapsulated Si and the GO-
encapsulated Si particles, respectively. (Reprinted with copyright permission from Refs. [59, 60])
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demonstrated by Su et al. [60] by encapsulating boron-doped Si microspheres with
a carbon layer followed by a GO layer (Fig. 16d). Due to such double carbon layer
encapsulation, ultra-high cyclic stability of 74.4% for 10,000 cycles was attained.
The reports based on the use of Si in LICs are very limited, and thus, extensive
studies are needed to achieve further improved performance.

It should be noted that carbon encapsulation on Si is accomplished in two
steps. The two steps are carbon precursor coating and carbonization. In the first
step of carbon precursor coating, organic materials containing carbon compounds
such as polymers, glucose, sucrose, polydopamine, etc. are coated on Si. Then
in the next step (carbonization), the carbon compound-coated Si is heated in an
inert atmosphere (Ar or N) to form a highly electrically conductive carbon layer.
These multiple steps increase the cost and complexity, and hence, developing a
single-step method of carbon encapsulation on Si is essential. The fabrication of
Si material is also an important aspect to be considered. Generally, Si is synthesized
using the “magnesiothermic reduction method” followed by acid etching. In the
“magnesiothermic reduction method,” silicon dioxide (SiO,) is reduced to silicon
(Si) using magnesium powder as the thermal moderator. The magnesium powder is
highly flammable and can cause health hazards. The obtained Si is further purified
by acid etching that involves highly harmful acids such as hydrochloric acid (HCI)
and hydrofluoric acid (HF). Therefore, there is an urgent need to explore and develop
safe methods of fabricating Si material.

Sun et al. [61] suggested some of the following strategies through which the Si
performance could be enhanced (Fig. 17).

(a) Structure Regulation: The precise control of structure can contribute to
improved electrochemical performance. For instance, it is reported that
zero-dimensional (0D) Si nanoparticles with a size less than 150 nm can
accommodate the extreme volume change without breaking the crystal structure
[62]. 1D Si nanostructures such as nanotubes and nanowires can easily counter
volume expansion due to the presence of space between the nanowires’ vertical
growth. Additionally, 1D nanostructures can promote rapid charge transport
and provide numerous electro-active sites. 2D nanosheets provide superior
ionic transport capabilities with sufficient room for volume expansion. It has
been reported that 2D calcium silicide (CaSiy) has emerged as an effective
material for energy storage due to the stacking of alternate layers of Ca and Si.

(b) Interface Modulation: The interface modulation relates to surface coating and
the metal/nonmetal doping approach. The surface coating is usually carbon
coating on Si nanostructures. The carbon coating enhances the electrical,
structural, and mechanical properties of the electrode. Additionally, the carbon
coating prevents direct contact between the electrolyte and active material,
thereby preventing the occurrence of undesirable side reactions. Conductive
polymers and metal oxides can be used for coating Si nanostructures. Sun et
al. [63] demonstrated coating of self-healing polymer that restricted volume
expansion of Si nanostructures. Similarly, Yang et al. [64] also demonstrated
amorphous TiO; coating for restricted volume expansion of Si nanostructures.
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Fig. 17 (a—d): The various strategies used to enhance the performance of Si anode in Li-ion-based
energy storage system. (Reprinted with copyright permission from Ref. [61])

The heteroatom doping has also been found useful in Si nanostructures. It has
been found that Ge doping improves the Si initial coulombic efficiency (ICE)
value by 94% [64]. Additionally, Ge doping expands the Si crystal lattice,
promoting easy transport of Li ions and reducing Li trapping effect [64].

(c) Novel Binders: The function of the binder is to hold the active electrode
components intact. Additionally, the binder should exhibit some characteristics
such as high elastic strength, high electric conductivity, and strong adhesion
[65]. Generally linear and nonlinear binders are used for electrode fabrication.
Sodium carboxymethylcellulose (CMC), guar gum (GG), chitosan, sodium
alginate (SA), polyvinyl alcohol (PVA), and polyacrylic acid (PAA) are com-
monly used linear binders [66—71]. Nonlinear binders include conjugated,
branched, and 3D cross-linked structures [72—74]. Binders with high flexibility
and larger resistance to deflection should be explored. Recently, Choi et al. [75]
fabricated a cross-linked binder by adding 5 wt% polyrotaxane (PR) to a PAA
binder that performed well in the cyclic stability study. Polyelectrolyte binders
promoting high mass loadings and nature polymer binders with abundant edge
groups should be focused on. Research based on developing nontoxic and cost-
effective binders should be of prime interest.
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(d) Electrolyte Additives: The SEI formation on the electrode plays an important
role in influencing electrochemical performance. In the case of Si electrodes,
the large volume expansion results in the breakage of the SEI film, leading
to capacity degradation [76]. As a possible solution to prevent breakage
of SEI, an additive such as fluoroethylene carbonate (FEC) can be mixed
in the electrolyte which enhances the elastic strength and LIF content
in the SEI layer through rapid defluorination and polymerization process
[77]. Some other functional electrolyte additives based on nitrogen, silane,
and multivalent ions have also been used. These additives include N-
acetylcaprolactam (NACA), trans-difluoroethylene carbonate (DFEC), lithium
difluorophosphate (LiDFP), pentafluorophenyl isocyanate (PFPI), lactic acid
O-carboxyanhydride (lacOCA), trifluoropropylene carbonate (TFPC), lithium
difluoro(oxalato)borate (LiFOB), mesylethyl-methyl-pyrrolidinium (MEMP-
DFOB), succinic anhydride, and mixed salt electrolytes (M(TFSDx, M = Mg,
Zn, Al and Ca) [61].

3.4 MXene-Based Electrodes for LIC

In recent years, 2D transition metal carbide-based materials, named “MXenes,” have
attracted significant research attention due to their applications in versatile fields
including energy storage and conversion, catalysis, biomedicine, electromagnetic
shielding, sensors, and membrane systems [78—81]. The MXenes are fabricated by
selective etching of “A” layer atoms from the MAX phase ceramics using HCI and
HF solutions. The “A” layer atoms are group 13 or 14 elements (Al, Si, Ga). The
MXenes are represented by the formula M, 4 1 X, Tx where M is a transition metal
(Cr, Ti, V), X is a carbon (C) and nitrogen (N), n is the integer (between 1 and
4), and Ty is the surface moieties (OH™, O™, F7) [79-82]. The metal carbide inner
layers of MXenes exhibit good electrical conductivity and promote efficient electron
transport, while the surface moieties impart a redox charge storage mechanism.
As a result, MXenes can be effectively used in energy storage systems. The
Ti3C, is the most common MXene employed in energy storage systems due to its
excellent properties such as high electrical conductivity, high hydrophilicity, good
pseudocapacitive charge characteristic, and low Li-ion diffusion barrier (0.07 eV).
However, the low theoretical capacity (320 mAh/g) and the reduced electro-active
surface area due to restacking of TizC> nanosheets result in limited performance in
Li-ion-based energy storage systems [78-83].

So far, attempts have been made to improve the electrochemical performance
of the Ti3C;MXene by restoring the electro-active surface area. This is usually
achieved by preventing the restacking of nanosheets using the ionic intercalation and
composite fabrication approach. Xia et al. [78] enlarged the interplanar lattice dis-
tance from 11.6 A to 11.9 A by intercalating Ti3C; nanosheets with Sn** ions and
forming an in-plane amorphous SiO, layer (Fig. 18a, b). The Sn** ions generated
additional charge storage capacity through alloy reactions and also promoted faster
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Fig. 18 The HRTEM image showing the interplanar lattice distance of the (a) pristine MXene
nanosheets and (b) the Sn** ion-doped MXene nanosheets with in-plane amorphous SiO, layer, (c,
d) the FESEM images of the MXene/RGO and MXene/CNT nanosheets, respectively. (Reprinted
with copyright permission from Refs. [78-80])

Li-ion diffusion between the neighboring TizC, nanosheets. The amorphous SiO»
layer provided numerous resistance-free channels for Li diffusion. The synergistic
effects of Sn*t ions and amorphous SiO, resulted in lowered energy barrier
for Li-ion diffusion and prevented nanosheets restacking, resulting in improved
electrochemical performance. Yi et al. [79] reported improved electrochemical
performance of TizC2/RGO composite for LIC application. The RGO nanosheets
avoided restacking of TizC, nanosheets, thereby restoring the electro-active surface
area (Fig. 18c). Additionally, the RGO improved the electrical conductivity and
provided a larger interplanar space for maximum Li-ion accommodation and
resistance-free diffusion. Likewise, a similar approach was reported for the 3D
Ti3C2/CNT composite by Yang et al. [80] for attaining improved LIC performance
(Fig. 18d). The CNTs avoided the restacking by acting as a spacer between the
Ti3C, nanosheets. Besides avoiding the restacking of Ti3C;, nanosheets, some com-
posites are used to exploit their charge storage mechanism for obtaining additional
improved performance. Yu et al. [81] fabricated SnO,/SnS, @Ti3;C, composite. The
battery-type insertion mechanism of SnO,/SnS; combined with the pseudocapaci-
tive mechanism of TizC; resulted in good electrochemical performance for LIC in
terms of high ED of 145.2 Wh/kg, PD of 11.25 kW/kg, and larger cyclic stability
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Fig. 19 (a) The photo image and (b) the corresponding FESEM image of the MXene aerogel
prepared using the freeze casting method. (Reprinted with copyright permission from Ref. [83])

Table 3 The electrochemical performance of the reported MXene-based composites for LIC
application

Energy Power

density density
Anode (Wh/kg) (kW/kg) Cyclic stability References
MXene/RGO 114 3.12 80% for 5000 cycles [79]
MXene/CNT 201 21 87% for 3500 cycles [80]
MXene/SnO, @SnS, 145.2 11.25 93.6% for 2000 cycles | [81]
MXene/Co304@Zn0O 196.8 3.5 75% for 6000 cycles [82]

(93.6% for 2000 cycles). A further improved performance (ED (196.8 Wh/kg),
PD (3.5 kW/kg), and 75% cyclic stability for 6000 cycles) was reported for
the alloy mechanism-type Co304-ZnO metal-organic framework (MOF) combined
with the pseudocapacitive-type TizCoMXene [82]. Besides ionic intercalation and
composite fabrication, Orangi et al. [83] reported a unique approach for preventing
the restacking of TizC, nanosheets by preparing aerogel using the unidirectional
freeze casting method. As seen in Fig. 19, the fabricated Ti3C, aerogel contained
well-aligned separated nanosheets. As a result, the nanosheet restacking is avoided,
and the electro-active surface area is maintained.

The LIC device performance based on MXene anode is shown in Table 3. Clearly,
MXene has great potential to be developed as an ideal electrode material. However,
more efficient approaches are still required to solve their restacking issues that lead
to reduced electrochemical performance.

3.5 Carbon-Based Electrodes for LIC

Carbon-based electrodes have shown reliable performance in energy storage sys-
tems. Carbon-based electrodes exhibit two types of charge storage mechanisms,
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Fig. 20 The FESEM images of (a) porous graphene, (b) S-doped graphene, and (¢) RGO sponge.
(Reprinted with copyright permission from Refs. [90-92])

that is, insertion or EDLC when used as an anode and a cathode. Till now,
various carbon-based electrodes, namely, graphite, graphene, graphdiyne, CNTs,
and graphitic carbon, have been as electrode materials for LICs [84].

Graphite exhibits a 2D layered structure composed of individual carbon layers
(graphene) stacked together in a hexagonal mesh structure. As the interlayer space
between the graphite sheets (0.335 nm) is greater than Li ions (0.076 nm), it
promotes easy insertion/de-insertion of Li ions with the least resistance [85]. The
high theoretical capacity (372 mAh/g) combined with low Li-insertional potential
(0.1 V) makes graphite an ideal material for Li-ion storage [86]. Usually, graphite
anode has a working potential window of 3 V (1.5-4.5 V); thus, energy density as
high as 100-105 Wh/kg can be attained for LICs [87].

Graphene is a 2D material composed of single atom thick sp> hybridized carbon
atoms arranged in a hexagonal honeycomb lattice [88]. Graphene exhibits intriguing
properties such as high electrical conductivity, high surface area (2630 m?/g),
high electron mobility (200,000 cm? V™! s71), and excellent mechanical strength
with Young’s modulus around 1 TPa [89]. As a result, graphene has been widely
in energy storage systems. However, the face-to-face restacking of graphene
nanosheets results in a reduced surface area, thereby leading to limited electro-
chemical performance. To avoid the restacking issue, pores are generated in their
basal planes (Fig. 20a). The pores act as a spacer and prevent the nanosheets from
restacking. Additionally, the pores increase the surface area for high-density charge
accommodation and promote resistance-free ionic diffusion. Heteroatom doping
has also proved to be useful in enhancing the electrochemical performance of the
graphene electrode. Heteroatoms such as S, N, P, B, and Cl have been doped as they
are found to improve the structural, electrical, chemical, and mechanical properties
of graphene [88]. Recently, Xiao et al. [90] reported S-doped graphene electrode-
based LIC that attained an excellent performance of high ED of 249.9 Wh/kg, PD
of 2.16 KW/kg, and larger cyclic stability of 84.3% for 10,000 cycles. The porous
structure of the S-doped graphene nanosheets results in enhanced Li-ion diffusivity
(Fig. 20b). The S doping improved the electrical conductivity and enhanced the Li-
ion storage of the graphene nanosheets.
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Graphene oxide (GO), recued graphene oxide (RGO), and graphdiyne are
the allotropes of graphene. GO exhibits various oxygen functional groups such
as hydroxyl, epoxy, hydrolysis, carbonyl, and carboxyl groups [88, 91]. These
functional groups are advantageous as they prevent the nanosheets from restacking
and act as active charge storage sites for high charge generation and accommodation.
However, GO exhibits the drawback of low electrical conductivity due to these
functional groups. This drawback is addressed by converting GO into RGO as
it exhibits lower functional groups. The RGO performance can be enhanced by
assembling it into a 3D structured sponge form using the free-drying method
(Fig. 20c). The unique 3D sponge structure provides high surface area electro-
active sites and promotes easy Li-ion transport. The LIC based on a 3D sponge
structure anode delivered a high ED of 231.7 Wh/kg and a PD of 0.57 KW/kg
[92]. To avoid restacking, single-walled carbon nanotubes (SWCNTs) have been
as a spacer between the RGO nanosheets. The LIC fabricated with SWCNTs/RGO
composite electrode exhibited a high ED of 222 Wh/kg at the PD of 0.410 KW/kg
[92]. Graphdiyne exhibits a structure slightly different from graphene. Graphdiyne
has sp.~ and sp? hybridized carbon atoms and exhibits uniformly arranged 18C
cavities [84]. As a result, the graphdiyne can be fabricated in the bulky nonporous
form that is beneficial for obtaining short diffusion pathways for Li ions. The LIC
device fabricated using graphdiyne electrode delivered excellent electrochemical
performance [84].

CNTs are also widely used in energy storage systems. CNTs exhibit better
electrical conductivity than graphene. The 1D structure enables CNTs to form a
self-supported structure that enables the formation of binder-free electrodes [93].
Additionally, the functional groups attached to the CNTs contribute to additional
charge generation and storage [94]. Heteroatom doping (N) also proved beneficial in
enhancing the electrochemical performance of the CNT electrode. N-doped CNTs’
electrode demonstrated an outstanding charge storage capacity of 81 mAh/g at
the ultrahigh current density of 60C (1C = 1 h charge/discharge) [94]. Biomass-
derived carbon (graphitized carbon) has attracted significant attention in recent
years due to its advantages such as cost-effectiveness, environmentally benign, and
easy processability [95-99]. Biomass-derived carbon is fabricated from agricul-
tural products using the carbonization process. Generally, biomass-derived carbon
exhibits a high surface area (>2000 m?/g) and high electrical conductivity that
is suitable for achieving improved electrochemical performance. Biomasses such
as fish skin [95], animal bone [96], teak wood sawdust [97], coffee waste [98],
rice husk [99], etc. have been used in the fabrication of graphitized carbon. The
biomass-derived (fish skin) carbon exhibiting a surface area of 2192 m?/g delivered
a high ED of 106.4 Wh/kg and a PD of 88.8 kW/kg in LIC. A further improved
performance (ED of 184 Wh/kg and PD of 78.1 kW/kg) was reported by Liu et al.
[95] by co-doping oxygen and nitrogen in the biomass-derived (fish skin) carbon.
The co-doping improved electrical conductivity (111 Sm-1), resulting in high charge
storage. Some of the reported performances of the biomass-derived carbon in LICs
are tabulated in Table 4.
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Table 4 The electrochemical performance of biomass-derived carbon for LIC application

Energy Power

density density
Anode (Wh/kg) (kW/kg) Cyclic stability References
Fish skin-derived carbon 184 78.1 70% for 10,000 cycles | [95]
Animal bone-derived 106.4 88.8 88.3% for 8000 cycles | [96]
carbon
Teak wood 111 - 100% for 2000 cycles | [97]
sawdust-derived carbon
Coffee waste-derived 100 9 80% for 3000 cycles [98]
carbon
Rice husk-derived carbon 45 4.3 92% for 2000 cycles [99]

4 Conclusions

This chapter provides a brief outlook on the current status of LICs. Electrode
properties such as charge storage mechanism, electrical conductivity, redox activity,
active surface area, and morphology significantly influence the LIC performance.
Various electrode materials along with their requirements and their electrochemical
performance have been discussed in the chapter. Electrode materials based on
sulfides, oxides, silicon, MXene, and carbon have shown outstanding electrochem-
ical performance. However, no exact electrode material can be claimed to be
an ideal material for LIC applications due to some drawbacks associated with
them. Metal sulfides exhibit high charge storage capacity but exhibit poor cyclic
stability due to high volume expansion and polysulfide diffusion effect. Metal oxides
have high cyclic stability but suffer from lower charge storage capacity. Silicon
exhibits an exceptional charge storage capacity that surpasses most of the reported
electrode materials. However, the high volume expansion (300%) leads to lower
cyclic stability. Electrode materials such as MXene and carbon (graphene, RGO)
suffer from nanosheet restacking issues that result in lower charge storage capacity.
Therefore, there is a great need to conduct extensive work to overcome these
drawbacks for the development of LICs. Additionally, all the reported studies have
been performed in a controlled manner at a lab scale. The mass-scale production
and the practical implementation of LICs in our daily chores need to be studied.
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1 Introduction to Electrochemical Energy Storage

Increased population encourages people to look for alternative energy sources
that are environmentally friendly with minimal pollution and available upon
demand. Electrochemical energy storage includes every kind of secondary battery or
supercapacitors. Electrochemical cells are fabricated with relatively cheap and less
poisonous materials. However, the materials are nonrecyclable, suffer leakages, and
have short life span, low power density values, and fluctuating current values. Their
low energy densities can be increased through carbon incorporation [1]. Although
the electric efficiency of an electrochemical system is above 60%, the power density
has been recorded to be low. Reverse electrochemical oxidation-reduction reactions
aid the conversion of chemical energy in batteries to electric energy. The different
sizes of batteries encourage varying application areas [1]. The various energy
storage processes of supercapacitors or electrochemical capacitors as distinguished
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in Fig. 1 include electric double layer capacitors (EDLCs) and pseudocapacitors,
depending on their energy storage mechanism [2]. Supercapacitors, also called
ultracapacitors are good energy storage devices whose performances are determined
by the combined effort of the electrolyte and electrode used. They exhibit quick
charging and discharging features, long life cycle, high specific capacitance values,
and wide range of operating temperature [3]. The electrodes to be used include
transition metal oxides, carbon-based materials, and conductive polymers, while
the electrolytes could be in ionic, aqueous, or organic form. Electric double
layers formed at the interface between the electrode and electrolyte aid reversible
charge storage in EDLCs. The electrostatic charges are stored by accumulating
at the interface between the electrode and electrolyte. The surface features of the
electrode like size of the pore and surface-to-volume ratio accelerate the charges
and electrolytic ions. Pseudocapacitors are faradic systems of redox reactions that
have high power storage and increased load discharge rates [4—6]. The quick surface
redox reaction and electrode intercalation of ions are mechanisms for storing energy
in EDLCs. Pseudocapacitors have higher energy density and charge storage capacity
than EDLCs. Hybrid supercapacitors possess higher energy density and charge
storage ability owing to the combined features of EDLCs and pseudocapacitors.
Electrochemical energy storage systems (EESSs) are able to positively contribute to
sustainable energy development [7, 8]. The kind of electrochemical storage device to
be used should strongly depend on the energy requirement, fund available, duration
of life span, and safety conditions.

In harnessing electrochemical energy, galvanic/voltaic and electrolytic cells are
used in converting the electrochemical energy [9]. Galvanic/voltaic cells adopt
spontaneous reactions for the conversion of chemical to electrical energy. Elec-
trolytic cells convert electrical to chemical energy. Electrochemical cells enhance
the limitation in emitting greenhouse gases, control of pollutants, management,
conservation, and storage of energy. Energy can be stored electrochemically in
various forms like compressed air, batteries, pumped hydroelectric storage, thermal
energy storage, fly wheels, chemical energy (biofuels), electrical energy (capacitor),
etc. Batteries comprise at least one electrochemical cell connected in series. During
charging, electrical energy obtained from an external source is stored and utilized
in supplying energy to a load during the discharging process. Similar to batteries,
electrochemical energy is usually potential energy in the absence of an applied force
that transforms the energy to kinetic. Different kinds of energy storage systems
include batteries (rechargeable and flow) and fuel cells [10]. Rechargeable batteries
have at least one electrochemical cell connected in series like lithium system,
lead-acid system, etc. The electrical energy (from an external source) stored while
charging is usefully supplied to an external load while discharging energy. Flow
batteries are conventional batteries that require repetitive charging and discharging,
with the energy storage material dissolved in the electrolyte and stored in external
tanks. Fuel cells are electrochemical cells whose energy-supplying reactants are
stored externally and supplied continuously to the electrodes. Fuel cells could be
combined with electrolysers to enhance their energy storage ability [10].
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Fig. 1 Categories of electrochemical capacitors and their charge storage mechanism [2]

2 Mn30y4 as an Electrochemical Energy Storage Material

Manganese oxide (Mn3QOy) is a crystalline material with a spinel structure where the
tetrahedral and octahedral sites are occupied respectively by Mn?* and Mn3* [3].
The hausmannite phase is a very steady phase especially under high temperature
conditions. It can be found naturally in ores, sediments, and soils. The crystal
structure and properties of the Mn3zO4 material in the hausmannite phase are as
seen in Fig. 2. As a transition metal oxide, it has varying oxidation states [11-13],
increased performance property, good catalytic activity, chemically stable nature,
fast mobile carriers, and high charge storage ability that makes it useful as an
electrode in supercapacitive devices [14]. Mn3O4 exhibits unique electrical features,
high theoretical capacity, and stable crystalline phase. It also has available raw
materials and increased specific capacitance value and is environmentally friendly
[15]. The magnetic property of manganese oxide makes it useful for applications in
batteries, adsorbents, catalytic systems, etc.

Setbacks on single Mn3zO4 materials like low electroconductivity and reduced
cyclic stability led to the development of Mn3Oy in its nanoparticle form and other
composite forms. Reduced electroactive sites and low surface area of manganese
oxide account for the large particle size and reduced charge storage capacity
[16]. Mn30Oy in its nanoparticle form exhibits better features optically, electrically,
and magnetically [14]. These nanoparticles have supercapacitive characteristics
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2 @ == b

Fig. 2 Schematic of a unit hausmannite cell of the Mn3Oy4 phase with tetrahedral Mn?* and
octahedral Mn3™ lattice sites

owing to their environmentally friendly nature, high charge storage capacity, and
wide potential window. Nanosheets of Mn3O4 exhibit morphological anisotropy
and unique structural buildup [17]. Materials like graphene, reduced graphene
oxide (rGO), etc., are useful agents in improving the electrical conduction and
stable nature of manganese oxide. The inclusion of rGO to the Mn3O4 material
widens the surface area and flexible nature of the electrode [17]. Energy storage
devices fabricated from the Mn3O4 electrode are usually light in weight and
flexible with high power density. Mn3O4 can be usefully applied as an electrode
material in wastewater management, sensing devices, catalytic systems, batteries,
and supercapacitors [3].

3 Recent Advances in Fabrication Techniques for Mn3O4

Mn3QO4 has different fabrication techniques that usually account for their properties
and increased performance. Some of these techniques include microwave-assisted
combustion method.

3.1 Microwave-Assisted Combustion Method

Microwave-assisted combustion method is a synthesis technique that involves
applying microwave radiation during film preparation by heating the solvents
in contact with a sample. It allows materials to be processed within a short
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time with high purity percentage [14]. The films produced are of good quality
and homogeneity through a simple and convenient process. Manganese oxide
nanoparticles were prepared by mixing manganese nitrate and glycine in a 1:1 ratio,
dissolving in double distilled water, and keeping at 2450 MHz frequency for about
3 min in an oven [14]. Nanoparticles with a tetragonal hausmannite nanoparticle, a
28-nm crystallite size, spongy aggregates, an energy band gap of 1.97 eV, and good
supercapacitive nature were produced. Nanoclusters of Mn3zO4 were dispersed on
rGO via a microwave technique for high-performance supercapacitive use [16]. The
graphite flakes were oxidized by irradiating with microwave for several minutes.
The fabricated electrodes exhibited high specific capacitance and cyclic stability.

Sankar et al. studied the effect of reaction time on the properties of Mn3Og4
nanoparticles synthesized at varying reaction times [18]. Reduced resistance during
charge transport, a high specific capacitance of 135 F/g, and increased charge
retention were obtained. Reduced graphene oxide/Mn3zO4 composites exhibited
a specific capacitance of 344.8 F/g, a power density of 1 kW/kg, improved
cyclic reversibility, and an energy density of 47.8 Wh/kg [19]. Depositing gold
nanoparticles on Mn3Oy4 serves as a useful catalyst for oxidizing carbon oxide at
low temperature [20]. The oxidation reaction occurring in the carbon oxide served
as a model in studying the relationship between the catalyst and sample.

3.2 Thermal Decomposition

Preparing Mn3O4 from manganese (II) glycerolate at varying temperatures yields
nanoparticles of small sizes [21]. Mn3Og4/carbon composites doped with nitrogen
yield a cell voltage of 1.8 V, an energy density of 44.5 Wh/kg, and a power density
of 5.6 kW/kg [22]. Mn3O4 nanoparticles were properly dispersed on graphene
and gave rise to improved catalytic effects and synergy between the materials
[23]. Mn30O4 nanoparticles were prepared with a bid to controlling the size of the
nanoparticle [24]. Yang et al. fabricated MnO/Mn304 nanocomposite tetrahedrons
from the Mn(Il) oleate complex, precipitated using methanol and collected by
centrifugation [25]. These complex urchins as illustrated in Fig. 3 gave rise to
structural pores, wide surface area, and excellent stable and charge storage capacity.

3.3 Hydrothermal Technique

Hydrothermal technique is a method of synthesizing single crystals that depend
on heat application under high pressure while the crystal growth is performed in
an autoclave [26]. It is an efficient, facile, energy-saving, and commercializable
technique of synthesizing films. This method enhances the chemical and physical
features of the material to be deposited. The mechanism of this method is character-
ized by the reactions between the chemical entities in the liquid phase. A one-step
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hydrothermal method assisted by sucrose was used to synthesize MnCO3/Mn30;4
hybrid materials with the hybrid material and active carbon acting respectively as
the positive and the negative electrode [26]. Homogeneous nanooctahedrons were
formed after 12 h at a temperature of 180 °C. Specific current of 1 Ag~! produced
highest specific capacitance of 191 Fg~!, good cyclic stability, and 97.8% retention
of charge after several cycles at 1.5 Ag~! were obtained. The fabricated device
was practically applied as a pseudocapacitor material. Nanoclusters of Mn3Og4
were fabricated with graphene as the hybrid electrode for use in supercapacitor
materials [16]. They obtained a high charge retention of 95%, enhanced surface
characteristics, and a specific capacitance value of 181 F/g at 0.3 A/g current density.
Investigating a Mn3zO4-mesoporous carbon composite produced a better conducting
anode material for charge storage systems [27].

Mn3O4-anchored reduced graphene oxide (rGO) nanocomposites exhibited
strong synergy and better specific capacitance value at 153 F/g at 10 mV/s [28].
The oxidation and electrochemical activation processes gave rise to better stability
and good electrochemical features of the fabricated electrode. Porous Mn3Og4
micro/nanocuboids encapsulated into a carbon matrix yielded 879 mAh/g at a
current density of 100 mA/g [29]. Introducing glucose as a carbon source and
reducing agent to the carbon matrix encouraged particle size control and cyclic
stability. Decorating Mn3O4 nanoparticles with rGO nanosheets produced a specific
capacitance of 457 F/g and increased charge retention in one molar concentration of
sodium sulfate as electrolyte [30]. Annealing microspheres of Mn3O; fabricated on
carbon has produced aggregates of nanoparticles with homogeneous coatings and
a discharge capacity of 913.8 mAhg~!. The homogeneous carbon microsphere
formed is illustrated in Fig. 4. The synthesized electrodes maintained high
cyclic stability, increased electrical conductivity, and enhanced electrochemical
characteristics due to the carbon-shell structure.



Advances in Fabricating Mn3O4 and Its Carbon Composite for Electrochemical. . . 185

2000

r‘ .
31500' y HydrothermaLﬁm“-- Carbanina A g
E - -hmmz q | L30 5
z : ' 8
'S 1000+ MnO@RF Precursor ~ Mn,O,@C _...%
o 60 @
3 A o
o Current density: 1000 mAlg '_E
£ s
2 500 o Charge 40 B
(7] (&}

o Discharge
0 v T v T . L] . T v T v T v T ' 20
0 100 200 300 400 500 600 700 800

Cycle Number

Fig. 4 Plot showing the relationship between specific capacitance and coulombic efficiency versus
cycle number with an inset showing the preparation stages [31]

3.4 Chemical Route

Chemical route deals with simple processes that involve chemical reactions
and methods in film synthesis. The ternary nanocomposite of graphene oxide-
ferrocene/Mn304/PANI was obtained by physically mixing the constituents
as illustrated in Fig. 5 [32]. Morphological and structural studies showed an
aggregated nanofiber with a tetragonal crystal structure. At a current density of
2.5 A/g, a specific capacitance of 233 mAh/g, an energy density of 42.6 Wh/kg,
a power density of 5.56 kW/kg, and 80% charge retention were obtained. The
fabricated electrodes are potentially useful in battery-type supercapacitors. A
sonochemical method was utilized in synthesizing Mn304/MnOOH nanocomposite
for supercapacitive use [33]. The nanocomposite recorded a specific capacitance of
307.8 F/g, long stable cycles, a power density of 7.4 kW/kg, and an energy density
of 10.6 Wh/kg. Introducing Mn30; into activated carbon through a sonochemical
process enhances redox reaction rate, improves precursor permeability, and leads
to uniform distribution of the nanocomposites [34]. The nanostructures exhibited
specific capacitance, energy density, and power density values of 150 F/g, 68 Wh/kg,
and 210 W/kg, respectively.

A successive ionic layer adsorption and reaction method was utilized in synthe-
sizing Mn3QO4 electrodes at different deposition cycles [35]. Homogeneous films
with a maximum specific capacitance of 786.2 F/g, a solution resistance of 3.85 €2,
and cyclic stability over 1000 cycles were obtained. A one-pot chemical method
of synthesizing nanostructures of Mn3O4 yields a specific capacitance of 210 F/g,
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increased conducting power, and wider area available for electrochemical reactions
[36]. An affordable synthesis method was used to prepare nanocomposites of
Mn304 dipped into several electrolytes [37]. The fabricated electrodes exhibited
excellent cyclic feature, a discharge capacity of 1813 mAhg™', and a specific
capacitance of 194.8 Fg~! and served as useful anode materials for use in lithium-
ion batteries. Wang et al. adopted a chemical route involving ultrasonication,
filtration, and hydrolysis stages to produce binder-free Mn3O4/rGO nanosheets [17].
The reduced graphene oxide (rGO) served as an electron conductor, agglomeration
suppressant, and mechanically flexible substrate. Electrochemical studies showed a
specific capacitance value of 409 F/g obtained at 0.5 A/g current density and a cyclic
stability of 92% recorded after 300 cycles. Highly crystalline peaks with an irregular
sheet-like surface homogeneously distributed and with minimal agglomerates were
obtained. The highly performing nature of the fabricated electrode makes it useful
in electronic and energy storage devices.

3.5 Self-Assembly

Self-assembly associates individual elements into highly ordered patterns through
noncovalent interactions. It depends on weak covalent bonds in fabricating various
nanostructures that exhibit unique features. Dubal and Holze adopted a scalable self-
assembly strategy shown in Fig. 6 for fabricating Mn3O4 nanosheets using varying
concentrations of hexamethylenetetramine (HMT) as complexing agent [38]. They
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observed that preparing the nanosheets at lower concentrations of the complexing
agent gave better pore distribution, stable cycles, and improved specific capacitance.

Decorating graphene oxide with Mn3O4 nanocrystals produced electrodes that
are electrochemically stable with improved charge retention, an energy density of
34.1 Wh/kg, a specific capacitance of 225 F/g, and a power density of 251 W/kg
[39]. MnO; was reduced to a a-MnO2/Mn30y4 structure upon dissolution in
NaBH4 and later deposited on a carbon cloth substrate [40]. a-MnO2/Mn304
fabricated on CC was assembled with activated carbon to give higher charge
retention, cyclic stability, reduced agglomeration, and improved energy density.
This structure encourages further development of wearable energy storage systems.
Mn30y4 tetragonal bipyramids deposited on a porous carbon composite as anode
material were homogeneously dispersed and yielded a capacitance value of 279 F/g
at 10 A/g [41]. This design was carried out at a potential of 1.8 V and is illustrated
in Fig. 7. Easily controlled morphology, an energy density of 34.7 Wh/kg, high
capacity retention, and a power density of 450 W/kg were achievable from this
structural buildup.

Hiremath, Cho, and Seo synthesized Mn3O4 nanoclusters over carbon nanotube
threads via self-assembly with acetylacetone acting as a chelating agent [42]. Porous
morphology with better electroactive sites, a specific capacitance of 81.9 F/g, and
better conductive nature were obtained. Liu assembled Mn3zO4 composite fabricated
on graphitic carbon and produced porous nanodandelions with better SO, resistance
and improved conductivity [43]. The sequential buildup involving in the composite
fabrication is illustrated in Fig. 8.
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3.6 Sol-Gel Technique

Sol-gel is a wet chemical method that involves forming an inorganic colloidal
suspension/sol and gelation of the sol in a continuous liquid phase/gel to form



Advances in Fabricating Mn3O4 and Its Carbon Composite for Electrochemical. . . 189

& % A x .
¥ ¢ 5. rwr i o N\ e
" e 2 ¥ 9 ¢y , 1 jensyy 5 S A TR
b e N & B / - ,{ & File H
) ! ¥ W o oon ’ > y ] > R
& S 4 ’ . y
P \ Polyaniline _ # - - [ '!' -
- % S
b ’ ’ [/ y 1
5 | '

Fig. 9 Stages involved in fabricating Mn3O4 nanoparticles on activated carbon using polyaniline
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a three-dimensional gel structure [44]. It is a versatile and simple technique that
produces materials that are chemically, mechanically, and thermally stable. A sol-
gel reduction process was adopted to prepare a Mn3O4/rGO hybrid composite in
1 M of potassium hydroxide as electrolyte [45]. A specific capacitance of 427 F/g
with an enhanced electrochemical feature was obtained. Incorporating Mn3O4 into
nitrogen-doped porous carbon fibers is a good step toward enhancing the electro-
chemical performance of charge storage electrodes [46]. The electrodes exhibited
cyclic stability, minimal electrode degradation, improved electrical conductivity,
and environmentally compatible. Nanocomposite of (a-Mn3zO4/MnO) fabricated
on rGO produced a specific capacitance value of approximately 237 F/g and an
energy density of 10.8 Wh/kg. The electrochemical properties of CPAC/Mn304
yielded a specific capacitance of 277 F/g at a calcine temperature of 500 °C for 3 h
[47]. Mn30O4 nanoparticles were coupled on activated carbon using polyaniline as a
conductive bridge as illustrated in Fig. 9 [15]. The electrode exhibited wide area of
surface, ion mobility, and an enhanced specific capacitance value of 352 F/g. Good
stability after 10* cycles, 90% charge retention, an energy density of 33.8 Wh/kg,
and a power density of 152 W/kg were obtained at 0.5 A/g.

4 Conclusions

This chapter has successfully discussed recent advancements in fabricating Mn3O4
electrodes and their carbon composites for electrochemical energy storage devices.
This chapter encompasses an overview of electrochemical energy storage systems,
supercapacitors, and Mn3O,. Recent advancements in synthesis methods for Mn3zO4
fabrication have been discussed with their results pointed out. Some of the
synthesis methods include microwave-assisted combustion, thermal decomposition,
hydrothermal technique, chemical route method, and sol-gel methods. The Mn3Oy4
electrodes find useful application in energy storage systems.
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1 Introduction

Inevitable advancement of technologies has created huge energy demand. In this
situation, energy storage system is required to mitigate the energy crisis. Till now,
rechargeable lithium-ion batteries are commercially available for storing energy. At
first, it is obvious to know the function of secondary lithium-ion batteries (LIBs).
In a rechargeable lithium-ion battery, lithium ions (Li*) drift from the negative
electrode called the anode to the opposite electrode known as the cathode during
discharge and return to the anode during charging. Carbonaceous material, e.g.,
graphite, is used as anode, and metal oxides like lithium cobalt oxide (LiCoO>)
and iron phosphate (LiFePO4) are used as cathode. And of course, electrolyte
is required to transport lithium ions. The types of lithium-ion battery differ in
chemistry, functionality, price, and reliability. Lithium-ion batteries, particularly
non-rechargeable batteries (which are removable), use an interpenetrating lithium
compound as the electrode material rather than metallic lithium [1]. Scheme 1 shows
the charge-discharge function of a Li-ion battery. The reaction mechanism in an LIB
consisting of graphite anode and LiCoO; cathode is as follows:
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In home appliances, lithium-ion batteries are widely used. If not used, they have
one of the best power generation ratios, a robust open circuit, a reduced self-rate,
a negligible memory effect, and a slow drop of charge. They are among the most
prominent examples of rechargeable batteries for smartphones, laptops, and tablets.
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Because of their high energy density, LIBs are being used more and more frequently
in space applications, electric vehicles, and the military [2].

In 1970, M. S. Whittingham of Binghamton University proposed lithium-ion
batteries as an energy storage system. Lithium metal is utilized as the anode and
titanium disulfide (TiS;) as the cathode in Whittingham’s model. At the point when
they disclosed the unhindered insertion of lithium into graphite in a designated
lithium cell in 1980, Yazami et al. [3] first developed a functional graphite anode
to take the role of lithium metal batteries. Therefore, graphite has become an
ideal anode for rechargeable lithium-ion batteries. In 1991, Sony launched the
first ever commercial announcement of a lithium-ion battery, replacing cathode
research by a group under the direction of John B. Goodenough. Their cells used
layered oxide chemistry, particularly layered lithium cobalt oxide (LiCoO;). Using
manganese-based spinel structured compound as a cathode material, Dr. Michael
Thackeray, John B. Goodenough, and colleagues first reported it in 1983. Spinel
holds a lot of potential because of its low price, strong electronic and Lit*-ion
conductivity, and 3D geometry, which ensures dimensional support. While cycling
degrades pure manganese spinel, this can be addressed by chemically altering
the material. Industrial cells currently have been using a manganese spinel [4].
Nobel laureate John B. Goodenough showed in 1989 that the inductive effect
of polyanions, such as sulfates, causes cathodes to produce higher voltages than
oxides. However, in 1996, John B. Goodenough, Akshaya Padhi, and colleagues
discovered highly stable lithium cobalt oxide and other phospho-olivines (lithium
metal phosphates with an olivine structure) used as cathodes. Yet-Ming Chiang and
his team at MIT demonstrated in 2002 that increasing the conductivity of lithium
batteries by treating them with aluminum, niobium, and zirconium boosted their
performance significantly [5]. The exact process that induced the rise became a
point of disputation. A further improvement in quality was made by Chiang et al.
in 2004 by utilizing iron phosphate particles with a diameter of less than 100 nm
[6]. This resulted in a nearly 100-fold reduction in particle density, a rise in cathode
surface area, and enhanced performance and effectiveness [7]. The anode, cathode,
and electrolyte are three fundamental center parts of a lithium-particle battery. In a
standard lithium-ion cell, the cathode is a metal oxide, the anode is carbon, and the
electrolyte is lithium salt in an organic solvent. In the industry, graphite is the most
often utilized anode material. A layered lithium cobalt oxide, an olivine structured
polyanion (such as lithium iron phosphate, LiFePOy), or spinel lithium manganese
oxide (LiMn;Qy4) is the most common cathode material [8].

There have been increasing efforts to improve advanced batteries in rechargeable
hybrid, plug-in hybrid, and battery-operated vehicles in the latest days. Li*-ion
batteries, which use a lithium metal oxide as the cathode and a carbon substance
as the anode, have sparked the most fascination. However, the Li-ion battery
cannot provide a sufficiently long driving range for pure electrically powered
vehicles due to Li*-ion intercalation materials (PEVs). To compete with gasoline-
powered cars, next-generation alternative fuels require improved batteries with
higher energy density and lower cost [9-11]. The conversion-type cathode materials,
which have more than threefold the energy density of the LiT-ion intercalation
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Fig. 1 An illustration of an Li-S battery. (Reproduced with the permission from Ref. [17].
Copyright © 2019, Elsevier)

cathode materials, might theoretically fulfill these criteria. Lithium-sulfur (Li-S)
batteries are a good candidate for reaching high energy density. They have recently
received considerable attention because of their high theoretical energy density of
around 2600 W h/kg [12, 13]. The sulfur cathode is made up of elemental sulfur, a
conducting agent, and a binder that is deposited on an aluminum current collector.
A separator immersed in an organic electrolyte separates the cathode from the Li
anode. Figure 1 depicts the function of a conventional Li-S battery. Li metal acts as
an anode and Sg acts as cathode and lithium-sulfur complex is used as electrolytes.
While discharging, oxidation of Li happened, and it releases an electron [14]. The
produced LiT-ion eventually migrated to the cathode side where sulfur hosts lithium
ion by forming lithium sulfide (Li»S) [15]. That means each sulfur can host two
sulfurs, whereas only 0.5-0.7 mole of Li can be hosted in LIB. Actually, it is
going through some complex reactions, such as it may form intermediate products,
namely, Li»Sg, Li»Sg, LiaS4, etc. [16]. And Sg regain at cathode and Li metal
deposits at anode side upon charging.

Although Li-S batteries have some advantages over Li-ion batteries, the porous
hybrid structured materials for Li-ion and Li-S batteries have shown some promising
possibilities for improving battery life cycle stability and performance (Scheme 2).

The preceding discussions obviously say the importance of improving electrode
materials for high energy next-generation batteries. Since porous hybrid materials
have tremendous applications in batteries, this chapter will focus on the hierarchical
electrode materials for Li-ion and Li-S batteries.
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Scheme 2 Application of porous hybrid structures for Li-ion and Li-S batteries

2 Potential Application of Porous Morphology
in Lithium-Ion and Lithium-Sulfur Batteries

Recently, lithium-ion batteries have long been used as the major source of power
for various transportable high-tech devices. Yet the productivity of intercalation-
type electrode materials for Li-ion batteries has hit its optimum. As a result,
high-capacity conversion reaction-type energy storage systems, such as sulfur (Li-
S batteries) and oxygen (Li-ion batteries), have received a lot of attention [4, 18,
19]. In addition, aqueous rechargeable batteries, which are moderate and reliable,
are also attractive prospects for massive electrical energy storage systems. As the
primary ingredient of any electrochemical energy storage unit, electrode materials
are crucial to ensuring high energy densities. Therefore, researchers have developed
and consolidated one-dimensional (1D) (nanoribbons, nanotubes, and nanowires),
two-dimensional (2D) (nanoplates, nanosheets, and nanomembranes), and three-
dimensional (3D) architectures into electrode materials throughout the last two
decades to build strong electrode materials. However, even though solid 1D and 2D
electrode materials with improved charge routes have also been demonstrated [20,
21], they nevertheless struggle to cope with aggregation, hindering facile electrolyte
penetration and accelerated electrochemical reaction kinetics. For this purpose, one
of the most effective techniques for resolving the issues mentioned above is to
build 3D structural arrangements with highly porous channels. Furthermore, the
electrode materials will then be compressed during the functional manufacturing
of electrodes for application in consumer batteries and supercapacitors, producing
irregular 3D structures. Electrolyte transfer and ion diffusion will benefit from
these 3D structures in commercial bulk electrodes. Compressed architecture of 3D
materials throughout advanced manufacturing produces double 3D structures in
electrodes, allowing for better electrolyte transit and ion diffusion.
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The 3D ordered porous (3DOP) structure is one of the most preferred 3D
architectures for building high-performance electrode materials in electrochemical
device systems. Colloidal crystal synthesizing methodologies are commonly used
to create 3DOP materials. Here is the importance of porous materials for electrode
materials [20-28].

» Pores allow the electrolyte to reach the electrode surface easily.

* Because a porous material’s surface area is significantly larger, electron transfer
across the electrode/electrolyte contact is enhanced.

* The active material walls near the pores can be skinny (nanometers to tens of
nanometers), lowering ion diffusion travel time.

e The minimum feature size distribution allows for improved active material
efficiency (needed in larger volume, profound cycling), allowing for better
specific capacities, particularly at higher charge/discharge rates.

¢ In a permeable electrode, the partitions and apertures can sometimes be bicon-
tinuous, enabling efficient transfer channels via the initial stage (walls) and the
electrolyte phase (permeability) (pores).

* While porosity usually diminishes an electrode’s capacity per unit volume (volu-
metric capacity), a few samples of porous electrodes have been demonstrated to
have higher volumetric capacity than crammed nanoparticles.

* Porous solids have nanoscale characteristics accessible inside a more extensive
material that can be managed and manipulated relatively simply than individual
nanoparticles.

* Sometimes, the active phase can be held together with little or no adhesive.

3 Hybrid Materials

Nature-derived hybrid material has persisted for long periods. Nature created
complex hybrid organic-inorganic materials with extraordinary mechanical perfor-
mance and structural qualities [29]. Bone and large skeletons are natural types
of combination organic-inorganic compounds. Hybrid materials are made up of
organic and inorganic components that vary in size from a few nanometers to tens of
nanometers [30]. In addition, the characteristics of organic and inorganic materials
differ. Therefore, the possibilities for blending organic and inorganic components to
create hybrid composites are endless [31]. As a result, a new combination can result
in a new hybrid material.

Organic materials are recoverable, less expensive, more environmentally
friendly, and simple to process [32]. On the other hand, inorganic materials excel in
terms of dielectric constant, thermal properties, and charge mobility [33]. Mollusk
shells, crustaceans, and bones, including human bones, are products of different
organic-inorganic materials [34]. Since the dawn of time, artificial hybrid materials
have been developed. Maya blue, an intercalated organic pigment found in clay
minerals, shows that mixed material was used in the past [35].
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On a molecular level, hybrid materials are defined as combining different com-
ponents. Furthermore, hybrid materials are commonly referred to as parts produced
in place. According to the International Union of Pure and Applied Chemistry
(IUPAC), hybrid materials are structures composed of a variety of inorganic and
organic components or a mixture of both. Structure adaptability, manufacturing
ease, semiconducting potential, changeable electrical characteristics, photocatalytic
activity, and effective luminescence are all advantages of organic materials [36, 37].
On the other hand, the inorganic substance exhibits thermomechanical durability
and magnetic and electric properties [38]. Hybrid material systems are classified into
two types: homogeneous and heterogeneous. The probable molecular interaction
among organic and inorganic type materials provides a complete overview of hybrid
materials [39]. Hybrid materials are very often divided into two classes: class A
and class B (class A: van der Waals and hydrogen bonding are examples of weak
molecular contacts; class B: covalent, ionic, noncovalent, and coordinate bonding
are examples of strong molecular interactions). Hybrid materials still present many
opportunities and challenges; thus, research and development are always underway.
However, it usually depends on synthetic procedures. In addition, heterostructures
have fascinating and vital features for functional material applications such as
photo-sensing devices, semiconductor materials, and supercapacitors. Rechargeable
batteries have gotten a lot of consideration over the last few spans because of their
high efficiency, cheapness, and low toxicity. Preparing improved active materials
is a crucial technology for improving electrocatalytic battery activity. The idea of
building hybrid materials for electrode materials has been deemed a viable system
strategy in recent years. Several effective synthesis techniques are available for
fabricating different types of hybrid materials such as chemical vapor depositions,
chemical doping, and carbonization [40, 41]. The application of hybrid materials in
energy storage devices will be discussed in this chapter.

3.1 Porous Hybrid Materials for Li-Ion Batteries

The electrochemical energy storage (EES) area faces enormous prospects and
problems as a result of the fast-paced economic development and increased
environmental responsibility. Rechargeable batteries, in particular, have received
much interest in recent years owing to their benefits such as high power density,
low price, and environmentally friendly nature. Nonetheless, the ever-increasing
expectations for better electrochemical properties and durability have created many
problems for them. The electrode material, which comprises cathodes and anodes,
mostly determines how well batteries work [42]. Through the numerous methods
of synthesis and recent innovative advancements, such as insulating conductive
materials [43], doping heteroatoms [44], developing particular morphological fea-
ture nanostructures [45], hollow constructions [46], core-shell frameworks [47],
and frameworks [48], scientists have developed significant effort to manufacture
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(Reproduced with permission from Ref. [45]. Copyright © 2015, American Chemical Society)

superior electrode materials. For example, Li and his group have developed a
method for hybrid porous Li-ion battery as illustrated in Scheme 3.

As a result, building heterostructures made up of two or more separate compo-
nents has only recently become famous and widely explored, mainly since they can
combine the benefits of individual elements or even provide additional activities to
enhance their properties further [49, 50]. This section will give recent advancement
in electrode materials (anode and cathode) for improving the energy density and
cyclic life of Lithium-ion batteries. Yin et al. [51], for example, demonstrated
that porous TiO,/C nanocomposite shells maintained good capacity, cycle stability,
and rate performance. The cross-linked resorcinol-formaldehyde (RF) polymer
correlates to the shells’ excellent morphological strength and porous character (Fig.
2). In addition, a strong relationship between capability and the proportion of carbon
inserted has been established, letting the electrode configuration be tailored for
increased cell performance.

The structural stability of porous TiO,/C nanoshells can be related to their solid
accommodation to bulk or stress fluctuations during lithium insertion-extraction,
which explains their improved cycling performance. Porous TiO,/C nanoshells
outperform several other TiO, hollow or porous nanostructures, even those with
carbon coatings, in terms of performance [51]. Similar to the bulk counterpart,
Chen et al. [45] revealed that the LiNij;3Co1/3Mny;30, cathode material exhibits
significantly improved electrochemical performances with larger capacity, superior
cycling stability, and considerable rate capability. They prepared hierarchal cathodes
by using spherical Cag2Cop4MnCO3 with a uniform diameter of 1.5 wm (Fig. 3a,
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Fig. 2 TEM images of amorphous TiO,/RF nanoshells with varying RF layer thicknesses were
produced using (a) 100 mg resorcinol and 140 pL formaldehyde as precursors, (b) 250 mg
resorcinol and 350 L formaldehyde as precursors, and (c¢) two cycles of the RF coating technique.
The RF layers have been identified in the insets for clarity. Inset scale bar: 200 nm. (Reproduced
with permission from [51]. Copyright © 2013, American Chemical Society)

b) and CoMnOs3 template (Fig. 3c, d). Porous LiNij;3Co1,3Mn;;30, microsphere
with 25 nm width confirm by SEM analysis (Fig. 3e). As shown in Fig. 4, highly
porous LiNij;3Co13Mn30, has a high discharge capacity of 159.6 mAh g’1 at
0.2 C, with 98.7% charge-discharge repetitions after 75 cycles and 90% after 100
cycles while running the cell at 1 C. The cathodes with a large surface area of 51.77
m’g~! help to reach such a high capacity and long cycle life.

Though at a high current rate of 5 C applied, a high discharge capacity of
135.5 mAh g~ ! is attained. The nano etching-template technique is used to increase
the structural stability of the cathode materials for archiving long cycles and large
capacity. Figure 4a, b shows galvanostatic charge/discharge profile of hierarchical
LiNi;3Co13Mn;307 at 0.1 Crate (1C =150 mA g’l) within 2.8 and 4.3 V to show
electrochemical efficiency at high current rates. Around 3.8 V is the middle of the
charge and discharge curves’ peaks. The voltage decline is relatively gradual until
the abrupt fall at roughly 3.5 V in the discharge curves, ensuring excellent energy
density. Long charge and discharge curve platforms, on the other hand, are helpful
for electrode durability in reality. Similar capacity is retained even after 50 cycles.

The traces of the 25 cycles are nearly identical. After 50 cycles, a slight capacity
loss of 3% is noticed. The more extensive the voltage range, the more noticeable
the capacity/voltage decaying becomes. Transition metal ion dissolution, crystal
disintegration, and electrolyte decomposition may occur at high voltage, resulting
in substantial performance degradation. Figure 4c, d depicts that the discharge
capacities of p-NCM are 159.6 mAh g~! at 0.2 C after 75 cycles and 133.2 mAh
g~ at 1 C after 100 cycles. b-NCM, on the other hand, yields only 139.8 mAh
g~ ! at 0.2 C following 75 cycles and 112.8 mAh g~! at 1 C following 100 cycles.
Although both have a high coulombic efficiency of between 97% and 99%, p-NCM
provides greater electrical power under such conditions. The lower slopes of p-NCM
discharge capacity curves, on the other hand, imply superior cycling stability as
contrasted to b-NCM [45]. Xia et al. [52] have demonstrated hierarchical macro-
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Fig. 3 SEM images of Cap>Mng 4Cop4CO3 microsphere precursors (a, b) and porous CoMnO3
microspheres (¢, d) after a 5-h calcination at 600 °C; SEM images of a single bulk
LiNij/3Coy/3Mn302 microsphere (e) and a porous nanomicro hierarchical LiNij3Co13Mn;302
microsphere (f). (Reproduced with permission from Ref. [45]. Copyright © 2015, American
Chemical Society)

/mesoporous silicon with tunable pore size and wall thickness was suitable for stress
management and durable for capacity retention (Scheme 4).

Here, they treated the silicon with hydrochloric (HCl) and hydrofluoric acid
(HF) to improve the mechanical stability and electrochemical performance of the
silicon anode. Figure 5 shows the mesoporous silicon obtained by etching with
HF at different times. HF-4h treated highly porous materials with pore size of
387 nm with a thickness of 37 nm exhibits a high capacity retention of 72.9%. Thus,
the cyclability enhanced tremendously by controlling the porosity of the electrode
materials.

Manthiram et al. developed a new alloying nanostructured composite foil (NCF)
framework for high-capacity anode materials in lithium-ion batteries [53]. The
model Sn/Cu NCF system has a volumetric capability range of 1000-1720 mAh
cm ™3, which translates to a predicted 20-50% improvement in cell-level volumetric
energy density. The first electrochemical cycle was linked to an excellent formation
phase (88.92%) that dramatically enhanced transport kinetics, resulting in rapid
lithiation (>8 mA cm™2) in future cycles. Since both systems showed identical
generation efficiency at this utilization, the cycling performance of the pewter and
composite materials was assessed in the capacity-limited regime to understand the
consequences of the copper matrix on lengthy cyclic stability (Fig. 6). Pewter had
a forming efficiency of 78% during the first cycle, whereas the composite material
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Fig. 4 Charge/discharge curves of hierarchical LiNij;3Co13Mny;30, at 0.1 C and voltages
ranging from 2.8 to 4.3 V (a) and 2.5 to 4.6 V (b). At 0.2 C (¢) and 1 C, the cycle performances
of hierarchical (p-NCM) and bulk (b-NCM) LiNi;;3Co1,3Mn;;30, microsphere electrodes were
compared (d). (Reproduced with permission from Ref. [45]. Copyright © 2015, American
Chemical Society)

had an efficiency of 82%. The composite retrieved a small amount of lithium during
the second cycle, bringing the overall formation efficiency to 88%.

While the trapped capacity of the pewter material improved slightly with time,
it never reached the same level of accessible lithium as the composite. In the first
cycle, the composite’s polarization was higher than the unreinforced pewter foil,
but in the following cycles, it was equivalent. In addition, the pewter system showed
substantial voltage fluctuations after the early recovery phase, and the charge storage
capacity was quickly depleted [53]. The first investigation on a 3D boron topological
metal utilized as a Li or Na anode material was published by Sun et al. [54]. They
observed 3D topological metal H-boron consisting of a B4 cluster has a relatively
low density (0.91 g cm™?) with numerous adsorbent surfaces for Li and Na ions due
to the electron-deficient characteristic of boron, resulting in an ultrahigh specific
capacity of 930 mAh g~!. The fast charge-discharge of a battery system depends
on the diffusion pathway of metal ions through electrode materials. Figure 7a, b
represents the diffusion pathway of Li and Na ions in 3D B4 cluster materials. For
the Li-ion-based system, the activation energies are 0.15 eV and 0.42 eV for P1
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Fig. 5 TEM images of porous silicon samples. (a) HCl-4h, (b) HF-4h, (c¢) HCI-8h, (d) HF-8h,
(e) HCI-16h, and (f) HF-16h (the arrows point out the interconnected part between the adjacent
spheres). (Reproduced with permission from Ref. [52]. Copyright © 2020, American Chemical
Society)

and P2 pathways, respectively. Since reaction kinetic is mainly based on activation
energy, the P1 pathway for Li is more favorable. In the case of a Na-ion-based
system, the activation energy for P1 is 0.22 eV, which is comparable to graphite
(Fig. 7c, d). Thus, metal ion diffusion mostly depends on the thermal energy and
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Fig. 6 (a) Long-term cycling stability of NCF anodes cycled at a rate of C/3. (b) Evolution of
the voltage profiles for the composite foil anode. (¢) Evolution of voltage profiles for the pewter
foil anode. (d) Comparison of the LFP full cell with LLI cycling in a half-cell. (e) Evolution of
voltage profiles during cycling of the full cell. (f) Evolution of differential capacity plots for the
LFP full cell during cycling. Capacities and currents are normalized to the weight of the entire foil
electrode. (Reproduced with permission from Ref. [53]. Copyright © 2022, American Chemical
Society)

can be calculated by the following equation:

E,
D = Aexp (— KbT> (®)]

Here, D is for diffusivity, A represents the Arrhenius constant, E, is for activation
energy, Ky is a Boltzmann constant, and 7 is the temperature of the system.
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These fascinating properties show that B-based 3D topological quantum porous
materials are deserving of future investigation as battery materials [54]. Gallei et
al. [55] found porous mixed-metal oxide Li-ion battery electrodes with a specific
capacity of 335 mAh g~! at a rate of 10 mA g~ !.

Highly controlled 2D porous and hybrid materials with different morphology
can be prepared through various synthetic ways. From the preceding discussion, it
is to be noted that the hybrid materials open up a new possibility to develop highly
efficient electrodes for Li/Na/K/Al/Zn ion batteries.

3.2 Porous Hybrid Materials for Li-S batteries

Lithium-sulfur (Li-S) batteries promise to surpass the storage drawbacks of current
LIBs. However, they continue to face challenges that impede cyclic stability and
efficiency. First, sulfur (5 x 10739 S.c~! at 25 °C) insulating properties result
in low consumption and rate capability [4, 45, 56]. Furthermore, the polysulfides
formed throughout cycling are converted to LiS; and Li»S, dramatically lowering
the electrode kinetics and cycling capacities [7], Second, the polysulfides generated
during cycling disintegrate quickly in the carbon-based electrolyte, where they
have high ionic mobility. The electrochemical use of sulfur in Li-S batteries is
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all impacted by the dissipation of dissolved polysulfide anions into the spacer
to the anode, where they interact with the lithium metal to form complexes.
As a result, there is a sulfur deficit at the positive electrode, the lithium metal
rusts, and the battery self-discharges [15]. A shuttle effect will occur from such
disintegration and permeability. At the sulfur electrode, elemental sulfur is broken
down to form soluble highly ordered polysulfides, resulting in a concentration
gradient within the cell. The diffusion of well-ordered polysulfides toward the
anode is detected containing large amounts of high-order polysulfides at the positive
electrode, allowing the ordered polysulfides to react with the lithium anode to
create low-order polysulfides. As a result, the anode of the cell produces a high
concentration of low-order polysulfides, which migrate down to the cathode and are
oxidized back to high-order polysulfides. The “polysulfide shuttle” [57] refers to
the phenomenon of polysulfide diffusion back and forth between the two electrodes.
Due to this shuttle phenomenon, coulombic efficiency will be exceedingly low, and
capacity will disappear fast [15]. Another critical issue is caused by the dissolving
of the polysulfides in the extreme auto-discharge seen in Li-S systems. Sulfur-
based species may travel to the anode side and be transformed into polysulfides,
lowering the potential window and Li-ion storage capacity. Last but not least, the
substantial volume/morphology change of the S electrode throughout cycling is
another major impediment to massive Li-S battery development. The poor cycle life
of Li-S batteries will result from the degradation of electrode surface morphology or
decoration caused by volume expansion/contraction (76%) and altered morphology
of the S electrode material throughout cycling, as the volume expansion of the
electro-active material could perhaps impact the electrical interconnection of the
carbon host there at the cathode [15]. Moreover, hybrid materials like a combination
of carbon and sulfur retain structure, enhance the electron transfer, and increase the
surface area [58].

To increase the adsorption of polysulfide species, researchers have developed
a number of strategies. These strategies include embedding sulfur in porous and
hollow-muffled carbon [53], limiting and controlling the polysulfide shuttle using
interlayers [54], fabricating sulfur electrodes with conductive carbon and polymers
[55], and modifying the carbon hosts with metal oxides (e.g., TiO>, MnO;, ZnO).
For example, Hailiang Wang and his group [59] have shown this method for
preparing porous hybrid structure for Li-S battery as shown in Scheme 5.

Wang et al. [59] demonstrated that a ternary hybrid material structure containing
(CNT) and NiFe;04S had comparatively high specific capacity, rate capability, and
cycling stability, as well as an exceptionally high coulombic efficiency (Fig. 8). At
low rates of 0.1 and 1 C, alterable specific capacities of 1350 and 900 mAh g~! are
attained, with a remarkable cycling stability of 0.009% capacity deterioration for
each cycle over more than 500 cycles. Figure 8a depicts the typical charging and
discharging voltage trends. At 0.1 C, the cell had a high reversible specific capacity
of 1350 mAh g~! (reached full theoretical capacity in 10 h). The rise in polarization
that followed the increase in the charging/discharging rate (Fig. 8a) demonstrates
the high efficiency of the electrode material’s kinetics. At varying current densities
of 0.1, 0.2, 0.5, 1, and 2 C, reversible specific capacities were 1350, 1200, 1050,
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Scheme 5 Schematic of the preparation process for C-HPCM/S composites. (Reproduced with
permission from Ref. [59].Copyright © 2015, American Chemical Society)

900, and 700 mAh g~!, respectively. Fig. 8b depicts the battery’s electrochemical
performance over the first 100 cycles. The reversible capacity of the Li-S battery
maintained at 1350 mAh g~! after a minor capacity degradation during the first
three cycles at 0.1 C and thereafter demonstrated firm capacity retention through
each charging/discharging rate up to 2 C with coulombic efficiency nearly 100%
(Fig. 8b). Another cell with a CNT/NiFe;O4-S hybrid as the working electrode was
energized at 0.2 and 0.5 C for 30 cycles before cycling at 1 C for 500 cycles to
examine the long-term cyclability of this ternary material (Fig. 8c).

The same cell was cycled at 2 C for another 150 cycles after more than 500 cycles
at 1 C. Figure 8d shows a reversible capacity of 690 mAh g~!, with 98.1% retention
after 150 cycles, equivalent to a low capacity loss of 0.013% per cycle. The shape
of the CNT/NiFe,04S material was retained after this prolonged cycling test [59].
It is demonstrated that a three-dimensionally (3D) hierarchical Ni/Ni3S,/S cathode
with high electronic conductivity and robust polysulfide adsorption capability could
mitigate the shuttle effect and provide a desirable electrochemical environment with
reduced interfacial resistance, enabling the redox kinetics of anchored polysulfides.
As a result, the Ni/Ni3S,/S cathode produced with a sulfur dosage of 4.0 mg
ecm~2 exhibited good electrochemical properties. Cheng et al. [60] showed that
CeF3-doped porous carbon nanofibers have good electrochemical characteristics
and stable capacity retention, with an initial discharge capacity of 1395.0 mAh g~!
and a capacity retention of 901.2 mAh g~! after 500 cycles at 0.5 C. The discharge
capacity of the Li-S battery with the electrode slowed right down during the rate
capability testing of the battery, from 1284.6 mAh g~! at 0.5 C to 1038.6 mAh
gl at 1 Cto 8193 mAh g~! at 2 C, respectively. When the current density
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Fig. 8 Electrochemical performance of Li-S batteries using the CNT/NiFeyO4-S ternary
hybrid material as the cathode. (a) Representative charging/discharging voltage profiles of the
CNT/NiFe;04-S ternary hybrid at various C rates from 0.1 to 2 C. Specific capacity values were
calculated on the basis of the mass of sulfur. (b) Rate performance of CNT/NiFe;04-S with
corresponding coulombic efficiency. (¢) Long-term cycling stability test showing unprecedentedly
high capacity retention with excellent coulombic efficiency over 500 cycles at 1 C. (d) Continued
cycling performance of the CNT/NiFe,O-S electrode (the same cell as for C) over 150 cycles at
2 C. (Reproduced with permission from Ref. [59]. Copyright © 2015, American Chemical Society)

recovers to 0.5 C, the battery may still provide a tremendous discharge capacity
of 1269.73 mAh g~! with a high retention of 99.2%. In addition, the hierarchically
porous carbon composites were an excellent host matrix for sulfur encapsulation,
increasing sulfur use and preventing polysulfide dissolution in lithium-sulfur battery
electrolytes. Moreover, doping of heteroatom like addition of nitrogen/phosphorus
atom or nitrogen-MXene in C-S can play a pivotal role to improve the conductivity
by increasing surface area and thereby bring the sulfur close to carbon [61-63].
Another interesting material, namely, sulfurized polyacrylonitrile, with various
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heteroatoms like nitrogen, oxygen, and phosphorus, is used as a hybrid material
for developing high-performance Li-S battery [64—66]. Since hybrid materials
offer high conductivity, more active sites with a sufficient surface area, adsorption
capacity, and structural stability, they can be advantageous for high performance
Li-S batteries. In addition, the hybrid materials can be useful in other metal-sulfur
batteries.

4 Conclusion

In conclusion, hybrid porous materials and nanocomposites are frequently used as
electrode materials in various energy sources. Hybrid porous materials with material
characteristics are beneficial. These characteristics enable us to overcome issues
connected to material restructuring during electrochemical processes, enhance
electrochemical performance, and implement them in more demanding energy
applications by using them. Natural-source materials are particularly appealing, but
their permeability is constrained, and researchers are indeed working to improve
them.

Many academic and industrial research groups are actively interested in lithium-
ion batteries. They are currently most commonly employed as energy sources in
portable electrical gadgets, but as they grow, it is projected that the range of their
uses will increase, including electric vehicles, autonomous devices, and much more.
Nonetheless, many aspects of the cells necessitate the resolution of numerous
issues, and the area thus offers a diverse range of research and development
options for such technologies. Progress in it, though, frequently necessitates inter-
disciplinary abilities in physics, materials engineering, supercapacitors, chemical
engineering, computer simulations, and other fields. Nonetheless, the materials
indicated previously offer solutions for the manufacture of high-power lithium-ion
cell batteries. Many factors, such as temperature, electrolyte type, and others, can
alter the structural development of a Li-ion battery, affecting charging/discharging
capacity and cycle stability. Hybrid materials have achieved extensive use in several
energy sources as electrode materials. Porous mixed materials with functional
properties are beneficial. These materials allow you to overcome issues connected to
material structure changes during electrochemical processes, boost electrochemical
efficiency, and employ them in more demanding power generation. Natural-source
materials attract attention, but their conductivity is restricted, and researchers are
still working to improve them. Similar to Li-ion batteries, porous hybrid materials
for Li-S batteries have significantly impacted specific capacity and cyclic stability.
However, this research is still in the developing phase.
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Electrode Materials for High Energy ®)
Density Li-Ion Qs

Satish Teotia and Anisha Chaudhary

1 Introduction

Lithium-ion batteries (LIBs) are the most advanced power source available for
today’s consumer electronics. LIBs are known for their high energy density, high
specific capacity, and long cycle life [1]. These traits aided a significant advance-
ment in portable electronics technology and the widespread adoption of information
technology gadgets. Their growing use in hybrid electric vehicles (HEV) and power
systems with high storage capacity makes them a possible solution to environmental
and resource conservation problems. LIB research began in the early 1980s, and
after its commercial launch (early 1990s), LIBs have made substantial progress [2].

The lithium—sulphur battery is a lithium-ion battery that is still being developed.
Its advantage is its high energy density, which is several times higher than standard
LIBs, having a theoretical capacity of 2600 Wh/kg and a 2 V open-circuit voltage.
The real energy density, however, is far lower than the theoretical amount.

LIBs are widely employed in tiny electronic devices. The key components of
these batteries are a cathode and a lithium-based anode immersed in an electrolyte
solution separated by a selective membrane. The conductivity of the electrodes
determines the final efficiency of LIBs. As a result, new hybrid materials with porous
architecture are search and investigated to improve the electrochemical properties of
electrodes through the design and application of a variety of innovative materials.

Many applications are increasing the demand for LIBs, which can store more
energy in small volume so that better rate performance and higher energy density
can be achieved in portable energy storage system. Similarly, in case of HEVs in
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which higher energy is needed to accelerate a vehicle, the requirements for high
energy density and rate performance becomes especially critical. Shorter recharge
periods of vehicle for commercial applications would boost customer adoption of
electric vehicle and HEV technology [3]. These requirements are also necessary
for energy storage systems that store charges by using seasonal and intermittent
renewable sources of energy like solar and wind energy.

However, the LIB’s success in these applications is limited by several factors,
including (1) insufficient power density, (2) difference between actually obtained
capacity and theoretical capacity, (3) high polarisation losses during cycling that
result in insufficient energy efficiency, (4) ageing that implies that capacity losses
and sometimes battery failure occur with increasing the rate and number of cycling,
and (5) solid electrolyte interface (SEI), which reduces the diffusion of Li-ions into
the electrode surface when its thickness increased. The intrinsic features of electrode
materials such as energy density, theoretical capacity, cell potential, and so forth
also influence LIB performance. Furthermore, types of interfaces as well as their
stability between the electrodes and the electrolyte also determine the cycle life and
longevity.

As an alternate, supercapacitors possess high power density, which means they
can deliver charges instantaneously at a quicker rate compared to traditional LIBs
and are a frequent solution for high power requirements. They can store charges
over the electrode surface, which enables them for quick delivery rate for short-
term supply, and thus, they have low energy density [4]. A battery, on the other hand,
holds a charge in the bulk and provides energy for a long time resulting in higher
energy density. Unfortunately, Li-ion diffusion through the electrode interior surface
limits the rate of charge transfer. Both capacitors and batteries have benefited from
recent research. Supercapacitors with high energy densities are now being used to
develop a combined redox charge storage (pseudo-capacitance) with double-layer
storage. On the other hand, by properly designing the electrodes, the power density
of LIBs can be enhanced. However, lithium-ion diffusion via electrode surface can
limit the rate capability.

According to the relationship given below, the square of the typical diffusion
length (1) determines how long it takes for lithium ions to diffuse through an
electrode material (7).

T~ (12/1)) (1)

where D is the coefficient of diffusion. As a result, techniques like doping with
better Li-ion conductors or employing porous nanostructured electrode materials
can be used to improve the Li-ion diffusion and shorten the diffusion length [5]. On
decrease size to nanoscale level and employing porous architecture, the diffusion
length (1) decreases, which significantly decrease the diffusion time (7). It is usual
practise to reduce the diffusion length in order to boost the rate performance of
typical LIB materials. Many scholars have been paying close attention to this
in recent years. In LIB applications, porous electrode materials have a lot of



Electrode Materials for High Energy Density Li-Ion 217

potential for obtaining critical dimensions at the nanoscale scale. Thus, using porous
electrode materials is one of the most alluring ways to significantly enhance the
electrochemical features of LIBs, such as capacity, efficiency, stability in terms of
cycle life, and importantly safety.

Furthermore, the majority of electrochemical reactions occur at the intersection
of two or more phases. As a result, just as in any surface reaction, the reaction area is
critical in determining the effectiveness of an electrochemical process. To enhance
the available area for reaction in an electrochemical cell, a number of approaches
are used such as multiple electrodes being alternately stacked, bipolar electrodes
being employed, and the reaction surface occasionally changed by etching or
coating with materials having a high surface area. A porous electrode is another
effective approach to enhance the contact area between the electrode surface and
the electrolyte so that the full electrode area can be made available for reaction.

2 Porous Electrode

A porous electrode is described as a composite material with interconnected void
space that occupies a major fraction of the volume and differs from planar electrodes
in terms of electrochemical behaviour. It is defined by a solid matrix with a suitably
large fraction of vacancy and geometric dimensions that are tiny in relation to the
electrode dimensions. Most of the holes that make up the void in an efficiently
produced electrode are interconnected, allowing the electrolyte to flow freely. Thus,
huge available surface area of the porous electrode, enhanced contact area between
the electrolyte and electrode and more room to store dissolution products are some
of the features of a porous electrode, which helps considerably to increases the
charge-transfer process. The high specific surface area makes it possible to run a
high current without experiencing a significant overpotential and maintain a high
current since it influences the reduction of sensitivity to passivation [6]. The current
dispersion from the electrode’s outer surface to the interior is a distinguishing
feature of porous electrodes. Because the lengths of the electrolyte paths vary, the
current density near the electrode’s outer surface and the current density inside the
electrode differ significantly. The amount of current flowing between an electrode’s
surface and inside is determined by comparing the electrolyte resistance, Re, to
the polarisation resistance, Rp; porous electrodes provide a number of advantages,
which are briefly described below:

e Because porous materials have a wide surface area, charge transmission at
interfaces between the electrode and electrolyte is facilitated.

* Jon diffusion path lengths can be decreased by making the walls of the active
material surrounding the pores exceedingly thin (nanometers to tens of nanome-
ters).

* In some situations, the active phase can be held together with little or no binder.



218 S. Teotia and A. Chaudhary

e The vacant spaces between active material particles can aid to limit active
material growth during cycling.

* Nanosized porous materials can inhibit irreversible phase shifts that take place
in microcrystalline anodes. As a result, such particles can better accept volume
variations caused by cycling-induced first-order phase variations. Composite
electrodes with pores and a stabilising structure for active parts with limited
cycle lifetimes can also be made (e.g. large volume changes disintegrate some
components during cycles).

Furthermore, if the active material has a poor intrinsic conductivity, a second
conductive phase may be added to porous composites to enhance electron transport
and, consequently, the rate performance of the LIBs. The use of a conductive
material reduces or otherwise eliminates the need for a conductive carbon additive
at the end electrode. The use of porous electrodes allows for improved control
of reaction distribution, active species transport, and heat distribution, as well as
increased reaction efficiency and selectivity. A thorough understanding of various
complicated mechanisms that underpin a porous electrode’s performance is required
for effective design. Several mathematical models and experimental research aid in
the identification of attributes such as number of pore fraction, pore size and its
distribution, electrolyte conductivity and viscosity and solid core characteristics.

3 Working of Lithium-Ion Battery

Nearly, all wearable digital gadgets are powered by lithium-ion batteries, among
the most effective energy storage technologies. These batteries are used in a variety
of industrial, military and consumer products as well as health care and industrial
equipment. Cell capacities, on the other hand, have slowly improved over the last
two decades of development, but the fundamental components, such as cathode and
anode materials, have remained relatively unchanged.

The anode and cathode are the two electrodes that make up a battery. Both the
electrodes are dipped in an electrolyte and are separated by a thin membrane. The
positive terminal of the battery is the cathode, whereas the negative terminal is the
anode. A lithium-ion battery’s cathode is made up of lithium compounds, mostly
in crystal structure of cathode materials such cobalt, nickel and manganese that
combine to form a multi-metal oxide material, which is then combined with lithium.
Lithium cobalt oxide (LiCoQO;) is most commonly used in LIBs; other materials
used as cathode materials include lithium manganese oxide (LiMn;Oj), lithium
iron phosphate (LiFePO4) and NMC cathode (LiNixMnyCo1.xO7) containing three
transition metal ions, etc. The anode’s main component is graphite. Natural graphite
is extracted from the earth, whereas artificial graphite is created synthetically. Both
types of graphite are severely processed and then coated onto copper foil to act
as anodes. Both electrodes are dipped in an organic electrolyte (e.g. LiPF¢, LiBF4
or LiClQy, etc.) [7]. In general battery setup, lithium ions tend to travel from the
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Fig. 1 First-generation rechargeable lithium-ion cell schematic diagram. Lithium ions travel via
the electrolyte to the negative electrode during charging, whereas electrons travel from the external
circuit. The directions are reversed during discharge, producing useable power that the gadget may
utilise. Reproduced with permission from the Royal Society of Chemistry [8]

cathode to the anode, or from the positive terminal of the battery electrode to the
negative terminal of the battery electrode when the battery is connected to an electric
source. This is referred to as battery charging. The migration of lithium ions from
the anode back to the cathode, meaning from the negative electrode to positive
electrode, is reversed during the discharge phase of the battery, and the electrical
energy is supplied to the attached load (Fig. 1). During charging, the movement of
lithium ions and electrons reversed when an external voltage is being applied. Thus,
battery is being charged, and electrical energy is converted to chemical energy by
the reverse movement of lithium ions and electrons.

Lithium-sulphur (Li-S) batteries, which are distinguished by their high energy
densities, typically consist of a sulphur cathode and a lithium-based anode that
are submerged in a nonaqueous electrolyte and are separated by a separator. The
separator allows diffusion of Li-ions in addition to preventing the short circuits of
the battery. Despite being in the early phases of development and commercialisation,
systems utilising Li-S batteries have the potential to deliver higher, safer amounts
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of energy at a substantially lower cost. In comparison to Li-ion batteries, Li-S
batteries require a complicated multistep process to operate. Sulphur creates the
initial discharge product Li»Sg, which then is disproportionate to form lower-order
polysulfides, eventually resulting in Li»S. During the charging of the battery, the
process is reversed. All components of lithium-sulphur batteries (e.g. electrode
materials, electrolytes or solvent, binder and additives to increase conducting) have
a significant impact on the final battery performance. The cathode, on the other
hand, transfers the active sulphur molecules, making it the most important part of
Li-S batteries. The porous design of the sulphur substrate should be optimised to
maximise sulphur usage.

4 Critical Issues that Limit the Performance of LIBs

LIBs have transformed the market for wearable digital gadgets, and currently, they
are the focus of intense research for stationary storage and transmission of renew-
able energy like solar and wind. But some of the problems that prevent the LIB from
being successful in these applications include insufficient power density, difference
between practical and theoretical capacities, significant polarisation losses during
charging and discharging that lead to poor energy efficiency and ageing, which
leads to battery failure after repeated cycling during long run. Performances of
LIBs in terms of capacity, energy density or battery efficiency are dependent on
the inherent characteristics and architecture of the electrode materials. The design
of the electrode’s architecture affects the durability, cycle life and stability of the
battery. The LIB’s performance is constrained by a number of serious problems
with active materials, which are simply summarised below.

4.1 Microstructure Change

When an electrode undergoes cycling, the form, size, distribution and connection of
each electrode phase might vary, which could cause unintended phase segregation
or redistribution, progressive degradation of capacity and insulation around active
materials. Battery capacities have reportedly been increased by adjusting the shape
or architecture of electrode material, thereby developing electrodes with porous
structure and substantial surface area. For instance, mesoporous V,Os5 aerogels had
improved rate capability and specific capacity that were far more better than their
nonporous form [9]. Consequently, high performance LIBs may be solved by porous
electrodes.
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4.2 Volume Expansion

Volume expansion and contraction due to volume changes brought on by lithiation
and de-lithiation of Li~ions inside the graphite architecture may lead to diffusion-
induced tensions and a poor adhesion between the particles as well as between
the electrode material and copper foil used as current collector. Because of this,
few carbon particles that are active may get dissociated from the conducting
electrode matrix and lose their functionality during cycling. It therefore causes
rate performances and eventual capacity decline. For instance, Lis 4Si has a molar
volume that is around four times more than Si [10]. The high cyclic volume shift
that occurs when Li is alloyed with or removed from Si during cycling pulverises
the electrode, causing capacity loss and poor rate performance. Superior cyclability
can be achieved because of the hierarchical organisation, which keeps the solid-
electrolyte interface (SEI) stable and spatially constrained. The microstructures
also reduce contact area in between the electrode and electrolyte, which result in
excellent volumetric capacitance and battery efficiency.

4.3 Phase Transformation

During the cycling of LIBs, the electrode materials undergo chemical reaction,
which may alter their structure and result in the formation of insulating compounds.
The flexibility for inserting and extracting Li-ions is reduced by these new phases.
As a result, the LIB’s capacity retention has decreased. For instance, LiMnO;
experiences a phase transition during cycling, going from having a cubic structure
to having a tetragonal structure [11]. However, the cathode of high-performance
LIBs can be made of a nanoporous electrode, for example, LiMnyO4 nanowires
(diameters <10 nm and lengths of several micrometres) in the form of very thin
spinel. With strong capacity retention, the rapid structural transition to the cubic and
tetragonal phases in a wide range of compositions was seen. The structural or phase
shift in electrodes can be seen at increased cycling potential, which is responsible
for the significant irreversible capacity loss.

4.4 Insulating Phase Formation

In passive electrode materials, the volume percentage of the phase is higher when
an insulated layer develops at the electrode surface. Electrode reactions are slowed
down by this insulating layer. The by-products of insulating processes may adhere
to the surface of an active electrode, diminish the effectiveness of the protective
layer and hinder the movement of electrochemically active electrode materials
towards the active regions. The electrolyte degradation and subsequent creation
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of an insulating layer on the electrode surface, which increases the resistance and
uses up recyclable Li-ions, is one possible explanation of the above mechanism.
The changes in lattice structure of the electrode are, however, rarely impacted by
the degradation mechanisms. Researchers have used a number of techniques to
reduce the likelihood of insulating phase production and also limit its impact on the
performance of the electrode. These techniques include the inclusion of different
stabilisers, strong electrolyte systems, and heat treatment.

5 Porous Hybrid Electrode Materials

Porous materials were first used in technical applications in the early twentieth
century. The size of the pore in a porous materials determine the different categories
of porous structures, as per the International Union of Pure and Applied Chemistry
(IUPAC): there are three categories of porous structures, that is, microporous (pore
size 2 nm), mesoporous (pore size 2-50 nm) and macroporous (pore size >50 nm)
(Fig. 2) [12].

Numerous applications have used porous materials including vehicle body con-
structions, optical systems, biomedical implant manufacturing, water purification,
biosensors, energy storage devices and aerospace. A nanoporous material should
have special combination of different properties, such as lightweight with high
effective surface area, high electrical conductivity, good thermal stability and
efficient interconnected network. Energy conversion and its storage, sensing and gas
separation can all benefit from porous materials [6]. Porous electrodes have several
advantages, including the following:

1. Porous structure possesses relatively high surface area.
2. It allows electrolyte access to the electrode surface.

Trace of
lamellae
direction
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Edge disk
of sphere
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Porous structure Section through a porous structure

Fig. 2 Schematic illustration of the porous structure



Electrode Materials for High Energy Density Li-Ion 223

3. It promotes high ionic movement depending upon the pore size, and it increases
the Li ion diffusion rate and decreases the Li-ion diffusion length.

4. Tt allows whole area utilisation of electrode materials, resulting in increased
energy density and capacity.

5. Porous structure promotes electrocatalytic activity due to improved ionic trans-
port between the electrode and electrolyte filled in the nanosized pores.

6. Porous structure reduces or eliminates the requirement for a binder to hold the
active components together.

In recent years, researchers have paid more attention to various porous materials
as electrode for Li-ion batteries.

5.1 Porous Carbon

Porous carbon compounds are currently one of the most widely used electrode
materials, appearing in capacitors and LIBs. They are preferred in applications
where high power is needed to improve performance. Porous carbon electrode
has advantages of membrane form in which there is no need of using a binder to
support the electrode materials. It also permits high electrical conduction due the
interconnected network of carbon particles. Deterioration in the connection between
carbon particles and active materials, for example, could result in capacity fading,
higher electrode polarisation and a slower rate of cycling.

Sony was the first to commercialise carbon-based anode materials in 1991. The
energy density, specific capacity and cycle life along with cost of lithium insertion
compounds have all improved dramatically since that time. Most typical LIBs still
use graphite anode (theoretical capacity 372 mAhg~!) [13]. The high surface areas
and porous architectures make the porous carbon a desirable electrode materials
for LIBs having diverse range of pore sizes such as microporous, mesoporous and
macroporous. These materials have desirable properties such as effective Li-ion
diffusion pathways because there are many active sites for Li storage, interconnected
porous networks, which permit high electrical conductivity and avoid mechanical
stresses over the electrode during Li intercalation and deintercalation. Porous
carbons, in general, have high irreversible capacity and low volumetric energy
density, despite typically high capacity. However, in order to improve overall
performance, it must be hybridised with other high performance electrode materials
(such as alloy or metal oxides).

5.2 Porous Carbon with Other Anode Materials (Si or Sn)

Porous carbon can be used in combination with other anode materials (Si or Sn
or their oxides) for LIBs. When volume expansion happens during cycling as
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a result of Li-ion intercalation and deintercalation, these high-capacity electrode
materials benefit from the porous architecture. The porous electrode acts as a buffer
against volume expansion and guards against electrode degradation. Carbon matrix
is typically used to disperse these anode materials, resulting in excellent electrical
conductivity and capacity.

5.2.1 Si/Porous Carbon Anode

Silicon (Si) is considered as efficient electrode materials for LIBs due to its
high theoretical capacity (4100 mAh/g) and ease of availability. But the problem
of volume expansion associated with silicon particles during cycling limits its
effectiveness as anode materials. The silicon will be ground up, and electronic
contact with other Si particles gets impaired as a result of the huge volume
expansion, which will also lower the contact area with the current collector and
decrease battery efficiency, and may result in sudden cell breakdown. In order
to improve electrochemical performance of the silicon, coating of carbon-based
porous materials is used, which not only increases the electrical conductivity but
also stabilises the electrode against the volume expansion of the silicon particles.
For instant, hybrid electrode of nanoporous silicon, graphite and pyrolyzed carbon is
produced and studied up to the 120th cycle. It shows a reversible capacity of roughly
700 mAhg~! with minimal loss of capacity after long cycling [14]. Mesoporous
and microporous carbon is studied to scatter Si nanoparticles, which demonstrated
good capacity (450 mAhg~!) after 50 cycles.[15] furthermore, to improve the
electrochemical performance of the LIBs silicon coated on graphene surface, silicon
grown on carbon microsphere, core shell silicon carbon porous spheres have been
used to decrease the volume expansion/shrinkage problem, improving electronic
transport properties and cycle life of the electrode. New preparation methods and
techniques are adopted to combine superior properties and overcome negative
aspects of electrode materials in order to obtain synergistic effects to enhance
LIB performance, but high-capacity fading and electrolyte breakdown, along with
instability related to SEI, are some of the limitations preventing these electrodes
from being used.

5.2.2 Sn/Porous Carbon Anode

Tin (Sn) and its oxides (SnO, SnO;) are a family of excellent high capacity anode
materials that have received extensive study. It possesses theoretical capacity of
991 mAh g~! and volumetric capacity of 2020 mAhcm™3 comparable to silicon
(2400 mAhcm™3). Similar to silicon, tin too experiences the enormous volume shift
that takes place during electrochemical cycling. A significant loss of capacity results
from the large volumetric shift (about 300%), which causes the loss of electrical
contact and failure of LIBs. Porous carbon and tin composites (Si/C) performed
excellently electrochemically, just like porous Si/C electrodes. In general, high-
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capacity materials (Sn, Si, Ge, etc.) face problem of capacity deterioration after
repeated cycling, limiting their use as LIB electrodes in high energy demanding
applications like in automobiles and grid systems. Furthermore, most high-capacity
materials, such as C, Si and Sn, have a working potential of 0-0.5 V as compared to
Li/Li™ when used as anodes in LIBs. The electrolyte is prone to decomposition at
such low working voltages, which result in formation of unstable SEI. A great deal
of work has been put into constructing a hollow structure to enclose the components,
an inert supporting material matrix and coating surface with conducting carbon
materials such as carbon nanotube (CNT) as ways to solve this problem.

5.3 Metal Oxides

Metal oxides are among the most efficient alternative for replacing graphite anodes
in long-term high energy, high-power requirements, such as HEVs, EVs and grid
systems. Metal oxides possess excellent reversible capacities (500-1000 mAhg~!)
and show diverse chemical and physical characteristics, which make them widely
explored prospective anode materials for rechargeable LIBs [16]. Metal oxides are
the most diverse of these anode materials and have been extensively investigated
in recent years. Many metal oxides outperform graphite in terms of capacity, cost
and ease of synthesis. Based on their reaction processes, three categories can be
used to demonstrate metal oxide-based anodes: (1) alloying reaction mechanism
involving reaction between Li and anode materials, (2) insertion/extraction reaction
mechanism involving the intercalation/deintercalation of Li ions into and out of
the crystal structure of transition metal oxide, and (3) conversion-type reaction
mechanism involving the synthesis and deterioration of lithium oxide (Li;O) in
conjunction with metal reduction and oxidation.

5.4 Hierarchical Porosity in Electrode Materials

A pore size hierarchy allows for greater electrolyte permeability through a porous
electrode. Ton diffusion routes via the electrode are further reduced by secondary
mesopores within macropore walls to improve the region of the interfacial layer
between the electrolyte and the electrode. Additionally, they permit the housing
inside the constraints of a porous matrix of active electrode material, an electrically
conducting component, or other stabilisers additive while still permitting the
passage of the electrolyte. In general, macropores can be added to mesoporous
materials (e.g. through etching) to create hybrid hierarchical porous materials, or
mesopores can be added to macroporous materials (e.g. dual templating). The
distribution of pores in the porous medium can be random or organised. If mass
transportation is more critical and organised, the ideal system has a network of
interconnected macropores and extra mesopores implanted further into membranes.
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This is typically the case when solvents with high viscosity or electrolytes with
poor diffusion coefficient ions are used (ionic or high molecular weight solvent).
Diffusion of electrolytes into and out of the electrode material is facilitated by
an organised, interconnected macropore system with reduced tortuosity. If mass
transmission is less significant, the macropores within mesoporous material can
be distributed randomly, but they often only function like internal stores that
provide access of electrolyte to the neighbouring mesopores. If one takes into
account morphological mesoporosity among nanostructures as being one of the
size scales, many of the structures as discussed earlier have porosity on several
length scales. Moreover, with more command on porous structure architecture, it
is conceivable to build hierarchical porosity by utilising many hard/soft templates
during synthesis process. The steps are the same as those for making macroporous
composites; however, before macropore materials are infused into a precursor,
surfactants, supramolecules or nanoparticles are added. Colloidal particles formed
when polystyrene microspheres were placed inside of photoresist structures on
a copper substrate, heated to harden such granules, and then a Sn-Ni alloy
was electroplated inside these particles resulting in Sn/Ni alloy composite with
complicated hierarchical structure [17]. This micro-patterned Sn-Ni alloy with
porous architecture resulted in a large area capacity when used as anode in LIBs.
The greater porous structure of the photoresist material resulted in rise of the
areal discharge capacity (open pore ratio decreases with hexagonal, square and
cylindrical design). Lithographically, patterning a solution of dip-coated TiO;
precursor over a macrostructured polymer template is another noteworthy example
of creating possible hierarchical pore structure for LIB applications. The use of
aluminium oxide (AAO) substrate membrane as templates allows for the formation
of various nanotube architectures, such as those relevant to high capacity LIBs.
To make nanotubes with different pore sizes, this sort of macroporous templating
(polymer materials) can be used in combination with mesotemplating (surfactant
materials). Using a titanium alkoxide precursor and the P123 triblock copolymer
as the structure-directing agent, mesoporous titanium nanotubes can be synthesised
inside of AAO membranes. Because the polymeric gel and the hydrophilic alumina
walls are attracted to one another, hollow tubes were produced when the solvent
drained, resulting in a shrinkage of the gel perpendicular to the porous openings. The
calcination procedure eliminates template through dissolving it in NaOH solution.
After treatment in supercritical CO», nanotube arrays with a 200 nm outer diameter
were developed. The nanotubes get tightly packed and entangled as a result of
surface tension imposed by the nanotubes walls, without the supercritical drying
step. The electrolyte was distributed more efficiently through mesoporous channels,
thanks to the hierarchical pore structure, resulting in exceptional rate performance
(150 mAhg~! at 240C rate) and strong cycle performance. Carbon systems are the
most common examples of hierarchical electrode templating with colloidal crystals,
but this method has also been used to produce Fe,O3 type oxide materials having
hierarchical pore structure. Nanocasting with hierarchical porosity created with both
surfactants and polymeric colloidal crystals can produce carbon structures. They
can also be made using a colloidal crystal template and a tri-constituent precursor
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(silicon alkoxide, resol, block-copolymer surfactant) or a combination of phenol-
formaldehyde and a block-copolymer surfactant. The final technique removes
the use of toxic materials during silica etching while still allowing considerable
control on design of the mesopores. But at the same point, the tri-component
approach yields the biggest mesopores with highly variable size distribution within
carbon skeleton surrounding the macropores. Tri-constituent derived or nano-cast
monoliths are best for preparing porous electrodes in which carbon host is ingested
with an active material precursor due to the bigger mesopores [18]. When utilised
as monolithic electrodes in a LIBs, carbon materials outperform materials without
the templated mesopores.

5.5 Electrodes Made of Hollow Spheres

The high effective surface areas, shorter Li-ion diffusion pathways and excellent
packing density make hollow micro or nanospheres as appealing electrode materials
for LIBs. The hollow nanospherical structures are especially useful for alloyed
anodes because the hollow interiors will serve as a spacer against considerable
volume expansion or shrinkage that take place during reaction after repeated
cycling, and thus the isotropic feature associated with hollow spheres aids in
distributing tensions due to volumetric changes evenly throughout electrode surface.
In the event that the hollow nanospheres’ surface has pores, there is more buffering
space available. Moreover, if the inner walls of the spheres consist of pores that
are wide enough to accommodate the electrolyte to move through, the inner walls
remain accessible, enhancing the available surface area that can be used. The target
materials’ precursor is deposited on the templating spheres, which is subsequently
hardened by gelation/thermal treatment. The template spheres coating with active
materials can be done in a way that keeps these spheres apart, such as using
sonication, stirring or ultrasonic spray pyrolysis. To form finally hollow interior,
spheres used for template are stripped away via heat treatment or solvent extraction
methods. Hollow spheres made from ZnSe/C composite compositions have been
obtained from Ostwald ripening processes. Carbon layers can be used to enhance
the electronic transport and structural rigidity of hollow spheres [19]. Solvothermal
seems to be another viable technique to synthesised hollow sphere of bimetal
nitride NiCO,N material with interconnected nanosheets shell [20]. Hydrothermal
synthesis method was used to make mesoporous hollow sphere of TiO; coated with
N-doped carbon from a combination including polypyrrole coating and carbon [21].

The hard template method can also be employed for preparing hollow metal
oxide spheres, for example, mesoporous silica is used as nanoreactors for producing
hollow of SnO». Template-based approaches for hollow structure manufacturing can
generate spheres with good thermal conductivity with a restricted size distribution.
On the other hand, non-template techniques are more cost-effective and scalable.
Electrodeposition, ultrasonication, intercalation, hydro- or solvothermal syntheses
and other non-template ways are capable of producing porous electrodes. Although
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these methods frequently result in electrode materials with wider pore size distribu-
tions, many of them seem to be simpler than others that needed a template and can
result in composites with specific properties and vital dimensions that improve LIB
effectiveness. Electrochemical properties of different porous electrode materials for
LIBs are summarised in Table 1.

6 Porous Cathode Materials

LIB capacity, output voltage and cost are all influenced by cathode materials. In the
area of digital electronic devices, LIBs utilising LiCoO2 as the counter electrode
have prevailed. However, the low specific capacity of LiCoO, (140 mAhg~!) and
expansive cobalt resources limit their use in practical LIB applications, which
needed high capacity. The need for high specific capacity, low price and guaranteed
safety has been satisfied by a variety of hierarchically structured materials, including
layered transition-metal oxide (LMO), Mn-based spinels and exceptionally highly
stable polyanion-type compound materials.

The morphological variations with electron transport in bulk and 1D nanoporous
Ni-rich layered transition metal oxides (LNMO) are schematically illustrated (Fig.
3) [34]. The protective solid electrolyte interface (SEI) layer may be damaged as a
result of the bulk particles breaking or pulverising and the electrical contact being
lost among the electrode material and current collector. Fast electrode kinetics is
favoured by nanosized porous particles, which also reduce ion build-up on the
LNMO surface. As a result, each of these elements helps to explain the porous
nanostructures’ exceptional cyclability.

6.1 Layered Transition-Metal Oxides

Owing to its unique structure, simplicity in processing, higher working potential,
high capacity and ease in large-scale manufacturing, layered transition metal
oxides (L-TMO) are perhaps the most viable cathode options for LIBs. General
composition of L-TMO includes LiMO, (where M = Co, Ni, Mn). In LiMO»,
M and lithium ions are positioned at octahedral sites in a cubic close-packed
oxygen array, and the lithium layers are positioned among layers of octahedra
created by the M and oxygen atoms. However, one type of transition metal ion
is less stable structurally and associated with safety risks, making it unsuitable for
supporting high energy LIBs. Li-stoichiometric combination of metal oxides and
Li-rich Mn-based oxides are currently thought as being the most attractive cathode
material for LIBs especially in commercial sector where very large energy density
LIBs being utilise for transport applications [15]. To put it another way, layered
structure intercalation materials offer a two-dimensional interstitial space that can
help Li-ions move quickly through host materials. High-capacity Ni-rich L-TMO
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Fig. 3 Schematic showing the effect of electrochemical cycling on the morphological change
and electron transport in bulk and 1D nanoporous LNMO electrodes. (a) The repeated Li-ion
insertion/removal procedure would cause the bulk particle to deform, destroying the SEI layer
that had been created on the electrode surface and resulting in poor particle-to-current collector
contact. (b) A 1D nanoporous structure could easily tolerate the strain brought on by variations
in the lattice properties due to slippage at the subunit wall borders. “Reprinted (adapted) with
permission American Chemical Society” [34]

and highly stable Ni/Mn-based L-TMO are suggested to increase structural stability
and practical capabilities.

6.1.1 Transition-Metal Oxides with Ni-Rich Layers

LiNiO; produces Ni-rich L-TMO. In comparison to LiCoO,, its nickel-based
electrode (LiNiO2) has a higher discharge capacity (>220 mAhg~!) and is less
expensive. Unfortunately, development of LiNiO; for commercial applications is
hampered by its complex synthesis process, significant Li/Ni cationic blending as
well as thermal instability. This occurs as a result of migration of Ni3 ions to the Li
layer; thus, LiNiO; suffers from structural deterioration and low capacity. Cation-
substitution in L-TMO, and also structural doping, being researched to increase heat
stability and performance of the electrode. A supersonic atomisation process was
used to create LiNiggCoq.15Alg.0502 spheres with uniformly distributed crumpled
yolk—shell architectures, which were then heat treated [35].

6.1.2 Transition-Metal Oxides Based on Ni/Mn

Mn ions are very feasible to incorporate into the Ni cation layers to create Ni/Mn-
rich L-TMO that is more stable and capable. LiNig sMng 5O, is the most structurally
stable form of the binary Ni/Mn-based L-TMO LiNi;_Mn,O, (0 x 1) family [36].
The LiCo00O;-LiNigsMngs0O, and LiMnO3-LiNigsMng 50, systems have been
proposed to further stabilise the layered structure and increase capacity.
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6.2 Mn-Based Spinels

The spinel structure is commonly represented by AB,O4, in which O ions
form a cubic densely packed structure while A and B ions, respectively, occupy
the tetrahedral and octahedral positions. LiMn;O4 and LiNip5Mn;sO4 are the
most common Mn-based spinels used in LIB cathodes. Because of their three-
dimensional Li-ion diffusion pathway, theoretical capacity of Mn-based spinels is
low compared to its greater rate performance than L-TMO, making them attractive
cathode materials for high power batteries. Spinels made of Mn have a low cost and
are environmentally friendly. High-rate capability and excellent specific capacity,
with good cyclability of spinel-type Mn-based oxides, are achieved by using hollow
or porous structures, which benefit from the fast Li diffusion routes.

6.3 Polyanion-Type Compounds

LiMPO4 (M = Fe, Mn, Co and Ni), sodium superionic conductor (NASCION)-
type Li3V2(POy4)3 and silicate-based LiMSiO4 (M = Fe, Mn and Co) are the
most common polyanion-type compounds. These materials have superior thermal
stability and safety than layered lithiated transition-metal oxides, thanks to the
O, ions experiencing strong covalent bonds. Polyanion-type compounds, on the
other hand, have larger theoretical specific capabilities than Mn-based spinels.
Nonetheless, the electrical and ionic conductivities of polyanion-type compounds
are weak, resulting in poor rate performance. Carbon coating in combination with
nanostructures and porous electrode design is a viable solution to this challenge.

7 Lithium-Sulphur Batteries

Lithium-sulphur batteries (Li-S batteries) will be among the foremost desirable
upcoming electrochemical energy storage systems. The specific capacity and energy
density of Li-S batteries are high 1672 mAhg~! and 2600 Whkg~!, respectively.
A Li-S battery is a complicated device that involves two common electrochemical
processes using lithium metal and sulphur. Furthermore, elemental S is inexpensive,
abundant in soil and environmentally favourable, making Li-S batteries highly
suitable for advance applications (such as EVs and HEVs) [37, 38]. A conventional
Li-S battery has four basic components, namely, Li metal anode, cathode, separator
and organic electrolyte. Various reaction mechanisms involved during the widely
acknowledged process for the complete reduction of element S are given below:

16Li + Sg — 8LisS )
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Sg <> LinSg <> LirSg <> LipS4 <> LipSy> <> LinS 3

Sulphur is a possible electrode material for rechargeable lithium batteries;
sulphur offers several appealing qualities, as well as a high theoretic capacity
(1675 mAhg~!) and a relatively low cost. Despite all of these advantages, Li-S
batteries have had a difficult time developing, and numerous inherent problems must
be resolved before they can be used in real life. Among these challenges are: (1)
overall bulk electrical conductivity (at room temperature, 1030 S/cm) as well as
ionic conductivity of sulphur and Li,S, which are naturally insulative, which results
in low active material consumption and high electrochemical polarisation. (2) The
shuttle effect, which occurs when soluble lithium polysulfide (LiPS) intermediates
dissolve in the electrolyte and migrate in between anode and cathode regions, can
cause Li metal corrosion and the loss of cathode active S, resulting in a dramatic
reduction in discharge capacity and cycle life. (3) The sluggish reaction kinetics
due to the intrinsic insulating characteristics of elemental S, and the final discharge
products (Li»S»/LisS) also decrease the discharge capacity. (4) The massive volume
expands/shrinkage (up to 80%) caused by the conversion of elemental S to Li,S,
which places severe strain on the host structure, that frequently results in the failure
of the electrode architecture. (5) The rapid deterioration of batteries and potential
safety threat caused by the Li dendrite growth produced by the nonuniformity Li
deposition and the passivation layer created by chemical interactions between active
LiPSs and fresh Li.

More importantly, if the sulphur loading rises, all of these problems will become
more problematic, especially in the pouch cells at the level of practical application.
Massive efforts have been undertaken from the beginning to the present to address
the problems with Li-S batteries that have been discussed. As a result, rational
design of nanostructured conductive polar sulphur hosts, which is expected to
reduce polysulfide diffusion via physical cavity confines or chemical covalence
adsorption, is a potential technique for Li-S batteries to flourish. The use of
nanostructured carbonaceous material, nanostructured transition metal compounds
and their compounds as a host for Li-S batteries has been explored widely (Fig. 4).

7.1 Carbon-Based Hybrid Porous Materials

To accommodate the Li-ions, sulphur lacks a cage-like structure. Sulphur must
therefore be allowed to exist in a host substance for Li to chemically react with it and
generate Li>S, which must then remain bonded to the host substance. Due to lithium
polysulfides’ potential for dissolution in the electrolyte, the attachment component
is of highest significance. As this may results in the loss of the cathode’s active
material as well as disruption of the anode process. Hierarchical porous carbon
materials have been discovered to be useful in Li-S batteries due to their large
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Fig. 4 Schematic illustration of carbon-sulphur hybrid material synthesised via different routes.
PS: polystyrene, CNTs: carbon nanotubes, amorphous carbon. (Reproduced with permission from
the Elsevier [39])

degrees of freedom to customise the porous microstructures, strong conductivities,
high specific surface areas and electrochemical inertness.

Carbon has been investigated as the most potential sulphur host due to its light
weight, mutual compatibility with sulphur, easy availability and ability to adjust the
morphology at the nanoscale. Porous carbon black, mesoporous carbon, multiwalled
carbon nanotubes, graphene, carbon nanofibers, metal organic framework (MOF),
carbon aerogels, carbon composites, etc. have all been widely used as Li-S battery
substrates. Choosing an appropriate carbon-sulphur hybrid can raise a number of
important problems. (1) introduce sulphur as near as possible to carbon; (2) carbon
material viability; (3) restraint effect in porous structure; (4) influence of pore
volume, pore size and its distribution; (5) carbon purity; (6) strategies to control
polysulfide shuttle; (7) effect of heteroatom doping in carbon; and (8) looking for
an alternative sulphur feedstock.
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The specific surface area, which can be attained through a variety of manu-
facturing processes, is one of the most important conditions for carbon to be an
efficient sulphur host. Specific surface area can be up to 2000 m?g~! based on the
processing methods [39]. Pore size and pore size distribution, on the other hand, play
an essential role in bringing the majority of the sulphur to the carbon surface. In fact,
most traditional porous carbon variations are amorphous in nature, with a low degree
of graphitisation however and a wide range of porosity topologies. Because of their
small pore spacing, micropores aid in the immobilisation of sulphur, resulting in
fewer sulphur species. The shuttle effect is said to be mitigated by them.

Mesopores serve to aid in the trapping of sulphur and polysulfides, as well as to
offer adequate pore volumes for high sulphur loading and sufficient ion transport
channels for improved rate capability. Macropores are crucial at the nanoscale
because they allow for rapid electrolyte transport. It would have a significant
effect on the kinetics of ionic conduction. Furthermore, highly porous areas can
hold a lot of sulphur and buffer volumetric changes during redox processes.
Hierarchical porous carbon materials have been discovered to be useful in Li-S
batteries due to their great degrees of freedom in tuning porous microstructures,
strong conductivities, high specific surface areas and electrochemical inertness (Fig.
5) [40, 41].

7.2 Heteroatom Doping in Carbon-Sulphur Electrode

The electrical conductivity of a carbon substrate can be enhanced via heteroatom
enrichment in the graphitic structure of the carbon material. Heteroatom doping
(P, O and N) in porous carbon architecture aids in a distinct porous structure, a
large superficial part and a high pore volume, allowing for robust physicochemical
adsorption of polysulfides [42-44]. As a result, it is possible to achieve very
high cycle stability. Polyacrylonitriles have also been reported to be used as a
carbon source, so that nitrogen-containing carbon can be directly synthesised with
higher cycle stability [45]. Because of the doping method’s polarisation effect
on an ordered host architecture and the material’s high chemical sensitivity to
polysulfides, polysulfide leaching is greatly reduced.

7.3 Dimensional Porous Nanostructured

For the substrate (or host) of non-conducting sulphur electrode, the use of a 3D
porous architecture carbon is a successful strategy for addressing the challenges
of extremely poor conductivity and substantial volume enlargement of the sulphur
cathodes during cycling. A 3D porous carbon (DP) with mesopores (3—6 nm), for
example, can operate as a scaffold to enclose transitional products and limit the
shuttle influence of lithium polysulfide. In Li-S batteries, N-doped 3DP carbon
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Fig. 5 Schematic representation of different carbon sulphur hybrids nanostructured used as
electrode materials for Li-ion batteries. (Reproduced with permission from Elsevier [39])

serves as a host for sulphur cathodes. Soluble polysulfides are further trapped by
N doping and the 3dP carbon, thereby stabilising sulphur [46]. Furthermore, metal
oxides or metals can be incorporated into 3DP carbon materials functionalised by
heteroatoms to boost the carbon hosts’ cohesiveness with polysulfide molecules. It
can also decrease the polysulfide shuttle effect and improve the polysulfide redox
reaction kinetics.

7.4  Shuttle Inhibition in Inorganic Materials and Intercalation
and Conversion in Li-S Cells

The shuttle effect is widely recognised as one among the key reasons that causes low
charge efficiency and loss in capacity in Li-S battery. The soluble polysulfides react
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irreversibly and travel to the lithium anode. The polysulphides break into shorter
chains, and they retreat to the cathode. Yet, another approach to reduce and nullify
the shuttle influence seems to incorporate several other supplementary additives
that have an affinity for polysulfides. The migration of soluble polysulphides to
the Li surface is stopped by either adsorbing or due to catalytic effect, which
breaks polysulphides into short chains. Some examples of commonly employed
shuttler inhibitors are oxides (e.g. SiO2, Al,O3, TiO3, MnO,, MgO, CeO,, Co304,
ZrO,) and hydroxides like Ni(OH), and Ni/Fe [39]. Typically, these materials are
decorated on porous carbon—sulphur hybrid electrodes, thus adding a shuttle resistor
as a third hybrid ingredient that is properly dispersed.

Additionally, they can improve the cohesiveness of Li polysulphides, faster
Li-ion transfer, improved electrical conductivity, and capacity share from both
electrode’s active materials, effectively immobilising soluble sulphur species.

7.5 Organosulphur Hybrids

The ideas outlined thus far have the potential to significantly increase battery
performance. Neither of these attempts, however, were able to bridge the difference
between small-scale study and genuine commercial execution. Each year, the
petroleum refining industry produces a massive quantity of sulphur. Sulphur immo-
bilisation is critical for hybrid electrodes. By using heat as a trigger, sulphur can go
through ring-opening polymerisation, forming a metastable polymeric sulphur that
eventually transforms back into the thermodynamically stable octasulphur form.
Besides that, sulphur has been used in rubber vulcanisation to produce sulphur-
rich copolymers through numerous condensation or radical processes, furthermost
current of which being the reverse vulcanisation method.

Sulphur-containing copolymers can be made by mixing vinyl monomers with
sulphur di-radicals. Based on number of vinyl units in each comonomer, linear,
cross-linked and severely cross-linked copolymers can be produced. Sulphur content
can also be adjusted depending on the ratio of input comonomer (sulphur:vinyl
monomer). The sulphur copolymers swiftly gelled and vitrified, resulting in a hard
material that can be combined with conductive carbon black to create a hybrid
electrode material. But it’s possible that the carbon and copolymer are not blended
evenly, which would lead to a substantial loss of electrical conductivity and leave
the capacity fading problem unresolved [47, 48]. The specific capacity is signifi-
cantly affected by the incorporation of carbon anions into the sulphur copolymer
because the copolymer efficiently stabilises and prevents sulphur species from
recombination into the S8 configuration [49]. Furthermore, chemical polysulfides
were limited by polar interactions with heteroatoms present in the linkers. In
comparison to elemental sulphur cathodes, the significant challenge of Li diffusion
kinetics was significantly eliminated. But more critically, these carbons needed high
electrolyte/sulphur ratios (often >15 L/mg), which reduce the energy density at
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the cellular level. These carbons also suffered from insufficient interaction with
polysulfides and excessively high pore volumes, which led to low tap density.

7.6 Transition Metal Oxide

Because 3D metal oxides have higher specific capacity values, graphite anode is
possibly replaced by transition metal oxides (TMOs) in LIBs. In addition, the
lithium ion avoids the production of metal-lithium alloys by reacting reversibly with
metal oxides as follows:

MO + xLiT 4+ xe~ <> LiO+M (M = Fe, Co, Ni, Cu) )

The forward process, which involves several electron transfers for each metal
atom, is thermodynamically advantageous and results in a large theoretical lithium
storage capacity. The creation of Li-ions from LioO, which is a reaction going
in the opposite direction, is a thermodynamically unfavourable process, although
it is thought to be aided by metal nanoparticles (M) that are created during the
reaction [50]. This shows that the reaction’s reversibility is effectively preserved in
the nanoscale system. Other limitations, such as poor conductivity, limited diffusion
coefficient and production of extensive SEI layer, can be overcome by acquiring
other combination of materials or by developing various hierarchical nanostructures.
Tin oxide (SnO,) was initially selected as the anode material among the TMOs
because of its high value of theoretical capacity (790 mAhg~!).

Sn0, +4Li" 4 4e~ < Sn + 2Li,0 (5)

Sn+ xLiT +xe” <> 4LixSn (0 < x < 4.4) (6)

Notably, core-shell, hollow spheres or mesoporous architectures can tolerate
the volume shift, while the nanowire or nanorods of SnO, offers the mechanical
stability to persist during several cycles of the insertion-deinsertion activity [S1].
Hydrothermal carbonisation approach is used to assemble nanoparticles to create
mesoporous SnO, microspheres. It should be highlighted that porosity aids in both
a quicker intercalation and deintercalation of lithium and a good network structure
that makes surfaces available for electrolytes.

Another promising anode material in LIB is titanium dioxide (TiO;), which is
widely available and non-toxic as well as environmentally favourable. Different
polymorphs of TiO; exist, including anatase, rutile, brookite, TiO, B (bronze)
and TiO, H (Hollandite), and the electrochemical activity of these polymorphs
is dependent on their inherent qualities as determined by their crystal structures.
Anatase TiO; is the most electroactive polymorph of TiO, [52]. Similarly, due
to its accessibility and environmental friendliness, many types of iron oxides,
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including hematite (Fe;O3), magnetite (Fe304) and ferrous oxide (FeO), have been
widely used in biological and industrial applications. Due to its high theoretical
capacity value, Fe,O3 is used as a feasible anode in LIB because it is the most
thermodynamically stable oxide among them (1007 mAhg~") [53]. Other promising
candidates for the anode in LIB are the cobalt-based oxides, CoO and Co30y.
Effective anode materials in LIB also include diverse metal oxides or their mixed
composites with carbon material. For example, solvothermal approach was used to
create CoSnO3z/graphene nanohybrid materials, which were then dispersed on GO-
reduced graphene nanosheets [54].

7.7 Transition-Metal Dichalcogenides (TMDs)

Layered metal dichalcogenides (MX5) have a unique layered arrangement in their
crystal structures, which contributes to their exceptional Li-ion storage capacity.
The metal atoms in MX, are held together by weak van der Waal forces within
two chalcogenide layers that are organised hexagonally in the order of X-M-X.
The octahedral or tetrahedral interstitial sites, where the previous is actively more
advantageous, can both be intercalated with lithium in this multilayer stacking
structure. In addition, the lithium insertion through MXj includes a full charge
transfer that converts the M** ion to the M3* ion and diffusion of Li ion in the
van der Waal’s gap, which causes the volume to expand. Metal sulphides MS; of
M = Co, Fe, Ni, Cu and Ti are thought to be cathode materials, and M = Nb, W,
Ta, Mo and Ga are employed as anode materials in LIB, depending on the lithiation
potential values [55].

Hollow MoS; nanoparticles were shown to be more stable than solid MoS;
nanoparticles [56]. MoS, composites laminated with graphene had a high specific
capacity of 1100 mAhg~! with current of 100 mAg~! and 350 mAhg~! at a current
of 2000 mAg~!. The hydrothermal technique was used to create 3D MoS; flower-
like nanostructure embedded on layers of graphene [57]. The spacing between the
nanosheets of MoS;, 13.8 A in comparison with bulk MoS, 6.2 A, produced by such
MoS; nanoflowers was advantageous for the insertion of Li-ions. In order to provide
sulphur in lithium—sulphur batteries, a novel technique was used. A combination
of elemental Li and MoS; is electrochemically transformed to Li>S and elemental
Mo to prevent the instability of LisS. According to the authors, the resulting cell
is extremely stable. In a similar way, MoS> composite with single-walled carbon
nanotubes and MoS; nanorods covered with amorphous carbon displayed relatively
high capacity 992 mAhg~! in LIBs and 621 mAg~! [58]. Mesoporous WS has also
been employed as an electrode in Li batteries. TiS,, ZrS,, SnSe; and their hybrid
materials with carbon materials, among other transition metal chalcogenides, are
also discovered to be particularly encouraging in the area of anode materials utilised
in LIB. Li,TiS, (x = 0.12, 0.52 and 1.0) is an intercalated chemical that is formed
when lithium is intercalated into TiS;, which shares the same layered structure as
MoS; [59]. In LIBs, TiO; is primarily used as cathode rather than anode because it
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has comparatively high discharge capacity value of 2.1 V. There are, however, few
accounts of it being employed as an efficient anode material in a hybrid form with
carbon materials.

8 Summary and Future Prospects

In a fairly broad spectrum of practical technologies, porous electrode materials
and reactive flow are key components. The value of new capacities to depict and
comprehend physical, chemical and electrochemical processes at the microscale
is growing. Overall, it can be said that LIBs’ performance is still subpar despite
tremendous progress made thus far employing various types of materials as anodes.

Current challenges include the proper design of nanostructures and suitable
combination of the materials. Additionally, low specific capacity (experimental)
compared to theoretical ones, unexpected volume expansion, irreversible response
of Li ion intercalation/deintercalation process, SEI layer formation, low electrical
conductivity, etc. need to be investigated. Whereas the size, form, and design
of innovative nanoarchitectures are crucial, it is also necessary to prevent harsh
adverse effects caused by extremely large surface area. Additionally, it’s important
to take into account safety concerns, non-toxic properties and affordable materials.
New knowledge can be upscaled to support the best design and control of whole
devices and components at the macroscale in addition to increasing fundamental
understanding.
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Emerging Novel Chalcogenide-Based ®)
Materials for Electro Water Splitting Qs
Applications

Vikas J. Mane, Vaibhav C. Lokhande, Abhishek C. Lokhande,
Chandrakant D. Lokhande, and Dattatray S. Dhawale

1 Introduction

Environment and energy are the two urgent significant issues in current society
for global commercial and social development. Nature provides a wide variety of
sources of renewable energy such as solar energy, tidal energy, biomass energy,
wind energy, and so on. However, due to regional or seasonal factors, renewable
energy sources become inconsistent. Therefore, systematic energy conversion and
storage systems are required for large-scale applications [1, 2]. Water is the
most abundant source of hydrogen and oxygen on earth, and it can be split into
oxygen and hydrogen using an electrolyzer. Electrochemical water splitting is
a fascinating technology for renewable energy conversion into green hydrogen
fuel. In electrochemical water splitting, hydrogen evolution reaction (HER) at the
cathode and oxygen evolution reaction (OER) at the anode are the two half-cell
reactions that take place [3]. Despite the merit of electrochemical water splitting,
the reaction kinetics of OER is sluggish because the multistep electron transfer
processes compared to HER are greatly affected by large overpotentials. Therefore,
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electrocatalysts are necessary to enhance the kinetics of both the OER and HER to
ensure the overall energy-efficient process and minimize the energy barriers [4, 5].
In HER, water is reduced at the cathode to generate Hy, which requires a process
of two electrons transfer, and the reaction is given as [2H (5q) + 2™ — Hag)l.
Similarly, OER is the reaction in which water is oxidized at the anode to generate
O,, involving a four-electron transport process that needs a significantly higher
overpotential than HER [6]. The reaction pathway of alkaline OER is 2H,O —
Oxg) + 4H?;q) + 4e™, and the overall reaction is represented as:

2H,0 — 2H, + Oy (D

Because of high overpotentials and slow kinetics in OER and HER, electrocata-
lyst plays a significant role to split the water. Therefore, the development of highly
efficient electrocatalysts is essential for reducing OER and HER overpotentials to
achieve efficient O, and H, generation.

Initially, platinum group metals such as palladium (Pd), platinum (Pt), iridium
(Ir), and ruthenium (Ru) have been the choice of active electrocatalysts. However,
their expensive nature and scarcity restrict their large-scale catalyst production for
commercial applications. Hence, developing efficient, low-cost, and long-lasting
electrocatalysts is vital for replacing expensive metals. Metal chalcogenides, such
as sulfide, selenide, and telluride, have received extensive interest as an emerging
material with superior performance due to their unique properties such as high
surface area and better electrical conductivity compared to pure precious metals
and metal oxides.

Several research strategies have been implemented to prepare a variety of
transition metal chalcogenides for electrochemical water splitting. Figure 1 shows
the summary of metal chalcogenide-based materials and their composites for overall
water splitting application (reported using the data from Google scholar: 2001

M Sulfide Selenide M Telluride [ Sulfide-Selenide
M Sulfide-Telluride M Selenide-Telluride

Fig. 1 Pie chart showing the summary of metal chalcogenide-based materials and their composites
for overall water splitting application. (Reported using the data from google scholar: 2001 to 2022)
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to 2022). Thus, this chapter is focused on various metal chalcogenides (sulfide,
selenide, and telluride) and their composite electrodes for electrochemical water
splitting [7].

2 Metal Chalcogenides (MCs) for Electro Water Splitting

The MCs are the emerging class of material for HER and OER activity and
recently received more attention due to their good electrical conductivity and cost-
effectiveness compared to metal oxides. MCs of S, Se, and Te to create binary
constant crystalline structures utilized transition elements of VII to B IV merge
with VI A group elements [8]. To enhance the catalytic activity of the MCs,
different strategies have been explored such as rising active edge sites, constructing
heterogeneous structures, doping heterogeneous atoms, and promoting electronic
transmission [9]. The universal synthetic routes are summarized to synthesize
MC:s for improved electrocatalytic performance [10]. Figure 2 shows that several
promising strategies are represented in the active and stable MC materials. The
residual challenges in the research and growth of MCs and hopeful directions for
upcoming research are also recapitulated.

The MCs can also be made into different heterostructures and nanocomposites,
which can be applied in various electrochemical reactions such as fuel cells, sensors,
lithium-ion batteries, light-emitting diodes, solar cells, thermoelectric devices,
electrocatalysts, and supercapacitors as depicted in Fig. 3. In this section, we
provide an overview of MCs for electro water splitting. First, we introduce current
various types of synthesis methods for MC materials and their applications. In
common, MCs can be synthesized through wet-chemical synthesis, solid-phase
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Fig. 2 The metal chalcogenides applied in water splitting [11]



248 V. J. Mane et al.

iy

o Mg, Metal

) ' Chalcogenides
@ - ~— Narowires
i{lj!ﬂlﬂan
v AStructure ", 5 & Morphology\:

" Electronic
Structure

Fig. 3 Illustration of typical synthesis and application of metal chalcogenides [11]

chemical synthesis, and hydrothermal and chemical vapor deposition (CVD)-based
epitaxial growth methods. Then we discuss various strategies employed to tune the
morphology, crystal facets, crystallinity, phase, and heterostructures of MCs and
their impact on water splitting performance. Lastly, we signify the faces in the
research and improvement of MCs as the water splitting electrocatalysts and our
viewpoints on the future directions to solve the energy-related problems.

2.1 Cobalt Sulfides (CoS) Electrocatalyst for OER

In the last few years, cobalt sulfide has attracted huge interest, owing to its appli-
cations in various fields like electrocatalysts, supercapacitors, alkaline rechargeable
batteries, lithium-ion batteries, and magnetic materials [12—14]. However, due to the
complicated phase diagram, controlled preparation of cobalt sulfide with high purity
is very challenging. This may be owing to numerous chemical forms (CoS, CoiS,
Co9Sg, Co3S4, and CoS,), and it can quickly change from one phase to another.
Therefore, various synthetic methods have been used to deal with these parameters
and synthesize high-purity cobalt sulfide nanostructures.

Liu and co-workers [15] revealed that electrodeposited CoS nanosheet films on
Ti mesh illustrate high OER activity (Fig. 4). Figure 4a shows the SEM images of
Ti mesh and CoS/Ti nanosheet films grown on Ti mesh. The CoS/Ti nanosheets
require an overpotential of 361 mV to achieve 10 mA ¢cm~2 and demonstrated
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Fig. 4 (a) SEM images of Ti Mesh and CoS/Ti mesh nanosheets and (b) the OER polarization
curves and time-dependent current density curves for 20 h of CoS/Ti mesh nanosheets [15].
(Copyright, 2015, Elsevier)

stable performance for 20 h as shown in Fig. 4b. The low overpotential and stable
performance of CoS/Ti nanosheets suggest the ideal candidate for water oxidation
(OER). The good electrocatalytic performance and durability, along with the simple
and scalable fabrication procedure, of this architecture propose us useful features
like a low-cost electrode for water splitting applications.

2.2 Molybdenum Disulfide (MoS;) Electrocatalyst for HER

MoS, has received much attention in the last decade because of its unique
physicochemical characteristics and applications in various fields such as catalysis,
hydrogen storage, capacitors, batteries, and lubricants [16]. In addition, MoS, has
been extensively used as an industrial catalyst for the sulfurization of petroleum and
hence received particular attention as a catalyst [17].

Kibsgaard et al. [18] reported that the edge structure of MoS, nanoparticles
could efficiently accelerate the HER process. A vast assortment of methods has
been developed to improve the catalytic activity of MoS,, centering mainly on the
surface morphology, and electronic conductivity. Sun et al. [19] demonstrated that
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Fig. 5 (a) HER curves on bare glassy carbon electrode at 5 mV s~'and MoS, synthesized from
various temperatures and (b) Tafel slopes of MoS, and Pt/C catalyst from HER curves [20].
(Copyright, 2015, Nature Research)

Mn and N Co-doping optimized the electronic structure and allowed H adsorption
and desorption, thereby increasing the HER performance of MoS; S-edge. In this
study, a colloidal MoS; nanostructure and interlayer-expanded characteristics show
increased HER activity and stability in acidic media. All the experimental work was
carried out in Ar saturated 0.5 M H>SOy4 solution. A superior catalytic activity with
low overpotential of 103 mV and 49 mV dec™! Tafel slope is attained as shown
in Fig. 5a, b [20]. Furthermore, the advantage of an edge-completed structure, an
interlayer extension, can enhance the electrical conductivity of the MoS; resulting
in superior catalytic activity. This work indicates the scope of inexpensive and
resourceful HER activity by transforming the interlayer distance in a 2D layered
material. The practical challenges remain to enhancing the catalytic activity and
durability of MoS>-based electrocatalysts. Besides the edge-terminated structure,
the expanded interlayer distance with modified electronic structure is due to
dependability for the electrocatalytic performance enhancement. Other strategies to
contain MoS; with conductive materials by synergetic coupling effects or transition
metal ions doping into MoS; to optimize its electrocatalytic sites at S-edges due to
improve HER performance.

3 Binary Metal Sulfides

While numerous transition metal sulphides have been investigated as catalytic
electrodes, binary metal sulphides are more desirable due to their higher active redox
sites and greater thermal and mechanical stabilities [21]. As a result, the Kirkendall
effect was used to prepare the majority of binary metal sulphide nanostructures [22].
The motion of the interface between two metals that happens as a result of the
variation in diffusion rates of the metal atoms is also known as the Kirkendall effect.
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Fig. 6 (a) Raman spectra of (CozMny)S electrode catalysts. XPS spectra of (b) Co 2p, (¢) Mn 2p,
and (d) S 2p of (CozMn;)S electrode catalyst [25]. (Copyright, 2021, Elsevier)

The result can be observed by incorporating insoluble indicators at the interface
between a pure metal and alloy containing that metal and heating it to a temperature
where atomic diffusion is feasible.

3.1 Manganese Cobalt Sulfides (MCS) Electrocatalyst for OER

MCS-based electrodes for electrocatalysts have received much attention in the last
few years due to their eco-friendliness and strong redox characteristics. Recently,
ultrathin mesoporous MCS nanosheets were electrodeposited on Ni foam and stud-
ied for OER application [23]. Zhang et al. [24] synthesized Ni-MnNPs@C, which
showed high stability and better OER performance. The amorphous (Co-Mn)S
electrodes fabricated using the SILAR method revealed nanosheet-like surface
morphology beneficial for OER with good stability [25]. As shown in Fig. 6a,
the chemical structure of (Co-Mn)S catalysts probed by Raman spectra consistent
[26-28]. Chemical states of (Co-Mn)S electrodes were studied via XPS and are
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Fig. 7 FE-SEM images of (CoxMny)S electrode catalysts with various Co-Mn ratios, (a)
(Co1Mnyp)S, (b) (CosMn)S, (¢) (CozMny)S, (d) (Co,Mn3)S, (e) (CoiMny)S, and (f) (CooMn;)S
at 100 k magnification [25]. (Copyright, 2021, Elsevier)

shown in Fig. 6b—d. The electrochemical activity of sulfide-based electrocatalysts is
closely controlled by the redox chemical properties and valence states of comprising
transition metal atoms. Consequently, to examine the oxidation states of elements
present in amorphous (Co-Mn) electrocatalysts, it is clear that the different valence
states of Co and Mn correspond to (Co3Mnj)S catalyst, which could help to improve
its OER performance [29, 30].

Figure 7a—f shows the morphology of (Co-Mn)S electrodes. The electrodes
reveal a compact and nonporous structure (Fig. 7a, f). Further, ratios of dissimilarity
of (Co-Mn)S catalyst change the chemical structure and transform the nature of
electrodes. (Co3Mnjy)S electrode catalyst possesses open porous randomly inter-
connected nanosheets. As a result, many reaction sites at (Co3Mn;)S offer superior
electrocatalyst performance and higher OER activity [31].

(Co-Mn)S thin films deposited on SS substrates using the SILAR method
showed stoichiometric composition adjustment and significant improvement in
electrochemical OER activity by altered electronic structure, intermediates, and
binding strength. Furthermore, modified nano-sheet surface morphology offered
low overpotential at high current density. Figure 8a shows the polarization curves
of (CoxMny)S electrocatalysts with various Co/Mn ratio (insert magnified view
of iR-corrected). The binder-free deposition of (CozMn;)S electrode showed low
overpotential (243 mV) at 10 mA cm™? current density as depicted in Fig.
8b. (Co3Mn;y)S electrode showed a low Tafel slope of 98 mV dec™! for OER
kinetics as compared to other electrodes (Fig. 8c). The experimentally measured
and theoretically calculated oxygen evolution at an interval of 10 min for the
(Co3Mn;)S electrode is revealed in Fig. 8d. The (CozMn,)S electrode demonstrates
superior durability for 100 h with constant water oxidation. The (Co-Mn)S catalyst
can be considered an excellent electrode for OER appliances due to its easy yet
scalable preparation method and efficient OER performance. The overpotential and
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Fig. 8 (a) The LSV plots for (CoxMny)S electrodes (insert: magnified view of iR-corrected),
(b) overpotential required at 10 mA cm~2 of (CoxMny)S catalyst, (¢) Tafel plots of (CoxMny)S
electrodes and various (Co-Mn) fractions, and (d) theoretically and experimentally measured Oy
gas versus time at a constant overpotential of 243 mV versus RHE [25]. (Copyright, 2021, Elsevier)

Tafel slope of (CozMn;)S electrode compared with earlier reports on sulfide-based
materials as illustrated in Table 1.

As given in Table 1, the OER activities of (Co3Mn»)S catalysts showed low
overpotential, low Tafel slope value, and excellent stability for OER application.

3.2 Molybdenum Disulfide/Conductive Polymer Polyaniline
(MoS,/PANI) Electrocatalyst for HER

Lukowski et al. [40] reported 187 mV overpotential at 10 mA cm~! with a Tafel
slope of 43 mV dec™! for metallic nanosheets of MoS,-PANI signifying increased
HER activities. Zhang et al. [41] prepared 3D MoS; with PANI composite as an
electrocatalyst. The SEM profile of MoS,/PANI nanowires with uniform length
and diameter is shown in Fig. 9a. The homogeneous and dense growth of MoS;
nanosheets reveals excellent edge-rich sites in the vertical direction (insert of Fig.
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Table 1 Comparative OER activities of (Co3Mn»)S catalysts with previously reported works

Overpotential
Sr. no. | Catalyst Methods Electrolyte | (n) (mV) Stability (h) | Ref. No.
1. (CosMny)S | SILAR 1 MKOH |243 100 [25]
2. Co-S/Ti mesh | Electrodeposition | 1 M KOH | 361 20 [32]
3. CogSg Hydrothermal 1M KOH |420 5 [33]
4. CoS, Hydrothermal 1M KOH |290 12 [34]
5. Co3S4 Hydrothermal 1M KOH |355 5000 cycles | [35]
6. CoS Solvent-less route | 1 M KOH | 325 18 [36]
7. NiCo,S4 Hydrothermal 1M KOH | 320 11 [37]
sulfidation
8. CoxNij_ «xS> | Hydrothermal 1 MKOH | 290 10 [38]
sulfurization
9. CoFeS Solvothermal 1M KOH |290 10 [39]

Fig. 9 (a) Surface morphology of MoS,/PANI, insert shows elevated magnification and (b) SEM
profile of MoS, [41]. (Copyright, 2015, Elsevier)

9a). Compared with the pure MoS; nanoclusters folding themselves with lots of
active edges buried inside (Fig. 9b), the PANI exhibits stupendous active edges,
thereby promoting higher electrochemical performance.

The polarization curve of Pt/C shows the higher HER electrocatalytic properties
with a zero onset overpotential, while the PANI barely illustrates any HER
performance (Fig. 10a, b). However, for MoS,/PANI, superior HER activities
were obtained with 100 mV and 45 mV dec™! overpotential and Tafel slope,
respectively. Figure 10c shows the Tafel slopes recorded with the linear regions
fitted into the Tafel equation. MoS, with the composite percentage of 79.6 showed
excellent performance as compared to other compositions of composite (62.6, 72.3,
and 82.9%) (Fig. 10d). Herein, the MoS,/PANI has achieved good stability over
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MoS,/PANI polarization plots [41]. (Copyright, 2015, Elsevier)

other MoS;polymer-based HER electrocatalyst. The superior HER electrocatalytic
performance of MoS2/PANI confirmed the successful application of PANI in HER
catalyst.

4 Transition Metal Selenides

Selenide-based MCs for electrochemical water splitting will be discussed in this
section. Selenideis in the VI-A group and has an equal oxidation number as sulfur
[42]. Therefore, metal selenides are expected to deliver similar electrochemical
performance as that of metal sulfides.

4.1 Nickel Selenide for HER/OER Electrocatalyst

NiSe has gained significant attention in recent years due to its multiple oxidation
states with tunable electronic properties [43, 44]. Swesi et al. [45] prepared NizSe;
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Fig. 11 (a) XRD diffraction analysis of Ni3Se,/CFand (b) SEM images of Ni3zSe,/CF (Inset
shows high-magnifications) [45]. (Copyright, 2015, Royal Society of Chemistry)

and showed the best OER and HER catalytic performance in alkaline conditions.
The required 290 mV overpotential for 10 mA cm™2 signifies that this catalyst is
efficient when compared with the oxide-based catalysts. The catalytic capability
of NizSe, was enhanced during the alteration of the Se-deficient phase in Ni3Se;.
Furthermore, the electrodeposited Ni3Se,/CF on Cu foam as a bifunctional catalyst
for OER and HER has exceptional stability. The XRD diffraction analysis as shown
in Fig. 11a confirms the formation of trigonal Ni3Se,/CF. The smooth, compact, and
homogeneous surface morphology of Ni3Se,/CF electrode is shown in Fig. 11b.

The HER catalytic activity of NizSe,/CF was investigated in a 1 M alkaline
electrolyte with a three-electrode cell configuration. The polarization curve of
Ni3Se»/CF (NizSe; loading mass 3.0 mg cm~2) is shown in Fig. 12a. The
Ni3Se,/CF shows an efficient HER performance with a low overpotential (Fig.
12b), and it only needs 100 mV to reach 10 mA cm™2. As predictable, the Pt/C
shows superior HER activity, while bare CF reveals poor HER performance. The
Tafel values of 98 and 63 mv dec™! were for the NizSe,/CF and Pt/C catalysts,
respectively (Fig. 12c¢). The low Tafel slope implies a rapid improvement in the
HER kinetics. The time-dependent electrocatalytic durability for HER in 1 M KOH
is presented in Fig. 12d. The results clearly show that NizSe,/CF is an appropriate
electrode for the large-scale hydrogen production in alkaline electrolytes.

The OER catalytic properties of Ni3Se,/CF are being investigated in the 1 M
KOH electrolyte. Figure 13a shows LSV curves of Ni3Se,/CF measured at 5 mV g1
scan rate in the ambient atmosphere. The low onset potential of 1.51 V versus
RHE for Ni3Se,/CF electrode is comparable to the value of 1.47 V versus RHE
for RuO, (left panel of Fig. 13b). Also, at 50 mA cm~2, the required potential
for NizSe,/CF electrode is 1.57 V and 1.54 V for RuO; (right panel of Fig. 13b).
The equivalent Tafel slope for NizSe,/CF (80 mV dec™!) is close to the value of
RuO> (72 mV dec™!), signifying that Ni3Se,/CF is more active for OER as shown
in Fig. 13c. The time-dependent chronoamperometric durability test of NizSe,/CF
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Fig. 12 (a) HER plots of CF, Pt/C and NizSe,/CF at5 mV s~ (b) high magnification of HER
plots, (¢) Tafel slopes for Pt/C and Ni3Se,/CF, and (d) stability for 12 h of 135 mV static
overpotential for NizSe,/CF [45]. (Copyright, 2015, Royal Society of Chemistry)

electrode for 10 h (Fig. 13d) showed its bifunctional catalytic activity for both Hj
and O evolution reactions. Thus, the above result certainly reveals the superior
electrocatalytic performance of the Ni3Se,/CF electrode for practical applications.

4.2 Cobalt Selenide (CoSe) for HER/OER Electrocatalyst

Recently, CoSe has emerged as a suitable material for electrocatalysis due to
its unique electrical and chemical properties. A multiplicity of these composites
contains CoSe, CoSe;, CozSes, CozSes, and Cog g5Se [46], prepared by different
synthesis methods. Several results for CoSe and their composites in electrocatalyst
OER and HER have been discussed in this section.

The OER catalytic performance of amorphous CoSe films electrodeposited on
a Ti mesh (a-CoSe/Ti) increases dramatically beyond 1.54 V versus RHE. Figure
14a shows that a-CoSe/Ti electrode exhibits a low overpotential of 292 mV at
10 mA cm~2 in 1 M KOH solution. Figure 14b shows that the Tafel slope of a-
CoSe/Ti of (69 mV dec™!) is lower than that of RuO, (86 mV dec™!) electrode,
implying more helpful OER kinetics of the a-CoSe/Ti. Figure 14c shows that the
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Fig. 13 (a) The LSV curves for CF, RuO, and Ni3Se;/CF at 5 mV ) plot of onset potentials
(left) with overpotentials (right) at 50 mA cm™2 versus of NizSe,/CF electrocatalysts, (c) Tafel
slopes of RuO, and Ni3Sey/CF electrodes, and (d) static curve of 10 h stability for Ni3Se,/CF at
70 mA cm~2 [45). (Copyright, 2015, Royal Society of Chemistry)

as-prepared catalyst has superior durability with a small anodic current loss after
1000 cycles. These results illustrate the superior long-life chronoamperometric
durability of 27 h for a-CoSe/Ti OER catalysts depicted in Fig. 14d.

The HER activity for a-CoSe/Ti, Pt/C, and Ti mesh were carried out in 1 M
KOH electrolyte. The polarization curves of Pt/C reveal superior performance, and
Ti mesh has poor performance as depicted in Fig. 15a. The a-CoSe/Ti required
overpotential of 121 mV at 10 mA cm~?2 signifies the superior HER activity of
the catalysts. As shown in Fig. 15b, the Tafel slope of a-CoSe/Ti (84 mV dec™!)
suggests the HER occurs through a Volmer-Heyrosky mechanism. Figure 15¢ shows
that the a-CoSe/Ti catalyst illustrates a slight decay after 1000 cycles for the
HER. Time-dependent chronoamperometric stability of 27 h for CoSe/Ti with an
overpotential of 145 mV shows its superior electrocatalytic activity (Fig. 15d). Ti
mesh as a substrate for a catalyst has the obvious advantages of inexpensive, superior
electric conductivity, poor electrochemical activity, and the ability to load more
electrocatalyst than predictable electrodes. This amorphous a-CoSe/Ti electrode has
an efficient bifunctional water splitting catalyst with superior durability in alkaline
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Fig. 14 (a) LSV plots for Ti mesh, RuOjand a-CoSe/Ti catalyst at 5 mV s~1, (b) Tafel slopes of
RuO; and a-CoSe/Ti, (c¢) initial and after 1000 cycles examined LSV plots for a-CoSe/Ti, and (d)
155 mV static overpotential stability of 27 h for a-CoSe/Tisample [47]. (Copyright, 2015, Royal
Society of Chemistry)

electrolytes. This as-prepared sample result of the critical defect concentration could
lead to the exposure of considerably enhanced active sites, thus offering good
electrochemical activities for water splitting applications.

5 Binary Metal Chalcogenides

Binary metal chalcogenides show huge potential for electrochemical activities.
However, the reports based on their use as an electrocatalyst are very limited.

5.1 Te/FeNiOOH-NCs for Highly Efficient Overall Water
Splitting

The improvement of efficient and stable non-noble nanomaterials as bifunctional
HER/OER catalysts has the benefits of an easier electrolyzer procedure and
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Fig. 15 (a) HER plots for Ti mesh, RuO, and a-CoSe/Ti electrodes at 5 mV s~1, (b) Tafel curves
of Pt/C and a-CoSe/Ti electrodes, (c) initial and after 1000 cycles examined LSV plots for a-
CoSe/Ti, and (d) 145 mV static overpotential stability of 27 h for a-CoSe/Ti [47]. (Copyright,
2015, Royal Society of Chemistry)

dropping cost. The hydrothermally synthesized novel Te/FeNiOOH-NC cluster
nanocubes as a highly active and durable catalyst show the best bifunctional
electrocatalytic properties of both HER and OER in alkaline solution. OER catalytic
performance of Te/FeNiOOH-NCs electrode was studied in the potential range from
1.23 to 1.8 Vin 1 M KOH, and resultant LSV plots are revealed in (Fig. 16a). The
lower Tafel slope value of the Te/FeNiOOH-NC catalyst (52 mV dec™!) than other
catalysts illustrates a good electron transfer rate and accelerated reaction kinetics of
the Te/FeNiOOH-NC OER catalyst (Fig. 16b).

The bifunctional activity of the Te/FeNiOOH-NCs electrode was further studied.
The Te/FeNiOOH-NCs were used as the cathode and anode (symmetric electrode
configuration). The electrode obtained a cell voltage of 1.65 V at 10 mA cm™2
current density in 1 M KOH with continuous gas evolution on both electrodes
(Fig. 17a) (inset reveals profile of water electrolysis). Furthermore, the electrode
exhibited a long-life cyclic stability with negligible loss of 0.3% after 20 h
electrolysis (Fig. 17b). It showed that the Te/FeNiOOH-NC-based catalyst has
superior performance and durability than the Pt/C and IrO,-based catalysts.
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Fig. 17 (a) Polarization curve of Pt/C, Te/FeNiOOH-NCs, and FeNiOOH-NCs at 5 mV s~! for
water splitting device (Inset reveals profile of water electrolysis), and (b) chronoamperometric
durability for 20 h at 20 mA cm~2 of Te/FeNiOOH-NC catalysts [48]. (Copyright, 2018, American
Chemical Society)

5.2 Se-(NiCo)Sx/(OH)x Electrode for Electrocatalyst

Reports showed that (Mo —x)S2 coats could produce vacancies, edges, energy
barriers, and point defects for increased HER activities [49]. Wang and coworkers
[50] prepared Co(SxSej_x)2 and revealed high HER and OER activities as
compared to CoSe, and CoS, due to their high surface area and enhanced electron
conductivity.
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Fig. 18 (a) The HER plots, (b) Tafel graphs of Se-(NiCo)S/OH, (NiCo0)S/OH, and (NiCo)OH, (c)
Nyquiest graphs of nickel foam, (NiCo)OH,(NiCo)S/OH, and Se-(NiCo)S/OH electrodes, and (d)
chronoamperometric stability for 80 h of Se-(NiCo)S/OH in 1 M KOH media [51]. (Copyright,
2018, Wiley, Wiley-VCH)

The electrocatalytic HER performance of Se-(NiCo)S/OH nanosheets was exam-
ined using polarization curves in 1 M KOH alkaline electrolyte (Fig. 18a). The HER
curves of Se-(NiCo)S/OH nanosheets revealed a low overpotential of 103 mV at
10 mA cm™? than that of (NiCo)S/OH, (NiCo)OH catalyst. The Tafel slope was
87.3 mV dec™!, which is lower than that of other catalysts as shown in Fig. 18b. The
initial adsorption of H>O molecules was crucial for the subsequence process. The
abundant defects and disorders might promote the adsorption of H»O molecules and
enhance the HER performance of the Se-(NiCo)S/OH catalyst. Figure 18c shows
the EIS study carried out to gain further insight into the catalytic HER procedure.
The Nyquist graphs depicted that Se-(NiCo)S/OH possessed rapid charge transfer
capability. The durability test of Se-(NiCo)S/OH nanosheets showed no noticeable
degradation after 80 h at 10 mA cm~2 current density (Fig. 18d).

The electrocatalytic OER performance of Se-(NiCo)S/OH nanosheets cata-
lyst was invesigated in 1 M KOH solution. The Se-(NiCo)S/OH nanosheets at
10 mA cm™2 current density demonstrated a low overpotential of 155 mV than the
(NiCo0)S/OH,(NiCo)OH, RuO3,, and Ni foam catalysts (Fig. 19a). These results also
showed the highly capable activity of Se-(NiCo)S/OH as an OER electrocatalyst.
Further, the low Tafel slope of 33.9 mV dec™!, which is lower than that of other
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Fig. 19 (a) The LSV plots, (b) Tafel slopes (NiCo)OH, (NiCo)S/OH, and Se-(NiCo)S/OH
electrodes, (¢) Nyquist plots of nickel foam, (NiCo)OH, (NiCo)S/OH, and Se-(NiCo)S/OH
electrodes, and (d) chronoamperometric durability of Se-(NiCo)S/OH [51]. (Copyright, 2018,
Wiley, Wiley-VCH)

catalysts is shown in Fig. 19b, implies much fast OER kinetics for Se-(NiCo)S/OH
nanosheets. Usually, it has been proposed that OH™ was primarily adsorbed on
the surface of electrocatalysts during the catalytic OER. This fast process could
be shown by the EIS test as revealed in Fig. 19c. While the total resistance of Se-
(NiCo)S/OH is higher than the other catalysts, the charge transfer resistance was
much lower than (NiCo)S/OH and (NiCo)OH catalysts. The electrocatalytic OER
stability of Se-(NiCo)S/OH was conducted at 20 mA cm~2 in a 1 M KOH solution.
Figure 19d shows that the Se-(NiCo)S/OH nanosheets retained stable OER activity
with no obvious degradation for about 73 h.

The superior HER and OER activities of Se-(NiCo)S/OH anode and cathode
electrode with fabricated water splitting device Fig. 20a show that the overall water
splitting device required a low overpotential of 1.6 V at 10 mA cm™2 current density.
Inset of Fig. 20a shows an optical image illustrating the production of H, and
O, on the surface of Se-(NiCo)S/OH. The long-life electrochemical durability of
66 h for Se-(NiCo)S/OH electrode is shown in Fig. 20b. Also, the overall water
splitting at 10 mA cm™2 current density for 66 h shows no degradation. The Se-
(NiCo)S/OH nanosheets have extensive appliances in electrocatalysis, batteries, and
supercapacitors of and would be worthy of further research in electrochemistry.
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Table 2 Comparison of Se-(NiCo)S/OH electrode with previously reported electrocatalysts for
overall water splitting

HER OER

Overpo- | Overpo-

tential (n) | tential () | Overpotential Ref.
Sr. no. | Catalyst Electrolyte | (mV) (mV) (n) (mV) Stability| No.
1. Co;Mn|CH/NF 1M KOH | 184 294 1.68 14 [52]
2. CoMnO@CN 1MKOH | 71 230 1.5 10 [53]
3. CogSg@NOSC 1 M KOH |320 340 1.74 10 [54]
4. N-Ni3S,/N 1MKOH | 110 310 1.48 8 [55]
5. NisPy 1M KOH | 150 300 1.7 20 [56]
6. CoP NWs 1 M KOH | 244 300 1.56 1000 [57]
7. FeB, NPs 1MKOH | 61 296 1.57 24 [58]
8. Co-B@CoO 1M KOH | 102 290 1.67 20 [59]
9. Ni/Mo,C-PC 1MKOH | 179 368 1.66 10 [60]
10. NiCoFeLTHs/CFC | 1 M KOH | 200 239 1.55 19 [61]
11. Ni3S,/NF 1MKOH | 170 260 1.76 150 [62]

The OER and HER performance of Se-(NiCo)S/OH electrode are compared with
previously reported electrocatalysts for overall water splitting as shown in Table 2.
As given in Table 2, the OER activities of Se-(NiCo)S/OH catalysts showed low
overpotential, Tafel slope and excellent stability representing a promising candidate
for OER application.
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6 Conclusions

This chapter describes a summary of the MCs, nanomaterials as new emerging
electrocatalysts that have received huge attention in the field of electrocatalysis
for HER, OER, and full water splitting. Due to its superior electrocatalytic activ-
ity, easily regulated structure, high electrical transport, large-scale synthesis, and
predictability to replace noble metals. In outline, different types of MC electrodes
with various overpotential values show different HER and OER performances. For
HER, the required overpotential of 100 mV for NizSe,/CF catalyst while for OER,
an overpotential of 135 mV is required for a-CoSe/Ti mesh catalyst to achieve at
10 mA cm~2 in 1 M KOH electrolyte, signifying superior performance for electro
water splitting of MCs. Furthermore, improving earth-abundant and inexpensive
resources using a simple preparation approach is necessary for extensive appliances.
Additionally, various metal chalcogenide-based devices should be developed.
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1 Introduction

The search for low-cost and earth-abundant element-based photovoltaic (PV) mate-
rials continues for solar cell applications to satisfy the growing energy demands.
Recently, the PV industry received enormous attention due to its clean and abundant
energy source, which can reliably meet the current energy needs. It mainly relies
on solar energy from the sun, which is considered an extensive, inexhaustible,
and renewable energy source. Presently, the total electricity generated from the
PV industry is close to 1% of that of total worldwide electricity production. The
Joint Research Centre (Europe) anticipates that consumption will increase by 50%
shortly. Hence, the dependence on solar energy led the scientific community to
invest efforts and funds in producing solar cells with enhanced efficiencies [1].

The silicon (Si) solar cell technology (first generation solar cells) gained a huge
boost as it achieved a record break efficiency of 25%, resulting in the dependence of
80% solar market on the Si industry in the last decade. However, the Si industry did
not receive much attention as it had major drawbacks, for instance, the requirement
of thicker absorber layers (200-300 pm), impurities, high production cost, and
low power conversion efficiency (PCE) under low light intensity conditions [1,
2]. Hence, scientific research focused on developing novel PV materials that can
overcome these drawbacks [3]. In the light of recent years, thin film solar cells
(TFSCs), also referred to as second-generation solar cells, have been developed
extensively. Like Si solar cells, these solar cells do not need thicker absorber layers
and work efficiently at a lower thickness (1-2 jum) even in low-intensity conditions.
The TFSCs based on CdTe and CIGS materials have already achieved reliable
efficiencies up to 21.5% and 21.7%, respectively [4, 5]. Moreover, the ternary
CulnS; (CIS)-based TFSCs have also achieved efficiencies up to 11.4% [6]. As
these solar cells employ toxic, carcinogenic elements such as Cd and rare earth
elements such as Te, Ga, and In, their use for large-scale solar cell device fabrication
is not feasible. It has been reported that producing 1 GW of electricity requires
nearly 30 tons of In in Japan [7]. Hence, considering the materials perspective, the
use of toxic and costly rare earth elements seems highly unsuitable for electric power
generation on a commercial basis.
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The kesterite-based CZTS(Se) absorber material contains earth-abundant and
nontoxic elements. It exhibits similar material properties to CIGS, such as P-type
conductivity with a direct bandgap (1-1.5 eV) and a high absorption coefficient
[1]. Though the recent PCE of CZTSSe-based TFSCs achieved ~13.0%), it is still
low than CdTe and CIGS-based TFSCs [8]. This PCE is limited mainly due to
the formation of a high density of defects and unfavorable secondary phases.
The existence of nonideal recombination paths in the kesterite solar cells restricts
the efficiency above 20%; hence, it remains a challenge [9]. The CTS, a ternary
semiconductor compound, is formed as a secondary phase during CZTS compound
growth. It also has a p-type conductivity and optimal optical properties, like a high
optical absorption coefficient (10° cm™') and tunable bandgap (0.9-1.4 eV). The
number of elements in the CTS compound is also less than in CZTS, resulting in
lower production cost and a simplified structure with reduced defects depicting its
suitability for PV application [1, 2]. According to the S-Q limit, the theoretically
estimated PCE of CTS is close to 30% and practically demonstrated a linear increase
from 0.11% to 6%, indicating much scope for further enhancement in efficiency [2].
The CTS-based absorber layers can be fabricated via both physical and chemical
techniques. The commonly physical techniques employed for CTS syntheses are
sputtering [10], electron beam evaporation [11], thermal evaporation [12], and
pulsed laser deposition [13], which require a high vacuum, have complex operations,
and are costly. On the other hand, chemical techniques such as chemical bath
deposition (CBD) [14], successive ionic layer adsorption, and reaction (SILAR)
[15], sol-gel [16], hot injection [17], solvothermal [18], hydrothermal [19], spray
pyrolysis [20], electrodeposition [21], and microwave irradiation [22] used for CTS
synthesis are easy and cheap, have low material wastage, and do not require high
vacuum for the process. The chemical techniques possess the flexibility to control
various experimental parameters, and hence the synthesized material properties
can be controlled easily. Hence, chemical techniques can be the preferred choice
considering from commercialization of PV material for a solar cell application.
Combining cost-effective PV materials with low-cost processing techniques can
reduce the overall manufacturing cost of solar cells.

As the particle size decreases, the size effect comes into play. The size effect
influences the structural, chemical, optical, and electrical properties, which imparts
intriguing properties to the nanoparticles (NPs). The NPs and their intrinsic
properties derived from their sizes have attracted significant interest in the modern
technological industry for versatile applications. Especially, the size-dependent
NP applications have revolutionized the optical and electronics industry due to
effective size control. Moreover, the effective size control of semiconductor NPs
results in improved optical properties and has opened new doors in “bandgap”
engineering. Semiconductor NPs exhibit high absorption coefficient and tunable
bandgap, which is important in enhancing efficiency in solar cell application.
However, effective size/shape control accompanied by mass scale NP production
is still a big challenge. Intricate size/shape NPs could induce significant variation in
their intrinsic properties, further altering the basic motivation of synthesizing NPs.
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Hence, it is necessary to synthesize NPs without sacrificing their properties, which
could be achieved by optimizing NP synthesis techniques.

Various innovative technologies have been considered in the race to cut down
the manufacturing cost of solar cells. One of the most reliable and effective trends
in the innovation stage is inkjet printable solar cells. Inkjet printing has advantages
such as low production cost, low wastage of material, and the ability to coat ink on
almost any surface. In the case of traditional solar cells, the substrate on which the
absorber is deposited is costlier than the absorber itself. Inkjet printing will provide
the flexibility to coat absorbers on flexible substrates, which will be cheaper and
effectively reduce the manufacturing cost. This chapter illustrates the state-of-the-art
of synthesis of CTS NPs by various chemical techniques and their further processing
for printable solar cells.

2 Overview of Inkjet Solar Cell

As the name suggests, solar cells are manufactured through an inkjet printer by
coating a semiconductor material over the substrate. This technique is independently
established by the Massachusetts Institute of Technology (MIT), the University
of New South Wales (UNSW), and Oregon State University. A private solar cell
manufacturing company named “Konarka” also successfully constructed printed
solar cells in 2008. Following the success of “Konarka,” Oregon State University
fabricated CIGS solar cell with a PCE of 5% in 2011. The photograph of the inkjet
printer is shown in Fig. 1.

The inkjet printers can be employed to print both organic and inorganic types
of solar cells. Flexible substrates such as paper, stainless steel, and polymer

— -, |

Fig. 1 The inkjet printer used to print CIGS-based solar panels [23]
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(polyethylene terephthalate (PET)) can be used to print. The ink formulation of
the PV material is a backbone of printable solar cells, which is used to coat the
desired surface. Ink formulation is associated with a metal salt blend dissolved
in solvents (solution processed) or the previously synthesized NPs dispersed in
inorganic solvents (NP-based). The first approach of dissolving metal salts in a
solvent to make the ink is a single-step approach similar to the spray pyrolysis
technique and is quite easy. The latter approach of using NPs of absorber compound
for printing is a multistep process where the NPs are synthesized using various
chemical techniques such as hot injection, solvothermal, and hydrothermal and then
dispersed in a solvent to make NPs ink for printing. After the ink formulation, the
ink is coated on the desired substrate and subjected to annealing treatments (500—
580 °C) to form a solar cell. The latency time and printing table temperature are the
parameters that can be used to modulate the properties of the absorber layer. The
major advantage of inkjet printing technology is its simple construction, low cost,
very low wastage of material, and ability to coat any surface with controlled texture
and thickness [23]. The cheap manufacturing cost of the inkjet printing approach
opens up a new field of printable solar cell technological innovation.

It should be noted that the quality of the printed solar cells depends on the quality
of the formulated ink. The ink can be prepared using NPs and a solution-based
approach. Hence, this chapter discusses various chemical techniques employed for
the high-quality ink formulation of the CTS absorber compound. Before focusing
on the adopted chemical techniques for CTS synthesis, we take a brief outlook on
the properties of the CTS compound.

3 Structural, Optical, and Electrical Properties of CTS

The CTS compound is considered to be biomorphic or polymorphic [24]. It
exhibits different crystal structures such as cubic, tetragonal, mohite, wurtzite,
orthorhombic, triclinic, and anorthic [2]. This structure formation depends upon
cations distribution in the unit cell, which results from the applied annealing
temperature. The CTS phases like tetragonal and monoclinic are stable at low
temperature (<750 °C), while cubic and wurtzite are metastable (>750 °C) [1].
The isomorphic high-temperature CTS phase exhibits a cubic ZnS structure; at the
same time, the low-temperature isomorphic phases come with the tetragonal stannite
structure [25, 26]. Optimizing experimental conditions allows the high-temperature
metastable phases to be made at a low temperature. This phase formation is
also dependent on the Cu/Sn composition ratio. Figure 2 shows the theoretically
estimated potential chemical stability region for Cu—Sn—S compound, where the
Cu,SnS3 phase has a broad range.

As the composition becomes Cu rich, secondary phases of CuS, Cu,S, CuzSnSy,
and CusSnSy are formed, and at Cu poor conditions, SnS, SnS;, and CusSn;S;¢
are formed. In addition, phase formation and its effect on solar cell performance
should be considered. The first principle calculations study has suggested that cubic
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Fig. 2 Possible chemical potential phase Cu—Sn—S compound. (Reprinted with copyright permis-
sion from Ref. [27])

CTS carries several detrimental deep-level defects, while the monoclinic CTS phase
has relatively low deep-level defects. Hence the monoclinic CTS phase should be
preferred to fabricate CTS solar cells, which demonstrated the highest PCE.

The optical properties such as bandgap are also phase-dependent; the cubic phase
has a bandgap around 1.0 eV, while the tetragonal and monoclinic structures exhibit
1.28 and 0.92 eV, respectively [28-30]. These distinct bandgap values are mainly
observed owing to the unique cations-anions geometrical arrangement within the
unit cell. The bandgap value can be altered through the doping impurities, which
add sub-energy levels that lead to the generation and separation of charge carriers
[2]. The quantum size confinement effect can also be one of the possible reasons for
bandgap change in CTS NPs. The presence of secondary phases such as SnS and
CusS also significantly affects the bandgap value and transmittance. Their presence
leads to a decrease in transmittance value, resulting in decreased PCE [1].

The electrical properties of the CTS compound depend upon Cu/Sn ratio. Bodeux
et al. [29] reported that the change in composition ratio affects the conductivity of
CTS thin films. The increased Cu/Sn ratio from 1.9 to 2.2 caused the enhanced
electrical conductivity from 0.1 S (S cm) to 0.8 S (S cm). The copper-rich phases
like CuzSnS4, CusSnSy4, and Cu,S exhibit relatively higher conductivity, and hence
they enhance the overall conductivity of the CTS compound. Cu-rich composition
in the CTS compound results in maximum charge carrier generation, which in
turn increases the electrical conductivity and results in increased shunt losses.
Hence, close control of the Cu/Sn ratio is important. The Cu oxidation state in
CTS compound also significantly impacts electrical property control. Cu®** state
induces metallic character to CTS compound, which leads to shunt losses. Hence the
suggested Cu oxidation state must be Cu!™ [27]. Temperature-dependent property
of CTS, such as conductivity, reduces linearly with increasing temperature, and
above 516 °C, CTS decomposes into CuS and SnS, indicating that the working
temperature should not be above 516 °C [31]. Thus, the structural, optical, and
electrical properties of CTS are significantly affected by factors such as Cu/Sn ratio
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and secondary phases. Controlling these factors can help to maintain the absorber
compound (CTS) properties.

4 The Device Structure of CTS-Based Thin Film Solar Cells

The chalcogenide-based TFSCs generally consist of multiple layers deposited on
a substrate or soda lime glass (SLG). The typical device architecture for TFSCs is
shown in Fig. 3; it consists of the back-contact layer, p-n junction, window layer,
and front contact; different layers play their different part as they are called.
Briefly, the fabrication of a device starts with the deposition of metallic back
contact on the substrate. Molybdenum (Mo)-coated SLG is commonly used to
prepare the TFSCs with a thickness of around 500-1000 nm. The typical p-n
junction in the solar cell can be fabricated by successfully fabricating the p-
type absorber layer (CTS layer) and n-type CdS buffer layer through different
techniques. The absorber layer exhibits an average thickness of around ~1000-
1500 nm, whereas the n-type buffer layer has ~30-60 nm. Next, the window layer,
also called the transparent conducting oxide layer (TCO), can be prepared by putting
the i-ZnO and Al-ZnO layers by maintaining the thicknesses around 40-80 nm
and 500-1000 nm, respectively, through the RF sputtering process. The device is
completed by depositing top contact grids of Al or Ni/Al layers about 800—1000 nm.

Fig. 3 The schematics device architecture of CTS-based TFSCs
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Sometimes, the MgF-based coating layer is also used as an antireflection and a
protective layer.

The selection process of materials for each layer is another important aspect
of TFSCs. The substrate should be rigid to provide considerable stability in
extreme environments and the mechanical strength of the solar cells. The SLG-
based substrate is widely used as it satisfies the abovementioned requirements and
provides additional Na supply to the absorber layer by diffusing through the Mo
layer. This out-diffusion of Na atoms plays a decisive role in absorber growth and
grain quality. To extract maximum charge carrier from the absorber layer, high-
work function metals are typically preferred for the back contact. Mo is commonly
referred as a rare contact material in chalcogenide-based TFSCs, since it controls the
diffusion of Na atoms, has a high work function value, and has low sheet resistance
(0.2 Q/cm?). Besides, chemically inert towards the absorber elements and provide
good adhesion of absorber layer to the substrate.

The output parameters of the device strongly rely on the work function value
of metals (®p,) and the back contact stability of TFSCs. Accordingly, optimizing
the rare contact interface is of prime importance in developing TFSCs. The p-type
absorber layer can be deposited through different techniques, which are discussed
in the further sections of the chapter. The p-type absorber layer generates charge
carriers, which are then separated through the different layers. Generally, a CdS
buffer layer is deposited as an n-type buffer layer by the CBD technique. The
CdS have a bandgap around ~2.4 eV, separating the minority charge carriers from
the absorber layer and absorbing a considerable amount of light from the solar
spectrum. The window layer, that is, the i-ZnO and Al-ZnO layer, has a wider
bandgap than the p-n layers, which covers the rest of light from the solar spectrum.
The window layer must possess higher transparency, minimal sheet resistance, and
lower carrier recombination in the device. Besides, they must efficiently supply the
extracted charge carriers from the p-n junction to the top electrode. The window
layer is supported by the Ni or Ni-Al grids of the different areas as top contact,
where the top contact collects the extracted charger carriers from the window layer.
Ni and Al are low-cost materials generally used as some top contact materials to
their industrialization perspective.

5 Synthesis of CTS NPs Using Chemical Techniques

This section will briefly explore various chemical techniques adopted for CTS NP
synthesis. Apart from this, the influence of various experimental parameters on CTS
NPs is also briefly discussed.



Chemical Processing of Cu;SnS3 Nanoparticles for Solar Cells 279
5.1 Solvothermal and Hydrothermal Techniques

Both solvothermal and hydrothermal techniques are close vessel reactions involving
reactions under temperature and pressure. The generated pressure in the vessel
depends upon the concentration of dissolved precursors and the subjected tem-
perature [2]. The only difference in these techniques is the use of solvents. In
solvothermal techniques generally, organic solvents like ethanol, ethylenediamine,
ethylene glycol, and polyethylene glycol (PEG) are used; on the contrary, in the
hydrothermal method, water is used as a solvent. All the chemical precursors are
dissolved in the solvent and then placed in a closed vessel (Teflon) to initiate
the reaction. Factors such as reaction time, temperature, solvent, pH, additivities,
and precursors govern the experimental process [32]. Factors such as pH can
affect the composition, size, and morphology of the NPs, while precursors stabilize
the structure and affect the product’s reactivity [33]. These methods are cheap,
simple, and reproducible and involve low operating temperatures. They also have
the advantage of producing NPs with controlled size and shapes.

The CTS NPs have been synthesized using the solvothermal and hydrothermal
techniques in 120-300 °C temperature range, lasting 7-24 h. CTS NPs with various
shapes such as microspheres, nanorods, micro flowers, and mesoporous spheres
are synthesized by varying various experimental parameters. Chen et al. [34]
investigated the effect of solvent on the morphology formation of CTS NPs. In the
report, ethanol and water were used as solvents, whereas CTS NPs with nonuniform
sizes and shapes were formed when only ethanol was used as a solvent. As 50 vol%
water was mixed with ethanol, “flowerlike”-shaped CTS NPs were produced (Fig.
4a).

This effect of self-adjusting morphology was attributed to the use of mixed
solvents (ethanol 4+ water), which enhanced the reactivity of reactants. Hu et al. [16]
evaluated the effect of varied sulfur precursor sources on the morphology formation
of CTS particles. All the metal precursors (cationic) were dissolved in ethylene
glycol solvent, and only two different sulfur sources (anionic) such as thiourea and
thiosemicarbazide were used. CTS nanoshells (Fig. 4b) were formed for the thiourea
sulfur sources. As thiosemicarbazide was used, the morphology transformed into
“flakes”-like structure. This change in microstructure accounted for the higher
chemical reactivity of thiosemicarbazide, which resulted in uncontrolled chemical
reactions leading to irregular growth rates of the particles. Hence, the reactivity
of the precursors drastically affects the morphology formation of CTS particles.
The same study also determined the solvent variation effect using ethylene glycol,
methanol, and benzene. Out of the three solvents, only ethylene glycol produced
CTS particles as it acts as a solvent and reducing agent and favors anisotropic
growth. Qu et al. [35, 36] also performed a similar study using thiourea and
thiosemicarbazide sulfur sources on the morphology formation of CTS particles.
In the study, PEG was used as a solvent instead of ethylene glycol as used in the
former study. “Cabbage”-like and “mesoporous”-shaped CTS particles (Fig. 4c, d)
were formed for thiourea and thiosemicarbazide sulfur sources, respectively. Hence,
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Fig. 4 (a) TEM image of CTS having flowerlike shape, (b) FESEM image of an individual
Cu3SnSy tubular nanoshell with its constituent spherical NPs, (¢) Highly magnified image of the
Cu,SnS;3 cabbage-like nanostructures, (d) FESEM of the mesoporous CTS spheres and, (e) TEM
image of CTS having 2-D nanorods shape. (a, b, ¢, d, and e reprinted with permission from Refs.
[16, 31, 34-36], respectively)

solvents also significantly impact the morphology formation of CTS particles.
The use of metal precursor sources also affects the structure and morphology
formation of CTS particles. Xiong et al. [31] synthesized 2-D nanorods (Fig. 4e) in
a mix solvent (water 4 ethanol) using a hydrated metal precursor source. The 2-D
structure growth is associated with forming continuous hydrogen interlocking bonds
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Fig. 5 FESEM images of CTS NPs with hollow spheres at (a) 2 um and (b) 500 nm magnifica-
tions. (a and b reprinted with permission from Ref. [19])

between water and ethanol molecules. However, anhydrous metal sources (copper
and tin), due to lack of Hy bonding, did not produce the CTS compound, indicating
that Hy bonding plays a significant role in CTS compound and its morphology
formation.

Compared to the solvothermal technique, hydrothermal is cheap as it involves
using nontoxic and easily available water. Very limited work is conducted on the
synthesis of CTS NPs by this technique. Reports include the influence of additive
agents and sulfur precursor sources on the synthesis of CTS NPs. Zhang et al.
[19] reported the formation of CTS NPs with hollow spheres (Fig. 5a, b) using
ethylenediaminetetraacetic acid disodium salt (EDTA-Nay).

The formation of CTS NPs is ascribed to the high chelating capacity of EDTA-
Nay, which controls the Cu* and Sn** release. It also acts as a template for
forming a hollow structure. Li et al. [37] synthesized CTS NPs with tetragonal
and cubic structures using thiourea and sodium sulfide, respectively. The excess
use of thiourea suppressed the secondary phase formation. It produced phase pure
tetragonal CTS NPs, while for cubic phase CTS synthesis, the process temperature
was raised to 250 °C. It accelerated the reaction by increasing the release of S2~
ions from sodium sulfide. Hence, modulating the rate of a chemical reaction by
sulfur sources and experimental temperature can produce CTS NPs with various
phases. Table 1 indicates the experimental parameters and related properties of CTS
NPs obtained by solvothermal and hydrothermal techniques [16, 18, 19, 31, 34—47].

The crystal structure and size distribution of CTS NPs are mostly determined by
the selection of solvent and precursors reactivity. Table 2 indicates the influence of
sulfur source and solvent on the CTS phase formation.

The coordinating, reducing, and chelating ability of the solvent decides the
phase formation of CTS particles. As with the solvents, precursor reactivity affects
the phase formation and size. Due to the unbalanced monomer’s contribution,
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Table 2 The dependence of CTS phase formation on a combination of the type of sulfur source
and solvent used

Type of sulfur source | Type of solvent Phase Ref. no.

Highly reactive Mild coordinating Kuramite-tetragonal [18, 31, 34, 38, 40]
Highly reactive Strong coordinating | Triclinic [44]

Mild reactive Mild coordinating Cubic [35, 39, 41]

Mild reactive Strong coordinating | Wurtzite [39]

Table 3 The particle size

Lo Precursor reactivity | Particle distribution
distribution of NPs based on

the reactivity of the High. Broad
precursors Medium Narrow
Low Broad

highly reactive precursors provide broad particle size distribution. Meanwhile,
mild reactive precursors have a balanced releasing rate of monomers, and control
over nucleation and grain growth results in narrow particle size distribution. The
nucleation process is prolonged for low reactive precursors, so monomers are
produced after a long time, forming large-sized particles (spheres) [48]. Table
3 indicates the particle size distribution of NPs based on the reactivity of the
precursors. Hence, the flexibility in tuning CTS NP properties (phase, shape, and
particle size distribution) in the solvothermal and hydrothermal techniques provides
a peculiar advantage for preparing high-quality NP ink for printable solar cells.

5.2 Hot Injection Technique

The hot injection is a facile and quick approach to producing the NPs and is widely
adopted due to its ability to control the size, shape, composition, and phase of NPs.
This technique involves the rapid insertion of cold precursors into hot complex
precursors. The rapid injection of cold precursors lowers the temperature of a hot
complex precursor, which terminates the nucleation due to a rapid drop in the
solvent temperature and leads to reduced monomer concentration below the critical
level. The newly generated nuclei grow slowly to form particles (Fig. 6).

The growth of the NPs is diffusion controlled, accompanying the slower growth
rate of particles, followed by a reaction-controlled mechanism associated with
the growth of larger particles due to the higher chemical potential of smaller
particles (Ostwald’s ripening), leading to the formation of NPs [49, 50]. In the
synthesis of CTS NPs, cationic precursor sources (Cu and Sn) are initially mixed
in a solvent and heated to initiate the reaction. After forming a metal complex
at a certain temperature (140-160 °C), the reaction temperature is further raised
(220-240 °C). Then an anionic precursor source (sulfur) is rapidly inserted in
the metal complex precursor, followed by aging to form CTS NPs. Just like
the solvothermal technique, factors such as reaction time, temperature, solvents,
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Fig. 6 (a—c) Reaction mechanism of CTS NPs and (d) schematics of NPs formation. (Reprinted
with permission from Ref. [51])

and precursor sources also affect the structural and microstructural properties of
CTS NPs. Cationic metal precursor sources commonly used are chloride, acetate,
sulfate, acetate, acetylacetonate, and iodide [17, 51-57]. Sulfur sources such as
thiourea, elemental sulfur powder, 1-dodecanethiol (DDT), dibutyldithiocarbamic
acid (DBDCA), and solvents with high boiling point (<300 °C) such as oleylamine
(OLA) and Octadecene (ODE) are used in NP synthesis. Various capping agents
such as triphenylphosphine oxide (TOPO) and oleic acid (OA) are used to produce
highly dispersed NPs by their effective role in stabilizing the free surface energy of
the particles.

The chelating ability of solvent and reactivity of the precursor sources directly
affects the size, shape, and phase formation of CTS NPs. Lokhande et al. [51]
employed sulfate and chloride metallic precursor sources and synthesized CTS NPs
in the size of 10 and 70 nm, respectively (Fig. 7a, b).

The increased NPs size (70 nm) is attributed to the higher chemical reactivity
of the chloride precursor source. Compared to sulfate precursor sources, chloride
precursors are highly reactive, resulting in rapid nucleation of the NPs followed
by their growth and aggregation, resulting in increased particle size. The same
authors [52] also demonstrated the effect of reactivity of the sulfur precursor source
by synthesizing CTS NPs with two different phases, cubic and tetragonal, using



Chemical Processing of Cu;SnS3 Nanoparticles for Solar Cells 285

Fig. 7 FESEM images of CTS NPs produced from (a) sulfate and (b) chloride metal precursor
source. (a and b reprinted with permission from Ref. [51])

two different sulfur sources, namely, sulfur powder and thiourea, respectively. The
relatively higher reactivity sulfur source (i.e., elemental sulfur powder) results in the
formation of cubic phase at low temperature (240 °C) owing to the faster-releasing
rate of S~ ions, which generally form at a higher temperature. Hence, CTS NP
phase formation is mainly determined by the reactivity of the sulfur source (kinetics
of S2~ ions).

Solvents also tune the phase, size, and shapes of the NPs. The coordinating and
chelating properties of the solvents impart desired size and shape to the NPs. Chang
et al. [53] explained the effects of solvents on the properties of CTS NPs. Cubic
phase triangular-shaped CTS NPs (Fig. 8a) in the size of 150 nm were synthesized
using ODE solvent.

As OLA was mixed with ODE solvent, wurtzite phase hexagonal-shaped parti-
cles (Fig. 8b) in the size range of 30-35 nm were formed. Similarly, CTS nanorods
(Fig. 8c) in size range from 50 to 70 nm synthesized in ODE solvent transformed
into hexagonal-shaped particles (Fig. 8d) in size ranging from 20 to 30 nm using
OLA solvent [54]. Hence, the size reduction effect and shape tuning ability of OLA
solvent is attributed to its strong coordinating capacity. Tin incorporation also affects
the size and phase formation of the NPs. Wurtzite phase CTS NPs in the size of
10.4 nm were formed at 7:1 Cu: Sn ratio, and kesterite phase CTS NPs in the size
of 3.5 nm were formed at an increased tin ratio (Cu: Sn = 1:7) [55]. Contrary to
this result, tin incorporation in the synthesized CuS (Cus;Sj¢) particles resulted in
an increased size (31 nm) of the formed CTS particles due to the incorporation
of tin in the CuS matrix resulting in overall increases in the volume of the unit
cell and hence the size of particles [56]. Okano et al. [57] synthesized CTS NPs
with a tetragonal phase by sequential injection of tin followed by sulfur in the
Cu-Sn complex. However, NP cubic phase CTS NPs were formed when the same
experimental conditions and precursors were used, and only sulfur was injected into
the Cu-Sn complex [17]. Table 4 indicates the experimental conditions and results
of reported CTS NPs by hot injection techniques.
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Fig. 8 TEM images of CTS NPs (a) triangular NPs with 150 nm from ODE solvent, (b) hexagonal
NPs of 30 nm from OLA solvent (¢) nanorod produced from ODE solvent and (d) hexagonal NPs
produced from OLA solvent. (a, b reprinted with permission from Ref. [53] and ¢, d reprinted with
permission from Ref. [54])

Hence, factors such as metallic precursor sources, solvents, capping agents, and
sulfur precursor sources significantly affect the size, shape, and phase formation of
CTS NPs. The advantage of controlled preparation of NPs with dispersibility and
uniformity is beneficial for preparing NPs ink for printable solar cell fabrication.

5.3 One-Pot Chemical Synthesis Technique

“One-pot chemical technique,” as the same suggests, means that all the precursors
are initially mixed in the solvent. The reaction is initiated by steady heating
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Table 4 The experimental conditions and results of reported CTS NPs by hot injection method

Ref.

Metal precursor | Sulfur source Solvent Phase no.
CuCl + SnCl, S OLA Tetragonal [57]
CuCl + SnCl, S OLA Cubic [17]
CuCl; + SnCl, DBDCA+DDT | OLA + ODE+TOPO+OA | Wurtzite
CuCl + SnCl, S OLA + TOPO+0A Wurtzite [55]
Cu(acac); + SnCly DDT Orthorhombic [56]
Cul + Sn(acac) DDT ODE Cubic [53]
Cul 4 Sn(acac) DDT ODE + OLA Wurtzite
Cuacacy + Snacy | DDT OLA + TOPO Orthorhombic [54]
CuSo4.XH;0 S OLA Kuramite-Tetragonal | [51]
SnS04.XH,0
CuCl; 4 SnCl, S OLA Tetragonal
CuCl, + SnCl,
CuCl; + SnCl, Sthiourea ODE Cubic [52]

ODE Tetragonal

of solvent, which results in the thermal decomposition of precursors to undergo
nucleation and grain growth. Like the hot injection technique, the solvents, capping
agents, and precursors used in this technique are quite the same. The size of the NPs
in this technique can be easily controlled by controlling the reaction time. In the
synthesis of CTS NPs by Lin et al. [58], the size of the NPs increased from 10.7 to
16.4 nm with an increasing reaction time from 5 to 45 min (Fig. 9a, b).

The increased size with reaction time is attributed due to the crystallization and
aggregation of particles. Simultaneous control of the phase and size of CTS NPs
is also possible. Park et al. [59] synthesized CTS cubic and wurtzite phases by
elemental sulfur powder and dodecanethiol (DDT) as a sulfur source. Also, the size
of the NPs was reduced from 9 to 6.8 nm (Fig. 9¢c, d) with increased oleic acid to
the cationic ratio from 6:1 to 18:1. The stabilization effect of oleic acid results in
the restricted growth of the NPs and hence the size of NPs decreases. Hence, the
easy control of NP properties by controlling various factors provides opportunities
to synthesize NPs with desirable properties. Also, the major advantage of the “one-
pot chemical technique” is that the yield of NP formation is more and hence best
suitable for large-scale NP synthesis, which can be further used for ink formulation
for printable solar cells [60].

One-pot multi-bubble sonoluminescence technique, similar to “one-pot chemical
technique” has also been employed for CTS NP synthesis. Compared to “one-pot
chemical method,” the only difference is the working mechanism of this method,
which is based on the emission of light due to the collapse of gas bubbles under the
applied ultrasonic field. CTS NPs in the controlled size range of 5-6 nm have been
synthesized by adjusting sonication time and frequency [61]. Rapid NP synthesis
and precise control of NPs size make it an attractive technique for large-scale NP
synthesis for ink formulation in printable solar cells.
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Fig. 9 TEM images of CTS NPs (a) and (b) at reaction stage of 5 and 45 min, respectively, (c)
and (d) with increasing oleic acid content to cation molar ratio 6:1 and 18:1, respectively. (a, b
reprinted with permission from Ref. [58] and ¢, d reprinted with permission from Ref. [59])

5.4 Microwave Irradiation Technique

The microwave technique is commonly used for NP synthesis as it is cheap,
rapid, environmentally friendly, and scalable. Due to its highly polarizing nature,
microwave radiations directly interact with the charged particles and form NPs.
The microwave reflex involves rapidly heating particles under the vibrating electric
field [22]. This technique is similar to one-pot chemical technique, where all the
precursors are dissolved in the solvent, and the reaction is initiated, except the
difference in this technique is the driving reaction force, that is, the microwaves.
Parameters such as microwave reaction time and operating power can tune the NP
properties (size, phase, and shape). Other well-known factors, such as solvent and
sulfur precursor sources, influence NP formation [22, 62, 63]. Very limited reports
are available on the microwave synthesis of CTS particles. A study based on the
effect of varied sulfur sources on particle formation has been demonstrated by Wang
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Fig. 10 (a) and (b) FESEM images of CTS NPs using sulfur sources as L-cysteine and thiourea,
respectively, and (c¢) and (d) FESEM images of CTS NPs using the microwave reflux method and
conventional reflux method, respectively. (a, b reprinted with permission from Ref. [62] and c, d
reprinted with permission from Ref. [22])

et al. [62]. Sulfur sources such as L-cysteine and thiourea were used. Irregular-
shaped hollow spheres (Fig. 10a) were formed for L-cysteine, and aggregated
spherical NPs (Fig. 10b) were formed for the thiourea sulfur source.

The lower solubility of L-cysteine and its vesicle template formation lead to the
agglomeration of smaller particles to form larger particles with hollow spheres.
On the other hand, thiourea NPs, due to their higher solubility, did not form a
vesicle template; hence, NPs in the spherical shape were formed. Hence, it is
clear that the solubility of the sulfur sources drastically affects the morphology
of CTS NP formation. The influence of microwave and conventional reflux on
CTS particle formation has been evaluated by Tipcompor et al. [22]. “Aggregated
flowerlike” morphology (Fig. 10c) was formed due to the rapid heating of particles
under the vibrating electric field for the microwave reflux method. The rapid
heating accelerates the chemical reaction and forms particles that aggregate and
form clusters along with the time-lapse. However, in the case of the conventional
reflux method, due to the absence of a vibrating electric field, the formed particles
aggregate continuously in a 2-D direction to form nanorods (Fig. 10d). Hence, the
type of reflux system adopted for NP synthesis affects the morphology formation of
CTS NPs. The microwave synthesis method, as mentioned before, is very rapid and
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cheap. This technique can be very effective for NP synthesis and further processing
as NP ink formulation for printable solar cells.

Hence as we discussed, various techniques employed for CTS NPs produce NPs
with peculiar advantages and properties. The selectivity of the technique depends on
the desired properties of NPs. Apart from these NP synthesis techniques, solution
processing of CTS has also been employed to prepare ink for printable solar cells.

6 Solution Process

The solution process is a simple, cost-effective, and scalable method as it involves
mixing and dissolving all the precursor salts in the solvent, followed by its coating
on the substrate. The advantages, such as precise composition control and conformal
coating with uniform thickness throughout the surface, make it one of the most
attractive and reliable methods for TFSCs fabrication [64]. The pioneering work
of the Mitzi group demonstrated the fabrication of 12.6% CZTSSe by a solution-
based approach reflecting the potential capability of the method to produce high-
efficiency solar cells [8]. The solution-based approach was hydrazine-based, which
is associated with several challenges. The toxic, corrosive, and flammable nature
of hydrazine solvent requires careful handling during the preparation of both ink
and a thin film, which can deprive its use. In this regard, alternate nontoxic solvents
received attention for the solution-based approach. Several reports [64—70] have
demonstrated the synthesis of CTS thin film and their solar cell application using a
nontoxic solution-based approach.

The solution approach for CTS synthesis is associated with the formation of sol
followed by spin coating. The sol is formed by dissolving all the precursor salts
in the solvent. The sol is then spin-coated on the desired substrate, followed by
annealing treatments. In the case of CTS, cationic precursors (Cu and Sn) and
anionic precursors (S) are mixed and dissolved in a solvent. The commonly used
metal precursor sources are chloride and acetate sources. The solvents employed
are methanol, 2-methoxyethanol, and diethanolamine. Usually, the quality of the
sol depends on the uniform mixing of the precursor salt and the stability of the
solvent. The mixing of precursors is at the molecular level, enabling precise control
over stoichiometry. After sol formation, the sol (ink) is spin-coated on the substrate,
followed by annealing in the temperature range from 150 to 600 °C. Table 5
represents the reported results of the solution-processed CTS thin films. Efficiency
as high as up to 2.10% for solution-processed CTS TFSCs is reported [69].

Hence, the solution prepared by dissolving all the precursors can be used as ink
for printable solar cells. Solution-processed ink is easier, cheap, and more scalable
than NP ink formulation. Also, the ink composition can be controlled simply by
adjusting the concentration of chemical precursors. However, the preferred choice
for ink preparation depends on the expected properties of the thin film.
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Table 5 The reported results of the solution-processed CTS thin films

Precursors Solvent Annealing conditions | PCE (%) Ref. no.

Cu(OAc),, SnCl, Aqueous precursor 600 °C for 10 minin | 1.80 [64]
solution S vapor

CuCly, SnCl,, Methanol 200 °C for 4 h in air 2.10 [69]

thiourea

CuCly, SnCly,, Methanol 200 °C for 10 minin | — [68]

thiourea air

Cu(OAc),, SnCl,, Methanol 300 °C for 10 minin | — [65]

thiourea air

Cu(OAc)2, SnCl,, 2-Methoxyethanol, 550°Cfor2hin S - [66]

thiourea diethanolamine vapor

Cu(OAc),, SnCl,, Methanol 150-300 °C for 2 h — [67]

thiourea in air

Cu, Sn, S powders Hydrazine 600 °C for 20 minin | — [70]

excess S atmosphere

7 Post-Annealing Treatments

Apart from ink formulation, annealing treatments also significantly influence the
quality of thin films. The printed films from the ink are subjected to annealing
treatments to form the compound with enhanced crystallinity. In the case of the
NP ink approach, the annealing treatment forms a compact microstructure with
enhanced crystallinity. Noncompact microstructure leads to recombination losses,
resulting in reduced power conversion efficiency (PCE) of the fabricated solar
cells [1, 2]. As for the solution-based approach, an annealing treatment is needed
to form a CTS compound from the film printed using ink. In the case of CTS,
annealing can be done in the sulfur environment (sulfurization) and inert atmosphere
(N3 or Ar). CTS is highly temperature sensitive as its microstructure, phase, and
composition change significantly with temperature. Elemental tin loss from CTS
compound in tin sulfide (SnS/SnS») is dominant during annealing treatment. This
elemental loss disrupts the microstructure and changes the composition and phase of
the compound. If the elemental tin loss is more, the composition of CTS becomes
copper-rich and results in increased shunt loss in the solar cells [1]. Hence, the
elemental loss must be controlled by optimizing annealing conditions. Sulfurization
in the tin environment, especially SnS, powder, can minimize tin loss from the
compound.

Also, increasing the partial pressure (S/SnS») during sulfurization can effectively
suppress the elemental losses. Sulfurization temperature is also the key factor
affecting the thin film absorber quality. The temperature should not be too high
as it promotes maximum elemental loss. The suggested sulfurization temperature
for CTS thin film is in the range of 550-580 °C. High-efficiency CTS TFSCs
with 4.67% PCE were sulfurized at 570 °C [12]. Apart from microstructural
enhancement, optical properties such as bandgap can also be tuned by annealing
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treatment. Selenization of films can tune the bandgap (narrow) of the printed films.
Hence, annealing treatments have a significant role in modifying the properties of
the thin film absorber compound.

8 Challenges and Solutions

The major requirement for printing the functional material is the formulation of
stable ink. In the case of NP-based approach, the normal tendency of NPs to
aggregate and precipitate formation affects the quality of the ink, which is solely
responsible for inconsistent reproducible performance. The stability of the ink
(NP dispersion) can be maintained using stabilizing agents. Stabilization can be
achieved by electrostatic and steric mechanisms [71]. Electrostatic stabilization is
associated with electrostatic repulsion between surrounding particles. The higher
the electric potential (Zeta potential), the higher the repulsion will lead to higher
stability of the particles. However, NP dispersion in polar media and organic
solvents is not effective for electrostatic stabilization. Steric stabilization can be
the alternative as the particles are covered by sterically bulky molecules (polymers).
Combining electrostatic and steric mechanisms, usually referred to as electrostatic
stabilization, can be effective in achieving particle stability in aqueous solvents. The
stabilizers such as poly(N-vinyl-2-pyrrolidone) (PVP) can be used in both organic
and aqueous media [72]. Other stabilizers include diethanolamine (DEA), ascorbic
acid, carboxymethyl cellulose sodium salt, polynaphthalene sulfonate formaldehyde
condensate, and poly(acrylic acid) salts [73, 74].

The size distribution of metal NPs is crucial. If the size distribution of the NPs is
nonuniform, it may not form a uniform coating on the substrate, affecting the solar
cell performance. Capping agents such as oleic acid and triphenylphosphine oxide
(TOPO) can be used to maintain the size distribution. The adhesion of the NPs is
also important. If adhesion is not well, NPs can detach from the substrate surface
leading to nonuniform and noncompact coating resulting in decreased performance
of solar cells. Binders such as ethyl cellulose, polyvinylidene fluoride (PVDF),
and polyetheramine (PEA) can be used to enhance adherence. However, the use
of binders introduces carbon impurities in the film, which increases the solar cell
series resistance, leading to its decreased performance. Hence, carbon-free binders
must be explored and employed as an alternative to the existing binders. In the
case of solution-processed techniques, complexing agents (ethylenediamine and
monoethanolamine) can be used to produce films with the desired composition and
phase. A surfactant such as TritronX-100 can enhance the surface texture of the
films. The ink’s viscosity, wettability, and surface tension are also critical. Typical
values of viscosity and surface tension should be in the range of 8—15 cP and 25—
35 dyne/cm, respectively [71]. Viscosity can be tuned by adjusting ink concentration
and using additives. The wettability between the ink and substrate also plays an
important role in forming a uniform and homogeneous film. The contact angle of
the ink droplet with the substrate must be as low as possible. Hence, identifying the
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factors that hinder the quality and possible solutions for the same can effectively
contribute to the increased performance and reliability of the printed solar cells.

9 Conclusions

Inkjet printing based on using functional material ink is an innovative technique for
fabricating high-quality printable solar cells. The production of quality films at low
cost, flexibility to produce films with desired properties, and its coating on almost
any substrate have revolutionized the solar cell industry. Even though printable solar
cells are in the early stage of innovation, extensive research and efforts have resulted
in rapid development in this technology. The “ink,” which decides the quality of
the printable solar cell, is vital and should be formulated precisely. The NPs and
solution-processed approach adopted for ink formulation in a printable solar cell
involve various factors that directly affect the ink quality should be focused. Post-
annealing treatments based on the desired properties in the printed film should be
optimized. Efforts to understand the chemistry of ink formulation and its further
processing by annealing treatments can transform the printable solar cell technology
from a preliminary research stage to a developed stage. The combination of low-
cost, functional material and ink formulation will realize high-performance printable
solar cells in the near future.
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HER Hydrogen evolution reaction

HTM Hole transporting material

IPCE Incident photon-to-current efficiency
OER Oxygen evolution reaction

PSC Perovskite solar cell

PEC Photoelectrochemical

PMI-6 T-TPA Perylenemonoimid-sexithiophene-triphenylamine dye
QDs Quantum dots

STH Solar to hydrogen conversion efficiency
VBM Valence band maxima

VB Valence band

1 Introduction

The use of solar energy for the production of chemical fuels is a sustainable
retort to energy production. Photoelectrochemical (PEC) splitting of H,O by the
use of sun irradiation for hydrogen production is a renewable method [1-3]. A
PEC cell is created on an electrode/liquid junction. Here, photocarriers (minority
carriers) generated upon absorbing light via semiconductor electrode are transferred
into the electrolyte via the electric field at the interface of semiconductor and
solution, where the redox reaction can take place like reduction reaction of a proton
(H™) to Hy [1, 4]. Figure la shows the schematic illustration of external bias
requirement where theoretical voltage (E = 1.23 V), overpotential for HER and
OER reaction, and bias required for water splitting with~10 mA/cm?. Hydrogen
production by PEC is very auspicious since high gravimetric energy (143 MJ/kg)
and carbon-free characteristics of hydrogen are directly useful as a fuel in fuel
cells and engine [1]. Many nanomaterials have been widely studied to attain
the efficacy that could be for practical usage. A large effort has been dedicated
to getting higher photocurrent density and stability by fabricating nanomaterials
of having properties such as physical properties, heterostructure formation, and
increased light absorption [5-8]. The physical properties are consisting of the
presence of localized states, low-coordinated sites, anisotropic conductivity, high
surface area, and tunable optical properties (Fig. 1b) [9-11]. The low-dimensional
nanomaterials, which consist of a heterostructure of 0D-1D, 1D-2D, 0D-2D, and
2D-2D architectures, have strong van der Waals force of an attraction, which leads
to the formation of stable electrochemical materials [12—14]. The nanomaterials
show increased light absorption by plasmonic effect [15-17], field effect [18],
doping or alloying [19], and defect grain boundary [20]. These phenomena are
benefited to improve charge-transfer process and fast excitation of photocarriers
and dissociation. However, many problems such as the narrow spectral ranges, fast
recombination of carriers, and low quantum efficacy in the photocatalytic hydrogen
evolution reaction (HER) have been faced. For the abovementioned problems, a
variety of ways have been used to expand the catalytic activity to a greater range
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Fig. 1 (a) Schematic illustration of requirement of bias in addition to the theoretical voltage for
the water splitting reaction (E = 1.23 V) [36]. Copyright 2019, The Royal Society of Chemistry.
(b) Schematic representation of properties of low dimensional materials

such as (i) improving absorption by catalysts, (ii) improving the operation of
photogenerated charges, and (iii) promoting the carrier separation and transfer of
photogenerated carriers [21]. However, the key obstacle in the PEC is that it gets
one semiconductor to attain all necessities. Visible light-absorbing semiconductor
wrestle from corrosion, while broad bandgap materials are stimulated by UV light
absorption. The high currents have been attained by integration of two materials
having a type-II band level alignment. To expand the absorption of solar light,
establishing heterojunctions with narrow bandgap, doping, surface plasmons, and
DSC can be used. However, the obstacle of sluggish oxygen and hydrogen evolution
reaction rate declines the performance of a material. Additional way to resolve this
issue is to decorate the surface of semiconductor with a co-catalyst, which more
decreases the overpotential via growing the kinetics of photogenerated electrons
[22]. We represent to the development of heterostructural photocathode dye and
perovskite-sensitized photocathode and tandem devices.



300 J. S. Shaikh et al.

2 Literature Survey and State of the Art of PEC for
Hydrogen Production and Photocathodes

The PEC consists of the decomposition of water into oxygen and hydrogen due
to the absorption of light by photoelectrode (catalytic electrode). This process is
important for the utilization of solar light for the production of H, gas for fuel. In
1972, Fujishima and Honda [23, 24] reported a light-driven PEC water splitting
that is based on an open modern artificial photosynthesis approach. They used
a single-crystalline TiO; as a photoanode and a Pt cathode. The current-voltage
measurement under irradiation of light on TiO, electrode revealed the current
passed through the load was directly proportional to the light intensity. From the
direction of the current, it was discovered that the oxidation reaction happened at
the photoanode (TiO,), and the reduction process occurred at the photocathode.
The oxidation reaction consists of oxygen evolution resulting from photoelectric
water electrolysis. The schematic model of photosensitized electrolytic oxidation
reaction at the photoanode was reported. The solar conversation efficiency for TiO;
was less than 1% due to its high bandgap energy. The hydrogen is detected at the
cathode (Pt electrode). In 1975, Mavroides et al. [25] reported photoelectrolysis
of water using SrTiO3 anode with maximum external quantum efficacy of 10%,
and it is greater than the TiO;-integrated anode PEC. This report revealed the
small electron affinity material useful for getting high external quantum efficiency.
In 1976, Nozik et al. [26, 27] reported the tandem-junction architecture, which
was made by a photoanode (n-type) and photocathode (p-type) with highest STH
conversion efficiency than a single photoelectrode. Difficulties to use direct PEC
are the lack of light absorption (bandgap <2.0 eV), corrosion of the material, and
obstacles of matching the semiconductor band-edge energies with the O, and H;
evolution reactions.

Metal oxides are usually used due to its steadiness in an aqueous electrolyte but
possess high bandgap (poor light absorption in the visible range) and poor semicon-
ductor characteristics. Semiconductors are typically thermodynamically unstable
for the oxidation process. However, p-type semiconductors have protection against
photo corrosion because the surface is cathodically protected under the illumination
of light [28, 29]. In 1986, theoretical studies showed that high-efficiency PEC
can be obtained by low bandgap non-oxide photoanode [30]. In respect of this,
in 1987, Kainthla et al. [27] reported self-driven PEC cell that is made by a p-
InP with Pt as the photocathode and protected n-GaAs as a photoanode. The PEC
measurement showed that STH of 8.2% with good stability (decrease of efficiency
of about 10% throughout the first hour of the operation and later on as it is steady
for further 10 h). In 1998, Khaselev et al. [28] reported the PEC cell integrated
with photovoltaic device splits H>O into H, and O; evolution directly upon light
incident without bias applied. They fabricated a tandem cell of p/n GaAs junction
(Eg = 1.42 eV) as a bottom cell designed for the absorption in the near-infrared
range and the top p- GalnP; junction (Eg = 1.83 eV) designed for the absorption
in visible light. The H, production efficacy of the tandem architecture was 12.4%.
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In 2010, Domen’s group [31] reported the CZTS-based photocathode for hydrogen
evolution for the first time. Since 2012, dye-sensitized PECs (DSPECs) increased
interest for Hp generation as evidenced by the published articles. In 2012, Tong et al.
[32] published the first report of the DSPEC fabricated by the perylenemonoimid-
sexithiophene-triphenylamine dye coated on the photocathode. H; evolution at a rate
of ca 80 nmol h™! cm™2 was obtained in sodium sulfate electrolyte at an applied
potential (0.197 V vs NHE) and under 600-800 mW cm™2 Xe light.

Semiconductor quantum dots (QDs) with broad absorption spectral range and
good photostability are more for fabricating highly durable and efficient photocat-
alytic systems. In recent years, hybrid systems comprising QDs have been reported
to be stable and active PEC [33]. In 2016, Quesada et al. first reported on the
CH3NH3Pbl3 (perovskite)-based photocathode for the PEC. An InBiSn alloy was
implemented to shield the perovskite from H,O and letting the photoelectrons to
get to a Pt electrode. The PEC exhibited high photocurrent density (9.8 mA cm™2
at 0 V vs RHE). The perovskite-based photocathode exhibited remarkable stability
(80% retention of their initial current for 1 h under light) [34].

3 Principle, Charge Separation, Transportation, and Device
Architecture of PEC Cells

The water splitting involves the process of charge separation of water into hydrogen
and oxygen. Various ways for water splitting have been used like photocatalytic,
photoelectrochemical (PEC), radiolysis, thermal decomposition, and photobiologi-
cal. In PEC, the half-cell reaction consists of the production of Hj at the cathode,
and half-cell consists of Oy evolution at the anode. The basic principle of PEC-
integrated water splitting is the alteration of renewable solar energy to hydrogen by
employing external bias to the two electrodes, which immersed in the electrolyte
containing the redox couples. One electrode is made by photo-absorbing material
(like semiconductor) called as photoelectrode, and another one is electrocatalyst
either for oxygen evolution reaction (OER) or for hydrogen evolution reaction
(HER) [35-37]. Mainly three types of device architecture have been investigated
for water splitting: (i) The first type consists of fabrication of photoanode for OER
reaction and use of electrocatalyst electrode (like Pt) for HER reaction, where
different light-absorbing photoanode materials like high bandgap metal oxides
(TiO3, ZnO, and WO3) have been investigated (Fig. 2a, b). (ii) The second type
consists of the fabrication of the PEC device by developing photocathode material
for HER reaction and using OER electrocatalyst material as anode material such as
Pt electrode (Fig. 2d, e). (iii) The third method consists of the development of both
photoelectrodes (photoanode and photocathode) for HER and OER reactions (Fig.
2g, h).

In these architectures, photoelectrode absorbs the photons and converts them
to electron-hole pairs, in which further electrons are transferred to electrolyte
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Fig. 2 The classification of PEC cells for water splitting. (a) Photoanode-HSC cathode. (b)
Carrier transportation process in PEC device, which has fabricated by photoanode-HSC cathode
combination. (¢) The example of J-V curve and operating points getting from the device [36].
Copyright 2019, Royal Chemical Society. (d) Photocathode-OEC anode. (e) Carrier transportation
process in PEC device, which has fabricated by photocathode-OEC anode. (f) The example of J-V
curve of the photocathode-OEC anode device and operating point in the device. Max ABPE of the
device [36]. Copyright 2019, Royal Chemical Society. (g) Photoanode-photocathode tandem cell.
(h) Schematic of carrier transportation process in PEC device for tandem cell. (i) The example
of J-V curve of the tandem cell and operating point in the device [36]. (Copyright 2019, Royal
Chemical Society)

where redox reaction of reduction of protons into hydrogen molecule takes place.
Furthermore, the hole is transferred through external circuit to an anode electrode
where a redox reaction of oxidation of water to oxygen molecule takes place.
The most significant device architecture feature consists of the formation of the
semiconductor-electrolyte liquid junction at photoelectrode-electrolyte interface.
In detail, photoelectrode is kept in interaction with an aqueous electrolyte, and
carriers flow crossways the interface of semiconductor electrode-electrolyte owing
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to differences in Fermi energy between semiconductor electrode and electrolyte.
Once equilibrium is reached, the space-charge region that is the electric double layer
(Helmholtz double layer) is generated at the semiconductor surface.

In the first step, consider p-type semiconductor (photocathode) having a bandgap
energy Eg in connection with the electrolyte, charge carriers are exchanged between
the semiconductor and the electrolyte. The negatively charged hole-depletion layer
is generated at semiconductor part of the interface. This hole-depletion layer showed
in the energy level diagram via downward bending of CB and VB edges in the
direction of the bulk interface. In opposite to this in n-type semiconductor, the
electron-depletion region formed at the surface and upward bending of CB and
VB edges in the direction of the bulk interface takes place. In the second step,
photoelectrode is illuminated by light having energy higher than Eg. The photon
excites electrons from VB to CB and left holes in the VB. Under the illumination of
light, the nonequilibrium condition comes, which leads to split quasi-Fermi levels of
holes (Etp) and electrons (Er,) which showed that the concentration of the minority
carrier is enhanced. The space-charge layer, which formed upon illumination of
light, results into charge separation due to the formation of the electric field within
the space-charge layer. Therefore, in a photocathode, electrons are taken away
from the bulk toward the electrolyte to produce hydrogen due to the formation
of electrical gradient and chemical gradient. Hence, for charge separation and
transportation, the CB edge of the p-type semiconductor should lie above the Fermi
level of water/hydrogen redox reaction (Eggq)(H2O/Hz)). Holes are transferred
to counter electrode (OER catalyst-anode electrode) via external circuit for hole
collection [36-38]. The collected holes are used to oxidize the water to oxygen;
this reaction delivers electrons, which further pass via the external circuit from the
counter electrode to the photoelectrode (photocathode). Figure 2c, f, i show the J-V
curves and operating points.

The change in the Gibbs free energy (AGy = 237.2 kJ/mol) is required for
the splitting of H,O into Hy and %2 O;. According to the Nernst equation, this
attributed to the standard reversible electrode potential AEy (1.23 V). In water
splitting process, the photon energy must be higher than 1.23 eV. The required
equations for OER and HER are given below [39]:

HyO () +2h™ — 1/20, (g) +2H" (aq) e))
2H (aq) +2¢~ — Ha (2) 2
HO () — 1/202 (2) + Hz2 (2) 3)

The four electron-hole pairs are required to produce for overall water splitting
process.
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4 The Conversion Efficiency Calculations

The standard STH can be deduced from the whole energy produced and applied
overall energy sunlight (100 mW/cm?) [35]:

Total energy generated  AG X 1y,
NSTH = . = 4)
Total energy input Piight X S

where rH is the rate of Hy generation, AG is Gibbs free energy =237 kJ mol~!, S is
the area of the photoelectrode (cm?), and Pight is the light intensity (100 mWcem™2).

When external bias is supplied to the PEC system, applied bias photon-to-current
efficacy (ABPE) at external voltage is calculated by Eq. 5:

bias

Jph(vredox -V )
ABPE =

®)

Piight

where Jpy, is the generated current density; Vieqox-redox potential for H>O splitting
reaction, which is 1.23 V versus NHE; Vbias is the difference between voltage of
the working and counter electrodes; Pyigne light intensity (100 mW cm_z).

Calculation of Faradaic efficiency is the ultimate technique to confirm that
produced photocurrent is attributed to the water splitting reaction and not due
to corrosion of photoelectrodes or any adverse reactions. It is calculated by
taking fraction of the actual evolved gas (based on the measured current) and the
theoretically evolved gas:

Experimental gas evolution

Faradaic efficiency = - : (6)
Theoretical gas evolution
_ Oxygen evolution measured )
~ Gas evolution based on the photocurrent
Oxygen evolution measured
= T AXT x 100% ®)
( s 4) /Na

where Jpy. the photocurrent density (A/cm?) generated during the measurement time
(T in seconds), e represents the charge of an electron (1.62 x 10~190), A is the light-
ing area of the photoelectrode, and Ny is Avogadro constant (6.02 x 1023 mol ™! ).
Also, the amount of gas molecules (in moles) can be deduced by gas chromatog-
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raphy (GC). But for oxygen, it can be deduced by using a fluorescence detector or
using oxygen electrode.

5 Quantum Conversion Efficiency Calculations

The incident photon-to-current efficiency (IPCE) deduced at light wavelengths by
Egs. 9 and 10:

Total energy of converted electrons
IPCE (\) = — 9
Total energy of incident photons

- (-’pho;o()\)> % (hTL)

x 100% (10)
P )

where Jphoto is photocurrent density at the incident light (mA/cmz), e is the charge

of an electron (1.602 x 107! C), & is Planck’s constant (6.626 x 10734 JS), A is

the wavelength of the light (nm), c is speed of light (3. 0 x 108 x 10° nm s~!), and

P(}) is the light intensity at that particular wavelength (mW cm™2).

In the calculation of IPCE, optical losses are not considered, in spite of it leads
to the potential impression on the IPCE. To overcome these losses, the absorbed
photon-to-current conversion efficiency (APCE) is applied. This is determined by
following equation:

IPCE(A)  IPCE ()
Ax) 1—-R-T

APCE () = x 100% (11)

where A is the absorption of light, R is the reflection, and T is the transmission of
the light.

6 Photocathodes in PEC

Photocathodes that have been made up of p-type semiconductors evolve hydrogen at
the interface between semiconductor and electrolyte. However, very few materials
exhibit inherent p-type conductivity. Most nitride, sulphide, and metal oxide show
n-type conductivity owing to the existence of anion defects [40]. Various techniques
attained in order to enhance the efficiency of PEC including doping, heterojunction,
dye sensitization, perovskite sensitization, tandem cell, etc. (Fig. 3) [41-46]. Often,
Pt has used as a photocathode due to its high catalytic activity, that is, the high
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Fig. 3 Schematic diagram of photocathode fabrications by different methods such as silicon-
based heterostructure [41]. Copyright 2016, American Chemical Society. Plasmonic nanoparticle
heterostructures [42]. Copyright 2015, American Chemical Society. Dye-sensitized photocathode
[43]. Copyright 2020, American Chemical Society. Quantum dot-sensitized photocathode [44].
Copyright 2020, Elsevier. Perovskite-sensitized photocathode [45]. Copyright 2020, American
Chemical Society. Tandem cell photocathode [46]. Copyright 2021, Science

current density for the hydrogen evolution process. However, Pt is costly metal
and hence replaced by other catalytic materials such as metal oxides, nitrides, and
chalcogenides.

The p-type semiconductor is used as a photocathode with following desired
properties. CB edge of the p-type electrode must be extra negative in NHE than
the hydrogen evolution potential. The photovoltage generated must be high by way
of applying outside bias or to remove the restriction on the choice of the counter
electrode (anode electrode). Figure 4a, b displays the schematic diagram of the
energy level positions of CB edge and VB edge for photocathode semiconductors.
The p-type semiconductor (photocathode) ought to light absorptive (visible light)
to reach high STH as high as possible. The photocathode necessity may be stable
in the electrolyte under light to guarantee a long lifetime. And lastly, the material
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Fig. 4 Energy level diagram of photocathodes. (a) Cu-based metal oxides and chalcogenides [39].
Copyright 2020, The Royal Society of Chemistry. (b) 2D metal chalcogenide materials. Copyright

2019, MDPI

must be earth-abundant to get both feasibilities of wide application and get a high
performance/price ratio. The cathodic photocurrent can be enhanced by fabricating
the p-n heterojunction. The band-bending initiated in an n-type semiconductor on
p-type semiconductor is the key to reach the high photocurrent and enhancing the

onset potential of the cathodic current (photocurrent).

7 The P-N Heterojunction Photocathode for

PEC

The use of a heterojunction photocathode is an auspicious method attempted to
increase the efficiency of the PEC cell. There are four main types of heterostructure
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Fig. 5 Heterostructure is fabricated by different ways: (i) silicon-based heterostructure, (ii) metal
oxide-based heterostructure, (iii) 2D materials and composite, and (iv) plasmonic nanoparticle-
based heterostructure

fabrication: (i) metal oxide-based, (ii) 2D materials and composite-based, (iii)
plasmonic nanoparticle-based, and (iv) silicon-based heterostructures. The detailed
classification and materials used in the fabrication of heterostructure is shown in
Fig. 5. Heterojunction photocathode is classified into two types: (i) Z-scheme and
(ii) the Schottky junction [47, 48]. Often, a heterojunction has formed by using wide
bandgap, and low bandgap semiconductor creates type-II band alignment (staggered
band-edge alignment) in which the energy level of VB of one semiconductor is ener-
getically positioned between the VB and CB of another semiconductor, and its CB is
energetically positioned above the VB, and CB of other semiconductors can enhance
separation of photocarriers resulting in improved photoactivity of photoelectrodes
(photocathode). Schottky endorses the separation of photoelectron-hole pairs. It
is formed by the integration of semiconductor and metallic nanoparticles, which
results into the development of space charge region at the interface of semiconductor
and nanoparticles [49].
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8 Silicon Absorber-Based Heterostructure for Photocathode
Fabrication

Silicon-based heterostructure materials have been extensively investigated in the
past decade due to narrow bandgap (1.12 eV), earth abundance, low cost, and
high theoretical photocurrent density (44 mA cm~2) [50]. The pristine Si has
disadvantages of sluggish carrier transportation at the interface of Si/electrolyte and
exhibits deprived steadiness in an aqueous electrolyte; therefore, these limitations
restrict the use of pristine Si in PEC for hydrogen evolution [51, 52]. In respect of
these limitations, various Si-based nanocomposite photocathodes were investigated
by coating the Si surface with various electrocatalysts that showed improvement in
photogenerated electron transport kinetics and hydrogen evolution reaction (HER)
at the electrode. For total water splitting process, HER at cathode and OER process
at anode must be mutually compatible. The metal-based OER catalysts exhibit
greater activity and better steadiness only in basic electrolytes. Hence, to protect
corrosion of Si-based photocathodes in basic aqueous electrolytes, a covering layer
with metal oxides such as the TiO; layer is used. An architecture of TiO,/Au
nanocoating (AuNR)/Si nanohole (SiNH) hetero-structure was constructed. Here,
the SiNH arrays have been constructed via the amalgamation of nanoimprint
lithography (NIL) besides reactive ion etching (RIE) process, respectively [53].
Figure 6a demonstrates the construction method of well-organized SiNH arrays.
Then, poly(methyl methacrylate) (PMMA) (200 nm thick) has been deposited
via spin coating on Si, and silicon-carrying UV-curable layer was deposited over
PMMA layer via spin coating process. The hybrid PDMS was deposited by pressing
over resist film and UV light exposing in nitrogen atmosphere. The PMMA layer
was etched by RIE after removal of the mold. After that, Ni (30 nm) was deposited
via electron-beam evaporation. The SiNH arrays were fabricated by RIE process
via etching the Si substrate and removal of Ni via low-concentrated nitric acid. It
demonstrates the construction of AuNR arrays immersed in SiNH arrays. Firstly,
the oxidation layer on the prepared Si was detached by dipping it in the 5% solution
of HF over 1 min. Then, Au metal was coated by ion beam sputtering method. Then,
ion beam etching (IBE) process was adopted.

Also, it demonstrates the deposition of TiO, layer via e-beam evaporation
method on AuNR arrays immersed in SiNH arrays. SEM of the AuNR/SiNH
310 arrays besides a pitch (600 nm) and a diameter 400 nm are showed in
Fig. 6b. The electrochemical performance that means J-V curves of AuNR/SiNH,
TiO,/SiNH, and TiO,/AuNR/SiNH samples was measured at100 mW/cm? illumi-
nation and without light in 0.5 M H>SO4. Figure 6¢ revealed TiO,/SiNH sample
has higher photocurrent with higher positive onset potential than AuNR/SiNH.
The result revealed that the passivation process takes place by the TiO; layer. The
TiO,2/AuNR/SiNH arrays showed higher photocurrent and positive onset potential
than AuNR/SiNH and TiO,/SiNH arrays. The higher work function of Au, which
form an ohmic contact with SiNH tends to facile photoelectron transport process
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Fig. 6 (a) The schematic of the fabrication of TiO,/AuNR/SiNH HN arrays. (b) SEM image
of the AuNR/SiNH arrays (top view) after the IBE process. (¢) J-V curves of (i) SiNH arrays,
(i1) TiO,/SiNH arrays, (iii) AuNR/SiNH arrays, and (iv) TiO»/AuNR/SiNH arrays, which have
measured with/without light illumination [53]. (Copyright 2019, American Chemical Society)

across the interfaces of Au and Si, causing the HER during the J-V measurements
(electrochemical experiments).

Tekalgne et al. reported hydrothermal preparation of a photocathode
of SnO,@WS; nanoflowers (NF) on p-Si that has low recombination of
photogenerated carriers and better light absorption for the HER. UV-vis spectral
study revealed that SnO, @WS, has Eg of 2.1 eV with higher absorbance in the
visible range and absorption edge around 565 nm than that of bare SnO; (Fig.
7a) [54]. The photocatalytic HER activities of the bare SnO;, bare WS,, and
SnO, @WS, hybrid were examined in a H,SO4 electrolyte under irradiation of
light having wavelength X > 420 nm (visible light), as displayed in Fig. 7b. For bare
WS, the current density at 0 V is very low indicating low performance for HER.
Additionally, bare SnO, was low photocurrent density of —0.6 mA cm~2 at 0 V. The
HER performance of the SnO; @WS; nanocomposite was much higher than that of
bare WS,, and SnO; due to heterostructure improve the carrier transportation
characteristics and suppression of the charge recombination process. For the
synthesis of SnO; @WS,—1, the 0.02 M WS, was loaded on SnO; and shows the
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Fig. 7 (a) UV-vis spectra of WS;, SnO;, and SnO, @WS,_ (b) HER polarization (in 0.5 M H,SOy4.
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American Chemical Society)



312 J. S. Shaikh et al.

increased photocurrent density to —1.2 mA cm~2 at 0 V. Further, increased loading
of the WS, (0.04 M) on SnO; for the synthesis of SnO, @WS,-2 exhibited high
current density to —1.9 mA cm™2. Loading amount of WS, increased to 0.06 M
led to maximum HER rate of —3.5 mA cm™2 at 0 V for SnO, @WS,—3. Further
increased of loading of WS (0.08 M) on SnO, (SnO, @WS,-3) led to decreased
current density to 2.4 mA cm~2. The reduction of HER process could be occurred
due to the high loading of WS, that hindered the light absorption process of SnO5.
The photocatalytic mechanism of the SnO; @WS; nanocomposites was proposed
based on the bandgap energy of SnO, @WS; and p-Si (Fig. 7¢). The photogenerated
electrons and holes were produced by light absorption in SnO;. However, high
recombination process in bare SnO took place and exhibited poor catalytic activity
due to a large bandgap, which provides easy recombination of photogenerated
carriers. However, after loading of WS; on SnO», the photogenerated electrons
exhibited facile electron transportation from SnO; to WS; because of low bandgap
energy of WS,. In HER electrons are collected at WS, and reduced H*t. The H,
evolution occurs due to the low electrochemical band potential of SnO, @WS,. Si
nanowire arrays (NWs) have been demonstrated its capability as photocathode with
wide absorption in the vis region and an appropriate bandgap of 1.12 eV. The Si
NWs have aids like earth abundance, cost-effective, facile charge transportation,
and light scattering, which is relevant for PEC. However, Si NWs suffer from
rapid surface oxidation and poor acid steadiness that endures a questions. These
difficulties can be overcome by improving the surface properties via coating the Si
NWs with appropriate cocatalyst, which is an abundant approach for the prevention
of surface oxidation and achieves efficient H, production. Nowadays, transition
metal chalcogenides (TMDC) have appeared as PEC cocatalyst due to high acid
stability and ultrahigh active sites for HER. The 2D MoS, is often studied as
the cocatalyst due to its cost-effectiveness and dynamic edges of sulfur sites. The
effective PEC water splitting in MoS; is constrained by inactive sulfur sites and
deprived interlayer charge transportation process. However, theoretical studies
greatly predicted that NbS; is an auspicious candidate for the water splitting owing
to excellent acid stability, facile charge transportation between host material and
electrolyte, and high HER active surface area. Gnanasekar et al. reported chemical
vapor deposition method for coating of two-dimensional (2D) niobium disulfide
(NbS7) on high silicon NWs for the application in HER. Figure 7d shows the Si
NW array has been used for the deposition of NbS, layer to prepare NbS,/Si NW
heterostructure [55]. The thickness of NbS, nanopatches is 0.55 nm, revealing the
monolayer deposition of NbS, (Fig. 7¢). The PEC measurement has been done
for understand the HER performances of the NbS;/Si NW heterostructure. The
characteristics J-V plot of Si, Si NWs, NbS,-Si, and NbS;-Si NWs are shown in
Fig. 7f. J-V plot revealed the Si photocathode has nearly zero current under dark
conditions. Upon illumination, Si NW shows a maximum current density (Jmax)
(14 mA/cm?) with the +0.06 V versus RHE turn-on potential. The NbS,/Si NW
shows 0.34 V versus RHE and a maximum current density of ~34 mA/cm?. Figure
7g shows the Tafel slope of 32 mV/dev for NbS,/Si NW. The NbS,/Si and Si NWs
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showed Tafel slope of 58 and 95 mV/dec, respectively. The J-V curves and Tafel
slope proved that the presence of facile charge transportation between electrolyte-
Si NW due to the existence of active sites in edges in NbS, hence consequential
improved performance.

9 Metal Oxide-Based Heterostructure for Photocathode
Fabrication

Although Si shows good performance as a photocathode, its high synthesis cost
restricts commercialization. The Cu, O materialemerged as earth-abundant and cost-
effective material for the construction of photocathode. The CuyO exhibit p-type
conductivity outcomes from copper vacancies [39, 56, 57]. The VB of Cuy0 is
designed by the hybridized Cu 3d and O 2p energy bands. The uppermost of the
VB is formed from fully occupied Cu 3d!° orbitals, subsequent into high mobility.
The Cu;O has bandgap energy of ~2.1 eV. The CB and VB favors the reduction (H;
evolution) and oxidation (O evolution) of water and resulted in jp, of 14.7 mA/cm?.
Hence, Cu,0 is the promising metal oxide for PEC water splitting [39, 56-58].
However, Cu;0 is corroded instead of water splitting when it contacts with water,
and light illumination due to its redox potential values (Cu/Cu! and Cul/Cu®)
lies between the CB and VB. The heterostructures of CuyO-based materials have
been investigated in order to get a high photocathode current and stability. An Au-
sensitized CuyO-integrated heterostructure system (Z-scheme) was synthesized by
coating a CupO on Au-deposited TiO, nanorods [58]. Figure 8a shows the direct
TiO2-CuyO based Z-scheme, and Fig. 8b shows Au-mediated Z-Scheme (TiO5-
Au-Cuy0). In TiOz-Au-CuyO, Au nanoparticles act as a charge transportation
arbitrator to increase the electron transportation process from the CB of TiO; to
the VB of Cu,0O and holes were collected at the VB of TiO,. The TiO,-Au-Cuy O
heterostructure provides high redox capabilities for H, evolution process. The IPCE
spectra of photocathodes (Cuy0, TiO,-Cuy0, and TiOz-Au-Cu,O) are shown in
Fig. 8c. The IPCE spectra revealed that the TiO2-Au-Cu,O have high photocurrent
generation as compared to pure CuyO and TiO-CuyO. PEC measurement illustrates
the photocurrents were — 0.15, —0.22, and — 0.38 mA/cm? for samples of pure
Cu;0, TiO3-Cu;0, and TiOz-Au-Cu,0, respectively, suggesting TiO2-Au-CuO
surpass performance as a photoelectrode in H, production as equated to pure Cuy, O
and TiO,-Cuy0O. Wu et al. reported a novel heterojunction photocathode fabricated
by NiO loaded with WO3 for PEC. The heterojunction NiO/WO3 exhibited a higher
current density up to —23.39 wA/cm? at 1.20 V versus RHE to the bare NiO
photocathode, which exhibited only —5.93 wA/cm? [59]. Facile charge separation
and transmission efficacy of the photocarriers (photocreated electron-hole pairs)
and improved light absorption lead to this high PEC property of NiO/WOs3
heterojunction photocathode. The branched nanowire (b-NWs) heterostructures are
very capable of PEC solar hydrogen production as compared to core/shell NW(cs-
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NW) owing to enhanced light absorption, increased surface area, and improved gas
evolution. Also, the smaller size of the NW branches can result in photogenerated
electron-hole separation or/and collection owing to nearby closeness amid the
semiconductor-electrolyte interface and the photogenerated carriers [60-63]. The
3D ZnO/CuO b-NW photocathode was fabricated for PEC solar Hy production,
where ZnO/CuO b-NWs were coated on copper mesh substrates and copper film
with various CuO and ZnO NW sizes and densities. Figure 8d shows STEM image
of the ZnO/CuO b-NW [64]. This image revealed the formation of three different
regions: (i) CuO NW core, (i) ZnO seeding layer, and (iii) ZnO NW branches.
High-angle annular dark-field STEM image of individual ZnO NW shows the that
diameter of ZnO NW is ~25 nm (Fig. 8e). The current densities of 3D ZnO/CuO
b-NWs deposited on Cu foil substrate and Cu mesh substrate are shown in Fig.
8f. The 3D ZnO/CuO b-NWs deposited on Cu mesh substrate have high surface
area as compared to 3D ZnO/CuO b-NWs grown on Cu foil. Owing to improved
surface area, 3D ZnO/CuO b-NWs grown on mesh substrate exhibited higher dark
and light currents as compared to 3D ZnO/CuO b-NWs grown on Cu foil. These
results revealed the application of 3D ZnO/CuO b-NW mesh electrodes for potential
high-efficacy and cost-effective solar fuel production.

Yang et al. [65] reported the Cuy,O/CuO by facile techniques such as an
electrodeposition. The diffuse reflectance spectra of (i) CuyO, (ii) CuO, and (iii)
Cuy0/CuO films are shown in Fig. 9a. It revealed that the absorption edge for
the pure Cu,O film is at 600 nm, and Cu,O/CuO film shows to 900 nm owing to
CuO (low Eg material). Figure 9b shows the variation of photo-to-current efficiency
(n) versus a function of cathodic potential for the CuO, Cu;0, and Cu,O/CuO
nanocomposite cathodes. The Cuy0,CuO, and CuyO/CuO show the conversion
efficacy of 0.12, 0.43, and 0.55%, respectively, at 0.05 V versus RHE. This result
revealed that Cu; O/CuO film absorbs and uses the light more competently as related
to Cup0 and CuO films. And Cu;O/CuO exhibited high photocurrent density for
HER (3.15 mA/cm?) at 0.40 V versus RHE. Figure 9c shows the energy level of
Cu,0/CuO in connection with Na;SO4 (0.5 M, pH 6.0) electrolyte in light. The CB
levels of the CuO and Cu,O are additional negative than H»O/H;, showing that the
photoelectrons in the CB can be transferred into the H,O and lead to the reduction of
H,O. This high performance of the Cu, O/CuO film was credited to the subsequent
advantages of the heterojunction: (i) It exhibited broadened light absorption band.
(i1) The high space-charge potential and (iii) the more majority carriers that lead to
a fast transportation rate.

10 Metal Chalcogenide-Based Heterostructure for
Photocathode Fabrication

The Cu, O/CuO/CuS was fabricated via electrodeposited Cu film. The Cu film was
annealed in air in the order to produce heterostructure Cu; O/CuO, and CuS loading
on CuyO/CuO heterostructure has been done by a successive ion layer adsorp-
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Fig. 9 (a) UV-vis diffuse reflectance spectra of the pure CuyO, CuO and Cu; O/CuO composite
films, (b) APCE as a function of applied potential (cathodic), (c) the schematic diagram of the
energy band levels of the Cuy O/CuO bilayered nanocomposite in contact with electrolyte during
HER process in PEC [65]. (Copyright 2016, Nature Publishing Group)

tion and reaction (SILAR) method. The CuyO/CuO/CuS photocathode exhibited
improved current density of —5.4 mA/cm? at 0 V versus RHE under standard
AM 1.5 light. This is a highest photocurrent obtained as compared to Cu; O/CuO
photoelectrode for PEC. The steadiness of the Cuy O/CuO electrode exhibited ~44%
reduction in original current density within 1 h. This highly improved PEC property
is resulted owing to the fast transportation of photoelectrons resulting to restrained
electron-hole recombination, improved light absorption owing to heterojunction and
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charge separation. The work showed a simple way and ability to use of CuS for PEC
[66].

The ultrathin two-dimensional (2D) transition metal dichalcogenides (TMDs)
with MX, (where M = Mo, W and X = S, Se) are layered coatings of X-M-X via
van der Waals force of interactions. The 2D TMD nanosheets, such as [67-69], TiS,
[70], SnS; [71-73], WS, [74-76], MoSe, [77, 78], WSe; [79-82], etc., are emerged
as important 2D materials in PEC applications for hydrogen evolution owing to their
attractive electric possessions and tailoring bandgap [83]. The nitride such as GaN
displays prodigious potential as photocathode owing to its appropriate band energy
level arrangements with the redox reaction potential of H,O. However, a large Eg
of GaN limits the absorption of the light in the visible range [84—87]. Therefore,
heterostructure with 2D TMDs such as MoS; is predicted to be one promising
choice to design efficient photoelectrodes. The heterostructure MoS,/GaN exhibited
visible light absorption and prevents the recombination of photocarriers along
with lengthier carrier lifetime, which are advantages for engineering efficient
photocathods. The P-GaN [p-GaN (Et)] with nanotextured hexagonal microwell was
synthesized by wet chemical etching method. The heterostructure of p-GaN (Et)
and MoS; was prepared for the fabrication of a photocathode. The FESEM image
revealed the hexagonal well of GaN formation with well decorated by MoS, (Fig.
10a) [88]. The PEC measurement was done in 0.5 M H,SO4 (Fig. 10b). The LSV
under chopped light having intensity of 100 mW cm ™2 exhibited improvement in the
current (1.52 mA/cm?) for p-GaN/MoS; photocathode as compared to the p-GaN
(—0.43 mA/cm?) at 0 V vs RHE (Fig. 10c). The optimized p-GaN/MoS, photocath-
ode exhibited the high applied bias photon-to-current conversion efficiency (ABPE)
of ~3.18%, which is three times higher than p-GaN (~1.03%) with high hydrogen
evolution rate (89.56 pmol/h), which measured at —0.3 V versus RHE (Fig. 10d).

Meng et al. reported the p-n multiple junctions for PEC by depositing p-
type MoS; nano-platelets (size having 5-20 nm) on the nitrogen-doped rGO
(n-rGO) (n-type) nanosheets [89]. Here, three types of photoelectrode fabricated
by hydrothermal for comparisons: (i) MoS, nanoparticles (free standing); (ii) the
MoS,/rGO nanocomposite, here MoS; nanoplates, was decorated on rGO sheets;
and (iii) the formation of p-MoS,/n-rGO composite. The UV-visible spectrum dis-
plays that the MoS; has an absorbance tail, which occurs at 1020 nm, attributing to
the formation of the indirect bandgap (Fig. 10e). The nanocomposite of MoS,/rGO
film showed absorption at 781 nm, while p-MoS,/n-rGO film showed at 786 nm.
Further, these three samples were investigated for hydrogen generation study by
using the water/ethanol mixture (Fig. 10f). Here, ethanol acts as a hole scavenger.
MoS, showed tiny photocatalytic activity. Though MoS; has the absorption prop-
erties and active edges for HER, the deficit of activity revealed the inefficient
carrier separation, or the carriers cannot travel to the active edges. MoS,/rGO
film exhibited good photocatalytic performance with a H, generation rate of
7.4 uM g~ h~!. The sample p-MoS,/n-rGO exhibited the uppermost H, generation
of 24.8 WM g~! h~! with the respective abovementioned two samples. The high
performance of p-MoS,/n-rGO is attributed to the creation of many nanoscale
p-n junctions and space charge layers at the junctions. Therefore, it suppresses
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the charge recombination and enhances the photocarriers. Here, MoS, acts as a
electrocatalytic origin and also acts as an absorber to generate photocarriers. As a
consequence, the p-n junction (p-MoS,/n-rGO) enhances HER performance. The
synthesis of MoS;-graphene composite loaded with a highly efficient cocatalyst
ZnIn,S4 to enhance the photocatalytic activity under light irradiation. The pho-
tocatalytic activity of Hp production measurements was carried out in Na;SO3
and NayS as the sacrificial reagents under 300 WXe, A > 420 nm [90]. Figure
10g illustrates that ZnIn;S4 sample has poor photocatalytic activity (H evolution
up to 183 pmol h~! g=!) owing to fast recombination process between electron-
hole pairs. Graphene/Znln,S4 and MoS,/ZnIn,S4 showed improved photocatalytic
activity with 599 and 1889 wmol h~! g~! respectively under same conditions. The
MoS,-graphene composites were obtained by hydrothermal reaction of Na,MoO4.2
H,O to graphene oxide with weight ratios of 40:1, 20:1, 1:1, 1:5, and 1:10, and
the obtained powder referred as Mo4gG1, MoyoG1, Mo19G1, Mo;Gs, and Mo; Gy,
respectively. The ratio of MoS; to graphene co-catalysts was obtained by loading
the ZnInyS4 and study their photocatalytic activity for Hy production. Figure 10h
shows that with the increased amount of graphene in MoS,-graphene cocatalyst, the
nanocomposite MoS;-graphene/Znln;S4 exhibited higher H, evolution activity. The
Mo¢Gj loaded with ZnIn2S4 shows the highest photocatalytic H, evolution activ-
ity (3567 wmol h~! g1). Further increase of graphene content in MoS;-graphene
nanocomposite results in a decreasing photocatalytic H2 evolution activity. This
result revealed that the activity enlarged with the increasing ratio of graphene
in MoS;-graphene nanocomposite and further decrease gradually. The improved
activities resulted from excess active sites of graphene. However, further increasing
graphene content resulted in low performance which is due to agglomeration of
graphene.

Recently, many chalcopyrite semiconductors such as CuGaSe;, CuyZnSnSy
(CZTS), Cu(In,Ga)Se2, Culn(S| — xSey)2, and Cu(In,Ga)(S,Se); have been studied
as efficient photocathodes for HER, owing to their excellent properties such as
suitable band structure, high absorption coefficient ~ 10> cm™!, lengthy minority
carrier diffusion length ~ 1 pwm, and adjustable bandgap (1.0 ~ 2.4 eV) [91-95].
CZTS with InyS3/CdS coating photocathode exhibited 9 mA/cm? at 0 V/RHE
[93]. Further, CZTS photocathode with TiO,/CdS exhibited 13 mA/cm? at —0.2 V
versus RHE [94]. The electrode stability in aqueous electrolyte represents important
criteria for the development of PEC device. Firstly, Feng et al. [96] reported the use
of MoSx-based catalyst for a CZTS-based photoelectrode. The MoSx-CdS/CZTS
photocathode showed a good half-cell STH (>2.3%) and long-lasting steadiness
(over 10 h) in neutral aqueous solution. MoSx-CdS/CZTS photocathode exhibited
the highest half-cell STH (above 3%) in acidic buffer solution (pH 3), with a current
density of 18 mA/cm? at 0 Vrpg. The flat band position of MoSx-CdS/CZTS
was positively shifted, which facilitate the electron to lowering barrier between
electrolyte and photocathode resulting in improving the water reduction efficiency.
Yang et al. [94] reported a synthesis of CZTS by a hybrid ink, which is attained by
restraint of precursor mixture to fabricate a highly efficient solution-processed (cost-
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Fig. 11 (a) The cross-sectional SEM image of a Pt/AID-TiO,/CdS/CZTS photocathode. (b) J-
V curves in aqueous electrolyte [94]. Copyright 2016, American Chemical Society. (¢) Energy
level diagram of charge transfer process in the CIGS/CdS/ZnO-Pt photocathode. (d) I-V curves for
CIGS/CdS/ZnO-pt films [97]. (Copyright 2015, American Chemical Society)

effective method) CZTS photocathode. The ink-obtained CZTS films are redesigned
by n-type TiO2/CdS double layer and followed by deposition of Pt. The SEM
image confirms the thickness of TiO, (25 nm), CdS (35 nm) and covering over
the CZTS film (Fig. 11a). The Pt/ALD-TiO,/CdS/CZTS photoelectrode exhibited
exceptional high current of 13 mA/cm? versus a RHE for 1 Sun illumination (Fig.
11b) and relatively stable H, production (the faradaic efficiency nearly one). The
high photocurrent due to suitable band alignment and high absorption of light.
Mali et al. [97] reported the engineering of CIGS/CdS by depositing ZnO
layer on the top. Further, Pt was deposited on the ZnO coating as a catalyst via
electrodeposition method. Here, CIGS film was deposited by the co-evaporating
deposition technique. The coating of CdS layer (n-type semiconductor) over the
CIGS layer makes a space charge depletion area at the p-n junction interface,
which leads to better separation of charges. Furthermore, the potential difference
between CdS and CIGS layer results in further improvement in charge separation.
The formation of powerful electric fields at the interface leads the facile electron
transportation from CIGS to CdS, and the slightly positive band offset reduces the
recombination process at the interface. The CdS/ZnO interface is formed; in this
way, the position of CBM declines from CdS to ZnO, improving the transportation
of the photoelectrons from CIGS to ZnO. The ZnO has bandgap of 3.3 eV (direct
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bandgap), which is favorable for water reduction process keeping suitable CB and
VB positions. The mechanism of charge separation and transportation over the
CIGS/CdS/ZnO-Pt electrode is illustrated in Fig. 11c.

The influence of the Pt electrodeposition time (vary between 0, 5, 10, 20,
30, and 40) and the pH of the electrolyte (pH; 1, 7, and 9) was investigated to
optimize the CIGS/CdS/ZnO-Pt photocathode. The maximum photocurrent density
(—32.5 mA/cm?) under light was reached with an electrodeposition time (30 min)
(Fig. 11d). The high accomplishment of CIGS/CdS/ZnO-Pt was obtained due to
its type II structure that leads to effectual carrier separation and transportation
of photogenerated electrons at the interface junction. CIGSSe chalcopyrite pho-
tocathodes can efficiently absorb the incident light and create electron-hole pairs.
However, the HER performance is poor due to the low charge separation and the
high overpotential for hydrogen evolution. To reduce the overpotential for the HER,
n-type semiconductor and HER catalysts (HEC) are required to deposit over the
surface to get band bending [95].

CIGSSe photocathode with Cu,S HEC enabling efficient water splitting in the
absence of further coating of n-type semiconductor overlayers and HECs. Here,
CIGSSe photocathode with CuxS catalyst has been achieved by the chalcogenization
of CulnGa precursor films in the following steps: (i) synchronous sulfurization and
selenization utilizing a mixture of H,S gas and Se vapor, accompanied by further
sulfurization process via H,S. The above procedure creates CuxS at CIGSSe film.
The controlled formation of Cu-based binary phase (CuxS, Cu,Se) in the CIGSSe
film has been done by using the abovementioned two step processes comprising
of temperature at each step and a different proportion of chalcogen (Fig. 12a).
The chopped LSV scans were carried out using a CuxS layer containing CIGSSe
photocathode (shows photocurrent —25.7 mA cm™2 at —0.3 V vs RHE) and after
removing surface CuxS (Fig. 12b). The LSV scans revealed that the rapid decrease
of photocurrent density after removing CuxS surface of photocathode as compared
to the CuxS covered photocathode. This result demonstrated that CuxS phase at
CIGSSe photocathode reduced overpotential for HER, and the modified VBM level
of photocathode is favorable for water splitting. The photoelectrochemical stability
measurement of CuyS/CIGSSe photocathode was evaluated at 0 V versus RHE.
The photocurrent (—8 mA cm™2) was kept for 3 h with 100% Faraday efficiency
(Fig. 12c). This study demonstrated that coating of CuyxS on CIGSSe is useful for
commercialization due to solution-processed chalcopyrite photocathode fabrication
and high HER performance.

In 2016, Cu;BaSnS4 (CBTS) as a photocathode for PEC device was reported,
exhibiting photocurrent of 4 mA/cm? at 0 V/RHE. Further, photocurrent improve-
ment was carried out by using a Pt/TiO2/ZnO/CdS coating on pure-sulfide CBTS
(7 mA/cm? at 0 V/RHE) [98]. Also, as Se introduced in CBTS system (CBTSSe
photocathode), the resultant PEC device showed improved photocurrent due to
small bandgap to increase light absorption and large grain size to reduce recom-
bination of the carriers at the grain boundaries. Zhou et al. [98] reported the
fabrication of Pt/TiO,/CdS/CBTSSe by chemical bath deposition of CdS, atomic-
layer-deposition of TiO,, and sputtering of CBTSSe. The Pt/TiO,/CdS/CBTSSe-
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Fig. 12 (a) A schematic diagram of two-step chalcogenization process. (b) The chopped J-V
curves of 2-CIGSSe photocathodes at 10 mV/s. (¢) Photocurrent density versus time and Faradaic
efficiency versus time plot for Hy evolution of the 2-CIGSSe 1.00 photocathode at 0 V versus
RHE [95]. Copyright 2019, American Chemical Society. (d) LSV of photocathodes [98]. (e) Plot
of HC-STH (%) vs. Potential (in RHE). Copyright 2018, American Chemical Society

based photocathode showed ~12.08 mA/cm? photocurrent at 0 V/RHE highest
reported for CBTSSe-contained PEC (Fig. 12d) and constant evolution for 10 h.
The PEC device of Pt/TiO,/CdS/CBTSSe exhibited a half-cell solar-to-hydrogen
(HC-STH) efficacy over 1.09% at 0.183 V versus RHE (Fig. 12¢). The high results
of Pt/TiO,/CdS/CBTSSe are attributed to the improved carrier isolation at the
CdS/CBTSSe junction (p/n), high absorption of light by small bandgap CBTSSe and
protection layer formed by TiO;, which reduce recombination process and restrict
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direct contact of electrode with electrolyte. Table 1 consists of heterostructure of
photocathode for the fabrication of PEC device for hydrogen production.

11 Dye-Sensitized H, Evolving Photocathode Fabrication

The development of dye-sensitized PEC (DS-PEC) presenting molecular catalysts
are capable for water splitting for hydrogen production owing to their easy remold-
ing, assembly, and engineering flexibility [105-107]. Nowadays, molecular dyes
or/and catalysts are embedded onto high bandgap materials such as NiO to construct
DS-PEC for effective transformation of light into H; fuel. For the advancement of
NiO holding cathodes, different approaches were employed to gather the molecular
components with functional devices, which consist of photocathodes including
with a catalyst in solution, layered architecture of the dye-catalyst, co-grafted
dye/catalyst architecture, and supramolecular dye (covalent)/catalyst musters on the
photoelectrode [108-110]. Li et al. [111] first time reported DS-PEC fabrication
with a NiO photocathode, dye P1, and a cobalt catalyst (Col). Kaeffer et al. [108]
reported on covalent dye-catalyst and noble metal-free assembly grafted onto p-
type NiO for photoelectrochemical light-assisted H, evolution in acidic electrolyte
[108]. The dye catalyst accumulation was prepared by alkyne derivative terminal
of the dye, which consists of electron-donor part (triarylamine) and electron-
acceptor part (an ethyl cyanoacetate) parted by a thiophene unit. The energy
level diagram of the NiO photocathode based on 4 at pH 5.5 is shown in Fig.
13a. When a light incident on dye 4, the photogenerated electron-hole pairs are
generated. NiO is appropriate for hole insertion from HOMO of the excited 4
dye molecule. The photogenerated electron is transferred to a catalyst to convert
protons into Hp evolution. Here, an organic dye is attractive since it exhibits
great absorption in the visible range and charge parting in the excited state of
dye that restricts the recombination process from the dye to the photocathode
(NiO electrode). Here, cobalt dimine-dioxime complex is applied as catalysts. The
photocathodes (Fjo8 templated, NiO) were fabricated and decorated by CH3CN
solution of dye 4 for 24 h. Further, chenodeoxycholic acid (CDCA) was used as
co-adsorbent to improve the H, evolution process. Chronoamperometric employed
at more negative potentials versus RHE exhibit constant cathodic photocurrent
(Fig. 13b). The energy level diagram of the PEC device is displayed in Fig. 13c.
The pristine and CDCA co-sensitized NiO electrodes show that the current is
improved in the company of H, evolving catalyst (cobalt diamine-dioxime). The gas
chromatographic analysis confirmed the H; evolution process with 8—10% faradic
yield taken place during chronoamperometric measurements. The engineering of
an original dye/catalyst assembly was done by axial coordination between cobalt-
integrated catalyst (cobaloxime complex) to a pyridyl-functionalized Ru-diacetylide
photosensitizer. This new supramolecular assembly was used for the construction of
NiO-based photocathodes for subsequent H, generation under appropriate aqueous
conditions. The energy level diagram of NiO-based photocathode including 6-Co
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Fig. 13 (a) Energy level diagram and working principle of the photocathode. (b) Chopped-
light chronoamperometric measurements. (¢) Energy level diagram of a NiO-based photocathode
including Ru-based dye (S) and 6-Co [108]. Copyright 2016, American Chemical Society. (d)
Schematic representation of the Ru-diacetylide/cobaloxime assembly attached onto a mesoporous
NiO nanoparticulate thin film [112]. Copyright 2019, American Chemical Society. (e) Top-down
and (f) cross-sectional SEM image of 10-CuCrO; electrodes [118]. (Copyright 2019, American

Chemical Society)
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and Ru-based dye (denoted by S) is shown in Fig. 13d. After light excitation,
hole injection takes place from the dye-excited state to the NiO VB; this process
takes place very fast (from subpicosecond to a few tens of picoseconds) [112].
This process at the surface of the dye reduces the catalytic center via electron
transportation [105]. The dye is reduced at the electrode (catalyst) surface due to
the electron transfer and it help the protonation of Co' state which generates a Co'l-
H and subsequently reduction of to Coll-H species take place, the protonation the
process leads H, generation and redevelops the initial C'" center. The representation
of the design of the dye/catalyst (Ru-diacetylide/cobaloxime assembly) anchored
onto a mesoporous NiO nanoparticulate thin film. The PEC generation of H, under
appropriate aqueous conditions leads to a Faradaic efficiency of 27%. NiO is mostly
studied as wide-bandgap semiconductor in DS-PEC due to possible facile synthesis.
However, low hole mobility and presence of the high density of traps have been the
lack of articles of H, generation.

Improved DS-PECs can be obtained through the advancement of substitute
p-type semiconductors with wide bandgap [113—-115]. Delafossite-structured mate-
rials are suitable owing to their high hole carrier mobility, solution effectivity,
and metal oxide characteristics. CuGaO; and CuCrO, are studied in DS-PECs
both aiding an early current onset owing to their anodic VB positions [116, 117].
The DS-PEC results are a similar NiO-integrated photocathode, but low catalyst
and dye loadings inadequate H, formation. This was resolved via the synthesis
of meso- and microporous architectures. Creissen et al. [118] reported a CuCrO;
photocathode based on inverse opal (IO) structure. Figure 13e, f revealed the
formation of the inverse opal architecture film with macropores of 600700 nm
in diameter, and thickness of the film is approximately 2 wm [118]. The inverse
opal architecture of CuCrO; electrodes is sensitized with DPP-P and PMI-P dyes,
respectively, with a Ni catalyst (NiP). PEC measurement was carried out in Na;SO4
electrolyte (0.1 M and pH 3) under chopped light illumination (A > 420 nm)
(visible range) and intensity 100 mW cm™2. LSV measurement for photocathodes
fabricated by I0-CuCrO,/DPP-P/NiP and I0-CuCrO,/PMP-P/NiP exhibited an
onset potential ~0.8 V versus RHE. The improvement in photocurrent for PMP-
P-based photocathode is attributed to the red-shift, broader absorption profile and
more intensity.

12 Perovskite-Sensitized H, Evolving Photocathode
Fabrication

The high performance of the PEC of perovskite-based devices for the H, evolution
is due to their outstanding optoelectronic possessions of the semiconductors such
as high light absorption coefficient, appropriate Eg, and high carrier mobility [119,
120]. The organometal halide perovskites (OHPs) have high performance of PEC
devices with the high open circuit potential (Vo > 1 V) and high photocurrent
density Jph > 20 mA/cm?. However, PEC devices based on OHPs have limits of an
instability problem due to intrinsic instability issue and intrinsic ionic defects, which
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act as recombination centers and degrade the performance. Another major drawback
originates from the hygroscopic vulnerability of OHPs to water and alcohols, which
limits their application for PEC device fabrication. Reisner and co-workers [34]
studied metal-encapsulated CH3NH3Pbl3 for stable hydrogen evolution reaction
(HER). Here, fusible InBiSn alloy was taken to secure the perovskite layer from
H,O while allowing the photoelectrons to hit Pt. A highest photocurrent density
(9.8 mA/cm? at 0 V vs RHE) through an onset potential of 0.95 V versus RHE
was obtained with the stability of 80% of their initial photocurrent retention
over ~1 h under illumination. Perovskite photocathode was developed to fabricate
large-scale production. Figure 14a shows the schematic of the perovskite device
arrangement of as-prepared sandwich-like photocathode. A planar CH3NH3Pbl3
solar cell having p-i-n configuration (inverted solar cells) was fabricated at the
bottommost, and a conducting layer was covered on the topmost of the device [119].
Briefly, NiO was coated onto ITO substrate as hole-transporting material (HTM).
On this layer, CH3NH3Pbl3 layer was prepared by antisolvent dripping strategy.
Further, phenyl-C61-butyric acid methyl ester (PCBM) layer was deposited as an
electron transporting material (ETM). Finally, conductive Ag layer was coated as
a top electrode. Figure 14b showed the schematic energy level diagram of the
CH3NH3Pblj3 solar cell having p-i-n configuration, which reveals the band positions
are well for carrier separation and transportation. The current density-voltage (J-V)
measurement showed that a short-circuit current density (Jsc) is ~20.38 mA cm?,
an open-circuit voltage (Voc) ~1.09 V, and a fill factor (FF) (72.9%), which
yielded a PCE of at most ~16.1%. EQE was obtained more than 70% in a wide
region (390-720 nm). After fabrication of CH3NH;3Pbl3 solar cells, sandwich-like
photocathodes were fabricated by Ti foil, and Pt deposited Ti foil by magnetron
sputtering technique. The PEC performance of H evolution process was estimated
for CH3NH3Pbl3 photocathode by investigating in a three-electrode system, which
is an SCE-reference electrode and a Pt plate counter electrode. The photocathode
of sandwich-like Pt-Ti/CH3NH3Pbl; exhibited an onset potential at~0.95 V versus
RHE for H; evolution and showed a current density of ~18 mA/cm? at 0 V versus
RHE. The perfect power-saved efficiency of ~7.63% and ~ 80% retention of initial
current after 12 h in aqueous electrolyte (0.5 M H,SOy4 electrolyte) was obtained
under simulated AM 1.5 G solar illumination (100 mW/cm?). Here, the onset
potential and photocurrent density of perovskite photocathode were very close to
Voc and Jg. of the perovskite solar cell (inverted cell), indicating the usefulness of
the perovskite-based PEC device for solar fuel production.

Kim et al. [121] reported a hybrid ETM, a PC¢; BM-TiO» film (18—40 nm thick-
ness) coated over the perovskite layer by atomic layer deposition, aids use as semi-
transparent photocathode for proton reduction process with acidic aqueous elec-
trolytes. The semitransparent electrode with a Pt exhibit a nonstop reduction of H
to Hy under light in 0.5 M H,SOy solution. Figure 14c shows the schematic diagram
of semitransparent photocathode, which consist of HTM (PEDOT: PSS) on ITO
onto a triple-cation halide perovskite (Csgos MAo.17FA0.83)0.95Pb-(Ip.83Brg.17)3
layer, followed by deposition of ETM (PC¢;BM + ALD TiO,). Finally, a Pt
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Fig. 14 (a) Schematic diagram of the sandwich-like perovskite (CH3NH3Pbl3) photocathode
for PEC hydrogen evolution in a three-electrode system. (b) Schematic energy level diagram
of all component in inverted perovskite solar cell [119]. Copyright 2018, Wiley publishing
group. (¢) Schematic cross-sectional image of photocathode stabilized against corrosion. (d)
The photoelectrochemical properties of ITO/PEDOT: PSS/halide perovskite/PCg; BM/TiO»/Pt
photocathode. (e) The photoelectrochemical performance of the photocathode in the dark and
under continuous and chopped illumination [121]. Copyright 2019, American Chemical Society.
(f) The schematic diagram of the inorganic perovskite (CsPbBr3)-based photocathode. (g) Current
density-potential curves of inorganic perovskite-based photocathode [125]. (Copyright 2018, The
Royal Society of Chemistry)

ultrathin film is deposited, which acts as a catalyst for HER. When photocathode was
illuminated by light, the photocathode displays photoassisted reduction of 0.5 M
H,SO4 @ pH = 0.32 with higher positive onset potential (0.68 V) than under dark
(Fig. 14d). The photoelectrochemical behavior of the photocathode under chopped
illumination exhibited >10 mA/cm? photocurrent (Fig. 14e).

Inorganic perovskites are promising materials in the field of solar cells due to
their relatively high stability toward moisture. Among the inorganic perovskite,
CsPbBr3 is one of the capable materials. Although CsPbBr3 is stable as compared
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to organic lead halide perovskite in moisture and oxygen environments, direct use
of CsPbBr3 photocathode in water leads to dissolution in water and irreversible
crystal structure breakdown. Hence, it is essential to find out a method to protect
CsPbBr3 from water for Hy generation. There are two ways that are employed
to get the waterproof effect: (i) compact layer deposition and (ii) bulk material-
based encapsulation. In the compact layer way, a dense film of metal (like Ni)
should be deposited by magnetron sputtering method or using a thermal evaporator
technique to seal off the inorganic perovskite (CsPbBr3) [122—-124]. The presence
of voids in the compact layer, aqueous electrolytes, can easily flow through the
compact layer (Ni layer) and quickly breakdown the perovskite layer (CsPbBr3). In
contrast to this, bulk material-based encapsulation method (centimeter size metallic
cover) is effective to protect the perovskite layer from water such as metallic foil
(titanium foil) [119] and fusible alloys (InBiSn alloy) [34]. GaO et al. [125] reported
deposition of a fusible InBiSn alloy (having low melting point 65 °C) to encapsulate
the CsPbBr3-based photocathode without ruining the perovskite layer and electron
transport material (ZnO). The conductivity between alloy and ZnO has increased by
depositing the layer of silver between it. Pt nanoparticles deposited on the alloy layer
act as electrocatalysts for hydrogen generation. The schematic of CsPbBr3-based
photocathode is shown in Fig. 14f. When photocathode is irradiated, the absorption
by CsPbBr3 results into the formation of photocarriers (photogenerated electron
hole pairs) and separates immediately. The holes are transferred to the HTM (NiO)
and collected by FTO layer, whereas electrons are transported to the CB of ZnO and
get the Pt nanoparticles to accomplish water reduction to hydrogen. The CsPbBr3-
based photocathode exhibited the photocurrent of ~1.2 mA/cm? at 0 V versus RHE
(Fig. 14g). It shows retaining of opening photocurrent ~94% after incident of light
for 1 h and Faradaic efficiency of 90%.

13 Tandem Cell for H, Evolving Photocathode

Often, the electrical potential required for water splitting process can be provided by
PEC device. The modern electrolyzers require the potential for water splitting, and
overpotential requires to conquer kinetics process of O, and Hj evolution process.
The alkaline electrolytes required the total operate voltage higher than 1.8 V. The
utmost apparent way to create voltage with solar energy is by attaching multiple
photovoltaics (PV) in series. In this section, the progress toward developing a
tandem device for the generation of H, fuel is described. A simple photoanode
(bandgap energy; Egi)/photocathode (bandgap energy; Egyo) tandem cell (where
Eg1 > Eg) is useful for water splitting without the need for external bias [127]. In
this approach, two photons are absorbed by a photoanode to create one electron-hole
pair, and two photons are absorbed by photocathodes to create one electron-
hole pair. Hence, a total of four photons must be absorbed by photoanode and
photocathode to create one molecule of H;. Further, a tandem device can be
assembled by pairing a PV cell in tandem with a photoanode/photocathode. The
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Energy level diagram of tandem cell. (¢) J-V characteristics of the tandem cell, photocathode and
anode [128]. (Copyright 2015, Wiley publishing group)

ultimate goal in the fabrication of tandem devices is to make highly stable and
efficient unassisted water splitting at an affordable cost [126-131].

In the fabrication of PEC-PV tandem for getting H,O splitting, three factors are
required: suitable transparent photocathode for hydrogen evolution reaction (proton
reduction process), a photovoltaic cell working to the transmitted photons, and an
anode for oxidation process (oxygen evolution reaction) (Fig. 15a). Figure 15b
displays the energy level diagram of the PV-PEC device (tandem device). The J-
V curves of the tandem device are displayed in Fig. 15c.

Copper oxide-based materials (like CupO) have added significant effort for
photocathode fabrication in a tandem cell due to their scalable synthesis techniques,
elemental abundance, and natural p-type character. Also, CuyO exhibits Eg around
2.1 eV, and appropriate band energy position makes it an appropriate material
for solar hydrogen production from PEC. To show the high performance of
Cu;0O photocathode, the tandem device was fabricated by using Cu,O-integrated
photocathode and BiVOg4-integrated photoanode. Here, photocathode having the
configuration of RuOy/TiO2/Gay O3/ /CuyO/Au was fabricated, and photoanode was
fabricated by NiFeOy/reduced 1% Mo: BiVOy, The details of the tandem device



Rational Engineering of Photocathodes for Hydrogen Production:. . . 331

Fhux {x80™ em* " o

o T |
350 400 450 500 550 600 650 70O 800 e 'l
Wavelengeh / nm

o L L
00 02 04 06 083 10 12 14 18
E 1V vi RHE

Perovskite-Silicon tandem cell

O > W, H0 >0,

— Perovaiste el
Ltecdadd

— B photocathade

— D3a

-
-

-
s

M5macm?
14.1% STH

0

&
DSA current (mA)

Current density (Mm‘z;
E]

®

00 04

12

[
Veltage (V)

MoO, HTWIZO/AY
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with overlay of J-V response of the PV cell [128]. Copyright 2015, Wiley publishing group. (d)
The tandem cell fabricated by perovskite-Si dual absorber for unassisted water splitting. (e) An
energy level diagram of the abovementioned tandem cell. (f) The photocurrent of the two electrode
during water splitting and the corresponding STH efficiency for the tandem cell [133]. (Copyright
2020, Wiley publishing group)

is displayed in Fig. 16a, where the light transferred via the photoanode absorber
(BiVOy) earlier reaching the photocathode (CuyO) absorber. In tandem device, the
broad bandgap photoanode (BiVOy; 2.4 eV) absorbs light at the low wavelength
range, while high energy wavelength photons through photoanode are absorbed by
Cuy0 (2. 0 eV bandgap) photocathode [132]. The steadiness test of device in 0.2 M
potassium borate (pH 9.0) was studied and revealed that the device exhibited stable
performance with only 10% losses take places under the illumination of light for
12 h (Fig. 16b). A topmost (peak) current density (~2.5 mA/cm?) was reached after
process for 1 h, which attributes to 3% STH. This is the uppermost STH efficiency
reported for devices fabricated using metal oxide only. The current density of the
tandem can be estimated by J-E curves of both photoelectrodes (photoanode and
photocathode) in a front and back configuration illustrating the point at which they
overlap (Fig. 16c). Dias et al. reported the CupO-perovskite-IrO;-based tandem cell
for Hy production from solar light-driven HyO splitting. In this tandem device,
IrO, has been used as photoanode, electrodeposited Cu,O as photocathode, and
formamidinium methylammonium lead iodide [(MA)x(FA);.xPblz]-based PV cell
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has been built. A schematic of PEC-PV is displayed in Fig. 16a [128]. Where the
two absorbing electrodes are placed back to back, the hole collector is connected
to anode, and electron collector is connected to the photocathode. In this tandem
device (PEC-PV), the PV cell and photoelectrodes absorbed photons of different
wavelength region of the solar spectrum to achieve broad sunlight harvesting (Fig.
16b). Figure 16c shows the J-E plot of all three components (anode, photocathode,
and PV cell) tested individually. Comparison of the anode and photocathode curves
discloses the current-dependent voltage needed to do complete electrolysis. Here,
approximately 1 V is required for getting a current density of 2 mA/cm? between
anode and photocathodes. The PV cell based on [(MA)x(FA);.xPblz] exhibits a Voc
of 1.13 V under on sun illumination. The operating current density for tandem con-
figuration is 2 mA/cm?, and corresponding STH is 2.5%. The tandem devices (two
absorbers) have been investigated for solo water splitting for hydrogen production.
The semiconductors having smaller bandgaps can absorb a larger fraction of solar
spectrum accomplishing theoretical calculated STH efficiencies up to 25%. Tandem
devices that have fabricated by using III-V semiconductors demonstrate STH up to
19%. However, the expensive equipment are required in fabricating these materials,
which limits their applications in commercialization. Further, inexpensive materials
demonstrated STH efficiencies well below 10% with fluctuating levels of durability.
Variety of low-cost PV cells such as perovskite, dye, quantum dot -sensitized has
been investigated to supply additional bias to the photoelectrodes made of low-cost
semiconductors to achieve water splitting. Among the PV devices, perovskite cells
are outstanding candidates for tandem devices with photoelectrodes owing to their
low-cost processing, high efficiencies, optical transparency, and bandgap tunability.
Despite an enormous capability of these perovskite cells, there are no reports
showing STH efficiencies greater than 10% with inexpensive photoelectrode.
Karuturi et al. published a buried p-n junction Si photocathode (p™nn™-Si/Ti/Pt)
to minimize photovoltage losses from deprived band alignments and lessen the
photocurrent losses by improving light absorption and separating light-absorbing
material with reactive interfaces [133]. This photocathode showed high photocurrent
density (39.7 mA/cm? at 0 V vs RHE) with an onset potential of 590 mV,
exhibiting a remarkable applied bias photon-to-current efficiency (ABPE) (14.1%)
and photostability of over 3 days. To enhance the PEC further, perovskite PV cell is
connected where PV acts as a top absorber and Si photocathode as a bottom absorber
in tandem. To accomplish the half reactions of water splitting, stable anode (Ir and
Ru coated Ti) was employed as a counter electrode for OER reaction (Fig. 16d).
The energy level schematic of the tandem device is shown in Fig. 16e. Here, PSC
has fabricated by using Cs0.05Rb0.05FA0.765MAO0.135PbI2.55B10.45 integrated
perovskite (bandgap ~1.62 eV) with an n-i-p architecture. This device exhibited a
high PCE of up to 20%. The photocathode fabricated by Si positioned behind the
PV cell exhibited a photocurrent density of 12.6 mA/cm?2 at 0 V versus RHE. The
properties of the tandem cell (PV-PEC) were evaluated by the J-V characteristics of
the Si photelectrode in the back of the PSC, the redox potentials, and the perovskite
solar cell as displayed in Fig. 16f. The intersections of the J-V characteristics of two
absorbers (perovskite PV cell and Si photocathode) give the operating current of the
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PV-PEC cell (tandem device). The tandem device shows the current of 11.5 mA/cm?2
for solar water splitting, which attributes to an STH efficiency of 14.1%. This is the
greatest reported STH efficiency device for non-III-V semiconductor materials.

14 Summary and Future Outlook

In the PEC field, developing an earth-abundant and low-cost photocathode that can
provide high efficiency and long-term stability for practical appliances remains a
substantial challenge. P-type silicon is a low-cost and earth-abundant semiconductor
with a low bandgap (1.1 eV) and has been widely employed as a light absorber for
the fabrication of photocathodes. The single Si photocathode has low electron-hole
separation efficiency, and photocorrosion takes place. Thus, making heterostructure
with other materials like metal oxides and chalcogenides has been investigated to
increase the PEC performance and stability of the photocathode. Among the low-
cost p-type semiconductors, metal oxide (Cu,O) and metal chalcogenides (like
MoS,) have been used for fabrication p-n junction photocathode via coupling
with n-type semiconductors. Recently, dye-sensitized and perovskite-sensitized
photocathodes are studied in order to achieve high STH. The fabrication of tandem
device with a different configuration of PEC-PV devices is investigated to achieve
high STH efficiency, where PV cell can be a DSC or PSC or III-IV-based solar cells.
Modeling of the tandem device suggested that further work required to substituting
the noble-metal electrocatalyst with earth-abundant materials and upgrading of solar
cell fill factor will cover the improvement in STH efficiency for getting the cost
effective and high-efficacy tandem PEC system.
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1 Introduction to Mechanochemistry

Mechanochemistry is defined as a branch of chemistry that is concerned with
chemical and physicochemical changes of substances of all states of aggregation due
to the influence of mechanical energy [1]. According to the International Union of
Pure and Applied Chemistry (IUPAC), which also recognizes it, a mechanochemical
reaction is a chemical reaction that is induced by the direct absorption of mechanical
energy [2]. In simple words, it is an alternative method to the traditional solution-
based chemistry due to the availability to perform chemical reactions completely in
solid state in the absence of toxic solvents and external elevation of temperature and
pressure. It was defined as a separate research field at the beginning of twentieth
century [3] and has been proven to be applicable in distinct research areas since
then, as it is demonstrated in Fig. 1. Its applicability is mostly in chemistry, materials
science, and environmental sciences.

1.1 High-Energy Milling

High-energy milling is a tool to perform mechanochemical reactions. Apart from
conventional ball milling that delivers only limited amount of energy mainly to
reduce the particle size of the treated material, additional effects like mechanical
activation and defect formation are observed by applying high-energy mills. Con-
ventional ball milling also most often does not lead to the occurrence of chemical
reaction. Today, there is a number of high-energy ball mills that efficiently deliver
the energy to the treated powders (examples are shown in Fig. 2). For less energy-
demanding reactions like organic ones, mixer or shaker mills are usually employed
(Fig. 2b). The effect of milling is achieved by an intensive shaking from one side
to the other, and the milling chambers usually have the cylindrical shape with a

Synthesis of Active Pharmaceutical Ingredients (APls)

Co-crystals Catalysis

Organic chemistry Main group chemistry
Inorganic chemistry 41|
Hydrogen storage materials Metal-Organic Frameworks
Intermetallic compounds Organometallic compounds
Biomass valorization " ¥ Waste management
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Nanomaterials

Polymer technology
Cosmetics

Extraction of biologically active compounds from natural sources

Fig. 1 Diverse applications of mechanochemistry [4]
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Fig. 2 Examples of high-energy mills used for mechanochemical processes: (a) planetary ball
mill, (b) electric shaker mill, (¢) eccentric vibratory mill, (d) attrition mill. (Adapted from Springer
Nature Customer Service Centre GmbH: Springer Nature [5] [COPYRIGHT] (2021))

volume of up to 20 mL. However, to perform more energy-demanding inorganic
synthesis, the planetary ball mills where the milling chamber is located on the disc
and is being intensively rotated to the one side, while the disc is being rotated to
the other one, are being used (Fig. 2a). The volumes of the chambers used in the
planetary ball mills are usually up to 500 mL. Shaker/mixer and planetary mills
are exhaustively applied for the lab-scale experiments, but they are not suitable for
implementation on a larger scale. In order to scale up mechanochemical reactions,
eccentric vibratory (Fig. 2¢) or attrition mills (Fig. 2d) can be applied.

There are plenty of experimental conditions that can be changed when perform-
ing the high-energy milling treatment. The most common ones are presented in
Fig. 3. Depending on the treated material, different conditions might be suitable.
One of the greatest challenges in mechanochemistry is the abrasion of milling
media, which contaminates the product. This problem can be overcome, or at least
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Fig. 3 Most commonly changed experimental conditions during high-energy milling. (Reprinted
by permission from Springer Nature Customer Service Centre GmbH: Springer Nature [5]
[COPYRIGHT] (2021))

significantly reduced, by changing the conditions like the material of milling media,
revolution speed, or using the grinding aids.

The high-energy milling treatment of the powders can lead to two scenarios.
Either just physicochemical characteristics of the treated solids (such as particle
size or specific surface area) are changed, however, no clear chemical change
is observed. In this case, the process can be defined as mechanical activation.
On the other hand, when a clear chemical change occurs, we are talking about
mechanochemical reaction. To illustrate this difference, Fig. 4 is shown. The two
processes can take place in one system, and mechanical activation of the reactants
is often necessary before they undergo the mechanochemical reaction.

In most research groups working with mechanochemistry around the world, it is
being tested as an alternative to the procedures that are already established there
(as an example, performing organic reactions via the traditional solution-based
methods versus mechanochemical one can be mentioned). However, the authors
of this chapter are part of the department, where mechanochemistry is the main
research focus and the high-energy milling is being applied for the processing of a
wide variety of materials (Fig. 5).

As it can be seen, one of the main research directions is the mechanochemical
synthesis of chalcogenides. This has been a permanent agenda at the Department
as manifested in the reviews [7, 8] and monographs from the years 2000-2021
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AFTER MILLING

BEFORE MILLING AlE A |EY

Fig. 4 Schematic illustration showing the difference between mechanical activation and
mechanochemical reaction (A, B- reactants, C- product of mechanochemical reaction). (Reprinted
by permission from Springer Nature Customer Service Centre GmbH: Springer Nature [5]
[COPYRIGHT] (2021))

published by the authors of this chapter [5, 9, 10]. In the present work, the overview
of recent works of our research group from the year 2018 is provided. This is
complemented by providing overview tables on the mechanochemical syntheses of
chalcogenides by other research groups around the world. As the mechanochemical
synthesis can also be performed in the scale-up fashion, the text is subdivided into
a lab-scale and scalable synthesis. Further structuring is based on the chemical
composition of chalcogenides, namely to binary, ternary, and quaternary ones.

2 Laboratory-Scale Mechanochemical Synthesis
of Chalcogenides

The simplicity of mechanochemical synthesis of chalcogenides in comparison
with other methods can be well demonstrated by the fact that just high-energy
milling of the solid precursors is satisfactory to obtain nanocrystalline products
[8]. Most often, two methodologies are applied; either the elements or compounds
are used as precursors. The second option became preferred with time, as the
obtained nanoparticles are usually smaller and thus more suitable for advanced
applications, for example, as quantum dots. The principle of the two methodologies
is demonstrated in the example of sulfides synthesis below (Fig. 6). The concept
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Fig. 5 Variety of research activities being performed at the Department of Mechanochemistry,
Institute of Geotechnics, Slovak Academy of Sciences in Kosice, Slovakia. (Reprinted from [6],
Copyright (2020), with permission from Elsevier)

of using metal acetate and sodium sulfide as the precursor of metal and sulfur,
respectively, has been introduced by the research group of the authors of this chapter
already in [11]. This synthetic pathway is sometimes referred to as a wet one
because sodium sulfide is used as nonahydrate and the resulting reaction mixture
often resembles a slurry. As a side-product, sodium acetate, which can be easily
washed out, is formed.

3 Binary Systems

3.1 Cobalt Pentlandite, CogSg

Co9Sg nanoparticles from cobalt and sulfur in stoichiometric ratio in a planetary
ball mill in an inert atmosphere were successfully prepared via mechanochemical
synthesis in [12]. The cubic CogSg nanoparticles were nanocrystalline with crystal-
lite size of about 16 nm, as confirmed by both Rietveld analysis and transmission
electron microscopy. They consist of nanocrystals closely aggregated into spherical-
like objects. The kinetics reaction studied by X-ray diffraction (XRD) is depicted
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Semiconductor nanocrystals
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Fig. 6 Mechanochemical synthesis of sulfides using: (a) elemental precursors, (b) compounds
(metal acetate and sodium sulfide). (Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature [8] [COPYRIGHT] (2017))

in Fig. 7. The patterns were recorded after 60—180 min of milling. After the first
60 min, only small amounts of desired sulfide are visible next to the non-reacted
cobalt and sulfur precursors. Another 60 min of milling was needed to obtain
final product cobalt pentlandite CogSg (01-073-6395), which crystallized in the
cubic face-centered structure. Further treatment until 180 min did not lead to any
significant change in the phase composition.

The transition from paramagnetic to weak ferromagnetic or ferrimagnetic behav-
ior by changing the magnetic field was proven by magnetic measurements (Fig. 8).

3.2 Copper Sulfides-Chalcocite Cu,S and Covellite CuS

Copper sulfide is a semiconductor with multidisciplinary applications, the ones
in biomedicine being of particular interest. In our older studies, we have shown
the possibility to prepare this chalcogenide within a second range [13] and that
despite the precursors are consumed, the phase transformations still go on for a
couple of minutes [14]. The equilibrium was reached after 15 min and 30 min
in the case of CuS and Cu;S, respectively. The obtained products were properly
characterized using a rich pallette of experimental techniques (SEM/EDS, FTIR,
XPS, photoluminescence, nitrogen adsorption, thermal analysis) [15]. In addition,
the optical properties by UV-vis spectroscopy were determined (Fig. 9). The optical
bandgap of CuS (blue) and Cu,S was calculated to be 1.92 eV and 3 eV, respectively.
In the former case, a red shift in comparison with its bulk analogue was evidenced.
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Fig. 7 XRD patterns of mechanochemically synthesized pentlandite CogSg after different milling
time: (a) 60 min, (b) 90 min, (¢) 120 min, and (d) 180 min. (Reprinted from [12], Copyright (2018),
with permission from Elsevier)

The ability of both CuS and Cu;,S to photocatalytically degrade the methyl orange
(MO) dye was tested, showing both materials being good photocatalysts. Better
results were achieved using Cu,S (Fig. 9b), as complete degradation of MO dye
was observed within 150 min. Covellite (CuS) showed 80% MO degradation after
the same duration. Interestingly, the results for the products were better than for the
commercial TiOy (P25) or ZnO. It has to be noted that the adsorption stage was
not considered in the experiments and all the decrease in the dye concentration was
ascribed to the photocatalytic effect [15].

Mechanochemical synthesis of copper sulfide was also the main topic of the
report [16], which was a common work with our Kazakh colleagues. The initial
idea was to obtain copper sulfide/sulfur composite by combining the already
explained acetate route (milling copper acetate and sodium sulfide) and simulta-
neously synthesize elemental sulfur (by using sodium thiosulphate as its source
and citric acid as a catalyst). However, instead of obtaining CuS/S composite, the
needle-like nanocrystals of CuS were obtained. This is of particular interest to
mechanochemists, as the shape control is a large issue due to a constant supply
of energy and stress to the milled solids, which hampers them from creating a
well-crystallized structures. Simultaneously, the problem with synthesis of CuS
using acetate route with the formation of oxidized products reported in the past,
was also overcome by the proposed methodology. The whole paper is based on
the comparison between CuS obtained using the traditional acetate route and the
sample prepared by using also the additional sulfur source. The as-received CuS
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netization (inset) of mechanochemically synthesized pentlandite CogSg after 120 min of milling.
(Reprinted from [12], Copyright (2018), with permission from Elsevier)
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Fig. 9 (a) UV-vis absorption spectra (inset Tauc’s plots) of CuS and CuyS products. (b) The
irradiation time-dependent degradation efficiencies of MO solution in the presence of CuS and
Cu;S photocatalysts. (Reprinted from [15], Copyright (2018), with permission from Elsevier)

had a needle-like shape with a uniform thickness of around 6 nm length of up to
60 nm (aspect ratio 1:10), whereas the sample obtained using just copper acetate
and sodium sulfide exhibited an isometric morphology with particle size around
20 nm. The formation of the specific morphology in the first case is most probably
a result of the presence of elemental sulfur, which may in situ react with CuS by
enhancing the S — S bonding and thus causing a preferential growth of CuS along
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the basal planes. There was also a significant difference in the grain size (as very
often when using the mechanochemical synthesis), the individual nanoparticles are
assembled into larger grains, being significantly finer in the case of needle-like CuS,
namely, the average grain size was around 340 nm for CuS prepared without using
the additional sulfur source and 170 nm when using it. The obtained products were
tested as antibacterial agents using the agar well diffusion method, and it was shown
that the elongated CuS exhibited activity against both gram-negative E. coli and
gram-positive S. aureus, whereas the other sample was active just against the gram-
negative bacteria. The whole story of the paper is summarized in Fig. 10 below.
The mechanochemical synthesis of CuS was also the topic of the study [17];
however, the selected reaction was used just as a model to investigate the amount
of iron wear by means of magnetometry. The CuS product was formed in 15 min
(in this case, the reaction was much slower than in [13], because the atomized
powder Cu with spherical morphology, neither electrolytically prepared Cu powder
with needle-like one was used). The possibility to use the magnetization value
to calculate the actual amount of iron (even if it is present in trace amounts) in
powders treated in steel milling jars was proposed. The amount of iron has rapidly
increased between 15 and 30 min of milling, when its content was 0.13 and 0.76%,

Na;$,0,5H,0 Citric acid Cu(CH,CO0), H,0 Na,S9H,0 e 3
A e : :é& A8
R+ CAE + AR g N e
) S - . % 2
(1) e (L L
Sulfur Cus nCu$S
Mechanochemical Antibacterial activity
synthesis o
e - 5 aureus
Grinding balls —/7/‘;'.

Milled l [
materials

Fig. 10 Graphical abstract of the report [16] showing the possibility to prepare needle-like CuS
nanocrystals using mechanochemical synthesis. (Reprinted with permission from [16]. Copyright
2019 American Chemical Society)
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Fig. 11 X-ray diffraction patterns of synthesized cobalt and copper selenides; ty: milling time,
ta: annealing time; F: freboldite-CoSe

respectively. This increase is ascribed to the fact that after 15 min, the reaction is
finished and further energy input is used inefficiently.

3.3 Co, Cu-Transition-Metal Selenides

In our recent works, nanostructured CoSe, CuSe, and Cu,Se semiconductors were
successfully synthesized by simple, direct, and relatively inexpensive short-time
solid-phase mechanochemical reactions in a high-energy planetary ball mill [18-
20]. The synthetic CogSeg with the pentlandite structure, (Fe,Ni)gSg, was also
prepared; however, in this case, also a short subsequent thermal annealing was
necessary [21]. The X-ray diffraction patterns of the mechanochemically synthe-
sized cobalt and copper selenides with the corresponding time of mechanochemical
synthesis and subsequent thermal treatment, respectively, are shown in Fig. 11.
The diffraction peaks were identified based on the ICDD-PDF cards and
correspond to CoSe (freboldite 01-077-7572), CogSeg (01-089-4180), CuSe (00-34-
0171), and CuySe (00-47-1448). Rietveld analyses confirmed that mechanochemical
synthesis of CoSe is completed after 120 min of milling with an average crystallite
size of 26 nm, and mechanochemical/thermal synthesis produced CogSeg nanopar-
ticles with an average crystallite size of 67 nm. After 5 min of milling, CuSe and
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Cu;,Se nanoparticles with an average crystallite size of 24 and 25 nm, respectively,
were obtained.

TEM/HRTEM images of the agglomerated nanoparticles of prepared Co and Cu-
containing transition metal selenides are shown in Fig. 12 and Fig. 13. The larger
clusters composed of nanoparticles with tens of nanometer in size were observed
in both cases. Within the single agglomerate of CogSeg, the crystallites are in close
contact, separated by distinct grain boundaries, almost like in sintered ceramics (see
Fig. 12b)).

By comparing our mechanochemical synthesis results with the literature, only
Campos and co-authors managed to prepare CoSe in more than 72 h by milling in
a SPEX shaker mill [22], CogSeg has not been mechanochemically synthesized yet.
With regard to copper selenides, Ohtani and co-authors were the only researchers
who synthesized y-CuSe by mechanical alloying for 60 min using a high-energy
ball mill [23]. In 2017, Bulat with co-workers produced a single-phase material
containing the a-Cu;Se phase after 2 h of milling in a high-energy ball mill [24]
and in 2018, Li and co-workers synthesized almost single-phase B-Cu,.,Se after
20 min of milling in a vibratory mill [25].

The overview table showing the precursors, necessary milling time, achieved
particle size, and the application of the binary chalcogenides prepared recently by
other research groups is shown below in Table 1.

4 Ternary Systems

4.1 Chalcopyrite, CuFeS);

One of the most interesting chalcogenides in ternary systems is chalcopyrite
CuFeS,. The rapid mechanochemical synthesis of CuFeS; particles with good
magnetic, optical, and electro-optical properties prepared by high-energy milling
in a planetary mill from copper, iron, and sulfur precursors was firstly investigated
by our research group [54]. The progress of the mechanochemical synthesis was
studied by XRD (Fig. 14). Nanocrystalline CuFeS, with a tetragonal body-centered
crystal structure and crystallite size around 38 nm could be prepared within
60 min of milling. No significant change, either in the lattice parameters or in the
microstrain, was observed after prolonged milling until 120 min.

This mineral has been considered as a potential thermoelectric material due to the
abundance of the constituting elements, as well as its environmental friendliness.
Nanophase and defect formation via milling is a possible route to decrease the
fairly high thermal conductivity by increasing phonon scattering. In this respect,
mechanochemical pretreatment by high-energy milling in CuFeS; synthesis is an
innovative procedure. Recently, a couple of papers to elucidate the thermoelectric
properties of mechanochemically treated chalcopyrite have been published [55-57].
The influence of high-energy milling on structure as well as on the semiconducting
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Fig. 12 (a) TEM image of an agglomerated cluster of CoSe nanoparticles with a typical EDS
spectrum (inset). The Cu peaks stem from the copper TEM-grid. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature [20] [COPYRIGHT] (2017);
(b) HRTEM image from the thin part of the agglomerate shows larger CogSeg crystallites in close
contact (GBs = grain boundaries). EDS analysis from this region yielded Co/Se ratio of 1.16,
which is close to 9:8 as expected. Reprinted by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature [21] [COPYRIGHT] (2019)
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Fig. 13 (a) HRTEM image of agglomerated crystals of CuSe with selected area electron diffrac-
tion (SAED) pattern (inset); (b) TEM image of agglomerated Cu;Se crystals; (¢) SAED pattern
of the same crystals. (Reprinted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature [19] [COPYRIGHT] (2021))

properties was studied. While dependence of specific surface area Sggr and
crystallinity X is already known and tested for several sulfides [10] (Fig. 15 left),
a possibility to influence of bandgap is a totally new agenda. In Fig. 15 (right),
the dependence of bandgap value on milling time is shown, which illustrates a
possibility to manipulate with semiconducting properties (bandgap engineering) of
chalcopyrite.

The progress of chalcopyrite synthesis from elements can be also investigated via
observing the magnetization changes. This has been accomplished in the study [58].
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Fig. 14 XRD patterns of Cu-Fe-S powders before milling (a) and after 5 min (b), 15 min (c),
30 min (d), 60 min (e), and 120 min (f) of milling (the lines labelled by their Miller indexes alone
belong to CuFeS, nanoparticles). (Reprinted with permission from Ref. [54]. Copyright 2018,
Elsevier)

Namely, at the beginning, the magnetism is very high due to the presence of highly
magnetic elemental iron. As it becomes incorporated into chalcopyrite structure, the
magnetization value decreases rapidly (from around 65 Am?/kg to around 2 Am?/kg
upon 120 min of milling).

4.2 Copper Antimony Sulfides-:Chalcostibite, CuSbS;
and Famatinite, Cu3zShS4

CuSbS; nanocrystals were mechanochemically prepared in an argon atmosphere
after only 30 min of milling in a laboratory planetary mill [59]. The progress of
mechanochemical synthesis is illustrated in Fig. 16 by means of XRD. The analysis
validated the formation of orthorhombic structure of CuSbS, with crystallite
size around 25 nm determined by LeBail refinement. UV-vis spectrum revealed
absorption of CuSbS, nanocrystals in the entire visible range with the determined
optical bandgap 1.54 eV.

The formation of nanocrystalline chalcostibite CuSbS, was also validated by
transmission electron microscopy (Fig. 17). The sample consists of small nanocrys-
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Fig. 15 The influence of milling time, ty on specific surface area, Sggr (1), crystallinity, X (2) and
bandgap, Eg (3) for chalcopyrite CuFeS;. (Reprinted with permission from Ref. [57]. Copyright
2018, Elsevier)

talline domains, which aggregate giving rise to larger particles as can be observed in
the TEM image (Fig. 17a). All the SAED rings (Fig. 17a (inset) could be indexed in
the orthorhombic symmetry of the CuSbS,, thus being in accordance with the XRD
results (Fig. 16). HRTEM images (Fig. 17c, d) indicate nanocrystals directed along
two distinct zone axes.

In addition to chalcostibite, CuSbS,, also famatinite Cu3SbS4 was mechanochem-
ically synthesized using copper, antimony, and sulfur in a stoichiometric ratio 3:1:4
in a planetary ball mill with the utilization of protective atmosphere without the
next post-heating [60]. The progress of the mechanochemical synthesis of CuzSbS4
for milling times 60—120 min is illustrated in Fig. 18.

The mechanochemical reaction was completed after 120 min of milling, when
no other phases could be detected in the XRD pattern, indicating the high purity
of the product. The crystallite size 14 nm of the prepared tetragonal famatinite was
calculated by LeBail refinement.

The optical properties of CuzSbSs were studied using UV-vis spectroscopy (Fig.
19). The Tauc plot to deduce the direct bandgap from derived UV-vis spectrum is
shown as an inset of Fig. 19. The determined direct optical bandgap 1.31 eV is blue-
shifted relatively to the bulk Cu3SbS4. The observed blue shift could be attributed
to the existence of very small nanocrystallites.
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Fig. 16 XRD patterns of CuSbS, synthesized for different milling times (the Miller indices in
the upper-most pattern belong to CuSbS, nanoparticles). (Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature [59] [COPYRIGHT] (2021))
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Fig. 17 TEM analysis of mechanochemically synthesized CuSbS;: TEM image at low mag-
nification with indexed SAED pattern (inset) (a), EDS spectrum (b), HRTEM images and the
corresponding FFTs and simulated ED patterns (inset) (¢, d). (Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature [59] [COPYRIGHT] (2021))

4.3 Copper Tin Sulfide Mohite, CuySnS3

By means of mechanochemical synthesis, we managed to prepare Cu, SnS3 (mobhite)
phase in 15 min using planetary ball milling starting from elements [61]. The XRD
patterns measured after 15 s, 5, 10, 15, and 30 min are shown in Fig. 20a. Already
after a few seconds, the elemental Cu and S rapidly reacted to form CuS (already
after 15 s, the diffractions of CuS are visible). The exothermic reaction of CuS
formation is in line with the phenomena described in [13] and was corroborated by a
significant increase of pressure in the milling chamber after about 13 s. Until 15 min,
tin, together with additional sulfur, was subsequently incorporated into the crystal
structure. Further milling did not bring about any changes in the phase composition,
only the occurrence of agglomeration phenomenon. The product was in the form of
nanocrystals embedded in large micron-sized agglomerates. The presence of small
nanocrystals was confirmed by TEM (HRTEM), showing that the size of all the
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Fig. 18 XRD patterns of CuzSbS4 synthesized in laboratory mill for different milling time. The
identified phases are marked as follows: CuSbS; — chalcostibite (CH), Cu3SbS4 — tetragonal
famatinite (F;), Cu3SbS4 — cubic famatinite (F.). (Reprinted with permission from Ref. [60].
Copyright 2021, Elsevier)

nanocrystals was below 20 nm (Fig. 20b). The obtained crystals were defective, and
such planar defects are marked by an arrow in the figure. The electrical resistivity
showing a clear negative correlation with the grain size was also discovered therein.



364 M. Balaz et al.

1.0
'_:;: 80-
& ]
s 60
c
8 €
5 0.91 = w0
o £
=] =
= =
204
0 |
154 34 2 3 4
08 : | : | ‘ I oy . |
300 400 500 600 700 800

Wavelength (nm)

Fig. 19 UV-vis spectrum of mechanochemically synthesized CuzSbS4 and Tauc plot (inset).
(Reprinted with permission from Ref. [60]. Copyright 2021, Elsevier)

Very recently, an update to this study concentrating mainly on the Raman
spectroscopy characterization of these samples was published. Due to the high
sensitivity of Raman spectroscopy, an additional phase of copper sulfate was found,
and its presence was postively correlated with the amount of CuS phase, which most
probably serves as a precursor of its formation. Thus, the sample after 15 min was
the most stable [62].

In our research, we also managed to obtain pure CuySnS3 phase after 60 min of
milling in a laboratory planetary ball mill using covellite CuS and SnS (previously
obtained by a mechanochemical synthesis) as precursors. The obtained nanocrystals
exhibited size of approximately 10-15 nm. Reaction progress calculated from
the Rietveld refinement of the XRD patterns is illustrated in Fig. 21a, where the
dependence of conversion degree on milling time is shown. Since CTS phase exists
in several polymorphs not detectable by XRD, the Raman spectroscopy was used
for deeper inspection (Fig. 21b). There was a peak broadening due to the phonon
confinement effect. The peak with a maximum at 335 cm™! is undoubtedly assigned
to the tetragonal CTS phase. The Raman spectroscopy revealed also the presence of
impurities like CuS, SnS, and SnS;, which are formed as intermediates during the
mechanochemical synthesis.
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Fig. 20 (a) XRD patterns of the copper-tin-sulfur reaction mixtures milled for different time. The
identified crystallographic phases are marked in the figure as follows: C—covellite (JCPDS 00-
006-0464), T—tin (JCPDS 03-065-0296), M—mohite (JCPDS00-027-0198), (b) HRTEM image
showing the Cu,SnS3 product obtained after 15 min of milling of the stoichiometric elemental
mixture. The arrows point to the planar defects. (Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature [61] [COPYRIGHT] (2018))
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Fig. 21 (a) Reaction kinetics of CupSnS3 synthesis in a laboratory mill calculated from the XRD
data using the Rietveld refinement, (b) fitted Raman spectra of the product synthesized after 60 min.
(Reprinted with permission from Ref. [63]. Copyright 2018, Elsevier)

The overview table showing the precursors, necessary milling time, achieved
particle size, and the application of the ternary chalcogenides prepared recently by
other research groups is shown below (Table 2).
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5 Quaternary Systems

From the quaternary systems, most of our work was devoted to Cu-Fe-Sn-S and Cu-
Zn-Sn-S systems. Initially, we planned to apply the obtained materials as adsorber
layer in the solar cells; however, the manufacturing of actual cell was necessary to
test the performance, and this was not feasible, so therefore, we turned to testing
these compounds as potential thermoelectric materials.

5.1 Stannite, CuyFeSnSy

With regard to Cu-Fe-Sn-S (CFTS) system, we have intensively investigated the
mechanochemical synthesis of stannite CuyFeSnS4 phase in the past [75-77]. The
synthesis included a rapid formation of CuS as the first step, then incorporation
of tin and finally iron into the structure. However, there was always an admixture
of rhodostannite CuyFeSn3Sg phase. More recently, two studies describing the
spectroscopic properties of the CFTS nanocrystals were published. In the first
one [78], the detailed far-infrared study on the prepared CFTS nanocrystals was
conducted, and as demonstrated in the spectra obtained for the sample milled for
different times, the signals corresponding to binary sulfides (reaction intermediates)
disappear with time to reach only CFTS after 2 h of the treatment (Fig. 22). The
same facts have been confirmed in another study utilizing Raman measurements
[79].

5.2 Kesterite, CuZnSnSy

We also succeeded in mechanochemically synthesizing the analogue with zinc
(instead of iron), which is called kesterite, CuyZnSnS4 (CZTS) [80]. We have
investigated an option to prepare it by using elemental precursors and also a mixture
of compounds and elements (see equations below):

2Cu+7Zn+Sn+4S — CuyZnSnSy (D

2 CuS 4+ SnS +Zn+ S — CupZnSnSy 2)

The reaction pathway is of course different depending on the option selected.
Whereas when the combination of compounds and elements is used, CuS and SnS
react to form Cu;SnS3, and the elements react to form ZnS (Fig. 23, left), the
immediate formation of CuS and subsequent incorporation of Sn and Zn takes place
in the other case (Fig. 23, right). In both cases, the pure kesterite phase was obtained
after 60 min of milling, although in the last 30 min, just the incorporation of last
traces of zinc takes place.
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Fig. 22 Far-infrared reflection spectra of stannite CupFeSnSs obtained after different milling
times (given in the figure). Experimental spectra are presented by circles. The solid lines are
calculated spectra obtained by a fitting procedure based on the Maxwell-Garnet mixing rule.

(Reprinted with permission from Ref. [78]. Copyright 2018, Elsevier)

TEM analysis has shown that in both cases, the CZTS nanocrystals have the size
ranging from 5 to 20 nm and that they contain defects. The elemental distribution
seems to be slightly better in the case of the sample prepared by a combination of
compounds and elements.

The overview table showing the precursors, necessary milling time, achieved
particle size, and the application of quaternary chalcogenides prepared recently by
other research groups is shown below (Table 3). Similarly to ternary chalcogenides,
only the reports on sulfides were found.



One-Step Solid-State Mechanochemical Synthesis of Metal Chalcogenides as. . . 369

(12) | 4om symmetry 4mn  J czZTS 12 am symmetry 4mn J CZTS
a=5.455 £ 0.001 A Bmin  » CuS * la=5.456+0001A MEMsmin + Cu
| le=t074220004A] ZRISMn v SnS | |e=10.756 200044 S Smin + Sn
1 min = Zn H B 30 min = 2n
r B 50 min I 50 min -]
E i 00 (220) (312) 5 .
= e ¥ * £ (200) (2200 (312)
£ v .i-| B - L v ; * +* +*
F H i [ v v v v e
o I 2
1| il
= {.' L | -'-I a
A ey i 1)
| :
| |
| |

20 30 40 50 50 20 30 40 50 60
2theta [1] 2theta [']

Fig. 23 X-ray diffraction patterns of stoichiometric mixtures milled according to Eq. 2 (from
compounds/elements mixture) (a) and Eq. 1 (from elements) (b) for various times. (Reprinted
with permission from Ref. [80]. Copyright 2019, Elsevier)

6 Scale-Up of Mechanochemical Synthesis of Chalcogenides

Although the lab-scale processing opens up new research pathways and leaves
enough space for scientists to investigate interesting phenomena, the large-scale
production is always questioned by the companies and the applied research.
Mechanochemistry is well-scalable; however, only selected methods are suitable for
it. In our research, we have shown that the synthesis of chalcogenides can be well-
performed in a scalable manner by using eccentric vibratory milling. In this section,
we provide a brief overview to show the feasibility of scalable mechanochemical
synthesis of chalcogenides via this method.

The concept of eccentric vibratory mill (ESM) has been developed in Germany
by the group of professor Gock [92, 93]. The schematic view of the ESM and
its photograph is provided in Fig. 24a and b, respectively. The key difference in
comparison with the traditional vibratory mills is that this mill produces elliptic,
circular, and linear vibrations, which lead to unequalled amplitudes of vibration up
to 20 mm and a high degree of disaggregation of the grinding media. This results in
more intensive milling, and the specific energy consumption is reduced by 50%.

As it can be seen in Fig. 24b, there is a gray vessel in the middle of the front wall
of the mill. This is called a “satellite” chamber and mirrors the exact events going
on inside of the big mill (capable of the treatment of tens of kilograms) in a smaller
volume. In this configuration, milling of the overall mass up to hundreds of grams
is possible, and in our research, we have mostly used this satellite chamber.

The overview table showing various chalcogenides synthesized by our research
group using an eccentric vibratory milling (in a satellite chamber) together with
the information about the batch size and milling time is provided in Table 4. As
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1 = Grinding pipe 2 = Balancing mass

3 = Unbalanced drive 4 = Grinding balls or rods

Fig. 24 Eccentric vibratory mill: (a) schematic view, (b) photograph. (Part A is reprinted with
permission from Ref. [93]. Copyright 1999 Elsevier)

it can be seen, mainly copper-based chalcogenides were synthesized. The duration
of milling was usually longer than in the case of lab-scale synthesis; however, the
scalability of the process is of utmost importance. Finally, we managed to prepare
covellite in 7.5 kg batch upon operating the ESM device in the full mode. In
the majority of works, we have evaluated the thermoelectric performance of the
prepared chalcogenides.

7 Conclusion

In this chapter, mechanochemical synthesis has been shown as a very perspective
method to prepare nanocrystalline chalcogenides. The high-energy milling process
and the events of mechanical activation and mechanochemical reaction play a
decisive role in achieving the products with desired properties. The overview tables
have shown that a rich plethora of binary, ternary, and quaternary chalcogenides
have been recently prepared by research groups all around the world. The works of
our research group focusing on the lab-scale preparation of mainly copper-based
sulfides and selenides have been reviewed. The scalability of mechanochemical
synthesis upon using eccentric vibratory milling was outlined in the last part of
the chapter.
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1 Density Functional Theory

One of the most effective and promising approaches to understanding the electronic
structure of materials is density functional theory (DFT), which has extensively
been explored in understanding material properties [1]. Numerous simplifications
and approximations have led this method to be used with an adequate balance
of accuracy and computational costs. Walter Kohn was awarded Nobel Prize in
Chemistry in 1998 for his vital contribution to DFT development. Since then,
a swiftly growing number of publications utilizing this theory for understanding
and predicting material properties advocate its significance in materials science
and condensed matter physics research. DFT is a rigorous technique for resolving
electronic features by mapping a many-body interacting system to a many-body
non-interacting system. Its applications span is quite widespread, going beyond
the conventional systems in materials science and physics to geology and biology.
In subsequent sections, we address the difficulties involved in solving many-body
(electron and nucleus) interacting systems that led to DFT development. We then
provide an overview of DFT and the approximations that enable it to be applied to
real systems.
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1.1 Many-Body Schrodinger Equation

The many-body time-independent Schrodinger equation, which establishes the
fundamental basis for understanding the electronic character of solids, for a system
of N electrons and K nuclei is given by

Y A / ro /
H, ¥ (rl,rg,rg...rN,rl,rz...rK) = Em,llf(rl,rz,r3...rN,rl,rz...rK)

(0

where ¥, E;y, and I:I,o, correspond to wavefunction, total energy, and Hamiltonian,
respectively, such that H;,; of the system is given as (in atomic units)

. L, Tl o, ez i1 &&zaz
Hior = _Ezvi _Ezﬁkvk _ZZE_FZZE_}—ZZ r/il >
k=1 i=1 k=1 i=1 j>i k=1 1>k

)
where k and [ (i and j) stand for K nuclei (N electrons). M denotes the mass
of an atom possessing the atomic number Z. rj, rij, and r;; correspond to the
distance between electron i and nucleus k, electrons i and j, and nuclei k and
1, respectively. A solution to this equation results in the ground state of particles
occupying the lowest eigenstates of the system, which eventually governs the
equilibrium properties of the material. However, the complexity of the equation
hinders its exact solution in most cases, except only in simple atomic systems.
The level of complexity grows exponentially as the size of the system increases
and making it practically impossible for this equation to be solved and leading to
approximations and simplifications that need to be adopted for the solution of the
equation in a realistic system, with a reasonable balance between the accuracy and
computational cost. We will discuss the approximations and simplifications involved
in the next few sections.

1=

1.2 Born-Oppenheimer Approximation

An electron is substantially lighter in mass than a nucleus of an atom, resulting in
a significantly small kinetic to potential energy ratio. Therefore, the spread in the
electron wavefunction for a given potential is much greater than that for nuclei, as
seen in Fig. 1 for a toy model with an Au atom in a parabolic potential. Therefore,
the total wavefunction ¥ can be written as the product of electron-only and nuclear-
only wavefunctions (v, and x;) as

U (rir..rNsr k) = e rN X (P k) (B

and Eq. (2) can be resolved into electronic and nuclear components as



Theory and Computational Approach 381

12 T T L T I L} T 1 T
(G—"\
= 101 | 1
= V(x) = Cx2 z
§ 8- nuclear part -
S
= 6 1
Q
S 4
"'CB 1 10 x w, . |
> . electronic part
= O

0 —
5 4 -3 -2-101 2 3 4 5
Position (bohr)

Fig. 1 Wavefunction showing the ground state of a toy model of Gold (Au) electron and nucleus
in parabolic potential. The larger spread for electrons than nucleus is attributed to the larger mass
of nucleus compared to electron
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The electronic component of the wavefunction is specified for a particular
nuclear configuration; hence, the subscript ” in ¥,+. V,,(r;; r’) indicates the potential
caused by electrons and nuclei interactions. The electronic energy E,  acts as an
effective potential for the nuclei. The combination of Coulomb contact and nuclear
configuration electron energy gives the nuclei their overall potential. This decou-
pling of Eq.(2) into electron and nucleus parts is known as Born—Oppenheimer
approximation.

According to Fig. 1, the nuclear component of the wavefunction is more localized
than the electronic component for a parabolic potential. To a first approximation, it
can be said that while electrons behave like waves, nuclei behave like point particles.
Thus classical mechanics should be capable of adequately describing the nuclear
dynamics. This approximation is excellent for the investigation of equilibrium
structures. Nuclei are modeled in current DFT implementations using classical
mechanics equations, which are relatively well-known and computationally less
costly than solving the Schrodinger equation. According to the approximation, as
electrons evolve from the initial to the final ground state upon changing nuclear
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coordinates, no energy exchange occurs between the nuclear and electronic systems,
suggesting the adiabatic development of the system. Hence, this approximation is
also referred to as adiabatic approximation.

Solving Eq. (4) remains very difficult to solve due to the presence of a large
number of electrons in the system. Here, rewriting the equation more succinctly
leads to

Hy = Ev, (6)

where H and v are electronic parts of Hamiltonian and wavefunction, respectively,
such that the former quantity can be written as

=G + Vexr + Vees @)
where G, Ve, and Ve, correspond to kinetic energy operator, potential contribution

from electron—nuclei interaction, and potential energy operator for electron—electron
repulsion, respectively. Furthermore, these terms are expanded as

N 2
_;% ®)
Vext Zv(rur) (9)

i=1

DRI 10

— Ty
i=1 j>i j

Electrons behave according to Fermi—Dirac statistics and the Pauli exclusion
principle. The ground-state wavefunction ¥ can be approximated as an antisym-
metrized product of N orthonormal single-particle wavefunctions, ¢;, and the Slater
determinant

o1(r1) @2(r1) . ... on—10r1) on(r1)
01(r2) @2(r2) . ... on—1(r2) on(r2)
1
R S ) ) ’ 1
VHF N . . (11
©1(rn) @2(rn) - .. oN—1(rn) oN(rN)

where product of spatial and spin parts constitutes each ¢; (7).
In the case of Hartree—Fock approximation, one needs to employ the variational
principle in obtaining ¢/s to minimize the system energy, i.e.,
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EHF =min,,,E[lﬁ] (12)

subject to the orthonormalization conditions

/ @i (Ne;(rdr = 8j, (13)

where Kronecker delta function §;; holds 0 and 1 values fori # jandi = j,
respectively. The Hartree—Fock equation derived from the combination of varia-
tional principle and orthonormalization constraint is

VZ
[—7 + Va(r) + VH(")] %i(r) +deVX(F, $)i(s) = € (r). (14)

In the above equation, the quantities V;, and Vj are referred to the external potential
and the Hartree potential, respectively, such that the later quantity is dependent on
electron density n(r) as

V2Vy(r) = —47n(r), (15)

N
nr)y =y lgir. (16)
i=1

On the other hand, the Fock exchange potential Vy is given by

@i (s)p;(r)
Vx(r,s) = —Zﬁ (17

J

The summation runs over the occupied single-particle states.

Significant simplifications have been made while going from Eq. (4) (describing
3N-dimensional interacting particles) to Eq.(14) (N 3-dimensional single non-
interacting particles). However, certain limitations exist in the Hartree—Fock approx-
imation. It consistently underestimates equilibrium bond lengths and atomization
energy and also incapable of accurately describing the electronic character of
molecular systems (e.g., ozone and diatomic fluorine). Besides, it does not account
for electronic correlation effects, so the energy predicted with this approach is
always larger than the precise energy. Furthermore, the electronic wavefunction
represented by a single Slater determinant fails to account for electron correlation.
Therefore, it is necessary to engage a more sophisticated theory to take electron
correlation effects into account to describe such systems accurately.
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1.3 Hohenberg—Kohn Theorem

Hohenberg and Kohn established two theorems that serve as the foundation for DFT
and apply to any system of interacting particles, having a Hamiltonian given in

Eq. (7).

Theorem 1 Ground-state density n,(r) of an interacting system uniquely deter-
mines the external potential Vey;(r) to which this system is subjected. Proof of the
theorem is straightforward. Assume that there are two distinct external potentials
V), (r) and V2, (r) that vary by more than a constant for a particular ground-state
density ny(r). These potentials are subject to provide two distinct Hamiltonians ( H,
and H» ) of Eq. (7), with distinct ground-state wavefunctions ¢ and ¢o, respectively,
which should result in the identical ground-state density n,(r). The ground-state
energies associated with the Hamiltonians Hy and H, are as follows:

Ei = (¢1|Hilgr)  and (18)
Ey = (¢2| Bl o). (19

¢o not being the ground-state wavefunction for Hi, suggests that
E| < (¢2|Hil¢2). (20)

According to Hohenberg and Kohn, the inequality holds for non-degenerate
ground state. The equations shown above can alternatively be expressed as follows:

(21 Hl¢) = (2| Halgn) + (2| Hi — Foldy)  and (1)
@alfilen) = B+ [ dr [V, ) = V2,00 matr). (22)

Following Egs. (20) and (22),
Ei < Ey+ / dr [velx,(r) - vjx,(r)] 1o(r). 23)
If we started with E» instead of E1 in Eq. (20), we would get
2 1
Es> < E +/dr [Vm(r) . Vex,(r)] 1o (r). (24)

Combining the above two equations leads to a contradiction that E1+E, < E1+
E,. Therefore, the same non-degenerate ground-state density cannot be represented
by two distinct external potentials. Up to a constant, Vey; (r) and n,(r) (ground-state
density) uniquely map into each other.
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Theorem 2 Ground-state density n(r) of an interacting system subjected to an
external potential V,:(r) reduces the energy functional E[n] to its ground-state
value. According to the first theorem, n,(r) defines Vx:(r) and the system energy,
and, hence, all of the ground-state properties.

E[n] = G[n] + Ece[n] + Ene[n] = L[n] + / drVexi (r)n(r). (25)

The quantities Ey. and E,. are referred to the energy contribution from electron—
nuclei interaction and from electron—electron repulsion, respectively. The functional
L{n]

L{n] = G[n] + Ecc[n] (26)

is independent of V. (r). The proof of this theorem lies in the variational principle.

For example, there exist Hamiltonian H and wavefunction ¢ for a trial density n(r).
If Hamiltonian H, generated by a true V,y;, takes ¢ and n(r) as trail functions, then

(BIH|$) = E[] > Eolnl = (¢ol Hldo). 27)

Hence, Eq. (25) reflects energy for n,(r), which is lower than n(r) (any other
density). In case of known L[n], minimizing the total system energy as a function of
n(r) gives rise to the ground-state density and energy.

1.4 Kohn-Sham Equation

The Hohenberg—Kohn theorem proves that the total energy of a many-electron
system is a functional of electron density. However, a clear expression of the energy
functional is still unknown. Many useful approximations have been employed, but
its precise form is still a mystery. Rewriting Eq. (25) leads to

E[n] = /dr 1(r) Vexi (r) + (@[n]|G + Ve | @[n]), (28)

where G and V,, represent the kinetic energy and potential energy operators,
respectively, owing to electron—electron interaction. The first and second terms
are explicitly and implicitly density-dependent, respectively. With reference to the
concept behind Kohn and Sham equations, splitting the second component gives
Hartree and kinetic energies of the independent electrons, followed by an additional
factor to account for the difference.
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Eln] =fdrn(r)vm(r) Z/q) (N~ <p (r+= f/d ds" " g,
Ir — sl
(29)

The above equation contains four terms: energy due to external potential, kinetic
energy of an independent electron system, Hartree energy, and an additional term
known as exchange and correlation energy E ..

The ground-state density, n,, is the function that minimizes the energy functional,
E[n],

JdE[n]
on

=0. (30)

no

Similar to Egs. (12) and (14) under the orthonormalization condition, solution is
based on a variational equation. The Kohn—Sham equations here are derived in the
same way.

[_%Vz + Vext(r) + Vu(r) + ch(r)i| Di(r) =€ D;(r), 3D

where the exchange—correlation potential V,. is given by

0Ey.[n]

Vie(r) = an

(32)

n(r) '

These equations serve as the foundation for first-principles calculations, and
the complexity of Schrodinger equations has been significantly lowered from 3N
dimensions to 3 dimensions in terms of electron charge density. An initial guess on
charge density leads to calculated eigenvalues and, hence, provides eigenenergies
and single-particle wavefunctions. Following that, the density employed in the first
stage is determined. As a result, equations are self-consistently solved, as seen in
Fig. 2. The inner loop searches for the minimal energy and ground-state density
using self-consistent solutions of the Kohn—Sham equations. The outer loop, which
is addressed classically, iterates through structural relaxation until the lowest-energy
configuration is achieved.

1.5 Bloch Theorem

For periodic systems, such as crystalline solids in solid-state systems, it is advan-
tageous to use the Bloch theorem. According to the theorem, the wavefunction of
periodic systems can be written as the product of a plane wave and a function that
has the same periodicity as the crystal.

0i () = Qi (P) = e* T wic (), (33)
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l
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|

s ¥,

—
M
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Fig. 2 A schematic of work flow of self-consistent loop for solving Kohn—Sham equations in
first-principles calculations

where w; (7) is the periodic function in the unit cell with wavevector k such that
wit(F + R) = wix(F), for R = midy + mads + m3d3, (34)

where (m1, my, m3) are integers. It is to be noted here that “i” in ek 7 is the

imaginary unit, while “i” in ;i is the index. Implementing the Bloch wavefunction
into Koh—Sham equation, Eq. (31) reduces to

[—%(V + ik)z} + Vet () + Va(r) + Vac(D]wir (r) = €irwix(r). (35)
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The normalization condition on the periodic part of the single-particle wavefunction
suggests that each wavefunction can accommodate one electron per unit cell.

/ . lwik (r)[2dr = 1, (36)
U

and the electron density is
dk
n(r) = j/ S firlwie)I, 37)
—~ JBz 2Bz Jiklw

where 257 and f corresponds to the Brillouin zone volume and the Fermi—Dirac
distribution function, respectively.

2 Exchange and Correlation Functionals

Since the creation of Kohn-Sham equations, much effort has been spent on
developing precise exchange and correlation functionals. Today under a variety
of approximations, different functionals exist. Several prominent functionals in the
solid-state domain have been addressed here.

2.1 Local Density Approximation (LDA)

As Kohn and Sham proposed, solids may often be regarded as being near to
homogeneous electron gas. Because the exchange and correlation are local in the
case of the homogeneous electron gas, this is referred to as the local density
approximation. This approximation assumes that N non-interacting electrons are
enclosed in a big box of volume V, such that the potential owing to nuclei is constant.
For the said situation, a solution to the Schrodinger equation results in plane wave
eigenstates with wavevectors (k) and eigenvalues like

1 -
&y = ——exp(ik.r) and (38)
g \/V P
k2
= —. 39
€k 3 (39)

The Fermi energy e€r and the corresponding wavevector kr are related as er =
k%— /2. The electron density n = N/V determines all the physical properties of the
system, and the density-dependent kf is
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kr = (372n)3. (40)

The exchange energy Ey is given by (in Hartree units)

3/3\% 4
Ex =—>(2) niv, (41)

and the corresponding exchange potential is given by

N
Vo(r) = — (;> n3 (). (42)

The correlation energy of a homogeneous electron gas does not have a simple
analytic expression. The correlation energy, on the other hand, was estimated for
this basic model by solving the many-body Schrodinger equation using stochastic
numerical techniques and parametrizing it with the Wigner—Seitz radius ry

V. d4m 5 1

— = —r] =-. 43

N 35 p (“43)
The exchange and correlation energy in local density approximation, E )ch A
as

,1s given

EEPA[n] = f n(r) Vee(n(r))dr = / n(OVe(n () + Ve (r)ldr.  (44)

r r

2.2 Generalized Gradient Approximation (GGA)

LDA, as discussed above, is dependent on the local electron density. However, GGA
takes local density n and gradient Vn into account to address how exchange and
correlation function is affected. The mathematical expression of ES94 is

EGOY = /n(r)exc(n, \Val,...)dr
} (45)
= fn(r)s,’Z”’" (n)Lyc(n, |Vn|,...)dr,

where L, is dimensionless and 8)}6’”’" (n) is the exchange energy analogous to the
term V, in Eq. (42). The expansion of L, (n) in terms of reduced density gradient
(sg) of various orders is given by

10 , 146 ,

L. =1 — —_— e,
AR TR T T

(46)
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whereas

VRl |VEn|
- (2kp)kn - 2k(3n2)k/3(n)1+k/3'

Sk (47)

Numerous flavors of GGA exist as Perdew and Wang (PW91), Perdew, Burke,
and Ernzerhof (PBE), and PBE for solids (PBEsol)) [2-4] to accurately predict
material properties.

The contribution of correlation energy functional to total energy is often consid-
erably less than the exchange energy but still significant. The lowest order gradient
expansion at high density was established by Ma and Brueckner [5]. The variation
in correlation energy is in such a way that it drops in magnitude and eventually
dissipates at high density. Such behavior is understandable with the fact that
significant density gradients correlate to strong confining potentials, which enhance
the allowed energy level separation and decrease the interactions in comparison to
terms relating to independent electrons.

2.3 Hybrid Functionals

The GGA functionals use semi-local approximations of the exchange—correlation
energy. However, they are not without flaws. They routinely underestimate the band
gaps of semiconductors and insulators in comparison to experimental values [6—
8]. Additionally, these functionals overstate the effects of electron delocalization
and fall apart for certain systems with partly occupied d and f electrons. Hybrid
functionals, on the other hand, have been proven to somewhat overcome the
constraints of semi-local functionals [9—-13].

Hybrid functionals are constructed by combining a portion of the actual Hartree—
Fock exchange with LDA or GGA exchange energy. However, these energy
functionals have a substantially higher computational cost than LDA or GGA
functionals, owing to the non-local nature of the Hartree—Fock exchange. Numerous
formulations of hybrid functionals have been proposed, and some of them are
addressed below. PBEO hybrid functionals combine 25% of the Hartree—Fock
exchange energy with 75% of the PBE exchange energy in order to calculate
the overall exchange energy [14]. The correlation component of the functional is
identical to the PBE correlation component

1 3
EQBE() _ ZE;-IF + ZE)f’BE + EPBE, (48)
The Hartree—Fock exchange has a substantial computing cost and cannot be used on
bigger systems. The screened hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE) [15-17] is an alternative to standard hybrid functionals. In HSE, the decay
of the Hartree—Fock exchange interaction is accelerated by substituting a screened
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Coulomb interaction for the complete 1/r Coulomb interaction. The exchange
component of HSE functionals is classified as short range (SR) or long range (LR)
as follows:

1 1 —erf(vr erf(vr
_l—erfen erfon) )
r r r
where v is the screening parameter and erf(y) is the error function defined as
erf(y) = \/L; foy ¢~®dk. Both the first and second parts define the short-range

(SR) and the long-range (LR) components, respectively. The exchange—correlation
energy E,. is therefore calculated as

E}ZSE _ aE;{F,SR(V) +(- a)E;’BE,SR(v) + E;BE,LR(U) + ECPBE. (50)
The terms EfF’SR, EfBE’SR, EfBE’LR, and correspond to the SR Hartree—
Fock exchange, SR PBE exchange, long-ranged PBE exchange, and PBE correlation
energy, respectively. The perturbation theory [14] derives the mixing parameter a =
1/4, and its value is sometimes altered in order to fine-tune the estimated electronic
properties (i.e., band gap) of semiconductors. The optimal value of v is between 0.2

A" (for HSE06) and 0.3 A™" (for HSE03) [15, 16, 18, 19]. Besides, v = 0 and
v — oo correspond to PBEQO and PBE functional, respectively.

PBE
Ec
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1 Introduction

Today’s fast-moving world has a rose the lifestyle of the human being to a
significantly level causing a tremendous change in habits, daily routines, and eating
as well as drinking patterns. This has resulted in the spreading of various kinds
of diseases in humans irrespective of their age. As a result, nowadays, there is an
enormous increment in the death rates of adults and nonadults due to stroke, heart
attack, asthma, different types of cancer, etc. [1]. Along with these diseases, diabetes
has spread its root so strong all over the world that every country has a tremendously
larger number of diabetic patients that includes people of all age groups [2—4].
According to a survey, in 2017, 425 million people were diagnosed with diabetes
and by 2045, 48% hike in the number is expected with 629 million diagnosed
patients. According to the World Health Organization, an individual consuming
more than 25 g of sugar per day for a prolonged time period possesses higher
possibility to diagnose with diabetes [5]. The diabetes patient is characterized by
measuring the glucose level in their blood sample. The glucose level for a normal
person is 3.9-6.2 (empty stomach) or 3.9-7.8 (2 h after food) mM above which
is considered a diabetic patient. These numbers are very scary that many medical
field experts are worrying about the uncontrollable growth rate in the number of
diabetic patients because diabetes is one of the major causes behind deaths as well
as disability. In addition, numerous worsening effects of diabetes result in heart
failure, blindness, kidney failure, stroke, birth defects, etc. [6-8].

This furious condition of diabetes has recently turned considerable attention
toward the research and development in the field of glucose sensing that can
help early detection of glucose concentration in the blood. It is well known that
glucose is one of the important constituents of the blood, and diabetes is checked
by evaluating the glucose level in the blood [9-11]. However, currently available
glucose-monitoring techniques are costly that it is not possible for everyone to check
the glucose level on daily basis. This may result in a sudden hike or deprivation in
the glucose level of the patient depending on their health. Therefore, it is of prime
importance to continuously monitor the glucose level in the blood sample of the
patient.

So far, many techniques are being used for the detection of glucose levels
in the blood such as optical, electrochemical, colorimetry, and conductometry,
where recently electrochemical glucose sensors are largely explored due to their
fast response, higher sensitivity, excellent stability, and lower limit of detection
(LOD) [12]. There are some important requirements that need to be accomplished
by an electrode to become an ideal glucose-sensing electrode. The sensor should
exhibit good sensitivity even at LOD. It should have fast and relevant changes
toward the changing glucose concentration, low cost of fabrication, easy to use,
and noninvasive and possess long cycle life [13].

Despite having such fascinating properties that are useful for electrochemical
applications, very scarce literature is found on the application of rare earth elements
(REEy) for electrochemical glucose sensing. Therefore, this chapter focuses on the
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electrochemical nonenzymatic glucose sensor (NEGS) performance exhibited by
various REEs. Their mechanism, working, and sensing performance are presented.

2 History of Glucose Sensor

The first ever electrochemical glucose sensing dates back to 1962 when Clarke and
Lyons [14] demonstrated enzyme-based glucose-sensing performance of an oxygen
electrode. Later, their patent showed the effective utilization of enzymes for the
conversion of electro-inactive substance to electro-active surface, which can sense
glucose. This glucose sensor has been considered as first-generation glucose sensor.
This sensor was based on a semipermeable dialysis membrane sandwiched between
two electrodes. One electrode contained at least one enzyme that could convert
electro-inactive-interfering species into electro-active. On the other hand, the other
electrode was used to measure the reading of interfering species that afterward
subtracted from the reading of the first electrode to obtain the current originated
due to the enzyme-based glucose-sensing electrode [15].

The first-generation glucose sensors were based on the production of H,O, dur-
ing enzymatic processes, which required high operating potentials for the sensing.
In addition, the solubility of oxygen is restricted in the biomolecules that resulted
in the fluctuation in the amperometric measurement creating oxygen tension [16].
The abovementioned drawbacks of first-generation glucose sensors were overcome
by mediator-based second-generation glucose sensors where mediator worked as an
electron acceptor. In this case, mediator was used to replace the oxygen of first-
generation glucose sensor. The mediator worked as redox mediator, which could
take electrons from enzyme to transfer them to the surface of the working electrode.
Due to these redox reactions, amperometric signals are generated, which were used
to detect the presence of glucose molecules [17]. Various materials employed as
redox mediator include tetracyanoquinodimethane, ferricyanide, tetrathialfulvalene,
ferrocene, and quinines. The first report on mediator-based glucose sensors was
published in 1970 [18].

The leakage from the mediator hindered the applicability of the second-
generation glucose sensor and brought forward the third generation of glucose
sensors, which were independent of the electron mediator [12]. This resulted in the
direct electron transfer between the enzyme and the electrode. Due to this, third-
generation glucose sensors enabled implementable needle-like sensors for in vivo
glucose monitoring. The mediatorless assembly resulted in the enhanced sensitivity
of the sensor material [19-21].

Apart from these generations, the currently used continuous glucose-monitoring
system has found way more advancement in the field of real-time glucose moni-
toring and control. This system is primarily based on the insulin release system in
the body and is very advantageous to controlling diabetes [22]. The timeline of the
development of the glucose sensor is listed in Table 1.
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Table 1 Timeline of glucose sensor

S.n. Year Timeline

1 1962 Concept of biosensor by Clarke and Lyons

2 1967 First enzyme-based electrode by Updike and Hicks

3 1973 H,0;-based glucose enzyme-mediated electrode

4 1975 First commercial biosensor (Yellow Springs Instrument analyzer)
5 1982 First needle-like enzyme electrode

6 1984 First ferrocene-mediated amperometric electrode

7 1987 MediSense ExacTech blood glucose biosensor

8 1999 Commercial in vivo glucose meter

9 2000 Wearable noninvasive glucose sensor

N 7N 7N

@\° 1 ®\o
o %o o\® ®o” @

T —

Electrode surface

Electrode surface

(a) (b) (©)

Electrode surface

Fig. 1 Schematic representation of ACM, where M is metal atom, O is oxygen, H is hydrogen, C
is hemiacetalic carbon atom, and R is other glucose molecule component

3 Mechanism of Glucose Sensor

The enzyme-based glucose sensors suffer from various disadvantages like chemical
and thermal stability, pH, humidity, and costliness. Therefore, NEGS are introduced
in which nanostructured inorganic materials are employed for the electrooxidation
of glucose molecules upon adsorption on the surface of the active electrode [23].
The glucose sensing by NEGS can be explained using two different mechanisms,
namely. Activated chemisorption model (ACM) and incipient hydrous oxide adatom
mediator model (IHOAM).

The ACM is based on the adsorption of glucose molecules on the surface of the
active material (Fig. 1a). When glucose molecules are adsorbed on the surface of the
active materials, abstraction of hydrogen occurs, which allows chemical adsorption
of glucose molecules that enhance the rate of glucose oxidation as shown in Fig.
1(b and c). Various nanostructured materials with high surface area possess higher
density of chemically active sites, which oxidize the glucose molecules. However,
this model could not explain the role of hydroxyl radicals generated during the
oxidation process [24, 25].

In that context, the role of hydroxyl radicals generated during the oxidation of
glucose molecules is explained by IHOAM. In this model, it is explained that a pre-
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Fig. 2 Schematic representation of IHOAM, where M[OH],qs and M* are adsorbed hydroxide
anion and reductive metal adsorption site, R is glucose molecule, and O is oxygen, respectively

monolayer of surface-oxidized metal atoms is formed on the surface of the active
material, which further generates hydroxyl radicals [26]. The [OH]ads layer acted
as mediator in oxidation and inhibitors in reduction reaction as shown in Fig. 2.
It is well known that hydroxide ions are formed upon the dissociation of water.
Therefore, metal ion forms bond with hydroxide anions to form metal hydroxide,
which is helpful for the oxidation of glucose [6, 27]. In addition, an alkaline
medium can provide plenty of hydroxide anions; therefore, a higher oxidation rate
of glucose can be achieved when the reaction is carried out in an alkaline medium.
The schematic of IHOAM model is shown in Fig. 2.

4 Rare Earth Elements (REEs)

REEs are a class of chemical elements in the periodic table belonging to the
lanthanide series containing a total of 17 elements. Out of 17 elements, 15 elements
are in between 57 and 71 atomic numbers, and remaining two elements, scandium
and yttrium having atomic numbers of 21 and 39, respectively, are also commonly
considered as REEs due to their physicochemical characteristics associated with the
lanthanides. The lanthanide series contains many of the most important elements
that are widely used in our modern-day technological devices and various electronic
equipment. The demand for REEs is increasing worldwide as these possess some
important characteristics such as large atomic magnetic moments, 4f-electron
structures, and strong spin-orbit coupling. When REEs react with other elements
to form complexes, their coordination number can be varied from 3 to 12, and it can
acquire various oxidation states. Also, they are more inexpensive than other noble
metals like Au and Pt. Therefore, REEs are commonly applied in every aspect of
life. In recent years, various research institutes and industrialists are jointly working
together on REEs to increase their applicability in the field of energy storage,
electronics, high-tech military components, etc. REEs are being used in large scale
in the electrochemical field as it possesses multiple transition energy levels [28—30].
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Applications of Rare Earth Elements

Batteries H Supercapacitors | Bio-sensors Electrocatalysis =~ Photocatalysis

!

Ascorbic Glucose Dopamine
acid

Non-enzymatic
glucose sensor

Fig. 3 Applications of REEs in various fields (particularly NEGS)

The electrochemical behavior of REEs depends on their shape, size, structure,
morphology, and composition with other materials. REEs and their derivative
components have received noticeable attention in the field of batteries [31],
supercapacitor [32, 33], sensors [34], electrocatalyst [35], and photocatalyst [36]
represented in Fig. 3. It also shows the use of REEs toward NEGS.

5 Rare Earth Elements for Nonenzymatic Glucose Sensor

All REEs have stable chemical states of 3+ except Ce and Tb. Their excellent
electrochemical properties help to fabricate efficient and low-cost NEGS. Below
literature review explains the work done so far using REEs for the NEGS.

The electrodeposition method was applied for the deposition of various metal
oxide thin films on different substrates. Potentiostatic electrodeposition method was
applied to deposit lanthanum oxide (LayO3) thin film on a stainless-steel substrate.
For this, 0.01 M lanthanum nitrate hexahydrate (La(NO3)3.6H>O) electrolyte was
prepared and applied constant working potential of —1.0 V for 1 h to obtain whitish-
colored LayOs3 thin film on the desired substrate. The deposited film showed a
monoclinic structure with vertically aligned interconnected irregular nanosheets-
like morphology of an average length of 1.1 pm. Such nanosheet-like morphology is
beneficial to decrease the contact resistance and enhance the performance due to the
large surface area and appropriate surface-to-volume ratio. The specific surface area



Rare Earth Element-Based Nonenzymatic Glucose Sensor 399

was found to be 14.17 m? g~!. The electrocatalytic performance toward the glucose
oxidation was studied in the potential between O and 0.5 V in an aqueous 1 M
KOH solution. The LayO3 electrode showed good linear response toward glucose
concentration in the range between 1.25 and 3.75 mM and exhibited maximum
sensitivity of 616 wA mM~! cm~2, quick response within 1 s, and LOD of 0.27 mM.
The selectivity test was examined toward various interfering species like fructose
(Fru), lactose (Lac), and ascorbic acid (AA), which showed less current response to
the interfering species than that of glucose. The reproducibility and stability tests
have shown acceptable reproducibility with relative standard deviation (RSD) of
2.5% and long stability retaining 8% over 4000 s at 1| mM glucose concentration
[37].

The nanoflake-like morphology with an average length of 1.3 pm and thickness
from 50 to 130 nm was observed for Ag-composited LayO3z synthesized by
electrodeposition method. To deposit Ag-composited La;O3 thin film, 10 mM
solution of AgNO3 and (La(NO3)3.6H;0) were mixed in the volumetric ratio
of 10:90. A schematic representation of the electrodeposition method of LayO3
and Ag-LayO3 is shown in Fig. 4i. From x-ray diffraction study, no significant
difference occurred between pristine LayO3z and Ag-LayO3. With Ag-La;0O3 thin-
film electrode_ the specific surface area was enhanced to 22.45 m?> g~! from the
pristine La;O3 (14.17 m? g~ 1), which results in enhancement of sensitivity toward
glucose oxidation. The staircase-like graph shown in Fig. 4ii is produced due to the
injection of increasing concentration of glucose in NaOH electrolyte. The Ag-LayO3
electrode showed maximum sensitivity of 1677 @A mM~! cm~2, which was greater
than pristine La;03 (616 nA mM~! cm™2). The maximum response was gained
between 0.1 and 0.6 mM glucose concentration. The enhancement in sensitivity was
due to Ag, which facilitates the fast transport of charge carriers and large number
of active sites due to higher specific surface area. The LOD was obtained to be
0.62 uM. The selectivity test to check the effect of different interfering species
such as Lac, Fru, AA, and dopamine (DA) on the glucose-sensing performance was
conducted. Moreover, composite electrode showed long-term stability over 3600 s
[38].

Physical method such as pulsed laser deposition was used to deposit CeO,/Au
nanostructured electrode on carbon paper substrate. The CeO, electrodes were
synthesized by using different background gas pressure. It was observed that
background gas pressure affects the surface morphology of Au-deposited CeO;
electrodes where smooth and closed topography structure was obtained under
vacuum conditions. Two different techniques, namely, cyclic voltammetry (CV) and
square wave voltammetry (SWV), were used to check the electrocatalytic perfor-
mance of glucose by synthesizing CeO;/Au electrodes under various background
gases. Among all these electrodes, CeO,/Au electrode deposited under 10 mTorr
of oxygen showed maximum current response through the CV technique. Such
optimized electrode showed maximum sensitivity of 27 wA mM~! cm™2 in the
concentration range of 0.01-15 mM and LOD of 10 wM. To explore improvements
in the sensitivity, the SWV technique was also used. It was found that, as glucose
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Fig. 4 (i) Schematic of electrodeposition method of La;O3 and Ag-doped LayOs3, (ii) current
versus time (i-t) graph of addition of various concentrations of glucose at a time interval of
60 s. (Reprinted with permission from ref. [38]. Copyright 2021, Elsevier). (iii) Steady-state
amperometric current-time (i-t) curve for CeO, @CuO core-shell nanostructures (inset: 1-10 pM
glucose concentration). (Reprinted with permission from ref. [41]. Copyright 2018, Elsevier)

concentration changes, the current response also changes linearly up to 20 mM
and sensitivity enhances to 44 wA mM~! cm™2, which was larger than the above
reported CV techniques [39].

A glassy carbon electrode (GCE) was used to cast Au nanoparticles on CeO;-
modified electrode by electrochemical (chronoamperometry) method between —0.6
and 0.6 V potential for 60 min at 50 mV s~! scan rate. Initially, CeO, crystals
were dropped on GCE followed by chitosan (0.2 wt %) addition. Then, CeO,-
modified electrode (CTS/CeO;) was immersed in 0.01 M HAuCls to deposit
Au nanoparticles. The surface morphology of CeO, electrode showed crystals of
CeO;, aggregated in irregular lumps (average size 2 uM), and Au modified CeO;
(Au/CTS/CeO,) electrode showed a layer of Au nanoparticles on the aggregated
CeO; crystals. The Au/CTS/CeO; electrode showed well linearity between 0.02 and
0.6 mM, maximum sensitivity of 1076.71 pA mM~! ecm~2, and LOD of 6.89 L M.
It showed good selectivity toward various interfering species as well as excellent
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stability above 95% of the current response to its original after 30 days. The stability
test checked for various temperatures (0, 25, 60, and 80 °C) indicated temperature
independency of the electrode [40].

Core-shell nanostructured CeO, @CuO electrode synthesized by bio-mediated
method was used to evaluate the NEGS properties. For the synthesis of CeO, @CuO,
at first, Ocimum tenuiflorum leaf extract was added to cerium nitrate solution at
393 K for half an hour. Different wt% of copper nitrate was added: at a temperature
of 393 K to get CeO,@CuO core-shell nanostructure and calcinated at 450 °C
to obtain crystalline shell. The CeO, @CuO core-shell nanostructured electrode
synthesized with 0.4 wt % showed maximum current response in 0.1 M NaOH
as well as maximum electrocatalytic activity of core CeO; and shell CuO. The
amperometric current response of glucose sensing at various concentrations (1—
1000 M) is shown in Fig. 4iii. The optimized electrode displayed a good linear
response between 0.001 and 0.0089 mM concentration, 0.019 pM LOD, and
3319.83 A mM~! cm™? sensitivity. The maximum sensitivity was ascribed due
to core-shell morphology that possesses higher surface area, which enhanced the
electrocatalytic activity by providing enough number of active sites. The synthesized
electrode showed good selectivity toward AA, DA, and uric acid (UA) with RSD of
2.66. The electrode used to evaluate glucose concentration in human blood samples
showed good agreements with data measured by volunteer’s sample (Accu-Check
performa), indicating its promising candidature for NEGS [41].

CuO-decorated CeO; nanocomposites were developed by wet-impregnation
method on conducting glass substrate. The TEM study showed the size of nanopar-
ticles found to be approximately 2050 nm. The highest current response toward
oxidation of glucose was observed for CuO/CeO, nanocomposite. The ampero-
metric response of the developed sensor was checked in 0.1 M phosphate buffer
solution (PBS) at 0.4 V working potential. The CuO/CeO; nanocomposite exhibited
a sensitivity of 2.77 pA mM~! cm—2, response time of 5-8 s, and LOD of 10 pM.
The sensitivity was obtained toward only CuO/CeO; nanocomposite by considering
that the role of CeO, and CuO was only to accelerate the electron and dominate
redox reaction of glucose, respectively. It also showed acceptable stability with 80%
retention of its original value (after 20 days) and good performance in recovery
toward real sample analysis [42].

The hydrothermal method was employed for the synthesis of ZnO-CeO;
nanocomposite electrode using petal carbon as template. The nanocomposites were
immobilized on GCE. The ZnO nanoparticles (5 nm diameter) were anchored on
the whiskers body. The length and diameter of whiskers were several hundreds and
10-15 nm, respectively. The ZnO-CeO, nanocomposites exhibited higher specific
surface area of 550.9 m?> g~ !. The differential pulse voltametric technique applied
to evaluate the glucose sensing performance in 0.1 M PBS solution showed an
excellent linear response between 0.5 and 300 wM concentrations and LOD of
0.224 pM [43].

The hybrid nanocomposite of a nanoceria-nanoplatinum-graphene (nCe-nPt-
RGO) electrode was synthesized by sonoelectrodeposition followed by spin coating
method for mediator-free enzymatic biosensors. Amorphous-natured nanoplatinum



402 Y. M. Chitare et al.

(nPt) clusters were formed on the electrode surface by the sonoelectrodeposition
method. A suspension consisting mixture of CeO, nanoparticles and graphene
was coated on nPt-modified electrode using spin coating. The hybridized nCe-
nPt-RGO nanocomposite developed sandwich-like structure showed the highest
electrocatalytic activity. The sensitivity of nCe-nPt-RGO nanocomposite electrode
was found to be 66.2 & 2.6 pA mM~! cm™2. The response time and LOD were
6.3 £ 34 s and 1.3 £ 0.6 pm, respectively. The performance of this hybridized
nanocomposite was lower than the previously discussed CeO,-modified electrode
with Au nanoparticles [44].

It is noteworthy to mention that the perovskite with general formula ABOj3
containing REEs has been widely explored for the application of NEGS. Perovskites
possess unique structural features that changing the element of A site can signifi-
cantly affect the performance of the material. For example, the perovskite-structured
LaNiO3 nanofibers and NdNiO3 nanoparticles were synthesized by electrospinning
and hydrothermal method, respectively. No difference occurs in their morphology
of La(NO3)3/Ni(Ac)2/PVP nanofibers and calcinated LaNiO3 nanocomposites, but
the average diameter of nanofibers was reduced from 400 nm to 140 nm due
to decomposition of La(NO3)3 and Ni(Ac), as well as degradation of polyvinyl
pyrrolidone (PVP) after calcination. The electrode exhibited linear response in the
range between 1 and 1000 pwM. It showed sensitivity, response time, and LOD of
42.321 pA mM~! cm™2, 45, and 0.32 LM, respectively [45].

The NdNiOs nanoparticles were synthesized by using different concentrations
(5, 10, and 15 mM) of NiCl,. The high- and low-resolution field emission scanning
electron microscope (FE-SEM) images of synthesized samples are shown in Fig.
Sa—f. Figure 5 displays low (a, b), equal (c, d), and high (e, f) distribution of
nanoparticles on Nd surface. It was found that NdNiO3 synthesized with 10 mM
concentration of NiCl, (NdNiO3-2) showed higher response toward glucose oxi-
dation than that of the other two synthesized electrodes due to uniform distribution
of nanoparticles of size ranges between 60 and 120 nm. The chronoamperometry
method was used to study the glucose-sensing performance of NdNiO3-2 electrode.
It showed good linear response in the concentration between 0.5 wM and 4.6 mM
with correlation coefficient of 0.9985 displayed in Fig. 5g. The sensor showed
maximum sensitivity and LOD of 1105.1 pA mM~! ecm™2 and 0.3 puM, respec-
tively. The superior performance of NdNiOj3 electrode was due to high electrical
conductivity as well as improved rate of electron transfer between electrolyte and
electrode. The LaNiO3 and NdNiO3-2 electrodes demonstrated current response of
92.9% (after 4 weeks) and 94.46% (after 15 days) of its initial current, respectively,
indicating high stability of both electrodes. The LaNiO3 (RSD 5.23%) and NdNiO3—
2 (RSD 3.2%) also showed superior reproducibility. The NdNiO3-2 was used for
the evaluation of human blood sample, which indicated suitability for the practical
applications of the glucose sensor [46].

The non-stiochiometric LaNiygCog403 (LNC) and Cog4FeglLaO3s (CFL)
nanoparticles were synthesized by the sol-gel method. To make the gel of LNC
and CFL, the solution mixture consists of 0.1 M lanthanum nitrate and cobalt
nitrate added with 0.1 M nickel nitrate and iron nitrate, respectively. The mixture
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Fig. 5 FE-SEM images for (a, b) NdNiO3-1, (¢, d) NdNiO3-2 and (e, f) NdNiO3-3. (g)
amperometric i-t curve for NdNiO3—2. (Reprinted with permission from ref. [46]. Copyright 2017,
Royal Society of Chemistry)

was heated at 80 °C for 12 h, and then the resulted gel was dried at 200 °C. Finally,
the prepared products were calcinated at different temperatures. After optimizing
the conditions, the LNC and CFL electrodes showed maximum current response
within 3 s and 4 s, respectively. The current-time plot of LNC electrode obtained
from the addition of different glucose concentrations is shown in Fig. 6i. The current
response had only one linear relationship between 0.05 and 200 WM concentration
for LNC electrode, while two linear relationships (0.05-5 wM and 5-500 uM) were
obtained for CFL electrode, which may be due to adsorption of intermediates. The
LNC electrode displayed maximum sensitivity of 642.78 wA mM~!' cm~2, which
is lower than CFL electrode (1013.8 pA mM~! cm~2), and LOD was lower for
LNC (0.008 uM) than CFL (0.01 wM) electrode. The highest sensitivity of CFL
electrodes may be due to higher surface area as well as presence of highly active
sites. Both electrodes showed long-term stability over a period of 3 weeks as well
as reproducibility with calculated RSD of 2.7. Moreover, the LNC electrode was
employed to check that the glucose level in human blood serum showed not much
difference between the values determined by a standard instrument and synthesized
electrode [47, 48].

The perovskite-type oxide of Lag ¢Srg4FeO3.5 (LSF) and Lag Srp.4Cog2Feq303-5
(LSCF) was synthesized by sol-gel technique. Carbon screen-printed electrode was
used to fabricate sensors. The surface morphology for both electrodes appeared to
be highly porous structures with agglomerates composed of about 100 nm particle
size. The electrocatalytic activity of both electrodes was tested in 0.1 M KOH. Both
electrodes showed enhanced response than that of bare carbon electrode. The LSCF
electrode showed improved electrocatalytic activity due to the addition of cobalt on
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Fig. 6 Typical i-t response of (i) LNC and (ii) LSC + RGO electrodes in 0.1 M NaOH upon
addition of glucose at various concentration (inset: linear range for glucose detection). (Reprinted
with permissions from ref. [47] and [50]. Copyright 2012 and 2016, Elsevier)

the ferrite structure. It exhibited good linearity curve in the concentration range of
0-200 M, maximum sensitivity of 285 pA mM~! cm~2, and 7 WM LOD [49].

Moreover, La0.6Sr0.4Co03-8 (LSC), LaNi0.6C00.403 (LNC), and LSCF mate-
rials were also synthesized using ethylenediamine tetraacetic acid and citric acid as a
complexing agent with CA:EDTA:metal ion molar ratio of 2:1:1. The LSC electrode
showed excellent response between 0.005 and 1.500 mM, LOD of 0.15 pM, and
sensitivity of 275 WA mM~!' cm™2, which was higher than other electrodes. The
higher sensitivity of LSC was due to the larger oxygen non-stoichiometry, larger
oxygen diffusion coefficient, and highly oxidative oxygen species. The higher oxi-
dation activity in LNC (0.55 x 10712 cm? s~!) was likely related to higher oxygen
jon diffusion coefficient than LSCF (0.21 x 107!2 cm? s—1). Moreover, reduced
graphene oxide (RGO) into LSC improved its catalytic performance in terms of
linear range, LOD, and sensitivity. Figure 6ii shows i-t response of LSC + RGO
electrode upon successive injection of glucose. The linear response, improved
sensitivity, and LOD were found to be 0.002-3.3 mM, 330 pA mM~! cm™2, and
0.063 pM, respectively. The enhanced performance was due to the large surface
area and high conductivity of graphene. The RGO incorporated in LSC was highly
selective toward AA, UA, and DA [50].

The electrospinning followed by calcination was applied to fabricate
LagggSrg.12MnO3 (LSMO) electrode on the smooth surface of carbon paste
electrode. The randomly oriented nanofibers with 300400 nm average diameter
and several micrometers in length were obtained. The maximum current response
within 4 s was obtained for LSMO electrode. The highest performance was due to
the doping of strontium in the perovskite structure. The electrode showed maximum
sensitivity of 1111.1 pA mM~! em™2 and LOD of 0.031 WM. The electrode showed
excellent reproducibility and high stability over a period of 15 days with current
response of 94.8% of its original value. Moreover, it demonstrated high selectivity
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toward various interfering species and is used in clinical diagnosis of the real blood
sample [51].

The LaTiO3-Ag0.2 (LTA) perovskite structured electrode was fabricated with the
help of GCE and tested as a glucose sensor. The sensor showed linear response
between 2.5 wM and 4 mM concentration. It exhibited maximum sensitivity of
784.14 pA mM~! em~2, LOD of 0.21 M, and response time of 6 s. The interfer-
ence and blood serum sample test were carried out at 0.7 V in alkaline solution. The
tested value of real blood samples was well matched with hospitalized determined
one with 101.3-102.6 recovery value. The sensor exhibited high stability with 92%
of its original current value after one month [52].

In short, perovskite-structured materials have shown promising potential for
glucose sensing. However, the process comprises multiple steps including synthesis
by sol-gel method and calcination at higher temperature to achieve phase purity.
Then synthesized material was cast on the desired substrate by using an appropriate
binder and used as a glucose sensor. Table 2 summarizes the study of glucose
sensing for various rare earth metal-based electrodes synthesized with various
physical and chemical methods.

Table 2 and Fig. 7 summarize the applicability of a wide range of REEs for the
NEGS. In addition, the table contains overall information regarding the synthesis
method, morphology, glucose-sensing sensitivity, linear range, LOD, response time,
and working potential. A general trend seen from Table 2 is that almost all electrodes
are in their oxide form with some of them composited with a suitable material like
rGO. The effect of doping has also been tested by several researchers where doping
has resulted in the increased glucose-sensing performance. In addition, ample study
has been carried out using perovskite structures composed of REEs.
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From Table 2, it is seen that sol-gel and electrodeposition methods have
been widely used for material synthesis and to obtain morphologies including
nanoparticles, nanofibers, nanoplates, spherical, and nanosheets. Specifically, bio-
mediated CeO,@CuO exhibited the highest sensitivity among all other reported
materials. As a whole, it can be concluded that the above literature displays the
potential applicability of REEs for the NEGS as well as highlights the scarce
literature available on the same.

6 Conclusions

In this chapter, the potential of REEs for NEGS application has been highlighted.
Literature displays the excellent glucose-sensing performances of various REEs and
reflects the scientific hindrance toward their vast applicability. REEs show relatively
lower performance than reported materials, but the earth’s abundance of REEs
allows cost-effective fabrication of NEGS. In addition, as long as performance is
considered, the performance of REEs can be enhanced using different strategies like
doping, composite, or hybridization. As a result of effective composite, REE-based
nanostructured composites and CeO, @CuO core-shell structure showed maximum
response with sensitivity of 3319.83 pA mM~! cm™2, lowest LOD of 0.019, and
excellent linear response in the concentration range of 0.001-0.0089 mM. These
results show excellent applicability of REEs in the field of glucose sensors. In
addition, this review compiles the available literature by means of their synthesis
parameters as well as glucose sensing measurements.

From a future perspective, it is important to employ REEs in the continuous
glucose monitoring system. The results stated in the table are reliable and possess
potential to commercialize in the near future. Their commercialization could
result into the fabrication of robust, low-cost glucose-sensing electrodes reasonable
enough that every diabetic patient could be able to use it.
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Abbreviation

ab@IONP Antibody functionalized IONP
AC Alternating current

APTES 3-aminopropyltriethyloxysilane
AuNPs Gold nanoparticles

BBB Blood-brain barrier

BSA Bovine serum albumin

CEA Carcinoembryonic antigen
CMC Carboxymethylcellulose

CNT Carbon nanotube

CT Computed tomography

DNA Deoxyribonucleic acid

GET Glycosaminoglycan binding-enhanced transduction
GFP Green fluorescent protein

HA Hyaluronic acid

HEK Human embryonic kidney cell
1eG Immunoglobulin G

IONP Iron oxide nanoparticle

LDH Layered double hydroxide
MNP Magnetic nanoparticle

MPA Mercaptopropionic acid
MPTES Mercaptopropyltriethoxysilane
MR Magnetic resonance
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MRI Magnetic resonance imaging

PC Poly (amino ester) with carboxyl groups

PEG Polyethylene glycol

PEI Polyethylenimine

PLA poly(D, L-lactide)

PVA Polyvinyl alcohol

RNA Ribonucleic acid

ROS Reactive oxygen species

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
SiRNA Small interfering RNA

1 Introduction

Iron oxide (FezO4) nanoparticles (IONPs) own unique physicochemical as well
as biomedical properties like superparamagnetism, larger surface area, easy and
cost-effective synthesis, magnet-responsive nature, etc. These properties could be
extensively useful for various biological or biomedical applications [1]. There
are commonly three types of iron oxide compounds present in nature: magnetite,
maghemite, and hematite. Structural formulae for magnetite, maghemite, and
hematite are Fe304, y- Fe;03, and a- Fe, O3, respectively. They possess properties
of biomolecule immobilization, biomolecule delivery, drug delivery, cell-specific
cytotoxicity, gene therapy, etc. [2]. Some of the reported biomedical functions of
surface-functionalized iron oxide nanoparticles were mentioned in Table 1 and
Fig. 1.

Iron oxide nanoparticles are synthesized by co-precipitation, hydrothermal reac-
tion, thermal decomposition, solvothermal reaction, template synthesis, electro-
chemical synthesis, polyol synthesis, microemulation, and sol-gel methods. The
IONPs are utilized for various biomedical applications such as tumor treatment
(chemotherapy), delivery of biomolecules inside the body, diagnostic imaging, etc.
These applications are interlinked with each other. IONPs are loaded with drugs
or genes for the detection of specific bio-entities, and thereby it leads to diagnosis
as well as therapy of diseases like cancer. Likewise, IONPs are targeted at specific
locations, and magnet-responsive diagnostic imaging is performed [33].

However, IONPs possess certain limitations such as toxicity due to the presence
of metal, immunogenic response when entered inside an organ, biocompatibility
issues, restricted membrane permeability, etc. To address and overcome mentioned
limitations, IONPs are surface functionalized with different chemical and biological
moieties. Surface functionalization or modification or fabrication minimizes the
abovementioned limitations of IONPs and eases their entry into the body [34].

Surface functionalization or fabrication provides biomolecule-specific targeting
to IONPs as illustrated in Fig. 2. Nanoparticles (IONPs) are surface functionalized
by ligands that possess an affinity for a target molecule. As illustrated in the figure,
when ligand-functionalized IONPs are incorporated in a sample, affinity interactions
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Fig. 1 Biomedical applications of iron oxide (Fe30O4) nanoparticles. (Reprinted by permission
from reference [32]. Copyright 2021 ACS Applied Bio Materials)

between ligand and target molecules take place. This results in the formation of a
molecule-IONP complex. The complex is separated from undesired molecules by
using an external magnet. Hence, desired or targeted molecules are separated from
a sample with the help of surface-functionalized IONPs [35].

The chapter summarizes biomedical applications of IONPs, drug delivery,
biosensing, chemotherapy, gene therapy, antimicrobial activity, cytotoxicity,
pathogen detection, virus detection, and magnetofection. A detailed explanation
of each application has been provided within.

2 Surface Functionalization of Iron Oxide Nanoparticles for
Biomedical Applications

The major challenge in the use of magnetic nanoparticles for biological applications
is the long-term inherent instability of the iron oxide nanoparticles in biological
systems. This occurs due to two main reasons first due to dispersibility loss, where
nanoparticles agglomerate, and second owing to magnetism loss where the oxidation
of nanoparticles occurs. These problems can be overcome by functionalizing the
surface with an appropriate functional group. It enhances the biocompatibility
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Fig. 2 Surface functionalization of iron oxide nanoparticles provides biomolecule specific target-
ing. (Reprinted by permission from reference [35]. Copyright 2015 RSC Publication)

of iron oxide nanoparticles, increases hydrophilicity, and prevents agglomeration.
Also, it helps in retaining the magnetic characteristics of magnetic nanoparticles.

Organic polymers are the most common surface-functionalizing agents for iron
oxide nanoparticles. Both natural and synthetic polymers are extensively used in
cancer therapy and imaging applications. Polymers are sensitive to temperature and
pH due to which they are extensively used for drug release systems at the targeted
site. One of the most exploited materials for surface functionalization of magnetic
nanoparticles is silica. Dextran, poly(D, L-lactide) (PLA), polyethylene glycol
(PEG), polyethyleneimine (PEI), and starch are also commonly used in surface
functionalization. PH-responsive bovine serum albumin-functionalized iron oxide
nanoparticles are used for pathogenic DNA detection [36]. Also, chitosan and silica-
functionalized IONPs are reported for possessing around 80% DNA adsorption and
98% DNA elution efficiency from human saliva samples [37].

Surface functionalization with reactive groups like -COOH, —-NH2,-OH, and —
SH is also reported, which have a potential for further modifications with various
bioactive molecule attachments. It has been reported that a facile technique to
synthesize 3-aminopropyltriethyloxysilane (APTES)-coated magnetite with tailored
surface functional groups to be applied in the biological field. Hemolytic assay and
cytotoxicity results showed that the acetylation of amine groups on the surface of
MNPs notably ameliorates hemocompatibility and cytocompatibility. In addition,
as observed in past research, mercaptopropyltriethoxysilane (MPTES)-modified
MNPs trigger a minute decline in magnetic properties, while APTES helps maintain
the morphology of MNPs [38].

Polyethylenimine (PEI) is another molecule that provides better functionalization
on the surface of IONP and is hence used for various applications. It possesses
luminescence hence widely used in transfection experiments [39].
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Another approach to exert therapeutic application for the treatment of cancer
was reported by oleic acid functionalized magnetic iron oxide nanoparticle-based
hyperthermia. It was observed that the material possessed efficient tumor destruction
[40].

Surface functionalization by using biomolecules has gained much attention
recently and has been used in applications like biosensing [41]. Biomolecules like
nucleic acids, biotin-avidin, proteins, enzymes, antibodies, and serum albumin and
polypeptides are being used as functionalizing agents frequently [9, 42, 43].

Surface functionalization with inorganic materials like manganese or cobalt
provides better magnetic moment, whereas functionalization with gold or silver
gives robust visual adsorption and higher electron density. Hence, multicomponent
nanoparticle term is offering new insights for diagnostic applications such as
magnetic resonance imaging (MRI) and computed tomography (CT) diagnosis
[44]. Carbon-functionalized IONPs are exploited for biosensing. Graphite-activated
carbon-functionalized IONPs are used to develop screen-printed electrode sensors,
which show rutin (Vitamin P) detection with high reproducibility, sensitivity, and
selectivity [45]. It was also reported that surface functionalization of IONPs prevents
their oxidation due to air and makes them efficient for related applications [46].

3 Biomedical Applications of Iron Oxide Nanoparticles

3.1 IONP-Based Drug Delivery

Engineered nanoparticles improve significant medicinal applications. Nanotechnology-
mediated drug delivery overcomes certain barriers to conventional delivery such
as site-specific targeting. Drug delivery to the targeted site has been inculcated
through different modes of administration. Recently, IONP-responsive drug delivery
has shown promising results. Such delivery could be controlled externally by an
induced magnetic field. Moreover, suitable functionalization on the surface of
IONP often restrains its toxicity inside the human body. Various biopolymers
such as carbohydrates, proteins, antibodies, enzymes, lipids, etc. were used
for functionalization. This process provides better binding efficiency for drug
adsorption. Once the drug loading on IONP is achieved successfully, the assembly
is administered in the human body through various modes like intravenous
blood circulation, pulmonary administration, subcutaneous injection, etc. Some
interacting moieties were functionalized on the surface of IONP to execute cell-
specific targeting. These moieties were in the form of antibodies, transporter
molecules, integrins, glucose, etc. and possess the ability to achieve binding with
the targeted site. For example, a specific antibody-functionalized IONP reached a
specific receptor of a cell. Binding between receptor and antibody-functionalized
IONP (ab@IONP) was enforced at a specific location. As ab@IONPs was already
loaded with the desired drug, eventually delivery of the drug at a specific location
was achieved [47, 48].
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Fig. 3 Iron oxide nanoparticle-mediated drug delivery in cancerous cell. (Reprinted by permission
from reference [51] Copyright 2020 Elsevier Publication)

Recent advancements showed that iron oxide nanoparticles enhanced the bio-
logical activity of drugs inside bacterial cells. Binding and release of the drug
Lasioglossin III from IONP significantly generated the cytotoxic behavior against
Escherichia coli [6]. Likewise, drug delivery was effective against diseases like
cancer. IONPs were functionalized by polyvinyl alcohol and acted as a drug carrier.
Later, the Sorafenib drug was loaded on polyvinyl-functionalized IONPs. Sorafenib
is considered a kinase inhibitor effective against cancer. When this assembly
was incubated with liver cancer cells, cytotoxicity was obtained. However, same
assembly could not show cytotoxicity for fibroblast cells, which concluded that
drug delivery was achieved at specifically targeted cancer cells using functionalized
IONPs [49]. IONP-medicated delivery of neuronal drugs has been reported for
targeting the ear and central nervous systems as well [50].

IONP-mediated drug delivery has been illustrated in Fig. 3. Mechanism or mode
of delivery was observed in a cancerous cell. Drug-loaded iron oxide (Fe3O4)
nanoparticles entered the blood vessels of body tissue by providing an external
magnetic field. Specifically, they were targeted at the tumor region by a moving
magnet. Once they reached to target, tumor cells were assimilated into them
and delivered to the nucleus. Responsive drug release occurred, and IONPs were
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engulfed by an endosome. They were released outside the cell by endocytosis. The
released drug bound to a specific biomolecule and mediated a cytotoxic mechanism
[51].

3.2 IONP-Based Biosensing

IONPs were extensively engineered for biosensing applications. The quantity of
various biomolecules such as enzymes, nucleic acids, proteins, and aptamers was
traced with the help of magnet-responsive IONP biosensors. Surface fabrication on
IONPs provided stability, sensitivity, and biocompatibility. Basically, a biosensor
was made up of a receptor and transducer. Initially, the receptors conjugated with
IONP were used as targeting agents of the interested biomolecule and followed by
transducer converted these events into assessable signals. Recent achievements in
magnet-responsive nanotechnology were beneficial for the preparation of biosens-
ing assembly. Magnetic IONPs led to electrochemical biosensing of biomolecules
due to their high surface area and electron-conducting capacity [52].

IONP biosensors possess several advantages due to the presence of nanosize
particles, less manufacturing cost, and their reusability. Reports suggested that
functionalized IONPs are used to detect cancer biomarkers like carcinoembryonic
antigen (CEA). Functionalized IONPs were immobilized with CEA, and thereby
cancer detection was achieved from serum samples [7]. Likewise, reactive oxygen
species (ROS) detection was done by constructing an IONP biosensor. PEG-
coated bilirubin IONPs were loaded with fluorescent dye. Obtained fluorescence
transformed into assessable signals. Hence, a fluorescence-based IONP biosensor
was constructed that detects ROS generation from blood samples [8].

The mechanism of action of IONP-based biosensors is illustrated in Fig. 4.
Magnetic iron oxide nanoparticles were functionalized by biomolecular moieties
to achieve a specific target. It was called a surface modification or fabrication
of nanoparticles. Such modified nanoparticles were used for capturing analytes
(specific biomolecule) that need to be detected from the sample. The analyte was
deposited on top of an electrode by using a magnet. Electrode was attached to a
magnet for efficient sensing of a biomolecule. Electrochemical signals were gener-
ated with the help of a transducer. The amount of analyte or biomolecule deposited
on the electrode was directly proportional to the intensity of electrochemical signals.
Hence, a biosensing technique based on magnetic iron oxide nanoparticles was
developed [53].

3.3 IONP-Based Chemotherapy

The development of magnet-responsive platforms for the treatment of cancer was
enhanced in recent decades. IONP-based chemotherapy protocol was developed
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Fig. 4 Mechanism of magnetic iron oxide nanoparticle-based biosensor. (Reprinted by permission
from reference [53] Copyright 2021 Elsevier Publication)

in combination with different techniques such as magnetic resonance imaging
(MRI). Layered double hydroxide (LDH) functionalized IONPs were used for
chemotherapy applications. They were conjugated with hyaluronic acid (HA),
which was a targeting agent for cancerous cells. However, the LDH molecules
act as a drug carrier. Anticancerous drug (doxorubicin) delivery is achieved by the
mentioned assembly. Specific anticancerous effects were observed by functionalized
IONPs leading to remarkable chemotherapy application [12].

Likewise, IONPs were effective against glioma brain tumors. The advantage of
IONP-based chemotherapy was that the drug was passed through the blood-brain
barrier (BBB) with the help of IONPs. Hydrophobic functionalization on IONPs
was carried out with several chemical moieties. Doxorubicin drug was then loaded
on functionalized IONPs. The anticancer ability was recorded by fluorescence and
MR imaging. Doxorubicin-loaded IONPs could penetrate BBB, and site-specific
drug delivery was observed in glioma tumors [13].

Chemotherapy for cancer cure tends to possess several side effects such as
specific targeting is lacking, possess high toxicity for nontumor cells, etc. Hence,
magnetic IONP-based drug delivery could be an effective approach in chemotherapy
application. The reduced high toxicity on nontumor cells and tumor cell-specific
targeting was achieved. Functionalized IONPs with biopolymer alginate acted
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as drug carriers. Further, doxorubicin was added to them. The evaluation of
efficient drug delivery was performed with a commercial generator. Magnet-
responsive hyperthermia and cytotoxicity had confirmed the affectivity of IONPs
for chemotherapy application [14].

Adsorption and release of drugs from functionalized IONPs could be pH-
influenced. This property was incorporated in MRI-dependent chemotherapy. It
was observed that the release of doxorubicin at the targeted tumor site occurred
efficiently in an acidic medium [15].

In combination with magnetic hyperthermia, IONPs were used for chemotherapy.
This technology-induced heat generation at a specific targeted site by applying
an external magnetic field. Due to the generation of heat, the targeted cells
were damaged. For example, doxorubicin-loaded IONPs were delivered at the
glioblastoma brain tumor site. Due to the magnetic nature of IONPs, hyperthermia-
induced heat was generated and that led to glioblastoma cell damage [16].

Nanoparticle-based chemotherapy is illustrated in Fig. 5. Functionalized
nanoparticles were targeted at specific cells. Functionalization consisted of an
imagined agent, targeting moiety, drug carrier, and drug. Targeting moieties
were antibodies, proteins, small molecules, or oligonucleotides for specific cell
recognition. They recognized specific receptors present on a cancer cell. The whole
assembly was entered into the cell through the endosome. Drug release occurred
inside the cell and initiated its mode of action, which led to cell death [54].

Imaging agent - ___—» Targeting Antibody
moiety Protein
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Oligonuclectide
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b

Fig. 5 Mechanism of nanoparticle-based chemotherapy. (Reprinted by permission from reference
[54] Copyright 2015 MDPI Publication)
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[56] Copyright 2020 Wiley Online Library Publication)

3.4 IONP-Based Gene Therapy

IONP-based gene therapy provided nonviral gene transfer inside the targeted
cell. IONPs gave stability to therapeutic genes against degrading enzymes. They
additionally possessed biocompatibility due to the functionalization of biomolecules
on their surface. Later, they were loaded with a gene that had to be delivered to
specific location for gene therapy. IONPs provided magnet-responsive gene delivery
and therapy by applying or inducing a magnetic field [55].

Biodistribution and biocompatibility of IONPs decided by loading small inter-
fering RNA (SiRNA) on polyethyleneimine (PEI)-functionalized IONPs. SiRNA
provided biocompatibility to nanoparticles as no toxicity was observed in vitro and
in vivo. Additionally, the biodistribution of IONPs could be seen in liver and spleen
tissues. However, no shreds of evidence of nanoparticles were observed in tissues
of lungs and kidneys when SiRNA-loaded IONPs were injected in mice. No tissue
damage was occurred in any organ, which proves the biocompatibility of particles.
Biodistribution in the spleen and liver suggested the specificity of SiIRNA gene
delivery [17].

The mechanism of gene delivery is illustrated in Fig. 6. Functionalized IONPs
were loaded with a specific gene and were transported to the targeted site by
an inducing magnetic field. Cellular uptake took place during the endocytosis
process. Nanoparticles were separated from the gene (DNA/RNA) in slightly acidic
conditions. Later entry of gene occurred inside nucleus, which led to transcription.
Hence, functionalized IONPs have the capacity to overcome membrane barriers and
mediated the gene delivery process [56].

3.5 IONP-Based Antimicrobial Activity

IONPs were extensively effective against microorganisms. Contamination of
microbes in water or any source leads to major concerns. Hence, magnetic
IONP-responsive detection and killing of microorganisms were needed. Surface-
functionalized IONPs (with polyacrylamide) showed efficient antimicrobial
properties against Escherichia coli [19].
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For effective antimicrobial activity, another feasible approach to IONP synthesis
was used. Green synthesis of IONPs is a method in which plant extract is used
as a solvent. The advantage of this approach was that no separate biomolecule
functionalization is required on the surface of the nanoparticle. As plant proteins and
other biological entities are present in the extract, the synthesized nanoparticles were
self-functionalizing and showed better antimicrobial action. For example, IONPs
prepared using Withania coagulans plant extract were reported for antimicrobial
activity [20].

Another biological synthesis method for IONPs was effective against certain
microorganisms. Fungal species were preliminarily isolated from the soil. Later,
particularly Penicillium species were identified and isolated from the mixture.
Biosynthesis of IONPs was carried out from Penicillium extract. The reports sug-
gested that synthesized nanoparticles possess antioxidant and antibacterial actions
[21].

Likewise, trypsin- and dextran-functionalized IONPs were used as screening
agents for protease inhibitors. It was a novel technique for antimicrobial analysis
as nanoparticles have gained protease inhibitor activity [22].

Surface-functionalized IONPs showed antifungal activity as well. These particles
were effective against Trichothecium roseum, Penicillium chrysogenum, Aspergilus
niger, etc. IONPs inhibited the spore formation of fungal pathogens [23].

The mechanism of antimicrobial activity of surface-functionalized IONPs has
been described in Fig. 7. Iron oxide nanoparticles were functionalized with chitosan
molecules. The interaction between functionalized IONP and the cell membrane
of bacteria could show more free radical formation. This indicated membrane
damage led to the death of bacteria. However, the interaction between IONP and
membrane showed less free radical formation. This phenomenon suggested that
surface fabrication of IONP provides higher antimicrobial efficiency to the particle
[57].

3.6 IONP-Based Virus Detection

Surface-functionalized IONPs were used for extraction as well as detection of many
viruses. IONP-based virus detection mainly reported for dengue, influenza, and the
recently emerged SARS-CoV-2 virus.

For the detection of the dengue virus, mercaptopropionic acid (MPA)-
functionalized IONPs were reported. Later, they were conjugated with gold
nanoparticles (AuNPs) and specific aptamers. The whole assembly formed chemical
bonding with four serotypes of the dengue virus. Due to the presence of IONPs,
magnetic separation of viral particles could achieve. AuNPs provided visual
or calorimetric analysis without the requirement of high maintenance types of
equipment [24].
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Fig. 7 Mechanism of antimicrobial activity of surface-functionalized IONPs. (Reprinted by
permission from reference [57] Copyright 2015 Macmillan Publication)

Newly emerged IONP nanozymes showed antiviral ability against the influenza
virus. These nanozymes targeted the lipid envelope of the virus. The mechanism of
antiviral activity suggested that these nanozymes were catalyzing lipid peroxidation
of the viral lipid envelope and led to the inhibition of transmission and infectivity of
the virus [25].

Likewise, IONPs functionalized with glycine and citric acid were reported for
detection and antiviral activity against the influenza virus. Also, gold (Au)/CNT-
functionalized IONPs provided antiviral activity against influenza [26].

Surface-functionalized IONPs were effective for extraction and detection of the
recently emerged SARS-CoV-2 virus. IONPs functionalized with poly amino ester
with carboxylic groups (PC) gained the ability to extract SARS-CoV-2 RNA from a
clinical sample [27]. Hence, IONP-mediated strategy helped to detect and diagnose
viral pathogens from a sample.

IONP-mediated virus extraction and detection is illustrated in Fig. 8. They were
surface functionalized with specific chemical or biological moieties. Later, func-
tionalized IONPs were incorporated into a patient viral sample. Here, nanoparticle-
based virus capture occurred, and the immediately captured complex was separated
by an externally induced magnetic field. A targeted biomolecule of a virus (such
as RNA) was separated from nanoparticles and detected with the help of different
technologies [58].
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Fig. 8 Mechanism of surface-functionalized IONP-based virus extraction and detection.
(Reprinted by permission from reference [58] Copyright 2021 RSC Publication)

3.7 IONP-Based Magnetofection

Magnetofection is a process in which gene-loaded IONPs are transported to the tar-
get cell for magnet-responsive gene delivery and therapy. Basically, gene possesses
a negative surface charge. Hence, usually cationic polymer-functionalized IONPs
are being incorporated for magnetofection. Gene binding occurred efficiently due to
the positive surface charge of functionalized IONPs. Further, the gene-loaded IONP
assembly entered a cell by endocytosis. Reports suggested that polyethyleneimine
(PED) functionalized IONPs are efficient for the magnetofection of GFP encoded
DNA in breast cancer cells [28].

A major advantage of magnetofection is the nonviral gene delivery. It was
reported that IONPs loaded with glycosaminoglycan-binding enhanced transduction
(GET) peptides showed efficient DNA transfection in mouse embryonic fibroblast
cells [29].

Genomic DNA on the surface of PEI-functionalized IONP adsorbed in high
amount than that of the plasmid DNA. Binding and elution of gene from IONP
was carried out by changing buffer conditions [30].

Furthermore, an AC magnet plate was developed for efficient IONP-assisted
magnetofection. Efficient magnetofection was carried out in HEK cells [31].
Likewise, PEI-functionalized IONPs were suitable for gene delivery in osteoblast
cell lines [59].

The mechanism of IONP-assisted magnetofection is represented in Fig. 9. Pri-
marily IONPs were functionalized with suitable chemical or biological entities due
to which DNA-IONP complex formation occurred. The assembly was transported
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cell. (Reprinted by permission from reference [60] Copyright 2014 ASP Publication)

to the target cells by moving an external magnetic field. Further, DNA-IONP
uptake was carried out inside the cell through endocytosis. Endosome delivered the
complex to the nucleus and thereby DNA was delivered to the nucleus. Followed
by translation of desired protein, it was occurred through mRNA transcription. The
respective protein was utilized by the cell for the purpose of gene therapy [60].

3.8 IONP-Based Bioseparation

In order to carry out disease-specific diagnosis or theranostics, different strate-
gies are being considered, for example, bioseparation. As the name suggests,
it is a process of separating desired biomolecules from a sample for biomedi-
cal purposes. Aiming to optimize the Bioseparation strategy, the magnetic nan-
otechnology platform is summarized in this section. Although research is being
continuously performed with respect to the particular subject, there is very little
success obtained in terms of commercialization. It was reported that biosepa-
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ration is performed for different biomolecules such as proteins, nucleic acids,
peptides, etc. Magnetic nanoparticle-based bioseparation and biosensing technology
began to achieve increasing attention. Recent experiment efforts denoted that the
surface-functionalized magnetic iron oxide nanoparticles evaluate for the biosep-
aration process. It was reported that IONPs functionalized with SiO;, gold, and
poly(vinylpyrrolidone) were utilized for the bioseparation of glucagon-like-peptide
1 from the solution. The separated peptide was analyzed by UV-vis spectroscopy.
The focus of the study was to notice the design and synthesis of magnetic
nanoparticles, which provides efficient adsorption ability to nanoparticles [61].

Additionally, it was already reported that magnetic antibody separation is by
using IONPs. As we are aware of the demand for purified antibodies, the study
presented a magnetic nanoparticle-based method for separating an immunoglobulin
G (IgG) antibody. In this sense, the method benefited from a cost-effective strategy.
Iron oxide nanoparticles were immobilized with protein domain A and a peptide tag
with iron oxide affinity. In this way, the immobilized nanoparticles were adsorbed
with the IgG antibody from the serum sample [62]. Nevertheless, a novel strategy
to make hydrogen peroxide biosensors with the help of functionalized iron oxide
nanoparticles was reported. Fe304 nanocomposites functionalized with silica and
chitosan have been used to separate hydrogen peroxide from the solution [63].

Another reported bioseparation was of genomic DNA by IONPs. The magnetic
adsorption property of polymer-functionalized iron oxide nanoparticles showed the
separation of genomic DNA from biological samples because of their changing “on
and off” phase of magnetization. Functionalization on nanoparticles was provided
with silica for specific research [37].

3.9 IONP-Based Multifunctional Approaches

Previous sections revealed that IONPs have prominent use in the biomedical
field. The last few years have been an innovative period in synthesizing mag-
netic nanoparticles with interesting multifunctional approaches. As it was already
revealed, magnetic IONPs were applied to drug delivery, biosensing, chemotherapy,
hyperthermia, gene therapy, magnetofection, theranostic purpose, bioseparation,
and many more biomedical applications. Researchers began to study multifunctional
approaches to iron oxide nanoparticles in these years. It was reported that the
interplay between several biomedical applications leads to strong and powerful
multifunctional magnet-based nanoplatforms to face emergencies in the biomedical
field. This section highlights the multifunctional approaches of IONPs for various
applications. Superparamagnetic IONPs were reported to use in combination ther-
apy consisting of chemotherapy and hyperthermia. These particles were function-
alized with phospholipid-polyethylene glycol. Later, anticancer drug doxorubicin
was loaded on prepared particles to exhibit cancer therapy. The combined effect of
chemotherapy (due to doxorubicin) and magnet-induced hyperthermia has helped
to destruct tumors [64].
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Designing of multifunctional material was reported for collaborative cancer ther-
apy, which includes photodynamic therapy (PDT), bioimaging, and hyperthermia
[65].

Multifunctional platforms were reported in many flexible manners to match
particular biomedical requirements. In this sense, antibacterial and imaging
approaches were developed with magnetic nanoparticles using multifunctional
platforms. IONPs were synthesized and functionalized with silica and silver
nanoparticles. This setup was used to capture bacteria at the surface in a
combination of two approaches: antibacterial property and bioimaging, providing
the composition of different proteins, and fatty acids present in bacteria that lead to
metabolic analysis [66].

4 Summary and Future Perspective

The chapter summarizes the use of surface-functionalized IONPs for biomedical
applications. The surface functionalization provides an advantage of biocompati-
bility along with the reactive groups, which make the nanoparticles suitable for
biological applications. Numerous polymers and ligands are reported for surface
functionalization. Also, the ranges of applications are not restricted to a narrow
domain. Surface-functionalized iron oxide nanoparticles are being used in cancer
therapy, drug delivery, MRI contrast agents, disease diagnostics, biosensing, gene
therapy, and magneto-separation of nucleic acids and proteins.

Despite the promising concepts and applications of surface-functionalized
IONPs, there lies a narrow gap, which needs to be addressed for the widespread use
of surface-functionalized IONPs in biomedical applications.

The challenges are there at each step from synthesis to application. The
application-oriented synthesis of nanoparticles with careful tailoring of size, mor-
phology, and magnetic properties along with biocompatibility is crucial. Sustainable
methods of synthesis of surface-functionalized IONPs are another important aspect
to be paid attention to. Apart from this, scalability, reusability, and reproducibility
of the synthesis method are pertinent. Surface functionalization aims to address the
challenge pertaining to the toxicity of nanoparticles to biological systems, renal
clearance, and accurate targeting.

Also, it is significant to notice that the multifunctional approaches are mostly
based on combining materials fetch undesired physical-chemical and adverse sec-
ondary biological responses. These points should be addressed before the translation
of the proof of concept to real application. Although the magnetic nanoparticle-
based drug delivery shows promising results in theoretical experiments, there are
challenges of accuracy and precision magnetic penetration that the AC magnetic
field needs to reach the delivery site with adequate strength. More research is
required in this area.
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Another challenge in this area is biosafety and disposal. Various studies have
reported that by controlling the properties such as size, shape, quantities, oxidation
state, and surface functionalities, the problems can be mitigated.

IONP-based cancer therapy is still at the foundation stage and holds a great
expectation due to the potential to eliminate the most chemotherapeutic side effects
and increase survival rate (first of animals and later of human beings). Regardless
of many successful studies using IONPs for cancer therapy being reported in small
animal models, there are still many important issues to address such as loading
capacity, specificity, and affinity optimization to target cancer cells.

By addressing the challenges of surface functionalization of iron oxide nanopar-
ticles and working on the optimized clinical outcomes, one can pave a sustainable
future and consumer market for novel MNP-based biomedical products.
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