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Preface 
The crucial interest for clean energy and fast advancement of present-day electronics 
has driven the exciting research on novel energy storage devices, particularly superca-
pacitors. The most signifcant part of the supercapacitors is the designing of electrode 
materials with great capacitive performance. Among the various electrode materials 
used in supercapacitors, inorganic materials have received vast consideration owing 
to their redox chemistry, chemical stability, high electrochemical performance and 
high-power applications. The current developments in nanotechnology has opened up 
novel inorganic materials e.g. metal nitrides, metal carbides, perovskites, MXene and 
2D single inorganic materials such as phosphorene, antimonene, etc. Various produc-
tive achievements have been accomplished toward creating inorganic materials-based 
supercapacitor electrodes. However, poor rate capability and energy density are the 
main limitations for inorganic materials-based supercapacitor devices. Therefore, 
exploring inorganic electrodes with high capacitance is becoming a key parameter to 
enable the high-energy density of supercapacitor devices. 

This book provides an in-depth overview of the latest advances of the inorganic 
nanomaterials for supercapacitor energy storage devices. All the chapters discuss 
fundamental aspects, key factors, fabrication methods, designing of nanostructures, 
electrochemical performance of the inorganic-based materials designed for high-
performance supercapacitor, and f exible supercapacitor applications. It also presents 
up-to-date literature coverage on a large, rapidly growing and complex inorganic 
supercapacitors. The chapters of the books provide indepth literature on the capaci-
tors based on various inorganic materials such as zinc, niobium, vanadium, tungsten, 
tin molybdenum and iron cobalt. The chapters of the book are written by leading 
researchers throughout the world. This book will appeal to researchers, scientists 
and graduate and postgraduate students understudies from various disciplines, for 
example, material synthesis, inorganic chemistry, nanoscience and energy commu-
nities. The  book content incorporates industrial applications and will f ll the gap 
between the exploration works in the lab to viable applications in related ventures. 

Dr. Inamuddin 
King Abdulaziz University, Jeddah, Saudi Arabia 

Aligarh Muslim University, Aligarh, India 

Rajender Boddula 
Chinese Academy of Sciences (CAS) 

National Center for Nanoscience and Technology, Beijing, PR China 

Mohd Imran Ahamed 
Aligarh Muslim University, Aligarh, India 

Abdullah Mohamed Asiri 
King Abdulaziz University, Jeddah, Saudi Arabia 
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1.1 INTRODUCTION 

Unconventional energy sources and their need for growth are presently the most 
essential subjects in regard to rapid depletion of fossil fuels. These environmentally 
friendly and unconventional sources of energies, such as solar panels, wind tur-
bines, and more, are mostly dependent on storage cell technologies. But on the other 
hand storage cells are mostly dependent on environmentally unfriendly components 
like lead acids, lithium, etc. Hence there is an urgent need for cleaner, greener meth-
ods that can replace the storage cell technologies to reduce environmental pollution. 
The present day alternative of the storage cell is def nitely supercapacitors as they 
have the advantages to use environmentally friendly materials with high-power 
density along with high-withstanding limit with nearly half a million cycles [1–12]. 
In  normal parallel plate capacitors, two metallic plates are separated from each 
other by an insulating medium of dielectrics. When an electric voltage is applied 
due to the insulating nature of the dielectric medium, static electric charges of oppo-
site nature start building across the two metallic plates, which results in the storage 
of electrical energies. The charge that builds across the capacitor can be calculated 
by the formula Q = C·V. The capacitance C of a parallel plate capacitor depends on 



      

 

 
 
 
 
 
 
 

 

   

2 Inorganic Nanomaterials for Supercapacitor Design 

FIGURE 1.1 Schematic illustration of basic component of double-layer electrochemical 
capacitor. (Reprinted with the permission from Fisher, R.A. et al., ECS J. Solid State Sci. 
Technol., 2, M3170–M3177, 2013. Copyright 2013, Electrochemical Society.) 

dielectric constant k, area A and the distance d by the relation C = ε0kA/d, with ε0 

permittivity of free space [13]. 
Whereas the working principle of the supercapacitors or electrochemical capaci-

tors (EC) are slightly different than that of the normal capacitors with somewhat 
special components, as shown in Figure 1.1, such as an “active electrode” material 
and a porous non-conductive separator [14]. In this particular arrangement in EC, the 
voltage at ion-electrode interface caused an electric double Helmholtz layer (order of 
5–10 Å thickness) due to the attraction of electrodes and the electrolyte ions. 

This specialty in the supercapacitor comes with great advantages, including with 
applications in hybrid vehicles, electronic devices and industrial energy/power man-
agement. The reasons behind the better performances in the supercapacitors are due 
to the small distance between the plates of the capacitors, with the high surface areas 
of the order of 1000–2000 m2/g along with the nanometers level of thickness of the 
Helmholtz layer, which is in general microns level in a conventional capacitance [15]. 
It should also be noted that due to the absence of charge transfer between the plates 
of the capacitor through the dielectric medium, the degradation of the electrolyte and 
the electrodes are also minimal in case of the supercapacitors, which enhances the 
discharge-charge cycles of the supercapacitors [16] up to half a million cycles or more. 

In contrary the development of the supercapacitors comes with major challenges 
along with added disadvantages due to its low power density and higher production 
cost. The most prominent approach to overcome these hurdles is to develop new kind 
of materials for the supercapacitor applications. The most popular material for the 
supercapacitor application is carbon particles due to their high surface areas. But 
carbon-based materials have some limitation due the physical storing of the charges 
in porous layers of electrodes known as the electrostatic double-layer supercapaci-
tors (EDLS) with limited value of capacitance and low-power density. Due to these 
limitations the best approach is to replace the carbon-based material completely by 
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a active material known as a faradic supercapacitors (FS), or it can be hybridized 
by mixing an active material with the carbon-based particles known as a hybrid 
double-layer supercapacitors (HDLC). It  has already well-established that HDLC 
or FS comes with higher capacitance than that of the EDLC type. In this scenario 
niobium-based materials are the prominent candidates for the developments of the 
next generation supercapacitors. Hence in this chapter we concentrate on develop-
ment of the supercapacitors by using niobium-based inorganic materials for the 
applications in supercapacitor electrodes. 

1.2 HISTORICAL DEVELOPMENTS 

The research on the topic of capacitors using electrolyte and metal with an accumula-
tion of electrical charge at plates begins in the nineteenth centuries. In that direction of 
obtaining high surface area from porous-activated charcoal started by a group of elec-
trical engineers in the mid 1950s a group of electrical engineers obtained high surface 
area from porous-activated charcoal. The frst patent was fled on the supercapacitor 
feld in 1957. Due to the interest in the hybrid vehicle feld, the attention of researchers 
started growing in the feld of supercapacitors from the early 1990s [17]. As it was then 
realized that to enhance the acceleration in the hybrid cars it is required to increase 
the energy of the batteries or the fuel cells by improving the supercapacitor technol-
ogy [18]. Further it was found that the supercapacitors not only boost the performance 
of the energy associated with the fuel cells or the batteries, but also can replace them as 
well. It is the US Department of Energy that realized the supercapacitor can be an alter-
native for fuel cells and batteries for the future source of storage energy systems [19]. 

Thereafter, many enterprises and other governments departments started invest-
ing money and time to explore the possibilities gradually. Reports can be found with 
enhancement of the capacitance introduced with electrolyte along with redox addi-
tives with additional pseudo capacitive in the last decades  [20–24]. Enhancement 
of the cell voltage can also be obtained in the asymmetry at anode and cathode in 
supercapacitors. Therefore, researches in this direction enlighten two directions in 
the overall improvement in the performances of the supercapacitors [25]. Firstly, 
electrodes with new advanced materials and the next one with the consideration of 
ion transport technology. 

1.3 NIOBIUM AS AN ELECTRODE MATERIAL IN 
SUPERCAPACITORS APPLICATIONS 

Ruthenium (IV) oxide is one of the most promising materials that have been studied 
extensively in the last decade as hybrid supercapacitor electrode because of its excel-
lent cycle life, specif c capacitance, and conductance [26]. The material application 
limitation as a supercapacitor was due to its expensive nature, but the study led by the 
Augustyn et al. indicates the fact that niobium-based inorganic materials have higher 
capacity at high rates, indicating a suitable material for the hybrid supercapacitor 
applications  [27]. But the result also suggested that EC feature in niobium-based 
materials arises at the surface of the material rather than come as the bulk crystalline 
properties. The theoretical calculation of the Lubimtsev et al. [28] using the density 
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functional theory method indicates that the nanoporous structure with niobium-
based material can improve the performance of the pseudo capacitors by resulting 
high-rate pseudo capacitance. Hence a high-temperature synthesis of niobium-based 
materials with temperature more than 600°C can result in nanoclusters, which act as 
a deterrent factor between fast double-layer cathode and slow faradaic anode in the 
high-power electrode devices. Hence orthorhombic nanoparticles of niobium pent-
oxide (Nb2O5) can be considered one of the most suitable materials to improve the 
kinematics of the faradaic anode. 

1.3.1 NaNoporous Niobium peNtoxide (Nb2o5) 

Nanoporous Nb2O5 is the best alternative electrode material for the replacement of 
conventional ruthenium electrodes for its low price, higher specif c capacitance, 
and energy density. Even the density functional theory calculated values of capac-
ity 200  mA hg−1 for Nb2O5  is greater than that of the value of 175  mA hg−1 for 
Li4Ti5O12 [29]. But the crystal structure of the Nb2O5  is highly dependent on the 
capacity, hence it is very diff cult to apply Nb2O5 directly as electrode material [30]. 
It is f rst opted to improve the electron mobility in Nb2O5 crystal by applying car-
bon coating in it. But the obtained specif c capacitance and energy density still is 
not suitable for most of the supercapacitor applications [31]. Hence the efforts have 
been made to verify supercapacitor applications on the various other structure of the 
Nb2O5 such as amorphous, H-Nb2O5 (pseudo hexagonal), O-Nb2O5 (orthorhombic), 
M-Nb2O5 (monoclinic) and T-Nb2O5 (tetragonal) phases as shown in Figure 1.2 [32]. 
Among all the available different phases O-Nb2O5 is the most promising one [30]. 
Hence the higher capacitance in Nb2O5 should be originated from the nanoporous 
structure of O-Nb2O5 phase which enhances the surface area as well as ionic conduc-
tion through these pores [33]. Lim et al. synthesized the nanoporous O-Nb2O5 struc-
ture by the heat treatment at a higher temperature with the evaporation of the added 
copolymer shown in Figure 1.3. 

The as obtained power density 18,510 W kg−1 with the energy 74 Wh kg−1 and 
an great withstanding rate of 90% at 1  Ag−1 even after 1000  cycles indicates the 
suitability of nanoporous structured Nb2O5 ceramics as a suitable candidate for the 
supercapacitor system. 

1.3.2 Core-shell struCtured Nb2o5 NaNopartiCles 

A core-shell structure of Nb2O5 and carbon is another alternative route for the appli-
cation of the niobium-based material for the supercapacitor applications. Lim et al. 
utilized a facile one-pot technique by controlling the pH  condition to synthesize 
pseudo hexagonal (TT) or orthorhombic (T) with carbon core-shell structure [34]. 
Here they show that the alkaline condition may lead to TT-Nb2O5@C NCs, whereas 
an acidic condition may be used to synthesize T-Nb2O5@C NCs. They systematically 
studied the EC properties and compared the results along with carbon shell-free 
Nb2O5, T-Nb2O5@C and TT-Nb2O5@C NCs. But due to the structural advantages 
and higher mobility of ions, T-Nb2O5@C NCs seems to be the best candidates among 
all these three types. 
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FIGURE 1.2 Structural schemes of Nb2O5 (a) TT-phase, (b) T-phase and (c) H-phase: 
Nb atom (blue); O atom (red). (With kind permission from Taylor & Francis: Nano Rev., 
Nanostructured Nb2O5 catalysts 3, 2012, 17631, Zhao, Y. et al.) 

HR-TEM images in Figure 1.4a. shows the core-shell structure of Nb2O5 and C. 
They observed the battery-type nature of the hybrid supercapacitor with redox peaks 
in the cyclic voltammetry graphs. The  non-linear galvanostatic discharge/charge 
graphs shown in their work also proved the nature obtained from cyclic voltamme-
try results. It is also interesting to note that these hybrid supercapacitors retain 90% 
of its original specif c capacitance magnitude even after a 1 k cycle of use. Another 
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FIGURE 1.3 SEM images of m-Nb2O5-C. (Reprinted with permission from Lim, E. et al., 
ACS Nano, 8, 8968–8978, 2014. Copyright 2014 American Chemical Society.) 

5 nm 

Carbon 

T-Nb2O5 

d(001) ~̃ 0.39 nm 

(a) (b) 

FIGURE 1.4 (a) HR-TEM image of T-Nb2O5@ C. (b) Ragone plots in comparison with 
other results. (Reprinted with permission from Lim, E. et al., ACS Nano, 9, 7497–7505, 2015. 
Copyright 2015 American Chemical Society.) 

most important study with Ragone plot for this hybrid supercapacitor has been pre-
sented in Figure 1.4b. This establishes the superiority of the core-shell structured 
T-Nb2O5@C NCs with respect to the other materials. Hence the core-shell structured 
T-Nb2O5@C NCs show higher stability with improved performance in the design of 
hybrid supercapacitors. 

1.3.3 Niobium oxide NaNowires 

The  electron diffusion can greatly be benef ted in EC from the 1-D nanomateri-
als like nanowires [35]. Hence it is inevitable to characterize the properties of 1-D 
nanowire of T-Nb2O5 for supercapacitor applications; however, it is quite diff cult to 
synthesize the 1-D nanowire of T-Nb2O5. Because electro spinning method produced 
T-Nb2O5 along with other phases [36] where long-time etching at ammonium f uo-
ride gives pseudo hexagonal phase [37], annealing under argon produces tetragonal 
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FIGURE 1.5 High magnif cation TEM image of sample C-T-Nb2O5. (Reprinted from Nano 
Energ., 11, Wang, X. et al., Orthorhombic niobium oxide nanowires for next generation hybrid 
supercapacitor device, 765–772, Copyright 2014, with permission from Elsevier.) 

phase [38] and under oxygen produces monoclinic phase [39]. Hence Wang et al. [40] 
synthesized carbon-coated 1-D nanowire of T-Nb2O5 using niobium oxalate coordi-
nation chemistry shown in Figure 1.5. 

This 1-D nanowire of T-Nb2O5 can retain specif c capacitance up to 140 mA hg−1 

at 25°C and after the 1 k cycle it can retain 82% of specif c capacitance at 5°C. Hence 
the hybrid supercapacitor builds with the 1-D nanowire of T-Nb2O5 shows high sta-
bility along with high power and energy density. 

1.3.4 Niobium oxide NaNorods 

An optimal nanostructure to synthesize T-Nb2O5 NCs can be achieved by using 
a soft template of cellulose nanorod shown in Figure 1.6 [41]. This kind of mor-
phology leads to a higher ion diffusion around electrodes and enhances effective 

FIGURE 1.6 SEM image of Nb2O5 nanorods for (a) CNs flm (b) Nb/CNs composite flm and 
(c) mesoporous Nb2O5 flm (Reprinted from Mater. Chem. Phys., 149, Kong, Lingping et al., 
Ultrahigh intercalation pseudocapacitance of mesoporous orthorhombic niobium pentoxide 
from a novel cellulose nanocrystal template, 495–504, Copyright 2015, with permission from 
Elsevier.) 
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surface area by manifold  [42]. They  f rst prepared nanorods of cellulose f bers 
using acid hydrolysis with the generation of hydroxyl groups around the nanorods. 
This  group further nucleates the niobium oxide phases very easily around the 
nanorods. Finally, annealing at higher temperature can easily evaporate the cel-
lulose f bers from the structure, hence we can easily obtain a nanorod-like nano-
porous T-Nb2O5 NCs. They observed a battery-type nature with redox peaks in the 
cyclic voltammetry graphs. The non-linear galvanostatic discharge/charge graphs 
in this nanorod-like nanoporous T-Nb2O5 NCs also proved the nature obtained from 
cyclic voltammetry results. It  is also to note that the specif c capacitance value 
remains constant even after 300  cycles, hence the T-Nb2O5  NCs nanorod show 
higher stability with improved performance in the design of hybrid supercapacitors 
as well. This unique behavior of the nanorod-like nanoporous T-Nb2O5 NCs with 
excellent energy and power density shows an interesting pathway to the research 
of the supercapacitors. 

1.3.5 Niobium oxide NaNodots 

Electrode with materials consist of T-Nb2O5  nanodots dispersed around a thin 
sheet of 2-D graphite oxide can be a potential design in terms of binder-free, free-
standing electrodes. This sort of design is the building block for the portable, wear-
able, and stretchable electronic devices. Here due to the high-energy density with 
high-specif c capacitance the design of T-Nb2O5 nanodots with graphene compos-
ite meets the required criteria of providing the best performance in the wearable 
devices with limited space. Kong et al. synthesized the T-Nb2O5 nanodots around 
a thin sheet of 2-D graphite oxide f lms using simple hydrothermal reaction shown 
in Figure 1.7 [43]. 

They  have loaded 74.2  wt% of T-Nb2O5  phase in the 2-D f lm with density 
1.55 g cm−3 and obtained a very good conductivity of 2.5 S cm−1. The volumetric 
and gravimetric analysis conf rmed the value of 961.8  F cm−3 and 620.5  Fg−1 at 
0.001 Vs−1. The hybrid supercapacitor with T-Nb2O5 phase in the 2-D graphene f lm 
(anode) and AC (cathode) shows retention of 93% of the initial specif c capacitance 

FIGURE 1.7 Schematic of the fabrication process for T-Nb2O5/graphene composite papers: 
(i) solvothermal process, (ii) vacuum f ltration, (iii) heat treatment. (Reprinted with per-
mission from Kong, L. et al., ACS Nano, 9, 11200–11208, 2015. Copyright 2015 American 
Chemical Society.) 
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after 2 k cycles with high power and energy density of value 18,000 W kg−1 and 47 
Wh kg−1 respectively. This shows an effective way to design 3-D electrode structure 
by stacking 2-D layer of f lms with dispersed T-Nb2O5 nanodots phase as future f ex-
ible storage devices of energy. 

1.3.6 titaNium Niobium oxide NaNotubes 

Titanium niobium oxide (TiNb2O7) is a potential material with theoretical capacity 
two times higher than lithium-based material with excellent cyclability and revers-
ibility [44–51]. Design of hollow nanotube structures of TiNb2O7 can enhance the 
kinetics of the electrode to great extent. Li et  al. synthesized nanoporous hollow 
3-D structure of TiNb2O7 nanotubes for the supercapacitor applications [50] shown 
in Figure 1.8. 

The hybrid supercapacitor with graphene as a cathode and nanoporous hollow 
3-D TiNb2O7 nanotubes as an anode electrode have an extremely high retentiv-
ity of 93.8% even after 1k cycles with stable energy density at 1Ag−1 with value 
43.8 Wh kg−1. It can maintain discharge/charge rate per 33.5 s at 34.5 Wh kg−1 and 
can deliver 74 Wh kg−1 optimal value of energy density ultimately. This indicates 
that the use of nanoporous 3-D TiNb2O7 nanotubes as an electrode is capable of 
electrochemical performance in supercapacitors applications. 

1.3.7 titaNium Niobium oxide NaNofibers 

Easy ion diffusion, high surface area, and good contact made 1-D nanof ber material 
of titanium niobium oxide (TiNb2O7) shown in Figure 1.9 is one of the most promis-
ing material as an electrode of supercapacitor applications [48]. 

Madhavi et al. overcome the theoretical limitation of f ve moles by synthesizing 
1-D TiNb2O7 nanof bers by using scalable electro spinning method [52]. They showed 

FIGURE 1.8 SEM image of 3D-O-P-TiNb2O7 nanotubes. (Li, H. et al., J. Mat. Chem. A, 3, 
16785–16790, 2015. Reproduced by permission of The Royal Society of Chemistry.) 



 

 

 
 
 
 
 
 
 
 
 
 

 

 
 
 

    

10 Inorganic Nanomaterials for Supercapacitor Design 

FIGURE 1.9 SEM image of 1-D nanof ber material of titanium niobium oxide (TiNb2O7). 
(Reprinted with permission from Jayaraman, S. et  al., ACS Appl. Mat. Interfaces, 6, 
8660–8666, 2014. Copyright 2014 American Chemical Society.) 

that the hybrid supercapacitor with 1-D TiNb2O7 nanof bers as an electrode can retain 
84% of initial specif c capacitance till 3k cycles. Besides the power and energy den-
sity for 1-D TiNb2O7 nanof bers are also very high with the value of 3 kW kg−1 and 
43 Wh kg−1 respectively. The new avenues of the growth of the high power capability 
with energy density supercapacitors are feasible with the use of niobium based 1-D 
TiNb2O7 nanof bers as an electrode material. 

1.4 CONCLUSIONS 

In summary, niobium based materials are one of the most important electrode 
materials for the developments of the next generation supercapacitors. Hence in 
this chapter we specifically concentrate on developments of the supercapacitors 
by using the niobium-based inorganic materials because of their high degree of 
thermal and chemical stability along with high-energy densities and excellent 
electrical conductivity. They are also eco friendly than lead-acid and lithium 
materials and due to their electro chemical properties niobium materials are in 
use as an active material in energy storage applications. Different structure of 
the niobium based nanomaterials can find application as a electrode material 
in supercapacitor such as nanoporous niobium pentoxide, core-shell structured 
Nb2O5 nanoparticles, niobium oxide nanowires, niobium oxide nanorods, nio-
bium oxide nanodots, titanium niobium oxide nanotubes, titanium niobium 
oxide nanofibers etc. Nanoporous Nb2O5 is the best alternative electrode mate-
rial for the replacement of conventional ruthenium electrodes because of its 
low cost, higher specific capacitance and energy density. Hence, the higher 
capacitance in Nb2O5  should be originated from the nanoporous structure 
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of O-Nb2O5 phase which enhances the surface area as well as ionic conduc-
tion through these pores. The  reported power density 18,510 W kg−1 with the 
energy 74 Wh kg−1 and a great withstanding rate of 90% at 1 Ag−1 even after 
1000  cycles indicates the suitability of nanopores structured Nb2O5  ceramics 
as a suitable candidate for the supercapacitor system. A core-shell structure of 
Nb2O5 and carbon is another alternative route for the application of the niobium-
based material for the supercapacitor applications. The battery-type nature of 
the hybrid supercapacitor with redox peaks has been observed in the cyclic 
voltammetry graphs. It is also interesting to note that this hybrid supercapacitor 
retains 90% of its original specific capacitance magnitude till 1 k cycle of use. 
Hence the core-shell structured T-Nb2O5@C NCs show higher stability with 
improved performance in the design of hybrid supercapacitors. Due to the better 
electron diffusion it is inevitable to synthesize the 1-D nanowire of T-Nb2O5 for 
supercapacitor applications. This 1-D nanowire of T-Nb2O5 can retain specific 
capacitance up to 140 mA hg−1 at 25°C and after the 1k cycle, it can retain 82% 
of specific capacitance at 5°C. Hence the hybrid supercapacitor builds with the 
1-D nanowire of T-Nb2O5 shows high stability along with high power and energy 
density. The  T-Nb2O5  nanorods synthesized with a soft template of cellulose 
leads to a higher ion diffusion around electrodes and enhances the effective 
surface area by manifold. The non-linear galvanostatic discharge/charge graphs 
in this nanorod like nanoporous T-Nb2O5 NCs also proved the nature obtained 
from cyclic voltammetry results. Hence this unique behavior of the nanorod like 
nanoporous T-Nb2O5 NCs with high energy and power density shows an interest-
ing pathway to the research of the supercapacitors. On the other hand electrode 
materials consist of T-Nb2O5  nanodots dispersed around a thin sheet of 2-D 
graphite oxide can be a potential design in terms of binder-free, free-standing 
electrodes. The hybrid supercapacitor with T-Nb2O5 phase in the 2-D graphene 
film and AC shows retention of 93% of the initial capacitance till 2 k cycles with 
high power and energy density of value 18 kW kg−1 and 47 Wh kg−1 respectively. 
Design of hollow nanotube structures of TiNb2O7 can enhance the kinetics of 
the electrode in great extent in supercapacitor applications. The hybrid superca-
pacitor with graphene as a cathode and nanoporous hollow 3-D TiNb2O7 nano-
tubes as an anode electrode can retain 93.8% of the initial specific capacitance 
even after 1 k cycles with stable energy density at 1 Ag−1 with value 43.8 Wh 
kg−1. Facile diffusion of ions, high surface area, and good contact has made 
1-D nanofiber material of titanium niobium oxide (TiNb2O7) is one of the most 
promising material as an electrode of supercapacitor applications. Hence the 
niobium-based nanomaterials show higher stability with improved performance 
in the design of supercapacitors applications. 
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2.1 INTRODUCTION 

The growth of the global economy and at the same time shortage of fossil fuels with 
degradation of the environment indicate towards the urgency not only for a greener, 
cleaner, and renewable source of energy, but also for some kind of advanced energy 
storage/conversion systems. 

This energy storage system depends on fuel cells, batteries, and supercapacitors 
(ES). Present-day fuel cells/batteries with high-energy storage capabilities in general 
use potentially dangerous materials to the environment such as lead-acid, lithium, 
and so on at the same time with a short life cycle. On the other hand supercapacitors 
with half a million life cycle with high power density, discharge, and charge rate is 
an alternative to the battery and conventional capacitor with greener and cleaner 
materials [1–12]. In general, for the construction of a parallel plate capacitor, a pair 
of electrodes along with a dielectric medium in between the plates is needed. When 
a voltage applied along the two plates of the capacitor due to the accumulation of 
charges at the surface of each plate, the capacitor stores charges according to the for-
mula E = 1/2CV 2. The capacitance of the parallel plate capacitor can be expressed as 
C = ε0KA/d where K is the dielectric constant of the dielectric medium, d is the dis-
tance between the two plates, and A is the cross sectional area of the electrodes [13]. 
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The  principle of operation of modern day supercapacitors is similar to normal 
capacitors with somewhat special components as shown in Figure 1.1 [14], along with 
an “active electrode” material and a porous non-conductive separator. In this arrange-
ment with the application of the voltage at ion-electrode interface an electric double 
Helmholtz layer of the order of 5–10 Å thickness formed due to the attraction of elec-
trodes and the electrolyte ions. This specialty in the supercapacitor comes with a great 
advantage, along with a wide variety of applications in hybrid vehicles, consumer 
electronics, and industrial energy/power management. The reasons behind the better 
performances in the supercapacitors lie due to the small distance between the plates of 
the capacitors, with the high surface areas of the order of 1000–2000 m2/g along with 
the nanometers level of thickness of the Helmholtz layer which is in general microns 
level in a conventional capacitance [15]. It also can be noted that due to the absence of 
charge transfer between the plates of the capacitor through the dielectric medium, the 
degradation of the electrolyte and the electrodes are also minimal in case of the super-
capacitors, which enhances the discharge-charge cycles of the supercapacitors [16]. 

On the other hand, the development of the supercapacitors comes with major chal-
lenges along with added disadvantages due to its low power density and higher pro-
duction cost. The most prominent approach to overcome these hurdles is to develop a 
new kind of materials for the supercapacitor applications. The most popular material 
for the supercapacitor application is carbon particles due their high surface areas. 
But carbon-based materials have some limitation due to the physical storing of the 
charges in porous layers of electrodes known as the electrostatic double-layer super-
capacitors (EDLS) with limited value of capacitance and low power density. Due to 
these limitation the best approach is to replace the carbon-based material completely 
by an active material, which is known as a faradic supercapacitor (FS), or it can be 
hybridized by mixing a active material with the carbon-based particles, which is 
known as a hybrid double-layer supercapacitors (HDLC). It has already well estab-
lished that HDLC or FS comes with higher capacitance than that of the EDLC type. 
In this scenario zinc-based materials are the prominent candidates for the develop-
ments of the next generation supercapacitors. Hence in this chapter we specif cally 
concentrate on developments of the supercapacitors by using the zinc-based inor-
ganic materials for the applications in supercapacitor electrodes. 

2.2 ZINC AS AN ELECTRODE MATERIAL IN 
SUPERCAPACITORS APPLICATIONS 

Recently zinc-based materials started receiving special attention as an electrode 
material in supercapacitor applications because of its high degree of thermal and 
chemical stability along with high-energy densities and excellent electrical conduc-
tivity [26–29]. The wurtzite crystal structure of ZnO is shown in Figure 2.1. Because 
of its eco friendly and electrochemical properties it is now in use as an active mate-
rial in battery applications [30]. Its only from 2015, scientists start using ZnO as an 
electrode material in the supercapacitor applications [31]. In that design Ni foam has 
been used as a substrate on which zinc oxide deposited as an electrode with poly-
mer hydrogel as an electrolyte shown in Figure 2.2a [32]. The enhancement in the 
catalytic activity can be noticed in the design from the obtained specifc capacitance 



 

   

19 Zinc-Based Materials for Supercapacitors 

FIGURE 2.1 3-D representation of the unit cell structure of ZnO. 

FIGURE 2.2 (A) Two-electrode conf guration of PPy/GO/ZnO supercapacitor. (B): (a) 
Galvanostatic charge/discharge cycles, (b) specif c capacitances at various current den-
sities, (c) prepared supercapacitor connected in series lighting up an LED circuit, and (d) 
supercapacitor bent at 90 degree lighting up an LED circuit. (Reprinted from J. Power 
Sources, 296, Ng, C.H. et al., Potential active materials for photo-supercapacitor: A review, 
169–185, Copyright 2015, with permission from Elsevier.) 
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values at current density 1 Ag−1 with value 123.8 Fg−1. Figure 2.2b shows almost 
ideal capacitor behavior of the ZnO from the discharge/charge profle in the pseudo 
triangular galvanostatic cycle. The strong van der Waal force prevented the restack-
ing here due to the ZnO. These supercapacitors can even be bent by 90 degrees dur-
ing energy storage devise applications shown in Figure 2.2c. 

2.3  DIFFERENT STRUCTURAL NANOMATERIALS USING 
FOR SUPERCAPACITOR APPLICATIONS 

The different structure of the zinc-based nanomaterials can f nd application as an 
electrode material in supercapacitors due to their different surface areas and elec-
trochemical activities. The range of nanomaterials, such as zinc oxide nanowire, 
zinc hydrochloride nanosheet, zinc sulf de nanosphere, and f ower-like zinc molyb-
date, etc. can be used as an electrode materials in supercapacitor. 

2.3.1 ZiNC oxide NaNowire 

For decade’s carbon-based materials have dominated as an electrode material con-
ventionally, but with the use of ZnO nanowires the trends have been changing gradu-
ally with its added advantages with its peers. The added advantages of ZnO NWs 
are coming with its relatively high surface areas with its good electrical conduc-
tivity due to the presence of zinc ions  [33]. Not  only that, the ZnO NWs can be 
synthesized easily below 900°C and can be grown at any shape and sizes in any 
substrates. Figure 2.3 shows the X-ray diffraction of ZnO with f tting with Rietveld 
ref nement techniques. Table 2.1 shows the Rietveld ref nement parameters for the 
ZnO. There  can be two approaches that have been adopted recently to use ZnO 
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FIGURE 2.3 X-ray diffraction of ZnO with f tted with Rietveld ref nement techniques. 
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TABLE 2.1 
Rietveld Refnements Data for ZnO 

Parameters Refnement Values 

a (Å) 3.249004 

c (Å) 5.203241 

V (Å3) 47.567 

ρ (g/cm3) 5.682 

u 0.38210 

Rwp (%) 11.81 

Rp (%) 8.37 

GOF 2.10 

NWs as supercapacitor applications. In  the f rst approach the NWs can be grown 
in the shape of f bers and then can be entangling the same around a Kevlar f ber. 
Here poly (methyl methacrylate) (PMMA) can be used as insulation between both 
the f bers to act as electrodes  [34]. In  the second approach a core-shell structure 
can be used to use ZnO NWs as electrode materials. In this case highly conducting 
ZnO NWs can act as the core material whereas transitional metal hydroxides/oxides 
pseudo capacitors as shell materials [35]. 

Figure 1.1a in [36] shows the close views of the f rst type of highly f exible ZnO 
NWs discussed above. The NWs can be as long as 6 mm in length with a wide range 
of diameters from 220 to 700 nm shown in Figure 1.1b in [36]. The design of the NWs-
based supercapacitor with ZnO NWs entangled around a gold-coated Kevlar f ber as 
shown in Figure 1.1c in [36]. A large-scale device is seemingly possible by forming a 
yarn with a bundle of such f bers. Even this device can also replace conventional micro 
supercapacitors, which in general builds with thin f lm technology that is very diff cult 
to scale up. Combination of zinc oxide nanogenerators with NW supercapacitor can 
also recharge the supercapacitors very easily with day to day activity like footsteps, 
heartbeats, shaking, etc., and can be applied as wearable electronic devices. On the 
other hand a core-shell approach with ZnO NWs as conducting core and transitional 
metal hydroxide as the shell can improve the specif c capacitance up to 10.678 F/cm2. 
The typical SEM images of the ZnO ceramics can be seen in Figure 2.4. 

2.3.2 ZiNC hydroxyChloride NaNosheets 

Nanosheets of zinc hydroxychloride (Zn5(OH)8Cl2), popularly known as Simonkolleite 
(Simonk), have recently drawn the attention of the research community in the feld of 
supercapacitors due to their unique chemical and physical properties associated with 
the electrode materials in the energy storage applications [37]. Simonk is a soft mate-
rial by nature with specifc gra vity and Mohs hardness 3.2 and 1.5 respectively [38]. 
Nanomaterials of simonk can be grown along  [001] plane direction with hexago-
nal shapes [39]. The presence of oxygen vacancies along the surface of such grown 
crystals shows a high degree of electrochemical activities in the materials [37]. It is 
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FIGURE 2.4 SEM image of ZnO ceramics. 

already a well-established fact for other families of zinc materials of colossal permit-
tivity (ε′>103) due to the presence of oxygen vacancies [40] shown in Figure 2.5. 
There are numerous reports are available in the literature to improve the electrical 
conductivity of simonk materials with the addition of materials like graphene, active 
carbon (AC), Ni, Al, Co, etc. [37]. 

Chemical bath deposition technique can be adapted to grow simonk nanosheets 
on Ni foam as an electrode shown in Figure  2.6  [37]. The  obtained surface area 
in this case can be as high as 119 m2g−1 with a specif c capacitance of 222 mF per 
square cm area. The  absence of any polymer binder in the design maintains the 
performance up to 96% even after 5000 cycles of uses. This indicates the suitability 
of simonk nanosheets for the design of electrodes for supercapacitors. Not only that 
some other transitional metal ions are also can be incorporated with the simonk and 
nanosheets can be grown using chemical bath deposition techniques [41]. 

It  is possible to fabricate the hybrid supercapacitors with active carbon and 
simonk-based nanosheets shown in Figure 2.7a [41]. The mass ratio of such hybrid 
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FIGURE 2.5 Colossal permittivity at room temperature for ZnO material. 
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FIGURE 2.6 Schematic of NiF-G/ZHCNs composite electrode of a symmetric supercapaci-
tor. (Reprinted from Appl. Surf. Sci., 405, 37. Khamlich, S. et al., High performance symmet-
ric supercapacitor based on zinc hydroxychloride nanosheets and 3D graphene-nickel foam 
composite, 329–336, Copyright 2017, with permission from Elsevier.) 

supercapacitors can be made up to 0.312. The battery-type nature of the hybrid super-
capacitor with redox peaks can be observed in the cyclic voltammetry graphs shown 
in Figure 2.7b [41]. The non-linear galvanostatic discharge/charge graphs shown in 
Figure 2.7c [41] also proved the nature obtained from cyclic voltammetry results. 
The  variation of the specif c capacitance with current densities of such hybrid 
supercapacitors has been shown in Figure  2.7d [41]. It  is also interesting to note 
from Figure 2.7e [41] that this hybrid supercapacitor retains 90% of its original spe-
cif c capacitance magnitude even after a 10 k cycle of use. Another most impor-
tant study with Ragone plot for these hybrid supercapacitor has been presented in 
Figure 2.7f [41]. Hence the simonk nanosheets show higher stability with improved 
performance in the design of hybrid supercapacitors as well. 

2.3.3 ZiNC sulphide NaNospheres 

Complex semiconductor nanoparticles such as zinc sulfde (ZnS) plays an important 
role in the design of supercapacitor applications due to the possibility to tune their 
band gaps very easily  [42]. Figure 2.8 [42] shows such an application where the 
comparative results with pure and doped ZnS nanoparticles have been presented for 
the supercapacitor applications. 

Numerous reports of ZnS nanoparticles with different shapes and sizes have 
been reported so far for the supercapacitor applications. Nanocables reported by 
Wang et al. [43] and nanoforests reported by Zhang et al. [31] are quite interesting 
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FIGURE 2.7 (a) Schematic illustration of conf guration and electrochemical performance 
of the ZNACO//AC hybrid supercapacitor, (b) cyclic voltammetry curves, (c) galvanostatic 
charge/discharge curves, (d) cell capacitance vs current density, (e) cycling stability perfor-
mance, inset is its corresponding charge/discharge curves of the last 5 cycles and photograph 
of a greed round LED indicator powered by two hybrid supercapacitors, and (f) Ragone plot 
of energy density vs power density. (Reprinted from Nano Energy, 28, Zhang, Q. et al., High-
performance hybrid supercapacitors based on self-supported 3D ultrathin porous quaternary 
Zn-Ni-Al-Co oxide nanosheets, 475–485, Copyright 2016, with permission from Elsevier.) 

so far. But the superior design with homogenous sizes and large surface area 
makes the ZnS nanospheres one of the best material for the supercapacitor appli-
cations. Fabrication of ZnS nanospheres on a conducting carbon textile is shown 
in Figure 2.9 [44]. Retention of 95% of its initial specifc capacitance of 540 Fg−1 

even after 5000 cycles indicates its stability with performance with energy density 
51 Wh kg−1. 
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FIGURE 2.8 A graphical representation of specif c capacitance at various scan rates for 
different compositions of the samples (i) Pure ZnS (ii) bare graphene (iii) ZnS/G-10 (iv) ZnS/ 
G-20 (v) ZnS/G-40 and (vi) ZnS/G-60 nanocomposites. (Reprinted from Electrochim. Acta, 
178, Ramachandran, R. et al., Solvothermal synthesis of Zinc sulf de decorated Graphene 
(ZnS/G) nanocomposites for novel Supercapacitor electrodes, 647–657, Copyright 2015, 
with permission from Elsevier.) 

FIGURE 2.9 SEM images of the synthesized ZnS nanospheres grown on carbon tex-
tile. (Javed, M.S. et al., J. Mat. Chem. A, 4, 667–674, 2016. Reproduced by permission of 
The Royal Society of Chemistry.) 

2.3.4 flower-like ZiNC molybdate (ZNmoo4) 

Due to the abundance, inexpensive, high electrochemical properties and presence 
of zero to +6 oxidation states, zinc molybdates attracted the attention of the scien-
tif c community for supercapacitor application [45]. Not only zinc molybdates but 
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TABLE 2.2 
Specifc Capacitances of Different Metal Molybdate Electrode 

Compounds Specifc Capacitances in Fg−1 References 

ZnMoO4 704.8 at 1 Ag−1 [45] 

ZnFe2O4 32.22 at 1 Ag−1 [46] 

ZnCo2O4 10.9 at 30 mV s−1 [47] 

MnMoO4/polypyrrole 313 at 1 Ag−1 [48] 

CoMoO4/MnO2 152 at 1 Ag−1 [49] 

MnMoO4/grapheme 364 at 2 Ag−1 [50] 

other metal molybdates are also potential members for energy storage applications. 
A comparative study [45–50] of their specif c capacitance of such metal molybdates 
is presented in Table 2.2. 

It can be observed that among all metal molybdates the zinc molybdates are the 
most promising. This is due to the special crystal structure of the zinc molybdates 
shown in Figure 2.10A(a) [45]. The f ower-like zinc molybdates can be synthesized 
by using simple hydrothermal methods shown in Figure 2.10A(b) [45]. 

The hybrid supercapacitor can be designed by f ower-like zinc molybdates as 
an anode material and activated carbon as a cathode material. The battery-type 
nature of the hybrid supercapacitor with redox peaks can be observed in the cyclic 
voltammetry graphs, shown in Figure 2.10B(a) [45]. The non-linear galvanostatic 
discharge/charge graphs shown in Figure  2.10B(b) [45] also proved the nature 
obtained from cyclic voltammetry results. The variation of the specif c capaci-
tance with current densities of such hybrid supercapacitors has been shown in 
Figure 2.10B(c) [45]. It is also interesting to note from Figure 2.10B(d) [45] that 
these hybrid supercapacitors retain 94% of its original specif c capacitance mag-
nitude even after a 10 k cycle of use. Another most important study with Ragone 
plot show a power density of 800 kW kg−1 with an energy density of 22 Wh kg−1 

for these hybrid supercapacitors. Hence the f ower-like zinc molybdates show 
higher stability with improved performance in the design of hybrid supercapaci-
tors applications. 

2.4 CONCLUSIONS 

In  summary, zinc-based materials are one of the prominent candidates for the 
developments of the next generation supercapacitors. In  this chapter, we spe-
cif cally concentrate on developments of the supercapacitors by using the zinc-
based inorganic materials because of their high degree of thermal and chemical 
stability along with high energy densities and excellent electrical conductivity. 
They are also eco friendly than lead-acid and lithium materials and due to their 
electrochemical properties zinc materials are in use as an active material in bat-
tery applications. The  different structure of the zinc-based nanomaterials can 
f nd application as an electrode material in supercapacitors such as zinc oxide 
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(A) 

(a) (b) 

(B) 

(a) (b) 

(c) (d) 

FIGURE 2.10 (A): (a) Crystal structure of spinel ZnMoO4, (b) SEM images of f ower-like 
ZnMoO4. (B): (a) CVs of ZnMoO4 nanof owers, (b) GCDs of ZnMoO4 nanof owers, (c) the 
capacitance on the basis of current density, and (d) the cycling performance of ZnMoO4 

nanof owers. (Reprinted from J. Alloys Compd., 731, Gao, Y. et al., High-performance sym-
metric supercapacitor based on f ower-like zinc molybdate, 1151–1158, Copyright 2017, with 
permission from Elsevier.) 

nanowire, zinc hydrochloride nanosheet, zinc sulf de nanosphere, and f ower-
like zinc molybdate etc. due to their different surface areas and electrochemical 
activities. ZnO NWs comes with high surface areas, good electrical conductiv-
ity, and low synthesis temperature along with added advantage to grow at any 
shape and sizes in any substrates. Either the NWs can be grown in the shape of 
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f bers and then entangling the same around a Kevlar f ber or a core-shell struc-
ture can be used to use ZnO NWs as electrode materials along with transitional 
metal hydroxides/oxides. Nanosheets of zinc hydroxychloride (simonk) also carry 
unique chemical and physical properties. Simonk is a soft material by nature 
with specif c gravity and Mohs hardness 3.2 and 1.5 respectively and it can be 
grown along [001] plane direction with hexagonal shapes. The presence of oxy-
gen vacancies along the surface of such grown crystals shows a high degree of 
electrochemical activities along with colossal permittivity in the materials. On 
the other hand complex semiconductor nanoparticles of zinc sulf de (ZnS) plays 
an important role in supercapacitors due to the possibility of tuning of their band 
gaps. Reports of ZnS nanocables, nanoforests, and nanospheres are quite interest-
ing with different shape and sizes for the supercapacitor applications. Due to the 
abundance, inexpensive, high electrochemical properties, and presence of zero to 
+6 oxidation states zinc molybdates nanoparticles is another very important zinc-
based material for supercapacitor applications. The hybrid supercapacitors of zinc 
molybdates along with activated carbons can retain 94% of its original specif c 
capacitance magnitude even after a 10 k cycle of use; therefore, the zinc-based 
nanomaterials show higher stability with improved performance in the design of 
supercapacitors applications. 
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3.1 INTRODUCTION 

Supercapacitors are regarded as the next generation electrochemical energy stor-
age devices which link the gap between batteries and usual capacitors. An eff -
cient supercapacitor has an advantage of high power density, long cycle life, and 
short period for charging-discharging (Li et al. 2018; Lu et al. 2014). Materials 
for supercapacitor electrode must have a high surface area with large porosity for 
electrolyte accessibility and transportation, high electronic and ionic conductivity 
for minimizing capacitance losses at an increased scan/current densities (Yu et al. 
2015). Inorganic nanomaterials comprising metal oxides and metal chalcogenides 
are widely explored electroactive materials for supercapacitor applications (Shi 
et al. 2014; Simon and Gogotsi 2008; Choi et al. 2017). MnO2 has a high theoretical 
capacitance ~ 1370 Fg−1 but poor conductivity for electricity (10−5 to 10−6 S cm−1). 
Although TiO2  has a comparatively higher electrical conductivity (10−5 to 10−2 

Scm−1) than MnO2, the conductivity is still less for designing eff cient supercapaci-
tor devices (Cao et al. 2015). Hematite α-Fe2O3 also serves as an excellent nega-
tive electrode but suffers from poor electrical conductivity (10−14 S cm−1) (Lu et al. 
2014). A 2D nanosheet provides a short diffusion path for the transportation of 
ions/electron during ion insertion/extraction process. The electron/ion diffusion 
distance on the surface of a 2D nanosheet is very short. Therefore, a strong redox 
reaction can lead to enhanced electrochemical performance (Xiang et al. 2017). 
The different ways for producing oxygen-def cient metal oxides are the electro-
chemical reduction, hydrogenation or vacuum calcination, and hydrogen plasma 
treatment. Incorporation of oxygen vacancies into a wide-band gap semiconductor 
introduce suff cient donor electrons and improves the electronic conductivity of 
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the system (Zhou and Zhang 2014; Lu et al. 2012; Zhai et al. 2014; Wu et al. 2013). 
Because of the excess donor carriers, the semiconductor attains a semi-metallic 
behavior. Other advantages of defect engineering are to generate multiple oxida-
tion states. For  example, oxygen vacancies introduce multiple valence states in 
an oxide. These multiple valence states provide suff cient redox active sites (Zhai 
et al. 2014; Zhou and Zhang 2014). 

Among two-dimensional (2D) nanostructured materials, transition metal dichal-
cogenides (TMDs) are considered a suitable replacement for graphene for a range of 
applications. These include photovoltaic devices, energy storage devices, and spin-
tronics (Bissett et al. 2016; Choi et al. 2017; Heine 2015; Manzeli et al. 2017; Rasmussen 
and Thygesen 2015). They retain a layered, graphene-like van der Waals structures 
composed of a transition metal layer inserted between two chalcogenides. They have 
a general formula of MX2, where M refers to transition metal atom (e.g., molybde-
num, tungsten, titanium, etc.) and X is a chalcogenide atom (e.g., sulphur, selenium, 
and tellurium) (Jacobs-Gedrim et al. 2014). As bulk layered materials, TMDs exist in 
1T (tetragonal), 2H (hexagonal), and more rarely in 3R (rhombohedral) polymorphs 
(Heine 2015). The atomic-level defects in transition metal dichalcogenides enhances 
the specif c surface area and provide suff cient exposed redox active sites at the elec-
trode/electrolyte interface (Ding et al. 2019). 

3.2 DEFECT ENGINEERED METAL OXIDES 

Metal oxides contain abundant of defects including oxygen vacancies, cationic 
vacancies on the substitutional, interstitial positions. A series of metal oxides are 
available wherein with manipulation of intrinsic defects an enhanced supercapacitor 
performance can be generated. In this chapter, we will consider a number of metal 
oxides, including TiO2, MnO2, Co3O4, RuO2, NiCo2O4. We will provide a discussion 
on each of these metal oxides. 

We will start our discussion with TiO2. This is a group IVB transition metal oxide 
and is abundantly found in metastable anatase and stable rutile phases (Choudhury 
and Choudhury 2014). The other existing phases of TiO2 are brookite and (B) phase 
(Li et al. 2014; Hua et al. 2015). Unlike bulk TiO2 which has a band gap of 3–3.2 eV, 
the defect engineered TiO2 has a tunable band gap due to the formation of intermediate 
defect states providing excess donor electrons (Choudhury et al. 2016). Defect engi-
neered TiO2 has a high surface area, excellent electronic conductivity, and numerous 
redox active sites which makes it an eff cient material for supercapacitor applications 
(Lu et al. 2012; Shi et al. 2014). Of the various nanostructure forms, TiO2 nanotube 
arrays are better suited for supercapacitor applications because of the open channels 
for intercalation and migration of ions (Zhou and Zhang 2014). Moreover, the surface 
electric f elds reduce carrier recombination. This is realized because of the conf ne-
ment of the injected electrons in the central part of the nanotube (Salari et al. 2011). 
A widely adopted method for the production of titania nanotubes arrays is electro-
chemical anodization of titanium foil. Self-doping of Ti3+ with H+ intercalation into 
titanium nanotubes arrays can be performed by electrochemical reduction of Ti4+ to 
Ti3+ at the potentials −1.2, −1.4, −1.6, and −1.8 V (Zhou and Zhang 2014) (Figure 3.1a). 
Proton intercalation leads to lattice expansion with a concomitant formation of oxygen 
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FIGURE 3.1 (a) Schematic shows the fabrication of self-doped TiO2 nanotube arrays by 
electrochemical process, where E is the potential used during polarization process. (b) Areal 
capacitances of the samples measured as a function of scan rate. (c) Cycle performance is 
measured for 2000 cycles at a scan rate of 100  mV  s−1. (Reprinted with permission from 
Zhou and Zhang 2014. Copyright 2014 American Chemical Society.) 

vacancies. This self-doping process induces semi-metallic behavior in semiconduct-
ing titania nanotubes arrays and generates high carrier densities. The carrier density 
as shown by the pristine titania nanotubes is 1.55 × 1016 cm−3. Reduced titania nano-
tubes arrays at −1.4 V delivers a carrier density of 2.14 × 1021 cm−3. It is estimated that 
the electrochemical reduction at moderate −1.4 V generates suff cient oxygen vacan-
cies without bringing any nanotube disruption. However, reduction at a more negative 
potential (−1.6 and −1.8 V) leads to cracking in the nanotube (Zhou and Zhang 2014). 
The reduced −1.4 V TiO2 delivers a capacitance of 1.84 mF cm−2 when the scan rate 
5 mV s−1 within 5–500 mV s−1 scanning range (Figure 3.1b). In comparison to that of 
pure titanium nanotubes arrays (0.047 mF cm−2) the resultant enhancement in capaci-
tance in reduced-titanium nanotubes arrays is more than 39 times. Reduced TiO2 at 
−1.4 V shows capacitance retention of 90.4% when the scan rate is increased from 5 
to 500 mV s−1. The stability of the samples is measured at a scan rate of 100 mV s−1 

to 2000 cycles. The reduced TiO2 show more than 90% capacitance retention after 
2000 cycles indicating that there is no depletion in the oxygen defect content even 
after the successive cycle tests (Figure 3.1c) (Zhou and Zhang 2014). 
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Electrochemical reduction provide only 1% transformation of Ti4+ to Ti3+ with 
associated formation of oxygen vacancies. The Ti3+ generation can be enhanced to 
more than 22% if an accurate potential setting is done by performing the electrochemi-
cal reduction experiment in a three-electrode conf guration (Li et al. 2015b). This is 
ascribed due to the generation of high-density of Ti3+ in the inner wall of titanium 
nanotubes arrays. The reduction starts at the bottom which slowly extends to the top of 
the nanotubes. By adopting this method the reduced titania nanotubes arrays display a 
carrier density of 9 × 1022 cm−3, whereas the value is only 3.6 × 1020 cm−3 in untreated 
titania nanotubes arrays. The specif c capacitance of reduced titania nanotubes arrays 
(24.07 mF cm−2) is nearly 1094 times higher than that of pure titania nanotubes arrays 
(0.02 mF cm−2) (Li et al. 2015a). Moreover, even after 2000 cycles of measurement 
about 98.1% capacitance is retained. Instead of an electrochemical reduction, anneal-
ing titania nanotubes arrays in a reduced atmosphere can lead to more than 31.7% 
conversion of Ti4+ to Ti3+ (Li et al. 2015a). 

It  is observed that titania nanotubes arrays with preferential C-axis orientation 
can be developed by controlling the water content during anodization step followed 
by crystallization in an oxygen-poor environment (Pan et  al. 2014) (Figure  3.2). 
This  leads to the generation of 31.7% Ti3+ in C-titania nanotubes arrays with high 
carrier density (2.62 × 1023 cm−3) than that of randomly oriented titanium nanotubes 
arrays (2.7 × 1021 cm−3). The cyclic voltammetry (CV) curves of C-titania nanotubes 
arrays and random-titania nanotubes arrays are collected at a scan rate of 100 mV s−1 

(Figure 3.3a). The rectangular shape of the curves indicates electrical double-layer 
capacitive behavior. The measurement of areal capacitance as a function of scan-
ning rate shows that C-titania nanotubes arrays electrode delivers 8.21  mF  cm−2. 
This is 25 times higher than that of random-titania nanotubes arrays (0.32 mF cm−2). 
The capacitance of C-titania nanotubes arrays decreases from 11.44 at 10 mV s−1 to 
5.83 mF cm−2 at 1000 mV s−1 (Figure 3.3b). Thus, C-titania nanotubes array show 
51% of retention of initial capacitance, whereas random-titania nanotubes array 
retain only 13% of initial capacitance. The galvanostatic charge/discharge measure-
ment reveals a symmetric and an extended curve indicating good capacitive behavior 
(Figure  3.3c). C-titania nanotubes arrays show long-term stability with only 16% 
loss in initial capacitance after 5000  cycles. In  case of random-titania nanotubes 
arrays the capacitance loss is 49% after 5000 cycles (Pan et al. 2014) (Figure 3.3d). 
The  preferential C-axis orientation of the nanotubes and the presence of oxygen 
defects enhance the electrical conductivity and fast H+ diffusion in the electrode. 

A report shows that annealing of titania nanotubes arrays at 450, 500, 550, 600, 
and 650°C for 5 h in Ar can lead to a signif cant alteration in their specif c capaci-
tance values (Salari et  al. 2012). An increase in the annealing temperature from 
450°C to 600°C could lead to an increment in the specif c capacitance from 1.1 to 
7.6 Fg−1 measured at the current density of 5 μA cm−2. 

The enhancement in the capacitance with annealing temperature is ascribed to 
the generation of oxygen vacancies and titanium interstitials. It is, however, observed 
that the capacitance reduces from 7.6 to 7.1 Fg−1 when the annealing temperature is 
set at 650°C. The lowering in the specif c capacitance is owing to the collapse of the 
nanopores of titania nanotubes arrays leading to a poor ionic diffusion. It is further 
observed that two-step annealing of titania nanotubes arrays in Ar can lead to the 
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FIGURE 3.2 Schematic showing fabrication of C-axis oriented (b) and randomly oriented 
TiO2 (c) from as anodized TiO2 nanotube arrays (a). (Pan, D. et al., J. Mater. Chem. A, 2, 
2014, 11454–11464, 2014. Reproduced by permission of The Royal Society of Chemistry.) 

generation of higher numbers of oxygen vacancies than the one-step annealing pro-
cess (Salari et al. 2011). The sample obtained after single step annealing at 580°C 
in Ar for 1 h is again calcined for another 1 h in Ar but at a higher temperature, i.e., 
630°C. Similarly, another batch of samples is prepared f rst by air annealing fol-
lowed by Ar annealing for the same time and at the temperatures 580°C and 630°C, 
respectively. The two-step calcination in Ar leads to the generation of higher density 
of oxygen vacancies and facilitate anatase to rutile phase transformation. The spe-
cif c capacitance of the sample measured at a scan rate of 1 mV s−1 is 911 μF cm−2 for 
the two-step annealing process in Ar, whereas this value is only 521 μF cm−2 for a 
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FIGURE 3.3 (a) CV curves of the C-axis oriented and randomly oriented titania nanotubes 
arrays at the scan rate of 100 mV s−1. (b) Measured areal capacitance at various scan rates. 
(c) Galvanostatic charge/discharge curves obtained at a current density of 100 μA cm−2. (d) Cycle 
performances for 5000 cycles at a scan rate of 100 mV s−1. (Pan, D. et al., J. Mater. Chem. A, 
2, 2014, 11454–11464, 2014. Reproduced by permission of The Royal Society of Chemistry.) 

single step annealing in Ar. The  recorded value of specif c capacitance for single 
step air annealing of titania nanotubes arrays is only 30 μF cm−2 (Salari et al. 2011). 

Hydrogenation is another approach to fabricate reduced TiO2 with a high density 
of free carriers (Lu et al. 2012; Zhang et al. 2018). Anodization of titanium foil results 
in vertically aligned ordered TiO2 nanotube arrays on titanium f ber. The as-prepared 
nanotubes are crystallized through air and hydrogen annealing at 400°C for 60 min. 
The process is schematically shown in Figure 3.4a. The hydrogenated titania nano-
tubes (H-TNT) arrays exhibit carrier densities of 1.4 × 1023 cm−3, whereas this value 
is only 3.4 × 1020 cm−3 and 3.6 × 1020 cm−3 for the untreated and air-calcined titania 
nanotubes arrays (Lu et al. 2012). The higher carrier density in air annealed titania 
nanotubes (A-TNT) arrays than that of untreated titania nanotubes arrays is due to 
the improved crystallinity in the former than the later. A further enhancement in car-
rier density on hydrogenation is due to the generation of suff cient numbers of oxygen 
vacancies. The recorded value of the areal capacitance of H-TNT is 3.8 mF cm−2 at 
a scan rate of 10 mV s−1 (Figure 3.4b). When the scan rate is 100 mV s−1, the mea-
sured areal capacitance is 3.24 mF cm−2 for H-TiO2, 0.08 mF cm−2 for A-TNT and 
0.026 mF cm−2 for untreated TiO2. Therefore, hydrogenation leads to an enhancement 
in capacitance by 40-fold to 124-fold in comparison to untreated TiO2 and A-TNT. 
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FIGURE 3.4 (a) Schematic shows the stepwise fabrication of hydrogenated TiO2 nanotube 
arrays. (b) Measurement of areal capacitance versus scan rates. (c) Stability test of the samples 
for 10,000 cycles at a scan rate of 100 mV s−1 for 10,000 cycles. (Reprinted with permission from 
Lu, X. et al., Nano Lett., 12, 1690–1696, 2012. Copyright 2012 American Chemical Society.) 

Stability test shows that after 10,000 cycles, only 3.1% reduction in initial capacitance 
is recorded for H-TNT. However, there is a drop of 34.8% and 44.3% of the initial 
capacitance in untreated and A-TNT after 10,000 cycles (Figure 3.4c) (Lu et al. 2012). 
The lowest eff ciency in untreated TiO2 is because of their amorphous structure, the 
improvement in air treated TiO2 is because of their improved crystallinity, and the best 
result in H-TNT is due to the hydrogenation induced generation of oxygen vacancies. 
These oxygen vacancies enhance carrier density facilitating easy charge transport, and 
suff cient density of –OH groups functionalized over TNT surface (Lu et al. 2012). 

An important controlling parameter during hydrogenation is the heating rate dur-
ing hydrogenation (Zhang et al. 2018). Defective titania nanotube is initially prepared 
by anodization of Ti foil at 400°C for 1 h under a hydrogen atmosphere. Afterward, 
the heating rate during calcination is 10°C, 30°C, 50°C, 75°C min−1. It is reported 
that the measurement of the areal capacitance of H-TNT at a scan rate of 100 mV s−1 

can lead to a signif cant enhancement in the areal capacitance from 27.36 mF cm−2 

(10°C min−1) to 52.4 mF cm−2 (50°C min−1). The system shows remarkable stability 
after 5000 cycles with 95.2% retention of the initial capacitance. The enhancement 
is attributed to the generation of suff cient density of oxygen vacancies (large carrier 
density) and surface –OH groups (Zhang et al. 2018). 

Hydrogen plasma treatment is considered to be an alternative to gas phase hydrogena-
tion to introduce surface disorder over TiO2 (Wu et al. 2013). The reason is the require-
ment of less time during plasma treatment as compared to long exposure under gas 
phase hydrogenation. Hydrogen plasma treatment can give surface roughness on nano-
tube walls and increase the specif c surface area allowing suff cient active sites for ion 
adsorption (Xu et al. 2014). Anodic TiO2 nanotubes are treated under hydrogen plasma 
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for 1.5 h in a plasma-enhanced chemical vapor deposition (CVD) chamber. The plasma 
treatment generates an amorphous layer having a thickness of 1–2 nm and contains suf-
f cient densities of Ti3+ and surface –OH groups. The specif c capacitance is measured 
in a three-electrode conf guration, and the measured value of specif c capacitance for 
the untreated anodized titanium oxide (ATO) is 0.97 mF cm−2 at a discharge current den-
sity of 0.05 mA cm−2. The specif c capacitance recorded for the hydrogen plasma treated 
(H-ATO) is 7.22 mF cm−2 at 0.05 mA cm−2. An increase in current density from 0.05 to 
2 mA cm−2 could lead to a reduction of specif c capacitance to 6.37 mF cm−2 due to the 
resistance to ion diffusion. The benef t of hydrogen plasma treatment is the generation 
of donor oxygen vacancies and reactive Ti3+ sites. Furthermore, plasma treatment leads 
to an enhancement in the surface area thus offering facile ion adsorption. The H-ATO 
electrode delivers excellent performance during stability test for 10,000 cycles mea-
sured at a current density of 0.1 mA cm−2. The attributed enhancement is due to the 
excellent intercalation/deintercalation of ions on the active sites of the disordered sur-
face of the hydrogenated nanotube (Wu et al. 2013). 

Another widely used metal oxide for supercapacitor application is MnO2. 
The theoretical specif c capacitance of MnO2 is 1233 Fg−1. MnO2 exists in different 
crystallographic phases such as α, δ, β, γ, and λ (Tanggarnjanavalukul et al. 2017). 
The 1D tunnel structure of MnO2 is exhibited by α, β, and γ phases. On the other 
hand, the 2D tunnel structure and 3D spinel structure are exhibited by δ (birnes-
site) and λ phases (Thackeray 1997; Tanggarnjanavalukul et al. 2017). The different 
phases of MnO2 deliver specif c capacitance which follows an order >α = δ>γ>λ>β 
(Devaraj and Munichandraiah 2008). It is stated that β-MnO2 having narrow tunnels 
limit accommodation of cations during the charge-discharge process. On the other 
hand, the 2D layered structure of δ-MnO2 and α-MnO2 have larger tunnel size lead-
ing to maximum adsorption of ions and maximum diffusion of alkali cations dur-
ing charge-discharge process (Devaraj and Munichandraiah 2008; Gao et al. 2017). 
Defect engineering of MnO2 can enrich the system with excess oxygen vacancies and 
introduce multiple valence states of Mn for better redox active reactions (Zhai et al. 
2014). Hydrogenated MnO2 nanorods show excellent pseudocapacitive behavior due 
to the low valence Mn2+ and Mn3+ states on the surface of MnO2 which is unlike in 
untreated MnO2. CV measurement of H-MnO2, and air annealed MnO2 at a scan 
rate of 10 mV s−1 delivers an areal capacitance of 0.15 and 0.05 F cm−2 (Zhai et al. 
2014). The H-MnO2 shows 44% retention of initial capacitance when the scan rate 
is increased from 10 to 200 mV s−1. The areal capacitance measured at a current 
density of 1 mA cm−2 is found to be 0.20 F cm−2 in H-MnO2. It is also observed that 
an increase in the hydrogenation temperature from 250°C to 650°C can result in the 
change in the oxidation state from +3.44 to 2.15 with a concomitant decrease in the 
areal capacitance from 0.20 to 0.089 F cm−2. Thus, Mn+3 is the favorable oxidation 
state of Mn at which maximum areal capacitance can be recorded. In its +3 state, the 
excess negative charge accumulated can be transferred to the neighboring O atoms. 
Hydrogenation results in the mixed valence MnO2/Mn2O3  phases with suff cient 
interfacial oxygen vacancies generation (Liu et al. 2019). Hydrogenation leads to the 
formation of Mn4+/Mn3+ redox couple. A higher scan rate offers resistance to ion and 
electron transfer. The areal capacitance of the electrode measured from the charge/ 
discharge curves is 640 mF cm−2 at a current density of 1 mA cm−2. Capacitance 
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reduces to 573.3 mF cm−2 at the current density of 10 mA cm−2. The measured val-
ues indicate that the H-MnO2 nanosheets retain 89.6% of specif c capacitance even 
after 10 times increase in current density. The excellent conductivity and good rate 
capability are because of the interconnected nanosheets of MnO2 which provides 
facile electrons and ions transfer path. There is 84.6% of capacitance retention after 
1000 cycles indicating long stability of the electrode (Liu et al. 2019). 

2D δ-MnO2 nanosheets are self-assembled into 3D porous MnO2 nanosheets by 
varying pH during self-assembly (Gao et al. 2017). The pH variation results in the 
formation of “Frenkel defect pair” in the 3D nanostructures which comprise of 
a surface Mn vacancy and six-fold coordinated Mn3+ on another side of the sur-
face. The Mn defect concentration increases from 19.9% to 26.5% on decreasing 
pH from 4 to 2. An acidic medium enhances proton sorption onto MnO2 surface 
and facilitates expulsion of more numbers of in-plane Mn to the surface generating 
high numbers of Mn vacancies. The measured specif c capacitance is 306 Fg−1 at 
a current density of 0.2 Ag−1 and pH = 2 and 209 Fg−1 at pH = 4. A high density of 
“Frenkel defect pair” provides higher intercalation sites for Na+. Moreover, Mn3+ 

participates in the polaron hopping conduction and improves electrical conductivity 
(Gao et al. 2017). 

The core-shell serves as an excellent electroactive material for supercapacitor appli-
cations (Fu et al. 2018). Oxygen vacancy (Ov) rich MnO2@MnO2 microspheres with 
a yolk@shell@shell conf guration is prepared from MnO2@MnO2 by hydrogenation 
(Figure 3.5a). Hydrogenation of the microspheres generate suff cient oxygen vacancies 
into the system and enlarges the void thickness between yolk and shell. The specif c 
capacitance values of MnO2@MnO2 measured at 1 Ag−1 is nearly 226.3 Fg−1, whereas 
Ov-MnO2@MnO2 delivers 452.4 Fg−1 (Figure 3.5b). The oxygen-def cient core-shell still 
delivers 316.1 Fg−1 specif c capacitance when the current density is at 50 Ag−1. The cyclic 
performance measured at a current density of 10 Ag−1 shows that the oxygen-def cient 
microspheres retain 92.2% of its initial capacitance after 10,000 cycles (Figure 3.5c). 
The excellent supercapacitor performance of this material is because of its large surface 

FIGURE 3.5 (a) Fabrication of oxygen vacancy rich MnO2@MnO2. (b) Measurement of 
specif c capacitance values under different current densities (c) Stability test of Ov-MnO2@ 
MnO2 for 10,000 cycles at a current density of 10 Ag−1. (Fu, Y. et al., J. Mater. Chem. A, 6, 
1601–1611, 2018. Reproduced by permission of The Royal Society of Chemistry.) 
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area providing suff cient electrode-electrolyte interface resulting in a shorter charge dif-
fusion path; the yolk-shell structure provide more redox active sites; and lastly the void 
space between yolk and shell providing higher space for volume expansion/contraction 
during charge/discharge (Fu et al. 2018). 

Co3O4 has the prominent oxidation state of +2 and +3. An  increase in oxy-
gen vacancy in the system can favor an increased Co2+/Co3+ ratio. One simple 
method for fabrication of two-dimensional Co3O4 nanosheets is through the air 
calcination of Co(OH)2 precursor at 300°C in air for 2 h. The  reduction of the 
nanosheets is performed either through hydrogenation at 200°C for 2 h which 
results in H200-Co3O4 nanosheets, or by reducing with 1 M NaBH4 (Xiang et al. 
2017). Scanning electron microscope image shows the nanosheets of OVR-Co3O4 

(Figure 3.6a). 
The nanosheets of Co3O4 with oxygen vacancies display a higher electrical conduc-

tivity of 7.3 × 10−3 Sm−1 than that of pure Co3O4 (2.8 × 10−4 Sm−1). X-ray photoelectron 
spectroscopy results demonstrate that OVR-Co3O4 has higher Co2+/Co3+ ratio (1.70) 
than that of H200-Co3O4 (1.45) and pristine Co3O4 (1.07). The specif c capacitance 
of OVR-Co3O4 at 1 Ag−1 is 2195 Fg−1, which is 3.6 and 2.6 times higher than that of 
pristine Co3O4 and H200-Co3O4 (Figure 3.6b). There  is good retention of 72.5% of 

FIGURE 3.6 (a) Scanning electron microscope image of oxygen vacancy rich (OVR) 
Co3O4 nanosheet. (b) Specif c capacitance values at an increasing current density. (c) Stability 
test of OVR-Co3O4 and pristine Co3O4 for 3000 cycles. (Xiang, K. et al., Chem. Commun., 53, 
12410–12413, 2017. Reproduced by permission of The Royal Society of Chemistry.) 
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initial capacitance as current density increases from 1 to 32 Ag−1 (Figure 3.6b). OVR-
Co3O4 retains 95% of initial capacitance after 3000 cycles, whereas only 90% by pris-
tine Co3O4, indicating long-term stability of OVR-Co3O4 (Figure 3.6c) (Xiang et al. 
2017). These oxygen-def cient sites attract O2

2−/O- species. Oxygen vacancies increase 
the Co2+ states near the oxygenated donors. The areal specif c capacitance measured at 
a current density of 9 mA cm−2 is 1.58 F cm−2 (Cheng et al. 2017). This value drops to 
1.36 F cm−2 at a current density of 60 mA cm−2. There is 86% retention of initial capaci-
tance indicating that the oxygen-def cient Co3O4 with surface functionalization provides 
less charge transfer resistance for ion diffusion. One study shows that an increase in 
grain boundary defects in Co3O4 can serve as redox active sites and provides diffusion 
paths for electrolytes leading to an enhanced supercapacitor performance (Hao et al. 
2018). This is achieved by incorporating Pd in the reaction mixture of Co3O4 during 
the hydrothermal reaction. Incorporation of Pd hinders nanocrystals growth, increases 
surface disorder and oxygen vacancies on the grain boundary. The disordered structure 
has high electronic conductivity, abundant redox reaction sites, provides easy paths for 
the diffusion of electrolytes and ion/electron transfer. Cyclic voltammetry curves of 
Co3O4 and oxygen def cient-Co3O4 (Pd-Co3O4) are obtained at a scan rate of 10 mV s−1 

in the potential range of 0–0.6 V (Figure 3.7a). The redox reaction peaks indicate the 

FIGURE 3.7 Comparative analysis of the electrochemical properties of Co3O4  and 
Ov-Co3O4 (Pd-Co3O4). (a) CV curves at a scan rate of 10 mV s−1. (b) Galvanostatic charge/ 
discharge spectra measured at a current density of 2 Ag−1 (7 mA cm−2). (c) Specif c and areal 
capacitance at different current densities. (d) Cycle performance recorded for 5000 cycles at 
a current density of 70 mA cm−2. (Hao, J. et al., J. Mater. Chem. A, 6, 16094–16100, 2018. 
Reproduced by permission of The Royal Society of Chemistry.) 
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pseudocapacitive characteristic of the electrodes, which originates due to the Co2+/ 
Co3+ states in Co3O4. Oxygen def cient-Co3O4 has a higher current density and larger 
integrated area than pristine Co3O4 indicating good capacitive behavior in the former 
than the later. 

The  galvanostatic charge/discharge data of oxygen def cient-Co3O4  acquires 
symmetric shape and is much more extended than pristine Co3O4 (Figure 3.7b). 
The  areal capacitance measurement at a current density of 10  Ag−1 shows that 
oxygen-def cient-Co3O4  delivers 4.31  F  cm−2 and pure Co3O4  delivers only 
2.2 F cm−2 (Figure 3.7c). There is 72% and 54% retention in the initial capacitance 
in oxygen-def cient-Co3O4 (or Pd-Co3O4) and Co3O4, respectively when the cur-
rent density is 40 Ag−1. The stability measurement shows that about 95% of initial 
capacitance is retained by oxygen-def cient-Co3O4, whereas only 83% is retained 
by pure Co3O4 after 5000 cycles measured at a current density of 70 mA cm−2 

(Figure 3.7d) (Hao et al. 2018). 
Thermal oxidation of corundum (c)-V2O3  in H2/Ar at 300°C can generate a 3D 

core-shell structure of c-V2O3/r-VO2−x with corundum (c)-V2O3 as the core and rutile 
(r) VO2−x as the shell (Liu et al. 2018). The shell r-VO2−x layer is sandwiched between 
conductive r-VO2 slabs. The  shell is composed of quasi-hexagonal oxygen vacancy 
tunnels improving the conductivity and facilitating Na+ intercalation/deintercalation. 
The V-V bonds formation at the interface between V2O3 and r-VO2−x provides an easy 
pathway for electron transport and provides a much lowered interfacial charge transfer 
resistance. The 3D core-shell f lms of c-V2O3/r-VO2−x show excellent pseudocapaci-
tive behavior in aqueous electrolyte. The volumetric capacitance delivered by c-V2O3/r-
VO2−x is 1933 F cm−3 at a scan rate of 5 mV s−1 and current density of 10.4 A cm−3. With 
capacitance retention of 792 F cm−3 at 1000 mV s−1 scan rate, the core-shell structure 
outperforms the supercapacitor performance of r-VO2 nanoparticle (37 F cm−3). Long-
term durability of the core-shell at current density 80 Ag−1 is conf rmed by 90% capaci-
tance retention after 10,000  cycles (Liu et  al. 2018). Oxygen vacancies can induce 
semi-metallic characteristic in a semiconductor and semiconducting behavior in an 
insulator. SiO2 behaves as an insulator and when excess oxygen defects are introduced 
it behave as a semiconductor. A high density of oxygen vacancies can reduce the effec-
tive distance by 2.5 nm between redox active sites for providing eff cient charge trans-
fer. These oxygen def cient SiO2 shows supercapacitor performance of 337 Fg−1 at a 
current density of 1 Ag−1. The bimodal porosity of SiO2 with a high density of oxygen 
vacancies are responsible for the enhanced supercapacitor performance. 

WO3  shows excellent capacitive behavior due to the interconversion states of 
W6+ and W5+. Hydrogenation can lead to the generation of oxygen vacancies into 
WO3−x (Wang et al. 2018). Increase in the oxygen vacancies leads to a proportion-
ate increase in the W5+/W6+ ratio. These oxygen def cient WO3 facilitates faster ion 
diffusion, improves conductivity, and increase charge transfer as well as reversible 
redox reaction rates. WO3−x delivers 1.83 F cm−2 performance at a current density 
of 1 mA cm−2 while WO3 shows only 1.15 F cm−2. α-Fe2O3 is an excellent negative 
electrode material for asymmetric supercapacitor application (Wang et al. 2018). 
α-Fe2O3  is an excellent negative electrode material for asymmetric supercapaci-
tor application. The poor electrical conductivity of α-Fe2O3 (10−14 S cm−1) is much 
enhanced in the presence of oxygen vacancies. Oxygen def cient α-Fe2O3 nanorods 
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is prepared by the thermal decomposition of FeOOH on a carbon cloth in a N2 atmo-
sphere (Lu et al. 2014). The oxygen vacancies act as shallow donors and increase the 
donor electron density from 5.5 × 1018 cm−3 in air annealed Fe2O3 to 8.1 × 1019 cm−3 

in oxygen-defc ient-Fe2O3. The  areal capacitance of oxygen def cient-Fe2O3  is 
382.7 mF cm−2 at a current density of 0.5 mA cm−2. Oxygen defc ient-Fe2O3 shows 
excellent stability with capacitance retention of 95.2% after 10000 cycles. One 
study demonstrates that amorphous α-Fe2O3 with structural disorder provides iso-
tropic diffusion and percolation of ions. Thus, a coating of an amorphous layer over 
an α-Fe2O3 core could be an active supercapacitor material because of the faster 
ion diffusion through the open framework of the core-shell structure (Sun et al. 
2018b). A crystalline core/amorphous shell interface with oxygen vacancies on the 
shell can improve electrical conductivity and provide faster ion transfer. The areal 
capacitance displayed by oxygen-def cient core/shell α-Fe2O3 and oxygen def cient 
α-Fe2O3 at a current density of 1 mA cm−2 are 350 and 168 mF cm−2, respectively. 
This is because a disordered amorphous structure could provide more percolation 
paths for ion diffusion (Sun et al. 2018). 

NiO is another electroactive material with a theoretical specif c capacitance 
value of 2584 Fg−1 (Li et al. 2018). In order to establish an eff cient electrical contact 
between electroactive material and a current collector, hexagonal NiO nanoplates 
enriched with oxygen vacancies are fabricated in an in-situ method over Ni foam 
which acts as a current collector. The method involves hydrothermal treatment of 
a Ni foam in an aqueous H2O2 solution followed by annealing in N2 at 400°C for 
1 h. Because of the generation of oxygen vacancies, the surface coordination of Ni 
atoms surrounding the vacancy decrease leading to enhanced surface reactivity. 
The recorded values of specif c capacitance at a scan rate of 1 mV s−1 are 2495 Fg−1 

(defective-NiO) and 1867 Fg−1 (defect free-NiO) (Li et al. 2018). The enhanced per-
formance of defective-NiO is due to increased donor density, electrical conductivity, 
and presence of redox active sites. 

In comparison to single-component metal oxides, bimetallic metal oxides such as 
NiMoO4, CoMoO4 show excellent supercapacitor applications. The specif c capaci-
tance values of various forms of CoMoO4, such as nanorods, nanowires, and micro-
rhombohedra are measured (Dam et al. 2017). Figure 3.8a shows the diameter of 
the semi-circular loop for nanorods, nanowires, and micro-rhombohedra, which are 
measured to be 1.7, 1.8, and 4.0 Ω, respectively. These values imply a fast redox 
reaction for the nanorods and accelerated charge transport property than that of the 
other nanostructures. The stability test of the samples at 6 Ag−1 current density for 
2000 cycles has shown that nanorods show excellent retention of the initial capaci-
tance followed by nanowires and micro-rhombohedron (Figure 3.8b). The specif c 
capacitance of the various forms of CoMoO4 is measured at different current den-
sities (Figure 3.8c). A comparison of the specif c capacitance at a current density 
of 1 Ag−1 reveals that the nanorods of CoMoO4 deliver higher specif c capacitance 
(420 Fg−1) than that of nanowires (362 Fg−1) and micro-rhombohedra (263 Fg−1) at a 
current density of 1 Ag−1 (Figure 3.8c) (Dam et al. 2017). The reason is ascribed to 
the presence of defects and dislocated atoms on the nanorods which facilitate a fast 
redox reaction. The measured energy density for nanorods is 14.6 Wh kg−1 at a power 
density of 250 W kg−1 (Figure 3.8d). 
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FIGURE 3.8 Comparison of the various electrochemical properties of nanorods, nanowires, 
and micro-rhombohedra of CoMoO4. (a) Complex-plane impedance plots; (b) stability test for 
2000 cycles at a current density of 6 Ag−1; (c) specif c capacitance as a function of current 
densities; (d) energy density vs. power density of the different forms of CoMoO4 nanorods. 
(Dam, D.T. et al., Sustainable Energy Fuels, 1, 324–335, 2017. Reproduced by permission of 
The Royal Society of Chemistry.) 

NiMoO4 nanof ake and nanowires are synthesized by the hydrothermal method 
following hydrogenation process to enrich the nanostructures with oxygen defects 
(Qing et  al. 2018). Defect assists the change in the oxidation state from Mo(+6) 
to Mo(+4). Pristine nanof ake and nanowires show areal capacitances of 1.075 and 
0.909 F cm−2 at a current density of 1 mA cm−2. On the other hand, vacancy rich 
nanof ake and nanowires show areal capacitances of 2.718 and 2.331 F cm−2, respec-
tively. The stability of the hydrogenated samples are measured at a current density 
of 5 mA cm−2. It is revealed that nearly 94% of initial capacitance is retained after 
6000 cycles. Oxygen vacancies lower the diffusion resistance for faster diffusion of 
electrolyte and improve the ionic conductivity (Qing et al. 2018). 

Spinels such as NiCo2O4  are excellent materials for supercapacitor applica-
tions. A theoretical study shows that oxygen vacancy formation is easier near a Ni 
atom than near a Co atom (Shi et al. 2017). This leads to a conclusion that oxygen 
vacancy formation is easier over NiCo2O4 surface than over Co3O4. Moreover, the 
fractional change of valency Ni2+/Ni3+ and Co2+/Co3+ provides more redox active 
sites. Furthermore, it is observed that oxygen vacancies in NiCo2O4 nanosheets and 
NiCo2O4  nanowires can help the transformation of Co3+/Co2+ and Ni3+/Ni2+ (Yan 
et al. 2018). Oxygen defects can destroy parts of Co-O and Ni-O bonds and degrades 
the crystallinity of the nanosheets and nanowires. These oxygen vacancies boost 
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the transportation of ions/electrons and provide redox active sites for acceleration 
of redox reactions (Sun et al. 2018). Pure nanosheets and nanowires exhibit a spe-
cifc capacitance of 898 and 610 Fg−1 at the current density of 1 Ag−1. The reduced 
nanosheets and nanowires show capacitance of 1590 and 1248 Fg−1, respectively. An 
amorphous double-shell hollow spheres of NiCo2O4 show capacitance value much 
higher than single-shell NiCo2O4 (Li et al. 2015a). The single shell and double-shell 
show capacitance values of 445 and 568 Fg−1 at the current density of 1 Ag−1. It is 
further stated that hydrogenation of the double-shell spheres can increase the specifc 
capacitance from 568 to 718 Fg−1 at the current density of 1 Ag−1. The oxygen defect 
density is likely to be much higher in the amorphous double-shell hollow spheres 
than that of the single shell spheres. The oxygen vacancies help in the multivalent 
states in the spheres and improves the electronic conductivity (Li et al. 2015a). Three-
dimensional NiCo2O4 microspheres containing radial chain like NiCo2O4 nanowires 
are synthesized via hydrothermal method (Zou et  al. 2013). These nanowires are 
constructed of small nanocrystals. These defect enriched small nanocrystals have 
different exposed reactive sites, which promote facile ion transport. The chain-like 
nanowires provide easy transport of ions and accelerate redox reaction. The measured 
specifc capacitances of the microspheres at 2 and 20 Ag−1 are 1284 and 986 Fg−1. 
Thus, the microspheres show excellent stability with only 23% capacitance loss at a 
large current density (Zou et al. 2013). 

3.3 DEFECT ENGINEERED METAL CHALCOGENIDES 

Transition metal dichalcogenides, including metal sulphides and metal selenides, 
have fascinated immense attention for several applications due to their high electri-
cal conductivity, good thermal stability, earth abundance, etc. Among the large vol-
ume of works available on transition metal dichalcogenides, our discussion mainly 
focuses on MoS2, WS2, VS2, highlighting their defect engineered features on the 
charge storage capabilities for supercapacitor applications. 

Surface defects with unsaturated sulfur atoms in the MoS2 ultrathin nanosheets 
provide redox active sites for the intercalation of ions for an improved supercapaci-
tor performance. The structural defects and surface disorder helps in reducing the 
surface energy and improves the stability of the nanosheets. intercalate strongly 
with the small ions (Wu et al. 2015). Ultrathin nanosheets of defect-rich MoS2 con-
taining unsaturated sulfur atoms are synthesized using an appropriate ratio of 
Mo(VI) and L-cysteine with 1,6-hexanediamine as the chelating agent. A  syner-
getic performance of L-cysteine and 1,6-hexanediamine help in the formation of the 
defect-rich MoS2 ultrathin nanosheets. In the initiation of the reaction, a linkage is 
established between L-cysteine and Mo(VI). L-cysteine reduces Mo(VI) to Mo(IV) 
and produces primary MoS2 nanocrystallites. 1,6-Hexanediamine attach to the sur-
face of MoS2 nanocrystallite and hinders its growth leading to a defect enriched 
MoS2 nanosheets (Wu et al. 2015) (Figure 3.9). 

The capacitive performances of the ultrathin defective MoS2 nanosheets is inves-
tigated using cyclic voltammetry in 1 M KCl solution (Figure 3.10a). 

The curves do not display any redox peak. This is an indication of the typical electri-
cal double-layer capacitance behavior of the electrode. Figure 3.10b shows the variation 
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FIGURE 3.9 Schematic showing the reaction pathway for the fabrication of defective 
MoS2 nanosheets. (Wu, Z. et al., J. Mater. Chem. A, 3, 19445–19454, 2015. Reproduced by 
permission of The Royal Society of Chemistry. 

FIGURE 3.10 Supercapacitor performance of defect enriched MoS2 nanostructures. (a) CVs 
of the electrode at various scan rates; (b) values of specif c capacitance as a function of scan 
rate; (c) galvanostatic charge/discharge curves with variation of current densities; and (d) 
cyclic performance recorded at a current density of 1 Ag−1. (Wu, Z. et al., J. Mater. Chem. A, 
3, 19445–19454, 2015. Reproduced by permission of The Royal Society of Chemistry.) 

of the specif c capacitance at various scan rates. This suggest that the specif c capaci-
tance of the defective MoS2 electrode increases as scan rate decreases. When the scan 
rate is low, the interlayer of MoS2 provides less resistance for the ion migration and there-
fore, the ions reach more active sites for eff cient charge-transfer reactions. At a scan rate 
of 10 mVs−1, the maximum specif c capacitance recorded for the electrode is 270.3 g−1. 
Galvanostatic charge/discharge prof le of the defective MoS2 electrode is measured by 
varying the current densities (Figure 3.10c). The curves show a nearly symmetric and 
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triangular shapes. The internal resistance of the electrode material is the reason for the 
pronounced potential drop at the beginning of the discharge process. The measured spe-
cif c capacitances of the ultrathin defective MoS2 nanosheet are 154.9, 143.5, 125.5, and 
92.0 Fg−1. The measurement is performed at current densities of 1, 2, 4 and 8 Ag−1, 
respectively, with a relatively good retention ratio of the specif c capacitances at current 
densities of 1 and 2 Ag−1. The stability test of the electrode is performed for 2000 cycles 
at a current charge/discharge between −0.9 and −0.1 V and at a current density of 1 Ag−1. 
After 2000 cycles, the specif c capacitance remained as high as 141.3 Fg−1with a retention 
up to 91.2% (Figure 3.10d). The measured value is 111.0 Fg−1 for the f ower type electrode 
with a capacitance retention of 86.1%; for the chain electrode the capacitance and the 
retention value are 108.5 Fg−1 and 87.6%, respectively. The supercapacitor performance 
of the defective MoS2 electrode was analyzed in various electrolytes (Na2SO4, LiOH, 
KCl and KOH). The activity test shows that the defective MoS2 electrode can adsorb and 
intercalate different types of ions. Finally, the enhanced electrochemical performance of 
the defective MoS2 nanosheet is due to the presence of defects on the basal planes of the 
ultrathin nanosheets. The defective structure provides enhanced structural stability and 
more active sites for fast electron transport (Wu et al. 2015). 

A  hydrothermal route of preparation can also result into a defect engineered 
metallic 1T MoS2 (Figure 3.11). 

Numerous active edge sites are exposed through this reaction pathway. To produce 
a defect-rich structure, excess thiourea was employed as a reductant to reduce Mo 
(VI) to Mo(IV). Thiourea provides sulphur source for the formation of MoS2 during 
hydrothermal reaction and an effective additive to stabilize the ultrathin nanosheet 
morphology (Xie et al. 2013). An excess thiourea can hinder the oriented crystal 
growth by covering the surface of primary nanocrystallites leading to a defect 
enriched MoS2 structures. 

Defect enriched 1T MoS2 nanosheets with active edges were utilized for high-
performance supercapacitor electrodes. 1  T MoS2 is highly conducting in nature 
and contains several active edges. This enables enhanced electrical conductivity, a 
smooth charge transfer process and an easy intercalation of ions with the accessible 
active sites. This defect enriched 1T MoS2 can be a potential candidate for high per-
formance supercapacitor electrode application (Joseph et al.2018). The cyclic voltam-
metry (CV) is conducted in a 1 M KOH electrolyte solution using a three electrode 
system. Figure 3.12a shows the comparative CV curves for both high-defect content-
MoS2 and low-defect content-MoS2. The scan rate is 10 mV s−1 with a potential sweep 
of 0 to 0.55 V. The oxidation-reduction peaks indicate the pseudocapacitive nature 
of the electrode material. The increase in the current density for high defect content-
MoS2 is because of the presence of active exposed molybdenum edge atoms for the 
redox reaction. The galvanostatic charge/discharge (GCD) curves (Figure 3.12b) for 
high defect content-MoS2 and low defect content-MoS2 is measured at current den-
sity 1 Ag−1. The specif c capacitance recorded for high defect content MoS2 and low 
defect content MoS2 are 379 and 270 Fg−1, respectively (Joseph et al. 2018). 

The relatively lower conductivity and the specif c capacitance of low-defect content-
MoS2 nanosheet is due to the presence of 2H phase and the limited access to the available 
active sites. The excellent electrochemical performance of highly defect content MoS2 is 
because of the presence of molybdenum edges. The molybdenum edges improve the 
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FIGURE 3.11 (a) Defect-free and defect-rich structural models of MoS2  nanosheets. 
(b) The synthetic pathways to obtain the above two structures. (From Xie, J. et al.: Defect-
rich MoS2 ultrathin nanosheets with additional active edge sites for enhanced electrocatalytic 
hydrogen evolution. Advanced Material, 2013. 25. 5807–5813. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission.) 

FIGURE 3.12 Electrochemical properties of high defect content-MoS2  and low defect 
content-MoS2 in the 1 M KOH electrolyte. (a) A comparison of the CV performances of the two 
types of electrodes at a scan rate of 10 mV s−1. (b) Galvanostatic charge/discharge curves of the 
MoS2 electrodes at 1 Ag−1 current density. (Joseph, N. et al., New J. Chem., 42, 12082–12090, 
2018. Reproduced by permission of The Royal Society of Chemistry.) 
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electrical conductivity and contribute redox active sites to the electrode. These results 
indicate that engineering the defect density on the 1T MoS2 material can induce drastic 
improvement in the electrochemical energy storage mechanism (Joseph et al. 2018). 

An electrode material with high surface area, high density of active sites, and 
available edges for the adsorption/desorption of ions is benef cial for designing 
excellent charge storage devices. Quantum dot-based devices can show an enhanced 
performance as supercapacitor devices due to the high surface areas, available edges 
and active sites for adsorption and desorption (Ghorai et al. 2018). Flexible solid-
state supercapacitor devices were prepared using WS2 nanosheets and quantum dots. 
Both the nanosheets and quantum dots of WS2 were synthesized via a lithium bro-
mide-assisted lithium intercalation and sonication method. 

Defect-rich quantum dots of size range from 1 to 3 nm are formed by disruption of 
WS2 nanosheets. The electrochemical performance of the electrode with WS2 quantum 
dots and nanosheets as the active materials have been evaluated by cyclic voltamme-
try (CV). They were blended separately with acetylene black to enhance the conduc-
tivity of the energy storage materials. CV of the devices made of WS2 quantum dots 
at different scan rates are depicted in Figure 3.13a. The performance is compared 

FIGURE 3.13 (a) Typical CVs of WS2  quantum dots at different scan rates; (b) CVs of 
WS2 quantum dots and nanosheets based supercapacitors at a scan rate of 100 mV s−1; (c) cyclic 
test of WS2 quantum dots at different current densities; (d) comparative charge–discharge pro-
f les of WS2 nanosheets and quantum dots. Quantum dot devices show a longer discharge 
time. (Ghorai, A. Et al., New J. Chem., 42, 3609–3613, 2018. Reproduced by permission of 
The Royal Society of Chemistry.) 
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with the nanosheet-based device in Figure 3.13b. The specif c capacitance value for 
the quantum dots is measured to be 22 and 13 mF cm−2 for nanosheet-based devices 
at a scan rate of 100  mV  s−1, respectively (Ghorai et  al. 2018). The  high specif c 
surface area, available surface active sites and open edges provides numerous sites 
for strong adsorption-desorption of ions resulting in a higher specif c capacitance 
in the quantum dots-based devices than a nanosheets-based devices. Cyclic charge-
discharge curves at various current densities for quantum dots (Figure 3.13c), and a 
comparison of the charging-discharging comparison between dots and nanosheets 
are shown in Figure 3.13d, respectively. The nearly triangular shape of the charge-
discharge measurement indicates an ideal capacitive behavior (Ghorai et al. 2018). 
The mechanical f exibility for a f exible solid-state supercapacitor is demonstrated 
at different bending angles, with no change in CV and capacitance is observed, 
as shown in Figure 3.14a (Ghorai et al. 2018). Cycle stability of the devices using 
WS2 quantum dots and nanosheet-based materials is measured by running the exper-
iments up to 10000 cycles (Figure 3.14b). The specif c capacitance retention is nearly 
80% after 10,000 cycles for the WS2 quantum dots-based devices. Figure 3.14c shows 
the comparative Ragone plot of WS2 quantum dots- and nanosheet-based devices 

FIGURE 3.14 (a) CV of f exible WS2 quantum dot based devices at different bending angles. 
The  scan rate is 100  mV  s−1; (b) performance test of the devices after 10,000th cycle; 
(c) comparative Ragone plot of WS2 quantum dot and nanosheet based devices. (Ghorai, A. 
et al., New J. Chem., 42, 3609–3613, 2018. Reproduced by permission of The Royal Society 
of Chemistry.) 
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FIGURE 3.15 Schematic showing the formation of defect rich VS2  nanoplate. (Guo, Z. 
et al., J. Mater. Chem. A, 6, 14681–14688, 2018. Reproduced by permission of The Royal 
Society of Chemistry.) 

indicating a higher areal specif c power density (47.05 mW cm−2) in the quantum dots 
(Ghorai et al. 2018). 

An ultrathin VS2  nanoplate containing in-plane and out-of-plane defects were 
prepared by a simple colloidal method (Figure  3.15). The  ultrathin structure and 
rich defect content with exposed active sites make VS2 an ideal electrode material 
for enhanced redox reactions at the electrode/electrolyte interface (Guo et al. 2018). 
The prepared VS2 nanoplates were used in a three-electrode geometry for superca-
pacitor performance. 

Cyclic voltammetry (CV) curves (Figure 3.16a) of the VS2 nanoplates is obtained at 
various scanning rates in 1M KOH aqueous solution. The CV exhibit a pair of redox 
peaks at the scan rate of 5 mV s−1, indicating that the capacitance can be determined by 
faradaic redox reactions. Galvanostatic charge-discharge curves (GCD) of the defect-
rich VS2 nanoplates at various current density are shown in Figure 3.16b. The mea-
sured specif c capacitances at the current densities of 1, 2, 5, and 10 Ag−1, are 2200, 
1945, 1660 and 1275 Fg−1, respectively (Figure 3.16c) (Guo et al. 2018). The ultrahigh 
specif c capacitance value for rich-defect VS2 nanoplates (2200 Fg−1 at a current density 
of 1 Ag−1) is recognized as one of the best among all reported value. The conductiv-
ity of the VS2 electrode and the ion migration rate were measured by electrochemi-
cal impedance spectroscopy (EIS) in the frequency range from 0.01 to 100 KHz in a 
three-electrode conf guration. From the Nyquist plots in Figure 3.16d, the equivalent 
series resistance is about 0.81 Ω at high frequency for the electrode and the electrolyte. 
The charge transfer resistance at the electrode material/electrolyte interface is about 
0.49 Ω. 

Compared to defect-free VS2  nanoplates, improved conductivity of defect-rich 
VS2 is due to the more number of defects and standing edges in the rich-defect nano-
plates, facilitating the electron transfer process in the redox reaction. Subsequently, 
fabrication of asymmetric super-capacitor (ASC) using the as-prepared rich-defect 
VS2 nanoplates as the anode material were also achieved with excellent energy den-
sity (66.54 Wh kg−1 at a power density of 0.75 kW kg−1), power density (6.62 kW kg−1 

at an energy density of 31.25 Wh kg−1), and long-life cycling of (5000). These rich 
defects can expose number of active sites and provide the pathway of the electrolyte 
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FIGURE 3.16 Supercapacitor tests of VS2 nanoplates in a three electrode cell. (a) CV as a 
function of scan rates. (b) Galvanostatic charge–discharge curves as a function of current 
density. (c) Specif c capacitance of VS2 nanoplates at different current density. (d) Nyquist 
plots of VS2 nanoplates (inset is the equivalent circuit). (Guo, Z. et al., J. Mater. Chem. A, 6, 
14681–14688, 2018. Reproduced by permission of The Royal Society of Chemistry.) 

ion, which conf rms the excellent performance of VS2 nanoplates as electrochemical 
energy storage anode materials (Guo et al. 2018). 

3.4 SUMMARY 

In this chapter, the importance of defects on the supercapacitor performance of metal 
oxides and metal chalcogenide have been thoroughly discussed. There are a variety 
of methods by which a pristine metal oxide can be enriched with defects. Some of 
the widely adopted strategies for defect engineering are electrochemical reduction, 
hydrogenation and vacuum annealing, and hydrogen plasma treatment. The benef t 
of defect engineering is the increase in the surface area, donor electron density, mul-
tiple valence states and numerous redox active sites, and easy transportation of ions. 
The morphology of the defect-engineered metal oxides also affect the supercapacitor 
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performance. Nanotube arrays and two-dimensional nanosheets processes a high 
surface area and numerous redox active sites. The occurrence of defects in the nano-
structures of transition metal dichalcogenides leads to the exposure of active edge 
sites for excellent performance in a supercapacitor. Presence of defects induces addi-
tional active edge sites, leading to an excellent supercapacitor activity in transition 
metal dichalcogenides. The success of defect engineering of supercapacitor electrode 
may offer an effective platform for an improvement of energy storage application. 
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4.1 INTRODUCTION 

Vanadium is the 22nd most abundant element in the earth crust. With f ve valence 
electrons (3d34s2), it has four oxidation states (V5+, V4+, V3+, V2+) that offer the read-
ily available redox couples for facile faradic reactions. Therefore, vanadium-based 
compounds have been investigated for many electrochemical applications. In  this 
chapter, we will highlight studies of vanadium-based oxides, nitrides, and other 
compounds for pseudocapacitance-based supercapacitors. 

In  general, pseudocapacitive energy storage is mainly through a surface and 
sub-surface-based facile charge transfer process, and the available surface area is a 
critical parameter in determining the material utilization and thus achievable spe-
cif c capacitance, especially at high charge-discharge rates. Therefore, electrode 
material design must guarantee a large specif c surface area (SSA), which also 
contributes to the surface-area related electric double-layer capacitance. A second 
consideration on electrode design is related with the overall high resistivity of the 
active inorganic compounds, which requires blending of the active materials with a 
conductive matrix, typically based on carbon or its allotropes, to facilitate surface 
charge transferring and double-layer charging/discharging. These two requirements 
call for nanostructure design of the electrode for achieving large-capacitance and 
high-power capability. Here, we will cover electrode nanostructure engineering of 
 vanadium-based compounds. 
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Among the multiple vanadium oxide phases, the chemically stable vanadium pent-
oxide (V2O5), with a layered orthorhombic crystal structure, is the most commonly 
studied vanadate for ion intercalation- or pseudocapacitance-based energy storage 
and will be discussed in Section 4.2. Monoclinic VO2(B), one of the polymorphs of 
vanadium dioxide (VO2), which is formed by corner-shared VO6 octahedra with an 
open lattice structure, is also an attractive electrode material and will be covered in 
Section 4.3. Pseudocapacitors based on metallic conducting V2O3 will be highlighted 
in Section 4.4. Other vanadium oxides, including mixed-valence oxides such as lay-
ered V3O7 and V6O13 will be summarized in Section 4.4. Followed are metallic vana-
dium nitride-based electrode studies in Section 4.5, and then Section 4.6 discusses 
sulf de and other compounds. 

It deserves to emphasize the electrolyte selection at the very beginning because 
faradic reaction-based pseudocapacitive charge storage, in general, requires high 
concentration of small ions (H+, Na+, K+, etc.) in the electrolyte and hence aqueous-
based solution is considered as the best electrolyte thus far. Unfortunately, similar 
with many other transitional metal oxides, vanadates have the general issue of dis-
solution in aqueous electrolytes, resulting in capacitance degradation and short-cycle 
lifetime. The dissolution problem of vanadates can be appreciated in their Pourbaix 
diagram, which maps out the possible equilibrium phases of vanadium in an aque-
ous electrochemical system (Pourbaix 1974). Electrolyte selection and the pH value 
thus become very critical when studying vanadium-based compounds. In an aqueous 
electrolyte, the proton (H+) has the highest mobility, and its smallest size, comparing 
to Li+, K+, and Na+, allows it to chemisorb to a single oxide ion. However, vanadium-
based oxides can be easily dissolved in strong acids. Using other alkali metal salts, 
such as neutral KCl and Na2SO4 based electrolytes, is more manageable, even though 
the K+ or Na+ ion is too large to chemisorb at a single surface oxide ion. 

4.2 VANADIUM PENTOXIDE 

Lee and Goodenough (1999) were the frst to investigate V2O5 for pseudocapacitors 
in 1999. Amorphous hydrous vanadium oxide was prepared by quenching V2O5 fne 
powder heated at 950°C into a bath of deionized water. The  material showed an 
ideal capacitance curve under cyclic voltammetry (CV) measurements, and a spe-
cifc capacitance of ~350 Fg−1 was obtained using a KCl electrolyte. In the followed 
studies, a variety of V2O5 powders with different morphologies, including nanowires, 
nanobelts, nanospheres, nanoribbons, nanosheets and nanotubes (Wang, Zhang et al. 
2015, Qu et al. 2009, Lin et al. 2015), were synthesized to investigate their pseudo-
capacitive charge storage performance. Different approaches have been employed to 
synthesize these nanoscale V2O5 materials, of which, hydrothermal method is more 
versatile. By simply changing hydrothermal synthesis durations, V2O5 with interesting 
morphologies such as nanosheets, nanorods and nanowires could be produced (Wang, 
Zhang et al. 2015), while by changing the type of solvent, other structures including 
nanofo wers, nanoballs, nanowires and nanorods were also obtained (Mu et al. 2015). 

In addition to these powders, 3D network structures of V2O5 are also interesting, 
as shown in Figure 4.1. An ordered bi-continuous double-gyroid vanadium pentoxide 
network (Wei et al. 2012) was fabricated by electrodeposition (Potiron et al. 1999) 
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FIGURE 4.1 Examples of V2O5 based 3D nanostructures. (a) Cross-sectional SEM image 
of a  mesoporous V2O5  double-gyroid f lm on a FTO substrate. (b) V2O5  nanoporous net-
work. (c) 3D V2O5 architecture constructed from nanosheets. (d) TEM images show ultrathin 
V2O5 layer coated on the functionalized CNT surface. (a: Reprinted with permission from Wei, 
D. et al., Nano Lett., 12, 1857–1862, 2012; b: Reprinted with permission from Saravanakumar, 
B. et al., ACS Appl. Mat. Interfaces, 4, 4484–4490, 2012; c: Reprinted with permission from 
Zhu, J. et al., Nano Lett., 13, 5408–5413, 2013; d: Reprinted with permission from Sathiya, 
M. et al., J. Am. Chem. Soc., 133, 16291–16299, 2011. Copyright 2011 American Chemical 
Society.) 

into a self-assembled block copolymer template. V2O5 nanoporous network was syn-
thesized via a simple capping-agent-assisted precipitation technique (Saravanakumar 
et  al. 2012). V2O5 gel structure was obtained with V2O5 nanosheets via the com-
bination of hydrothermal treatment and subsequent freeze-drying approach (Zhu 
et al. 2013). This  f exible V2O5 gel structure with hierarchical pores possessed an 
SSA as large as 133 m2 g–1. Using a Na2SO4 electrolyte, a capacitance of 451 Fg–1 was 
achieved with a capacitance retention more than 90% after 4000 cycles. 

Ions from the electrolyte and electrons from the electrode, both must be trans-
ported to the same surface location of the active material for faradic reaction to 
occur. Electrodes with a large SSA can facilitate electrolytic ions migration to the 
active surface reaction spots, but the low electronic conductivity of V2O5 signifc antly 
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retards electrons from reaching the same locations. To address the conductivity limi-
tation of V2O5, composite electrode structures have been extensively investigated. 
Although physically mixing V2O5 nanomaterial with a conductive agent such as car-
bon black can enhance the electrode conductivity to a certain degree, more sophisti-
cated nanocomposite powders or freestanding hybrid nanostructures have also been 
developed, where the second phase serves as a conductive network and provides 
structural integrity and stability. Such a well-designed nanocomposite powder or 
3D hybrid nanostructure can offer several merits, such as hierarchical pores for easy 
access by an electrolyte, thus facilitating rapid diffusion of electrolytic ions within 
the electrode material; a short diffusion length for ions into the active material due 
to its nanoscale dimension; and a high electrical conductivity of the overall electrode 
through the embedded conductive network. 

V2O5/carbon composite powder was synthesized via spray pyrolysis (Wang et al. 
2009). Activated carbon powder was coated with V2O5 shell layer by mixing carbon 
powder with V2O5 sol (Kudo et  al. 2002). Atomic layer deposition was employed 
for preparation of an ultrathin layer of V2O5 coating on the mesoporous activated 
carbon (Daubert et al. 2015). Interestingly, carbon was also coated on V2O5 as both a 
conductive shell and a protection layer, which gave a maximum specif c capacitance 
of 417  Fg−1 with 100% capacitance retention even after 2000 continuous charge-
discharge cycles (Balasubramanian and Purushothaman 2015). 

One-dimensional carbon nanotubes (CNTs) and nanof bers (CNFs) are commonly 
used as the conductive support for oxide electrodes. Thin V2O5 f lm was coated on 
CNT surface using a wet chemical method (Shakir et  al. 2013, Wu et  al. 2015). 
Hydrous V2O5 was also coated on a freestanding CNT f lm via an electrodeposi-
tion process. With a small mass loading of 8.9 wt% of V2O5, a high specif c Li-ion 
capacitance of 1230 Fg−1 and a high rate capability were obtained (Kim et al. 2006). 
Similarly, with controlled hydrolysis of vanadium alkoxide, a thin V2O5 layer with 
4–5 nm thickness was deposited on CNTs, which demonstrated a large capacitive 
charge storage capability (Sathiya et al. 2011). An intertwined CNT and V2O5 nanow-
ire composite matt was synthesized via a hydrothermal process using a solution of 
vanadium oxide and hydrophilic CNTs (Chen et al. 2011). A similar structure was 
also used in a f exible supercapacitor electrode (Perera et  al. 2011). Freestanding 
electrospun carbon nanof bers-based (CNF) paper sheets have been commonly used 
as a conductive mesh for V2O5 loading. V2O5/CNF composites were prepared by an 
electrospinning method with V2O5 aggregates embedded in CNFs (Kim et al. 2012). 
Hierarchical porous V2O5 nanosheets were also grown on electrospun CNFs via a 
solvothermal method (Li, Peng et al. 2015) to fabricate f exible electrodes. Ultrathin 
V2O5 layer modif ed CNF papers were also successfully prepared by electrode posi-
tion (Ghosh et al. 2011). 

Two-dimensional graphene or reduced graphene oxide (rGO) has attracted much 
interest as a conductive facilitator for V2O5 based supercapacitor electrodes owing 
to its large surface area and high conductivity. One commonly employed method 
to synthesize V2O5/rGO nanocomposite is the solvothermal process with graphene 
oxide (GO) reduction to rGO and oxide deposition on rGO occurring simultaneously. 
In  such composites, V2O5  with a variety of morphologies such as nanoparticles, 
nanorods (Li et  al. 2013), nanobelts (Lee, Balasingam et  al. 2015), nanowires 
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(Perera et al. 2013), nanof bers (Nagaraju et al. 2014), and nanosheets (Nagaraju et al. 
2014), was intimately anchored on rGO sheets to achieve an enhanced electronic 
conductivity and an improved surface area, resulting in signif cantly promoted pseu-
docapacitive and electric double-layer capacitances as well as high-rate and high-
power performances. 

Considering the difference of activated carbon (AC), CNT, and graphene in their 
physical properties, it is not surprising that researches have been reported using more 
than one such carbon materials to form nanocomposites with V2O5 for their syner-
getic effects. For instance, with supercritical f uid adsorption followed by calcination, 
V2O5 thin layer was deposited on a CNT-AC structure (Do et al. 2014). Through layer 
by layer assembly technique, graphene sheets were alternatively inserted between 
3 nm V2O5 coated CNT f lms (Shakir et al. 2014). Such a graphene spacer substan-
tially enhanced the specif c capacitance to an extraordinary value of ∼2590 Fg−1. 

4.3 VANADIUM DIOXIDE 

VO2 has been widely studied for its metal-insulator transition (Zhao et al. 2011, 2012), 
related optical properties (Nazari et al. 2013, Karaoglan-Bebek et al. 2014), and its 
potential for electrochemical energy storage. In addition to the most stable mono-
clinic phase of VO2(M1), VO2 has a few other phases, of which VO2(B) has attracted 
more attentions owning to its layered crystal structure and ionic diffusion channels. 
Similar to V2O5, designing VO2-based electrode structures with a large SSA is also 
critical for high performance of pseudocapacitive charge storage. Different nanoscale 
morphologies, solid and porous spheres (Zhang et al. 2018), nanosheets (Rakhi et al. 
2016), nanobelts (Wang et al. 2014), nanorods (Zheng et al. 2018), hexangular star 
fruit-like particles (Shao et al. 2012), and others have been synthesized for electrode 
applications. Enhancement of electrode conductivity is equally important, as demon-
strated by our previous work (Pan et al. 2013). With VO2 treated in H2 for conductiv-
ity improvement, its capacitance can be increased by a factor of four. In particular, 
the supercapacitor demonstrated a specif c capacitance of 300 Fg−1 and a specif c 
energy of 17 Wh kg−1 at a specif c current of 1 Ag−1. It  is interesting to note that 
hydrogenated VO2 (R) can maintain its metallic phase at room temperature (Zhao 
et al. 2014), which might be exploited for high-rate supercapacitors. 

Similar to the case for V2O5, hybridizing VO2 with a variety of carbon allotropes 
to form composites, either in the form of powders or as freestanding structures, has 
also been extensively experimented to improve its capacity and cycling stability, 
because poor electrical conductivity and unfavorable structural stability are the 
common problems of transition metal oxides, including VO2 (Deng et  al. 2013, 
Zhang et al. 2016, Hosseini and Shahrokhian 2018b, Liang et al. 2013). As exam-
ples, 3D graphene/VO2(B) nanobelts composite gel structure was synthesized in a 
one-step hydrothermal strategy (Xiao et  al. 2015) with V2O5 and graphene oxide 
as precursors. In  this structure, VO2 nanobelts and graphene sheets formed inter-
connected porous microstructures. The composite gel exhibited a specif c capaci-
tance of 426 Fg−1 at a current density of 1 Ag−1. In another study (Wang et al. 2014), 
the synergistic effect of VO2 and graphene in the hybrid electrode improved the rate 
capability and the cycling stability. A similar structure was also applied for f exible 
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supercapacitor (Lee, Wee, and Hong 2015). In a novel design, hydrogen molybde-
num bronze (HMB) was electrochemically deposited on VO2 nanof akes that were 
grown in graphene foam (GF), thus forming a GF/VO2/HMB electrode structure 
(Xia et al. 2015). Excellent rate performance was demonstrated with a capacitance 
of 485 Fg−1 at 2 Ag−1 and 306 Fg−1 at 32 Ag−1. The HMB shell, due to its high electri-
cal conductivity and ionic conductivity, may serve as a useful component in high-
rate supercapacitors. With VO2 particles anchored on freestanding vertical graphene 
network (Ren, Li et al. 2016), high-rate supercapacitors were demonstrated with a 
characteristic frequency of 15 Hz at −45° phase angle, and a relaxation time constant 
of 66.7 ms (Ren, Zhang, and Fan 2018). In particular, Chen et al. (2019) investigated 
VO2/graphene@NiS2 hybrid aerogel for all-solid-state asymmetric supercapacitors. 
As in Figure  4.2, the hybrid aerogel, consisting of VO2  nanoparticles, graphene 
sheets, and NiS2 nanof akes, had a hierarchical mesoporous structure. It delivered 
a capacitance as large as 1280 Fg–1 at a current density of 1 Ag–1. With the hybrid 
aerogel and a graphene aerogel as the positive and negative electrode, respectively, 

FIGURE 4.2 (a) SEM image and (b) TEM image of the VO2/graphene@NiS2 hybrid aerogel. 
Inset in (b) is the selected area electron diffraction pattern. (c) CV curves of VO2/graphene@ 
NiS2 hybrid aerogel and graphene aerogel measured at 10 mV s–1. (d) Cycling performance 
of the asymmetric supercapacitor tested at 10 mV s–1. The inset shows a LED lighted up by 
the supercapacitor. (Reprinted with permission from Chen, H.-C. et al., ACS Appl. Energy 
Mater., 2,459–467, 2019. Copyright 2019 American Chemical Society.) 
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and PVA/KOH gel as the electrolyte, solid-state asymmetric supercapacitors were 
fabricated, which provided an energy density of 60.2 Wh kg–1 at a power density of 
350.0 W kg–1 with superior cycling stability. 

Pseudocapacitive charge storage is generally considered as material surface or 
sub-surface related facile faradic process, without involving the ion intercalation into 
the “bulk” lattice. The latter is generally considered as the charge storage mechanism 
in batteries. However, intercalation-type pseudocapacitance has attracted consider-
able attentions in recent years (Lukatskaya, Dunn, and Gogotsi 2016). The  argu-
ment is related to the intrinsic or extrinsic (nanoengineering related) ion intercalation 
kinetics, which is commonly ref ected by the sweep rate (ν) dependence of cyclic 
voltammetry (CV) experiments. The  current (i) in a battery electrode material is 
characterized by the classical semi-inf nite diffusion, i ~ν0.5, while it manifests by a 
linear dependence, i ~ν, in a supercapacitor. A number of metal oxides (Kim et al. 
2017, Ren, Hoque et al. 2016) and others (Zhu et al. 2015) have been investigated 
recently as intercalation pseudocapacitor electrodes, one of which is VO2(B). 

VO2(B) crystal consists of double-layered V4O10 with tunnels formed along b-axis 
(Figure 4.3a). There are two types of tunnels—the large one is feasible for rapid Li+ 

intercalation at 2.5 V vs. Li/Li+, and the small one has extremely slow kinetics of Li+ 

intercalation at 2.1 V vs. Li/Li+. As a result, nanoengineering bulk material into atomi-
cally thin 2D sheets has demonstrated to be effective in lowering the intercalation bar-
rier, and the charge storage in atomically thin sheets exhibits behaviors similar to the 
surface adsorption mechanism. In our study, VO2(B) nanobelt forest (Ren et al. 2015) 
was synthesized on vertical graphene (Ren et al. 2014) substrate in a solvothermal pro-
cess, with the belt thickness down to a few nanometers (Figure 4.3b). With a Li+-ion 
based electrolyte, a stable discharge capacity of 178 mAh g−1 was demonstrated at a 
current density of 10 Ag−1, while it remained at 100 mAh g−1 when the current density 
reached to 27 Ag−1, corresponding to 300°C. The contributions from battery-like and 
pseudocapacitor-like charge storage mechanisms are plotted in Figure 4.3c. At high 
rates, the charge storage mainly came from the supercapacitor mechanisms, rather 
than that of the battery. In another study (Xia et al. 2018), VO2(B) thickness was fur-
ther reduced and it was demonstrated that there was no diffusion limitation to Li+ in 
atomically thin VO2(B) nanoribbons and a capacity of 140 mAh g−1 was achieved at a 

FIGURE 4.3 (a) The lattice structure of VO2(B), (b) SEM image showing VO2(B) nanobelt 
forest grown on vertical graphene substrate, and (c) contribution of non-diffusion-limited 
pseudo-capacitance and diffusion-limited intercalation to the total capacity at different dis-
charge current densities. (Ren, G. et al., J. Mater. Chem. A, 3, 10787–10794, 2015. Reproduced 
by permission of The Royal Society of Chemistry.) 
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discharge rate of 100 C (36 s). Other similar observations were also reported (Chao 
et al. 2018, Wang et al. 2017). These observations suggested the potential of VO2(B) for 
battery-like supercapacitors with much larger capacity. 

4.4 VANADIUM TRIOXIDE 

Of the many vanadium-based oxide phases, V2O3 exhibits quasi-metallic conductiv-
ity of around 103 Ω−1 cm−1, similar as that of RuO2. This conductivity is much larger 
than that of VO2 and V2O5 by several orders of magnitude. Therefore, V2O3 could be a 
better candidate for pseudocapacitive electrode material and has attracted attentions 
in recent years. 

Using a solvothermal method, V2O3 fo wer-like nanostructure constructed by sin-
gle crystalline nanofak es was prepared (Liu et al. 2010). A capacitance of 218 Fg−1 

at a current density of 0.05  Ag−1 was measured. The  breakthrough of V2O3-based 
high-power ultrafast supercapacitor was reported from our study (Pan et al. 2014). As 
illustrated in Figure 4.4a, graphene sheets were used as the conductive framework, 

FIGURE  4.4 (a) Schematic of the graphene bridged V2O3/VOx core-shell nanostructure. 
(b) Cyclic voltammograms of hydrogen treated composite over a voltage window between 0 and 
0.8 V in 1 M Na2SO4 aqueous electrolyte at fast scan rates from 10 to 50 V s−1. (c) The specifc 
capacitances of the composite at different scan rates. (d) Ragone plot of the composite electrode 
performance. (From Pan. X. et al.: Fast supercapacitors based on graphene‐bridged V2O3/VOx core– 
shell nanostructure electrodes with a power density of 1 MW kg−1. Adv. Mater. Interfaces 2014. 
1.1400398. Copyright Wiley‐VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) 
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which is anchored with quasi-metallic conductive V2O3 as nano-cores. V3+ is easily 
oxidized into V4+ and V5+ after exposure to the air. So V2O3 nano-cores were further 
encapsulated with naturally formed VOx that acted as electrochemical active oxides. 
This  graphene bridged V2O3/VOx core-shell nanostructure provides an electroni-
cally conductive highway, a large SSA, and suitable pore geometry. Together, such 
an electrode architecture, prepared via solvothermal synthesis and hydrogen thermal 
treatment, can provide both high specifc power and high specifc energy. Using 1 M 
Na2SO4 aqueous electrolyte, the fabricated cell exhibited a quasi-rectangular shape 
in CV measurements even at a scan rate as high as 50 V s−1 (Figure 4.4b). The elec-
trode, based on the overall mass of the composite, provided a specifc capacitance of 
590 Fg−1 at a rate of 5 mV s−1 and remained at 150 Fg−1 when the rate increased to 
10 V s−1 (Figure 4.4c). As shown by the Ragone plot (Figure 4.4d), our supercapacitor 
delivered an outstanding performance with a specifc power more than 1 MW kg−1 at a 
specifc energy of 10 Wh kg−1, or a large energy density of 63 Wh kg−1 at a power den-
sity of 3.4 kW kg−1. Such a performance was ascribed to its large electronic conduc-
tivity, the well-designed nanostructure, as well as a possibly facile redox mechanism. 

Following this work, a similar study was conducted based on V2O3/VOx core-shell 
structure, and the demonstrated cell exhibited ultrahigh capacitance and super-long 
cyclic durability of 100,000 cycles (Yu et al. 2015). V2O3 nanofak es were also inter-
twined with nitrogen-doped rGO to form self-supported electrodes, which were used 
for fe xible all-solid-state supercapacitors with LiCl in alkaline poly(vinyl alcohol) as a 
gel electrolyte (Hou et al. 2017). Core-shell composites (V2O3@C) with V2O3 nanorods 
encapsulated with thin carbon were fabricated. Such a V2O3@C nanorod structure 
showed a large specifc surface area of 246 m2g−1 (Hu, Liu, Zhang, Nie et al. 2018). 
V2O3@C nanosheet array was directly grown on a current collector through a hydro-
thermal method and then assembled into an ultrathin supercapacitor using a PVA-LiCl 
gel electrolyte. Such a cell showed a large voltage of 2.0 V owing to different redox 
reactions of vanadium ions in the anode and the cathode (Zhu et al. 2017). Hierarchical 
MoS2-coated V2O3 composite nanosheet tubes were used as both the cathode and 
anode materials in supercapacitors (Peng et  al. 2018). With a facile hydrothermal 
reaction followed by thermal annealing, V2O3 tubes with a diameter of ∼1.5 μm were 
assembled by ultrathin nanosheets owing to thermal contract of the stacked sheets. 
The hollow tube backbone was decorated with vertical MoS2 nanosheets. In this struc-
ture, V2O3 tubes prevented restacking of MoS2 nanosheets and served as an electronic 
conductive scaffold. Such a composite electrode exhibited a wide potential window 
between −1.0 V and +1.0 V, and a large capacitance of 655 Fg−1. 

4.5 VANADIUM OXIDES WITH MIXED VALENCE STATES 

Vanadium oxide can also crystallize with mixed valence states, manifested by the 
variety of Wadsley phases (VnO2n+1) formed by V5+ and V4+ states and the Magnéli 
phases (VnO2n−1) formed by V4+ and V3+ states (Bahlawane and Lenoble 2014). 
Of these large number of phases with mixed states, Wadsley phases have a layered 
crystal structure, permitting reversible ions intercalation. In particular, V6O13 has 
a metallic conductivity and has attracted attentions for pseudocapacitive charge 
storage. 
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V6O13 with sheet morphology was initially prepared by a thermal decomposition 
and quenching method with NH4VO3 as the precursor (Zeng et al. 2009). A limited 
specif c capacitance was found due to a large thickness of the sheets (~200  nm). 
Hollow f owers-like V6O13, consisting of nanosheets, was further prepared via a fac-
ile sol-hydrothermal approach, which delivered a capacitance of 417 Fg−1 at a scan 
rate of 5 mV s−1 (Huang et al. 2011). Hierarchical oxide microspheres were synthe-
sized, which contained 86.2 wt% V6O13 with metallic conductivity and 13.8 wt% VO2. 
A specif c capacitance of 456 Fg−1 was measured at 0.6 Ag−1 (Li, Wei et al. 2015). 
Sulfur-doped V6O13−x nanowires with oxygen def ciencies, consisting of V5+, V4+, and 
V3+ states, were prepared as an anode electrode material for an asymmetric superca-
pacitor. Sulfur-doping improved the capacitive performance by reducing the charge-
transfer resistance and increasing the Li ion diffusion coeff cient. Signif cantly, it 
achieved a capacitance of 1353 Fg−1 (0.72 F cm−2) at a current density of 1.9 Ag−1 

(1 mA cm−2) in 5 M LiCl electrolyte (Zhai et al. 2014). 
Self-assembled nest-like V3O7  structure by porous V3O7  nanowires was fabri-

cated, which was further coated with a layer of N-doped carbon (Zhao et al. 2018). 
The electrode delivered a capacitance of 660 Fg−1 at a current density of 0.5 Ag−1 and 
it remained at 188 Fg−1 when the current density reached 50 Ag−1. 3D hierarchical 
porous V3O7·H2O nanobelts/CNT/reduced graphene oxide composite was studied. 
The ternary composite exhibited a high specif c capacitance of 685Fg−1 at a current 
density of 0.5Ag−1 and an excellent cycling stability with trivial capacitance loss 
after 10,000 cycles (Hu, Liu, Zhang, Chen et al. 2018). 

Self-supported VO/VOx/CNF electrode was also reported where vanadium mon-
oxide (VO) coupled with amorphous VOx was incorporated into CNFs by electro-
spinning and heat treatment (Tang et al. 2016). Ordered mesoporous carbon such 
as CMK-3  was also studied as another carbon based scaffold for oxides loading 
(Eftekhari and Fan 2017). Mixed-valence vanadium oxide (VOx)/CMK-3 compos-
ites were synthesized through a facile liquid-phase method followed by calcination, 
and used for supercapacitors (Hao et al. 2016). 

4.6 VANADIUM NITRIDES 

Except for a few special cases (e.g., V2O3), performances of pseudocapacitors based 
on transition metal oxides are limited by the low conductivity of oxides, poor rate 
capability and small specif c power. Consequently, other transition metal com-
pounds, such as nitrides and carbides have emerged as potential pseudocapacitive 
materials owning to their high metallic conductivities. 

This is especially true for vanadium nitrides (VN), which has a conductivity of ~105 

Ω−1 cm−1 and a very large specif c capacitance. The extremely high conductivity of VN 
will be particularly useful for high-rate and high-power supercapacitors. However, it 
is emphasized that the pseudocapacitive charge storage mechanisms in nitrides are 
not very clear. Since the surface of transition metal nitrides can be easily oxidized in 
the air or in aqueous electrolytes, it has been suggested that the origin of charge storage, 
in fact, is still the redox reaction occurred in the surf cial oxides, while the conductive 
nitride facilitates electron transportation (Choi, Blomgren, and Kumta 2006). In con-
trast, in another study (Bondarchuk et al. 2016) with pure oxygen-free vanadium nitride 
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f lm that delivered a large capacitance of ∼mF cm−2 at a rate of 1 V s−1, redox reactions 
were found to play no or little roles. Instead, it was proposed that space charge accumu-
lation in a subsurface layer contributed to the measured capacitance. 

VN nanoparticles were f rst synthesized via ammonolysis reaction of VCl4  in 
anhydrous chloroform, which demonstrated a specif c capacitance of 1340 Fg−1 at a 
rate of 2 mV s−1 (Choi, Blomgren, and Kumta 2006). Since then, VN nano-powders, 
wires, rods, f bers, sheets, and other nanoscale morphologies have been reported 
for capacitive charge storage. Interestingly, mesocrystal nanosheets of VN were 
reported with a conductivity of 1.44 × 105 S m−1, which delivered a superior volu-
metric capacitance of 1937 mF cm−3 (Bi et al. 2015). 

Even with a high conductivity, VN may still need to form composite with car-
bon for ameliorating its poor electrochemical stability. VN nanoparticles in porous 
carbon nanospheres (Liu et al. 2016), VN nanoparticles in porous N-doped carbon 
(Fechler et  al. 2014), freestanding mesoporous VN nanowires/CNT (Xiao et  al. 
2013), 3D porous VN nanowires–graphene (Wang, Lang et  al. 2015), and many 
others have been investigated. VN/N-doped graphene composite provided a large 
specif c energy of 81.73  Wh kg−1 and a high specif c power of 28.82  kW kg−1 at 
51.24 Wh kg−1, and showed good stability with 98.6% retention after 10,000 cycles 
(Balamurugan et al. 2016). Interestingly, VN-TiN-based hybrid structures, such as 
TiN/VN core–shell composites (Dong et al. 2011, Pang et al. 2014) and vanadium 
titanium nitride/carbon nanof bers (Xu et  al. 2015), were also reported as super-
capacitor electrodes. With a f exible electrode structure based on 3D interweaved 
N-doped carbon encapsulated mesoporous VN nanowires and a KOH electrolyte, 
the supercapacitor exhibited 91.8% capacitance retention after 12,000 cycles (Gao 
et al. 2015). 

4.7 OTHER VANADIUM COMPOUNDS 

Mixed metal vanadates, like AlV3O9, ZnV2O4, Zn3V2O8, Ni3V2O8, Co3V2O8, are 
another category of materials suitable for pseudocapacitive charge storage. As 
examples, amorphous AlV3O9  hierarchical microspheres were measured with a 
specifc capacitance of 497  Fg−1 at 1  Ag−1. They  showed good stability with a 
retention capacity of 89% after 10,000  cycles (Yan et  al. 2016). Urchin-shaped 
Ni3V2O8 nanosphere electrode exhibited a specif c capacity of 402.8 C g−1 at 1 Ag−1 

(Kumar, Rai, and Sharma 2016). Core-shell nanostructure-based binder-free elec-
trodes with Co3V2O8-Ni3V2O8 thin layers on carbon nanof bers were also reported 
(Hosseini and Shahrokhian 2018a). 

Due to recent interests in layered transition metal dichalcogenides (TMDs), few-
atomic-layer VS2 sheets were investigated for on-chip micro-supercapacitor appli-
cation by exploiting their high conductance, large surface area, and 2D permeable 
channels (Feng et al. 2011). A large area-specif c capacitance of 4.76 mF cm−2 was 
measured. Hexagonal VS2 anchored CNTs for f exible electrodes (Pandit, Karade, and 
Sankapal 2017), VS2/rGO hybrid nanosheets (Pandit, Karade, and Sankapal 2017) 
and others have since been investigated. 

With a layered crystal structure, vanadyl phosphate (VOPO4) is suitable for 
ion intercalation. Due to enhanced ionicity of (V–O) bonds, V4+/V5+ redox couple 
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FIGURE 4.5 (a) SEM image (tilt view) of the vertically oriented porous 3D microstruc-
tures of the VOPO4/RGO nanocomposite. (b) High-resolution SEM image of the porous 
VOPO4/RGO nanocomposite showing distribution of VOPO4 thin layers on RGO sheets. (c) 
Galvanostatic charge–discharge curves of 1:1 VOPO4/RGO nanocomposite electrode at dif-
ferent current densities. (d) Specifc capacitance as a function of current density for pristine 
VOPO4, 1:1  VOPO4/RGO, and 3:1  VOPO4/RGO composites. (Reproduced from Lee,  K. 
et  al., Sci. Rep., 5, 13696, 2015 with a Creative Commons Attribution 4.0  International 
License.) 

in VOPO4  shows a higher potential than other vanadium oxides. In  Lee’s work 
(Figure 4.5), a facile ice-templated self-assembly process was adopted to fabricate a 
3D porous nanocomposite of VOPO4 nanosheets and graphene. This vertically ori-
ented porous structure has a large surface area, an excellent electrical conductivity 
and facile ion diffusion paths. Such a structure delivered a capacitance of 527.9 Fg−1 

at a current density of 0.5Ag−1 with a superior cycling stability (Lee, Lee, et  al. 
2015). Amorphous VOPO4/graphene composite was reported with an excellent rate 
capability (359 Fg−1 at 10 Ag−1) (Chen et al. 2017). Mesoporous vanadium phosphate 
nanosheets were fabricated through a liquid crystal template method, and a capacity 
of 767 Fg‒1 at 0.5 Ag‒1 was reported. The charge storage mechanism was experimen-
tally demonstrated to be based on the reversible two-step redox reactions between 
V(V) and V(III) in acidic medium (Mei et al. 2018). 
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4.8 CONCLUSIONS 

Vanadium-based compounds have plenty of merits to be used as electrode materials 
for developing pseudocapacitors. Vanadium is an earth-abundant element and its 
low cost will facilitate fabrication of cost-effective pseudocapacitors for practical 
applications. The multiple oxidation states of vanadium offer the readily available 
redox couples for facile faradic reactions. The variety of vanadium oxides and other 
compound structures and phases, with different physical and chemical properties, 
provides many options in the search for a high-performance electrochemical active 
material. Like for other transition metal oxides, nanostructure engineering to con-
trol the nanoscale morphology of vanadium compounds for easy access by elec-
trolyte and to achieve reasonable electronic conductivity is one of the key design 
considerations for better performances. Steady progresses are being made along this 
direction. 
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5.1 CONCEPT OF SUPERCAPACITORS 

Supercapacitor is a multi-layered energy storage device that stores electrical energy 
in form of charges by adsorption of electrolyte ions onto the surface of electrode 
material. It  is composed of two electrodes separated by an ion-porous medium in 
an electrolyte (El-Kady et al., 2012). It can also be referred to as electrochemical 
capacitor (EC capacitor), electrochemical double-layer capacitors (EDLCs) or ultra-
capacitor. In charged state all the positive ions travel to the negative terminal and in 
discharged state all the ions are distributed randomly within the cell and vice versa 
(Kai and Matti, 2014) 

5.2 MATERIALS FOR SUPERCAPACITORS 

The  properties/characteristics of a supercapacitors depends largely on the mate-
rials used in its building process especially the electrodes and the electrolytes as 
this determines the functionality in terms of thermal and electrical characteristics. 
These components work together to give the supercapacitor its overall performance. 
Therefore, careful selection of materials becomes imperative as this will also deter-
mine its application. Supercapacitors comprises of the following component parts. 
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5.2.1 eleCtrodes 

Supercacitors are composed of two electrodes, which are usually made from porous 
and spongy material with high surface area. They are electrically connected to the 
conductive current/load collector. A good electrode must serve for the purpose of 
supercapacitor and should have good conductivity, high temperature stability, long-
term chemical stability, high corrosion resistance, low cost and environmental 
friendly (Wikipedia, 2016). The electrode pores determine the capacitance, equiva-
lent series resistance (ESR), specif c power and the specif c energy of the superca-
pacitor. High increase in capacitance, ESR, specif c energy and decrease in specif c 
power is achieved by smaller electrode pores. Supercapacitors are classif ed based on 
the electrode material used, as shown in Table 5.1. 

5.2.2 separator 

This is a thin material used to disassociate the two electrodes to avoid short circuit 
by direct contact. They serve as electrolyte reservoirs and maintain ionic integrity. 
Separators used for building supercapacitors should be chemically inert, porous 
to the conducting ions and inexpensive. A very porous separator reduces the ESR 
and the electrolyte stability and conductivity is ensured by its inertness. If organic 
electrolytes are used, polymer (typically PP) or paper separators are applied. With 
aqueous electrolytes glass f ber separators as well as ceramic separators are possible 
(Adrian and Roland, 2000). 

1. Load/current collector: This connects the electrodes to the capacitor termi-
nals. This could be either sprayed onto the electrode, or metal foil may be 
used. A good collector should be able to distribute peak current (Wikipedia, 
2016). 

2. Electrolytes: These consist of solvents and chemicals that when dissolved 
separates into cations (−ve) and anions (+ve), which in turn creates electri-
cal conductive between the two electrodes. The higher the ion content the 
better the conductivity of the electrolytes. Electrolyte used in supercapaci-
tors are either organic (such as acetonitrile, propylene carbonate, tetrahy-
drofuran, diethyl carbonate, γ-butyrolactone and solutions with quaternary 
ammonium salts or alkyl ammonium salts) or inorganic (such as sulfuric 
acid, potassium hydroxide, quaternary phosphonium salts, sodium per-
chlorate, lithium perchlorate, lithium hexaf uoride arsenate etc) in nature. 
Inorganic or aqueous electrolytes are the most basic type of electrolyte used 
in supercapacitors. The choice of electrolyte used will determine the oper-
ating voltage, temperature range, ESR and capacitance of the supercapaci-
tor (Dong et al., 2015; Zhao et al., 2015). The choice between inorganic and 
organic electrolyte depends on the resistance, the capacitance, the manu-
facturability and the potential window size in which the system is electro-
chemically stable (Tanahashi et al., 1990). 
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5.3 ORGANIC VERSUS INORGANIC BASED SUPERCAPACITORS 

The use of organic electrolyte in supercapacitors ensures a good mobility of the ions, 
even at decreased temperatures (Novis and McCloskey, 2005). Its limitation is seen 
in the risk of explosion while working at extreme high temperatures of above 70°C. 

For  instance, organic electrolytes like tetraethylammonium tetrafuoroborate dis-
solved in acetonitrile or propylene carbonate, are presently used in commercial super-
capacitors with activated carbon electrodes (Ruan et  al., 2015; Huang et  al., 2013; 
Jackel et al., 2014). Organic solvent-based electrolytes tend to give wide potential and 
temperature windows (up to 3.5 V, from −50°C to 70°C). Also, though the cost of 
organic electrolytes is not low, but at least they are affordable for commercial purposes. 
Notwithstanding, they are usually highly fammable, which results to safety issues. 

Also, research shows that a supercapacitor can be made using inorganic mol-
ten salt (alkaline metal nitrate salts) electrolytes (as shown in Table 5.2) that allows 
operation of the capacitor from temperatures greater than about 110°C (Kirk and 
Graydon, 2013). Therefore, using inorganic electrolyte helps to extend the positive 
temperature range, thus reducing the risk of explosion (Khomenko et  al., 2006). 

TABLE 5.2 
Performance of Some Inorganic Electrolytes Used in Supercapacitors 

Energy Power 
Potential Density Density 

Electrolyte Window (v) (Wh kg−1) (kW kg−1) Cycle Performance References 

Li2SO4 1.6 24 15 85%, 1000 cycles Luo and Xia 
(2009) 

Na2SO4 1.9 13.2 — 97%, 10,000 cycles Qu et al. (2009) 

Na2SO4 2 54.4 37.8 92%, 1000 cycles Lu et al. (2016) 

Na2SO4 1.7 34.8 21.0 84%, 4000 cycles Liu et al. (2013) 

H2SO4 1.8 26.5 17.8 83%, 3000 cycles Yu et al. (2009) 

KOH 1.5 43.75 — 88%, 5000 cycles Kolathodi et al. 
(2015) 

KOH 1.6 77.8 13.5 94.3%, 3000 cycles Yan et al. (2012) 

KOH 1.7 60.9 41.1 14.3%, 10,000 cycles Peng et al. (2015) 

KOH 1.8 50.3 — 100.9%, 6000 cycles Li et al. (2016) 

KOH 1.8 31 — 100%, 5500 cycles Wang et al. 
(2015) 

HQ/H2SO4 1 31.3 — 65%, 4000 cycles Roldan et al. 
(2011) 

KOH 1.8 21.1 3.59 87.42%, 10,000 Yu et al. (2014) 

Na2SO4 1.8 11.3 9.1 85%, 4000 cycles Xu et al. (2015) 

NaOH 1.8 43.5 11.8 91.5%, 20,000 cycles Zhou et al. (2013) 

Na2SO4 1.9 19.5 0.13 97%, 10,000 cycles Qu et al. (2009) 

K2SO4 1.8 25.3 0.14 98%, 10,000 cycles Qu et al. (2009) 

(Continued) 
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TABLE 5.2 (Continued) 
Performance of Some Inorganic Electrolytes Used in Supercapacitors 

Energy Power 
Potential Density Density 

Electrolyte Window (v) (Wh kg−1) (kW kg−1) Cycle Performance References 

KOH 1.5 — — 50%, 1000 cycles Wang et al. 
(2008) 

Na2SO4 2 18.2 10.1 92%, 2500 cycles Gao et al. (2011) 

Na2SO4 1.6 21.2 0.82 84.4%, 1000 cycles Wu et al. (2014) 

Na2SO4 — 30.2 14.5 83.4%, 5000 cycles Gao et al. (2012) 

KOH 1.6 31.2 396 82%, 3000 cycles Xu et al. (2014) 

LiCLO4 1.8 86 25 85%, 2000 cycles Hou et al. (2014) 

KOH 1.6 22 19.5 80%, 4000 cycles Wang et al. 
(2012a) 

KOH 1.4 32 0.7 94%, 2000 cycles Wang et al. 
(2012b) 

NaOH 1.6 43.5 5.5 19.5%, 20,000 cycles Zhou et al. (2013) 

KOH 1.3 23.3 0.32 93%, 2500 cycles Wang et al. 
(2012c) 

The constraint  of the inorganic-based supercapacitors is related to the nominal cell 
voltage level, which is lower when compared to organic-based supercapacitors. Also, 
the inorganic electrolytes are characterized by high value of conductivity than organic 
ones (Kötz and Carlen, 2000; Marie-Francoise et al., 2005). Research reviews that 
for the same activated carbon electrode an inorganic electrolyte achieves capacitance 
values of 160 F/g, while an organic electrolyte achieves only 100 F/g. The organic-
based supercapacitor has high specif c energy while the inorganic-based type has 
high specif c power, and increased life cycle (Novis and McCloskey, 2005; Belyakov, 
2008). 

5.4 FUTURE PROSPECTS 

Supercapacitors can be used either alone as a primary power source or as a supple-
mentary one with rechargeable batteries for high-power applications, such as indus-
trial mobile equipment and hybrid/electric vehicles (Dar et al., 2013). In automobile 
industry, supercapacitors act as support for batteries, power f ltering, coupling and 
as buffer during acceleration and braking. This action helps to lower the operational 
cost and extend the battery life. It also protects the battery from the harmful effect 
of peak loads. Its application in regenerative braking helps to recover power in cars 
and electric mass transit vehicles that would otherwise lose braking energy as heat 
(Simon et al., 2014; Shukla et al., 2001). Cars with hybrid systems are also equipped 
with supercapacitors, which act as components of high power density. Researchers 
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have developed hybrid gasolin-electric buses with available energy greater than 
400 Wh. This technology offers at least 25% fuel saving and cutting the CO2 emis-
sions by up to 90% also, it is used as secondary power source in fuel cell vehicles 
for peak load leveling operations such as fuel starting, acceleration and braking, and 
this can improve the performance, eff ciency and cleanliness in electric and hybrid 
vehicle technology (Shukla et al., 2001; Schöttle and Threin, 2000; Fuglevand, 2002; 
Raiser, 2006; Pearson, 2004). For  rapid power delivery and recharging (i.e., high 
power density), supercapacitors have found applications in household appliances, 
electronic tools, mobile telephones, cameras, etc. 

5.5 CHALLENGES 

The constraints facing the use of inorganic electrolytes in supercapacitor design are 
highlighted below: 

1. Low temperature range for several supercapacitor applications. This can be 
improved for supercapacitor operations by using some additives like ethyl-
ene glycol to decrease the lower temperature limit thereby increasing the 
working temperature (Roberts et al., 2013). 

2. The performances of the supercapacitors are limited by the decomposition 
voltage of the electrolyte, which is 1.2 V for inorganic-based supercapaci-
tors (Puscas et al., 2010). The electrochemical stable potential window of the 
electrolyte directly determines the supercapacitor operational cell voltage, 
which affects both the energy and power densities. Electrolytes with higher 
electrochemical stable potential window values allow increased cell voltage 
of the supercapacitor, which can signif cantly improve the energy density 
(Cheng et al., 2015). 
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6.1 INTRODUCTION 

The early work on capacitor technology was reported by Ewald Georg von Kleist in 
1745, which inspired from the invention of Leyden jar. In 1876, Fitzgerald invented 
a wax-impregnated paper dielectric capacitor with foil electrodes and was used 
in radio receiver [1]. This conventional capacitor composed of two active materi-
als that are separated by a dielectric. The dielectric (non-conducting) is interpo-
lated between two electrodes, which can be air or paper with dielectric strength 
of 3 × 106 V m−1 and 16 × 106 V m−1, respectively  [2]. The overall capacitance 
and working potential of capacitor depend upon the dielectric. The discovery of 
conventional capacitor had inspired scientists and researchers, whom seek eff cient 
energy storage devices. 
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After a few years, Charles Pollak patented a borax electrolyte aluminum electrolytic 
capacitor, which is then commercialized in late 1920s. These electrolytic capacitors 
were then considered as second generation capacitor, which show similar in the cell 
design to battery. Electrolytic capacitor, also known as polarized capacitor, is made up 
of two conductive electrodes (i.e., aluminum, tantalum and niobium) and a paper fully 
soaked in an electrolyte, acting as a separator between the electrodes [3]. The particular 
metal on electrode is coated with an insulating layer, acting as a dielectric in electrolytic 
capacitor. Because of the very thin dielectric oxide layer, a high volumetric capacitance 
can be achieved by combining suffcient dielectric strength. The destruction of electro-
lytic capacitor may happen if the polarity is reversed resulting in limited lifespan. 

Taking this into account, electrochemical double-layer capacitors (EDLCs) are 
emerged as third generation of capacitor – until now. In 1853, the concept of electri-
cal double-layer capacitance was f rst proposed by Hermann von Helmholtz. EDLCs 
stored charge at interface of electrode/electrolyte. The  f rst EDLC was patented by 
General Electric Company in 1957 but did not commercialize their invention. In 1966, 
researchers from Standard Oil of Ohio (SOHIO) developed another EDLC and licens-
ing their invention to Nippon Electric Corporation (NEC), which f nally introduced to 
market in 1971, and was used as power backup in computer memory [2]. These capaci-
tors use activated carbon (AC) as the active material for the anode and cathode in aque-
ous or organic electrolyte. This breakthrough has triggered the subsequent interests in 
energy storage devices research by scientists and researchers from all over the world on 
electrode materials as an important component in supercapacitor applications. 

6.2 BASIC PRINCIPLE OF SUPERCAPACITOR 

Supercapacitor is composed of three main basic components; they are electrode, elec-
trolyte and separator. Electrode materials considered as the major factor to determine 
the performance of supercapacitor based on their storage mechanisms (EDLCs and 
pseudocapacitance). EDLCs store energy through the electrostatic charges accumu-
late at the electrode-electrolyte interface (non-faradaic). On the other hand, pseudo-
capacitors store energy by involving reversible oxidation/reduction reactions between 
electrolyte and electroactive materials (Faradaic)  [4,5]. Table 6.1 summarizes elec-
trode materials, storage mechanism, advantages and disadvantages of both capacitors. 

6.2.1 eleCtroChemiCal double-layer CapaCitors (edlCs) 

EDLCs, double-layer charge storage is a surface process and thus making it high 
reversible and longer the cycle life of supercapacitor. There  is no electrochemical 
reaction involved between the interface of electrode and electrolyte. Several models 
were developed for the concept of electrical double layer, including Helmholtz model, 
Gouy-Chapman model and Stern model [7]. Helmholtz model is the earliest model of 
electrical double layer, which proposed that the charge at electrode surface is neutral-
ized by forming a double layer of counter ions at a distance. Gouy and Chapman further 
modifed the Helmholtz model, suggesting that the distribution of ion is determined by 
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TABLE 6.1 
Different Types of Supercapacitor Devices 

Storage 
Supercapacitor Electrode Material Mechanism 

Electrochemical Carbonaceous: AC, Non-faradaic 
double-layer CNT, graphene, rGO 
capacitors (EDLCs) and carbon aerogel 

Advantage 

Long cycle life 

Disadvantage 

Low energy 
and power 
density 

Pseudocapacitors Transition metal Faradaic High specifc Short cycle life 
oxides and capacitance, energy 
conducting polymers and power density 

Source: Sk, M.M. et al., J. Power Sources, 308, 121–140, 2016. 

thermal motion, called diffusion layer. However, this model overestimated the electri-
cal double-layer capacitance and thus Stern combined Helmholtz model and Gouy-
Chapman model, suggesting two regions of ion distribution, which are inner Helmholtz 
plane (IHP) and outer Helmholtz plane (OHP). In Stern layer, specifcally adsorbed 
ions accumulated on IHP while non-specifcally adsorbed ions attached on OHP upon 
polarization [8]. EDLC normally utilizing material with high porosity and surface area, 
which are carbon-based materials such as activated carbon (AC), carbon nanotubes 
(CNTs), carbon aerogel and reduced graphene oxide (rGO). Among them, rGO is gen-
erally attractive as electrode materials since 2004 due to its incredible properties and 
structures that plays vital role in electrochemical performance. 

6.2.2 pseudoCapaCitor 

Pseudocapacitor generates capacitance via three faradaic processes: (i) reversible 
adsorption; oxidation/reduction reaction of transition metal oxides; and (iii) electro-
chemical doping-undoping of conducting polymer  [9]. Pseudocapacitor possess 
larger specif c capacitance (10–100 times higher) and energy density as compared 
with EDLC. Nevertheless, redox reaction rate is usually slower than that of the 
non-faradaic process, which results in low power density and instability during 
cycling process. The most commonly known pseudocapacitance active materials are 
transition metal oxides such as RuO2, ZnO, Fe2O3, MgO, WO3, etc. and conducting 
polymers including PANI, PEDOT, PPy, etc. 

6.2.3 performaNCe assessmeNts 

Evaluating the capacitance value of supercapacitor is important to serve as a trade-
mark and gives the information of where tested materials would meet the require-
ment as an electrode material. A  series of tests and their equations  are listed 
in Table 6.2 to calculate the capacitance, energy density and power density of 
supercapacitor [10]. 
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TABLE 6.2 
Performance Assessment of Supercapacitor Using Different Characterization 
Techniques 

Performance Test 

Cyclic voltammetry (CV) 

Galvanostatic charge/ 
discharge (GCD) 

Energy density 

Power density 

Equations 

idt 
C = ˛ 

dV × SR 

I dt× 
C = 

dV 

1 2E = CV 
2 

V 2 E 
Pmax = or 

4ESR t 

Remarks 

• Used in 3 electrode system 
• Observed the occurrence of redox peaks 

and repeating deviation 

• Best determines from slope of discharge 
curves 

• Describes how much the energy can be stored 
• Assessment of practical performance 

• Describes how fast the energy can be 
delivered 

• Assessment of practical performance 

6.3 TUNGSTEN MATERIAL FOR SUPERCAPACITOR 

6.3.1 tuNgsteN trioxide (wo3) 

Among the different transition metal oxides, tungsten trioxide (WO3), an n-type 
semiconductor, is one of the most capable candidates for enhancement in electro-
chemical performance of supercapacitor applications because of its high intrinsic 
densities, high mechanical stability and good electrochemical redox characteris-
tic [11]. It is a well-known fact that WO3 has several distinct crystalline polymorphs, 
namely monoclinic, triclinic, tetragonal, orthorhombic, cubic and hexagonal phases. 
By comparing the crystal structure of WO3 in Table 6.3, hexagonal WO3 (h-WO3) 
is the most notably material as electrode material for supercapacitor owing to its 
tunnels are effective for insertion of electrolyte ions and a high pseudocapacitance 
was obtained. h-WO3 consists of WO6 octahedra and aligned in six-membered ring 
by sharing corner oxygens to form hexagonal axis as illustrated in Figure 6.1 [12]. 
Stacking of such layers resulted in the formation of hexagonal tunnels. 

Nonetheless, an obvious hindrance to the widespread use of WO3 as an active 
electrode in capacity system is its low electrical conductivity and poor cycle sta-
bility. Considering this fact, incorporation of WO3 with conductive carbon materi-
als to fabricate composite as promising active electrode in supercapacitor is highly 
recommended. 

6.3.2 tuNgsteN disulfide (ws2) 

Tungsten disulf de (WS2) has been widely investigated as electrode materials for 
supercapacitor. WS2 has the advantages of large surface area and intrinsically lay-
ered texture, which favors rapid electron transportation. However, it suffers from 
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FIGURE 6.1 Crystal structure of h-WO3. (From Liang, L. et al., Sci. Rep., 3, 1–8, 2013.) 

poor electronic conductivity. WS2 has different phase depending on the location 
of S atoms where 2H phase is trigonal prismatic D3h and 1T phase is octahe-
dral Oh. Khalil et al. [21] reported that 1T phase with metallic properties which 
improves the electronic conductivity of WS2. 1T phase WS2 displayed 2813 μF 
cm−2 while 223.3 μF cm−2 for 2H phase of WS2 at 0.5 A m−2. Ghorai et al. [22] 
prepared WS2 nanocrystals with the assisted of lithium-intercalation and sonica-
tion routes. The WS2 quantum dots electrode showed high specif c capacitance 
of 28 mF cm−2 at 0.1 mA m−2. This was attributed to the large amounts of defect 
states occurs in WS2. 

6.4 HYBRID-SUPERCAPACITOR 

Over the past few years, hybrid capacitor has been widely investigated because 
of the unique properties of high specif c capacitance and excellent cycling per-
formance. Generally, a hybrid capacitor comprised more than one active species 
in a single device, for example, incorporation of EDLC/EDLC, pseudo/pseudo or 
EDLC/pseudo in single electrode-symmetric hybrids. It  is worth to mention that 
these hybrid capacitors able to overcome the major drawbacks of EDLC and pseu-
docapacitor. The operating voltage of hybrid capacitor can be larger than EDLC and 
pseudocapacitor leading to high energy and power density. 

6.4.1 tuNgsteN trioxide-CarboN 

Reduced graphene oxide (rGO) has gained huge attention as an active electrode mate-
rial owing to its good electrochemical stability, superior surface area (>2600 m2g−1), 
fast ions diffuse to its structure and good mechanical property [23]. Taking these 
facts into account, numerous literature reviews on rGO/WO3 composites and their 
electrochemical performances are reported. A number of synthesis approaches such 
as hydrothermal, ref ux and electrostatic self-assembly method, have been applied to 
prepare rGO/WO3 composites for supercapacitor application. 



 
 
 
 
 
 

  
 

 

 

 
 
 
 

 

 

   

 

95 Tungsten Based Materials for Supercapacitors 

Xing and her co-workers prepared WO3 nanoparticles and dispersed it on rGO using 
hydrothermal technique, which demonstrating higher specifc capacitance of 580 Fg−1 

than pure WO3 (255 Fg−1) at 1 Ag−1 in 2 M KOH [24]. The improved capacitance of 
rGO/WO3 composite ascribed to its high specifc surface area and excellent electrical 
conductivity, which promotes ions diffusion and charge transfer kinetic. Ma et al. also 
synthesized rGO/WO3 composite through hydrothermal method using sodium tungstate 
(Na2WO4·2H2O) as WO3 precursor  [25]. At 1 Ag−1, the resulted WO3·H2O electrode 
exhibited a specifc capacitance of 140 Fg−1 while composite demonstrated much larger 
specifc capacitance of 244 Fg−1. The improved electrochemical performance of compos-
ited is because of the synergistic effect of rGO and WO3·H2O. In addition, Liu et al. [26] 
successfully grew WO3 nanowires on graphene sheets using seed-mediated hydrother-
mal method and used as negative electrode. It delivered high-specifc capacitance of 
800 mF cm−2 at current density of 1 mA cm−2. The great improvement in specifc capaci-
tance is because of the synergistic effects between graphene and WO3 nanowires. Chu 
et al. [27] synthesized WO3-RGO composite through electrostatic attraction between 
positive charged WO3 and negative charged GO. The composites showed higher specifc 
capacitance of 495 Fg−1 than pure WO3 at 1 Ag−1 using 0.5 M H2SO4 electrolyte owing 
to the increasing of electron contact area of WO3 in composite. The improved electro-
chemical performance is probably due to the increasing of electron contact area. 

In addition, Chu et al. fabricated rGO/WO3 composite via an electrostatic attrac-
tion between positive charge of surfactant modifed-W O3 and negative charge of 
GO [27]. The WO3 was frst prepared using hydrothermal method and Na2WO4·2H2O 
used as precursor. The specifc capacitance of rGO/WO3 composite and pure WO3 is 
495 and 127 Fg−1 at 1 Ag−1 of current density, respectively. This is probably because 
of the synergistic effects of conductive rGO and WO3. Furthermore, rGO/WO3 also 
can be synthesized using refux by adding glucose reduced rGO and WO3 precursor 
(Na2WO4·2H2O), which exhibited specifc capacitance of 140.8 Fg−1 at current den-
sity of 0.3 Ag−1 [28]. In contrast, the specifc capacitance of WO3-WO3·H2O mixture 
is 24.5 Fg−1, which is almost six times lower than the composite. This results indi-
cated that the addition of conductive rGO could enhance the electrolyte ion mobility 
in electrode. These reports suggest that the enhancement in specifc capacitance of 
rGO/WO3 composites owing to their new functionalities and properties as summa-
rized below: (i) 2D graphene acts as support to facilitate the nucleation and growth of 
metal oxide with well-defned structures [29]; (ii) metal oxide anchored on rGO can 
avoid the restacking of rGO (vice versa), resulting in an increase of electroactive sites 
and long cycle life; and (iii) high conductive rGO also act as conductive framework 
to enhance the ion mobility. 

Other than graphene, carbon aerogel (CA) possesses superior electrical conductiv-
ity and ordered mesoporous structure, which improved the mobility of electron into 
active materials. Liu et al. [30] incorporated WO3 nanoparticles into carbon aerogel 
through solvent-immersion process and calcination route. This composite exhibited 
maximum specif c capacitance of 140.5 Fg−1 while WO3 nanoparticles showed only 
25.8 Fg−1 at current density of 0.83 Ag−1. The enhanced electrochemical performance 
of composite is because of the carbon aerogel served as template for WO3 nanopar-
ticles growing and prevent the agglomeration of WO3 nanoparticles. Liu et al. [31] 
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prepared WO3/CA composite via a one-pot route and exhibited specif c capacitance 
of 609 Fg−1 at scan rate of 5 mV s−1, which is 50% higher than pristine WO3 nanow-
ires. The incorporation of carbon aerogel showed capacity retention of 98% owing to 
the CA effectively preventing the agglomeration of WO3 nanowires, resulting more 
contact surface for electron. Wang et al.  [32] synthesized WO3 nanoparticles and 
WO3/CA composites yield specif c capacitance of 54 and 700 Fg−1, respectively at 
scan rate of 25 mV s−1. The excellent specif c capacitance of composites was attrib-
uted to relatively high electrical conductivity of CA leading to rapid transportation 
of electron into active material. 

6.4.2 tuNgsteN trioxide-CoNduCtiNg polymers 

Conducting polymers including PANI, PPy, PEDOT and their derivatives are 
widely studied as electrode materials for supercapacitors owing to its high elec-
trical conductivity, high chemical stability, easy preparation and high f exibility. 
Chemical bath deposition technique was used to synthesize PANI-WO3 nanocom-
posite  [33]. Both nanocomposite and structured metal oxides enhanced the surface 
area resulting in good specif c capacitance (96 Fg−1) at 5 mV s−1 in 0.5 M H2SO4 

electrolyte. Zou et al. [34] reported that PANI-WO3 composite prepared via electro-
deposition techniques exhibited specif c capacitance of 201 Fg−1 at current density 
of 1.28 mA cm−2. 

6.4.3 tuNgsteN disulfide-CarboN 

The advantages of graphene also can enhanced the electrochemical performance of 
WS2. WS2/active carbon fber nanocomposite was successfully prepared through elec-
trospinning and carbonization followed by hydrothermal methods  [35]. The  nano-
composite delivered a high capacitance of 600 Fg−1 at current density of 1 Ag−1 in 
1M KOH electrolyte. This  is due to thin WS2 nanosheets and high conductivity of 
active carbon. Shang et al. [36] prepared WS2 nanoplates on carbon fber cloth (CFC) 
through solvothermal technique. WS2/CSC displayed high specifc capacitance of 
399 Fg−1 at 1.0 Ag−1 and retained 99% of capacitance after 500 cycles due to the well 
disperse of WS2 and conductive behaviors of CFC. Moreover, WS2 also incorporated 
with carbon tubes via hydrothermal and calcination methods to form nanocompos-
ite electrode [37]. The electrode exhibited high specifc capacitance of 337 Fg−1 at 
10 Ag−1 and good cyclability in 3 M KOH electrolyte. The porous structure of car-
bon tubes increase the contact surface for electron resulting in good electrochemical 
performances. 

6.4.4 tuNgsteN disulfide-CoNduCtiNg polymers 

WS2 also incorporated with conducting polymers to form electrode. WS2/PEDOT:PSS 
f lm was prepared through vacuum f ltration method [38]. This f lm displayed high 
capacitance of 86  mF cm−2 at scan rate of 40  mV s−1 in 1M H2SO4 electrolyte. 
WS2/PEDOT:PSS f lm has the advantages of good f exibility, high conductivity, high 
electrochemical performance and good chemical stability. 
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6.5 CONCLUSIONS 

In summary, tungsten-based carbon nanocomposites have attracted much concern to 
improve the performance of devices due to the advantages of each component and the 
synergistic effect between them tends to eliminate the demerits of each other. The con-
ductive carbon acts as support to facilitate the nucleation and growth of tungsten-
based material with well-defned structures and enhanced the electrical conductivity 
of composite. Carbon prevent the restacking of tungsten leads to an increase of active 
sites for ions contact and contributing high specifc capacitance. Conducting polymers 
possess high electrical conductivity leading to rapid electron transportation. Tungsten 
disulfde has the advantages of layered structure and high electrochemical behaviors. 
Meanwhile, widening the operating voltage of the cell by using non-aqueous elec-
trolyte (mixture of ionic liquid and organic electrolyte) is also an effective way to 
enhance its energy and power density. High cell voltage can reduce the number of 
cells that are used in series for high power systems as well as increase the reliability of 
the devices. The ionic liquid electrolytes can be modifed by adding an organic elec-
trolyte to reduce the viscosity of ionic liquids such as acetonitrile and propylene car-
bonate. Ionic liquids can lower the vapor pressure of organic electrolytes, and the high 
conductivity of acetonitrile is also able to enhance the conductivity of ionic liquids. 
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7.1 INTRODUCTION 

A huge attempt is needed for exploring and investigating the supercapacitor elec-
trode materials such as metal oxides/hydroxides, ceramics, polymers, compos-
ites, mixed metal oxides/hydroxides. The microwave radiation is also known as 
volumetric heating and this technique is extended in the laboratory to indus-
tries and the f eld of inorganic and materials chemistry. Sutton [1] studied and 
described the microwave heating and its effect on ceramics materials in the 1970. 
The  radiation of microwaves is ranged between 0.3 and 300  GHz in the low 
order region of the electromagnetic spectrum. The  concept of electric dipoles 
in a material is lead to the understanding of microwaves. Dipolar molecules in 
materials do rotate, and the resistance to the movement produces a considerable 
amount of heat [2]. However, there are some inquiries and questions to uncover 
the basic concepts of the kinetic attributes and reaction mechanisms. Hence, this 
technique is often used as a trial and error method  [3]. In microwave-assisted 
nanomaterials for supercapacitors, it is necessary to know about conventional 
heating, how far it varies from microwave heating principles, and about interac-
tion between microwaves and solid matter. The  demonstration of microwave-
assisted synthesis in an eff cient way and the different methods of performing the 
microwave-assisted synthesis, in particular, solid state, single-mode, microwave 
synthesis are combined with sol-gel and hydro-thermal routes. The wide range of 
various microwave-assisted synthesis methods revealed many scopes for the fab-
rication of inorganic nanoparticles and structures. This opens up the feasibility 
to enhance and f ne-tune the morphology, chemical and physical characteristics 
of nano-materials. 

Supercapacitors are known as direct electrical storage devices in which the 
electric power is stored without any energy conversion. Hence the quick sup-
plying of the electric power is ensured. Moreover, a higher order of power and 
current for 1 × 106 charge/discharge cycles is very feasible by supercapacitors. 
Owing to the variation in the capability of stored energy and dynamic behavior 
of other electrical energy sources, introducing of supercapacitors compatible. 
For instance, the electric energy is stored in the Helmholtz layer, also known as 
an electrochemical double layer. It is composed of the interface of the solid elec-
trolyte. This electrolyte comprises positive and negative ionic charges. The solid 
electrode surface accumulates these ionic charges; therefore, the losses at the 
electrode surface due to the electronic charges are compensated. The  ion size 
and electrolyte concentration determine the double layer thickness. Microwave 
heating is fundamentally different from the conventional one in which thermal 
energy is delivered to the surface of the material by radiant and/or convection 
heating that is transferred to the bulk of material via conduction. In  contrast, 
microwave energy is delivered directly to the material through molecular inter-
action with the electromagnetic f eld. In microwave heating, the thermal energy 
is obtained from electromagnetic energy. Only the energy conversion is hap-
pening in the microwave heating, and there is no phenomenon of transferring of 
heat. This chapter mainly discussed microwave heating and the electrode materi-
als of supercapacitors. 
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7.2 LITERATURE REVIEW 

7.2.1 role of miCrowave iN eNergy storage deviCes 

The microwave-assisted method is a modern technique and is quickly developing 
the f eld in the research sector, especially in the synthesis of inorganic materials. 
It  renders the eff cient way to regulate the distribution the particle size, reduced 
the time for synthesizing and macroscopic morphology in the synthesis process [4]. 
The  attempt to synthesizing the metal oxide, ceramic, composite, and polymer 
electrode materials for supercapacitors through microwave-assisted techniques has 
provided the expected result  [5–8]. The metal oxide nanostructured materials are 
considered superior materials for attaining the higher specif c capacitance, and they 
display pseudo-capacitance performance. The report about the microwave-assisted 
techniques are synthesis and examining the super capacitance performance of metal 
oxide, ceramic, polymer and hydroxide electrode materials. These materials will 
play a key role are energy storage techniques, in particular supercapacitor technol-
ogy due to greater exposure in specif c capacitance values. 

Microwave heating is the transfer of electromagnetic energy to thermal energy 
and is an energy conversion rather than heat transfer; therefore, the microwaves pen-
etrate the materials for supplying the energy. The heat is produced all around the sur-
face of the material, which is also known as volumetric heating. It leads toward the 
rapid and uniform heating of materials. This causes the thermal gradient of material 
processed by microwave-assisted is the reverse of the conventional method of heat-
ing. When the materials with different dielectric properties are subjected to micro-
wave heating, they would combine with the major loss tangent materials because the 
phenomenon of energy transfers is occurring on the molecular scale. Hence, heating 
of selective materials is a natural one when assisting the microwaves  [9]. Dipole 
rotation and ionic conduction are the two mechanisms involved in the transferring 
of microwave energy into the materials [10]. The molecules of the materials have 
dipole moments due to the electrical f eld that may be permanent or induced, which 
leads to the dipole rotation. This is also referred to as spatial alignment. Movement 
of the dissolved ions is termed as ionic conduction, which has occurred in the applied 
electromagnetic f eld. 

7.2.2 miCrowaves geNeratioN aNd syNthesis teChNiques 

In conventional heating, conduction and convection are the modes of transferring 
heat energy to sources that generate thermal gradients, whereas microwave heating 
interactivity occurs with the electromagnetic feld in the molecular level for the trans-
ferring of heat energy. One of the statement says that during the synthesis of material, 
the transferring of energy is a critical one [11]. The penetration depth of the radia-
tion may vary based on materials, size, magnetic characteristics, frequency of the 
microwave, density of the material, power and dielectric properties. When relating 
to the conventional synthesis, there is a huge reduction in the processing time by the 
microwaves. About 10–10000 times of chemical reaction is possible in microwave-
assisted tasks when relating to the conventional methods [12]. This rapid heating and 
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FIGURE 7.1 Schematic diagram of single-mode microwave apparatus. 

non-homogeneous temperature outline becomes the reason for the generation of hot 
spots; hence, it may infuence the system to damage [13,14]. At the same time, selec-
tive heating is possible in microwaves. The ability to combine in the magnetic feld 
or/an electric feld of the microwaves and based on the properties of the material, 
heating of the specifc re gions can be easily positioned (Figure 7.1). 

Microwaves of 2.45 GHz at room temperature are the very often applied fre-
quency, in which a few of these materials are unable to couple with each other. 
Hence, along with the precursor mixture, a radiation susceptor can be associated. 
The susceptor may be activated carbon, graphite or silicon carbide. An appreciable 
increment in temperature is ensured when the susceptor f rmly paired with the radia-
tion [15,16]. Nevertheless, many polar materials such as H2O, NH3, SO2, C2H6O do 
combine with electro-magnetic waves f rmly enough to achieve high temperatures; 
additives are not needed, and it takes a few minutes for the process to complete. 
There is also one more term from the researchers after studying so many anomalies 
which are participated with the heating process of micro-waves called non-thermal 
effects [17]. Anomalous effects between the interfaces of the particles and the elec-
tric f eld are the core topics of the present discussions. Owing to the second order 
effects, def nitely has done its part in the plasma production and enhances the diffu-
sion of the solid state [18,19]. 

7.2.3 iNteraCtioN of miCrowaves with materials 

In  relation with chemical conversions, the relative merits of microwave dielectric 
heating with conventional heating are as follows: (i) Microwave energy is initiated 
remotely into the reactor; hence the direct contact is avoided between the chemicals 
and energy source. (ii) There  is no similar reaction of contaminated materials and 
chemicals found in the regularly used microwave frequencies for dielectric heating. 
Hence, microwave heating is very def nitive and selective. (iii) These selective inter-
actions are indicated that it is a perfect method under enhanced pressure situation, in 
order to accelerate the reactions chemically. (iv) In order to lead to much higher heat-
ing and to initiate the microwave energy into chemical reactions, at least one compo-
nent is necessary with the capability to combine f rmly with microwaves. (v) Finally, 
it is instant, volumetric and rapid heating without heat diffusion effects or walls. 

Microwave generator, microwave cavity, mode stirrer, waveguide, turntable, 
and circulator are the six major elements in the microwave instruments needed to 
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FIGURE 7.2 Schematic diagram of the basic elements of microwaves equipment for the 
synthesis of inorganic materials. 

carry out the synthesis processes which is presented in Figure 7.2 [20]. The micro-
wave generator is also known as magnetron, which is mounted to produce the f xed 
frequency microwaves in which the vacuum tubes and thermionic cathodes act 
as electron sources. Microwaves are generally guided toward the target from the 
microwave generator with the support of waveguides. Targets are located in the 
microwave cavities. The  energy is directly forced into the microwave cavity. 
The mode stirrer in several directions governs the homogeneous dispensation of 
the received energy. The factor of dissipation and the sample size determine the 
percentage of absorbed incoming energy. In general, the regular microwave ovens 
are working at 2.45 GHz, and the output power obtained is less than 1 KW. Based 
on the reaction of materials with microwaves, those materials can be classif ed into 
three types [21]. 

Metals are used as microwave ref ectors, which are supported in the prepara-
tion of waveguides. Low-loss materials are used as microwave transmitters. Those 
are transparent to microwaves such as fused quartz and Tef on. These materials are 
utilized as containers in order to achieve the chemical reactions and synthesis pro-
cess in such short electro-magnetic waves. The high-loss materials are known for 
microwave absorbers that comprise the highly signif cant material for the microwave 
synthesis. Those extract the energy from the microwave f eld and achieve the hotness 
very quickly. During the synthesis of material assisted by microwaves, absorptive 
materials are adopted for the precursor solutions. Ref ective materials are engaged 
for the fabrication of major components of the microwave system. Research-oriented 
microwave ovens are designed for monitoring purposes only. Pressure and temper-
ature are the major parameters to be monitored when the specimen is under the 
heating process in the microwave. Probes are the only drawback in the monitoring 
system, which would not make trouble the microwave energy. 
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7.2.4 methods for syNthesis of iNorgaNiC materials 

Different methods and techniques are used in practices. Solid-state microwave, 
microwave-assisted hydro-thermal synthesis, single mode solid state microwave syn-
thesis, and microwave synthesis combined with sol-gel or combustion are the differ-
ent sub-types of microwave synthesis. Figure 7.3 indicates the methods of synthesis 
of materials for the supercapacitor. 

7.2.4.1 Solid State Microwave Synthesis 
Solid state microwave synthesis is also termed as microwave irradiation of solid pre-
cursors. Mixing the precursors is the f rst step in the synthesis procedure. The next 
step includes packing the mixed precursors into a pellet, followed by depositing the 
same in a suitable crucible and f nally keeping the same in the microwave oven. 
These crucibles are usually made up of silicon carbide or porcelain or aluminum 
oxide materials. This oven is made with the multimode option in which the electro-
magnetic f eld is disorderly dispersed in the oven. The microwaves from the multiple 
modes reacted together with loads of cavity, owing to the ref ections from the cavity 
walls. The density of the f eld is relatively lower in such big cavities. Attaining the 
heating rates in shorter intervals is also must. Hence, the power of microwave to be 
applied is maintained at a higher range [15,22,23]. Producing enough temperature 
initially to begin the reaction; hence the radiation susceptor is required in a few cases 
to carry on the process [24]. One of the drawbacks of these types of microwave ovens 
is lacking temperature control. Hence, the temperature of the reactions performed is 
not known to others. 

FIGURE 7.3 Block diagram of methods of synthesis for materials. 
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7.2.4.2 Single Mode Solid-State Microwave Assisted Synthesis 
The single mode reactors are also called mono-mode reactors; moreover, this micro-
wave apparatus is known as a second-generation instrument in which the microwave 
employed to heat up is polarized; across the cavity, it displays the peak and valley 
in the amplitude. The magnetic and electric f elds are clearly determined and well 
balanced in their spatial alignment. In order to conduct either electrical heating or 
magnetic heating, proper position and orientation are required in the cavity for the 
material to be heated [25,26] (Figure 7.4). 

As discussed earlier, standard 2.45 GHz frequency is generally maintained in the 
microwave generator. During the synthesis process, attention is needed for the loca-
tion and position of the material. Hence, the distribution of the amplitude of mag-
netic elements as well as electric elements of the microwave can be effectively used 
in relation to the minima and maxima of electrical and magnetic modes. In order to 
work at various resonant modes, f ne-tuning is demanded by adjusting in the cavity 
length and by operating on the short circuit piston and on the coupling iris. A pyrom-
eter is supported to monitor the reaction temperature, which intercepts and indicates 
the measured thermal radiation. 

In common, metal samples are known as conductive samples that can be heated 
in an effective manner in the magnetic f eld. At the same time, huge rates of heat-
ing are exhibited by ceramic materials such as alumina and zinc oxide in the elec-
tric f eld. Ceramics are well known for low conductivity and insulators. Heating 
of materials may be executed in both magnetic and electric f elds when the mixed 
systems are used. It  is nothing but a combination of metal and ceramic materi-
als  [15,27]. Sometimes, the heating mode can be chosen based on the constituent 
materials added in the mixed systems. Gupta et al. [16] reported that the inf uence 

FIGURE 7.4 Schematic drawing of the magnetic and electric f eld orientation of the polar-
ized wave. 
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of the electrical loss is much higher in the dielectric materials, for instance, pure 
oxide ceramics. These materials can be appreciably heated when kept in the electric 
f eld. In contrast, these materials exhibit almost nil or lower heating when kept in the 
magnetic f eld. Nevertheless, the magnetic loss would be an exception for particular 
metals and semiconductor materials; therefore, the magnetic f eld is used for heating 
of such kind of materials. 

7.2.4.3 Microwave Assisted Hydro-Thermal/Solvothermal Synthesis 
In general, MAHS (microwave-assisted hydro-thermal synthesis) is a homogeneous 
heating process. Direct transferring of heat from the water molecules to the pre-
cursor is happening in the hydro-thermal synthesis. Hence, the modif ed forms or 
new structured materials are made feasible [28]. The various reaction mechanisms 
mainly distinguish the microwave-assisted synthesizers of solid-state and hydro-
thermal processes. 

The reactant molecules or/and ions react in the solution is known as solvo-thermal 
or hydro-thermal reactions. In solid-state synthesis, diffusion of the raw materials is 
highly dependent on the reactions at their interfaces. The differences in the reaction 
mechanisms, even for the same reactants, would deliver the various microstructures 
of the materials [29]. Solvothermal synthesis is one of the famous synthesis processes 
in which non-aqueous solvents are used. Inorganic chemistry covers all the sectors 
by expanding the microwave-assisted solvothermal synthesis (MWSS) process [30]. 
The major demerit in the hydro-thermal synthesis method is a slow kinetic move-
ment of solution irrespective of the given temperature. One researcher distinguished 
that hydro-thermal syntheses executed with conventional heating and hydro-thermal 
syntheses done by heating autoclaves with microwaves. Microwaves can be used 
for the solution heating because of the great coupling of the microwave with water 
molecules in the solution. Hence, the kinetics of the solution are achieved [29,31,32] 
(Figure 7.5). 

Apart from time and power, the other parameters such as pressure, pH of the 
solution and temperature of reaction are involved in the microwave-assisted hydro-
thermal synthesis process. Hence, in order to regulate the temperature and pressure 
of water in the sub-critical region, advanced technology is needed in this synthesis 
process. Oxy-hydroxides, binary metallic oxides, ternary oxides, mesoporous mate-
rials and zeolites are more complicated structured materials and are some of the 
functional materials fabricated through microwave-assisted hydro-thermal synthesis 
process. It is a moderate pressure synthesis method and also known as the wet pro-
cess in which the aqueous solution is heated in an autoclave about 100°C or more, at 
the same time the pressure is also increased simultaneously. Owing to this action, an 
enhancement in the dispersion of the system elements occurred. Moreover, it reacts 
very quickly. 

If the temperature of the water is above 374°C is known as supercritical synthe-
sis conditions, whereas if it is below 374°C is named as subcritical conditions of 
synthesis. During supercritical conditions, reaction process becomes hard to control 
because of the rapid increment of the pressure in an autoclave along with the temper-
ature. Tef on is the material used very often for making the autoclaves where the case 
temperature is restricted to 250°C. By choosing, the suitable synthesis parameters 
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FIGURE 7.5 Schematic drawing of microwave-assisted hydrothermal synthesis process: (a) 
microwave oven, (b) microwave radiation, (c) reaction vessel, (d) temperature sensor, (e) reac-
tants in solution, (f) temperature control line, (g) pressure control line, and (h) micro-wave 
power control line. (From Schmidt, R. et al., Microwaves: Microwave-assisted hydrothermal 
synthesis of nanoparticles, in CRC Concise Encyclopedia of Nanotechnology, 13, 2015.) 

and proper tuning of the nucleation mechanisms based on the requirement lead to 
the controlling of particle size. Hence, this method is highly favorable for effective 
production of the nano-particles [34]. 

7.2.4.4 Microwave Synthesis Combined with Sol-Gel or Combustion 
Synthesis of inorganic materials is usually done through wet-chemical techniques 
known as a gel process, especially for the metal oxides. A chemical solution ini-
tially performs as a precursor. This solution is evolved toward for the formation 
of polymeric network. The corresponding oxide is obtained through the thermal 
decomposition of respective gel. During the synthesis, the mixing system of oxide 
materials and solid fuel with proper proportion leads to the combustion reactions. 
An exothermic reaction takes place here in which the microwaves render the igni-
tion to the system. The  enormous amount of the gas produced with the rapid 
process together generates the nano-sized particles and porous sponge-shaped 
materials [34]. 

7.2.5 miCrowave-assisted iNorgaNiC materials for superCapaCitors 

The  use of microwave radiation in the synthesis of inorganic materials leads to 
energy and time saving. The  involvement of microwave radiation in the synthesis 
process leads to produce the novel advanced materials such as thin f lms, porous 
ceramics, polymers and metal oxides. The rapid and volumetric heating of micro-
waves made the synthesis very quick and generated uniform materials. 
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7.2.5.1 3D Flower-Like NiMnO3 Nano-balls 
Hydro-thermal methods were used for preparing NiMnO3 electrode at different 
deposition temperature with the assistance of microwaves. When the temperature 
was increased, the morphology of the electrode material (NiMnO3) has transformed 
to nano-balls from nano-bulks. These NiMnO3 nano-balls resemble as 3D f owers. 
Due to this structure of f ower-like nano-balls, along with the increment in the sur-
face area, electrolyte ion transfer ports are also adding more, which ended in the 
enrichment of electro-chemical properties. This  experimental work also ensures 
that NiMnO3 will play an important role in the electrode material of the superca-
pacitor material owing to its greater specif c capacity and high-cycle stability [35] 
(Figure 7.6). 

7.2.5.2 3D Flower-On-Sheet Nanostructure of NiCo LDHs 
In  the preparation of the electrodes for supercapacitors, two-dimensional nano-
structures are suffered by the subsequent deterioration and aggregation of behavior 
in practical applications even though it has the superior energy storing capability. 
Therefore, it is advisable to have the assemblage of 2D materials into 3D nanostruc-
tures. In this relation, a proposal of using microwave-assisted synthesis of 2D struc-
tures with f ne-adaptable 3D architectures in a manageable atmosphere has been 
registered. It is easily achieved by f ne-tuned the proportion of water/ethylene glycol. 
Three dimensional hierarchical structures of nickel-cobalt double hydroxide with 
novel f ower-on-sheet are gained at 40% of ethylene glycol, whereas 2D nano-sheets 
are achieved at 75% of ethylene glycol content and microspheres are at 0%. It is sug-
gested that the nuclei are scattered and dispersed by the ethylene glycol molecules 

FIGURE 7.6 Experimental procedure for a typical microwave-assisted synthesis of N-doped 
Graphene-wrapped MnO2 nanof ower. (From Duraia, E.S.M. et al., The Min. Met. Mater. 
Soc., 47, 2, 2018.) 
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under the microwave irradiation which promote the initial development of 2D sheets, 
followed by nano-f owers on the sheets, which are produced due to the inf uence of 
the assemblage of hydro-phobicity. The f owers on the NiCo LDH sheet produce a 
superior stability and greater capacitance with the retention of 71% at 30 A/g. Due 
to this, the sheet has attributed the role of performing as buffer substrate, which leads 
to the more dynamic site of f ower. Eventually, the solution indicates the control-
lable establishment of 2D extracted 3D nano-materials, which can be exerted for the 
energy storing elements to the forthcoming generation [37]. 

7.2.5.3 Stannous Ferrite Micro-cubes 
It has been known well that the supercapacitors are the signif cant application of the 
electro-chemistry f eld. Bindu et al. [38] ensured the enrichment specif c capacitance 
property for the supercapacitor applications by synthesizing the nano-rods of Fe2O3 

and microtubes of SnFe2O4 through the simplif ed microwave-assisted technique. 
Microtubes of SnFe2O4 resulted in an improved specif c capacitance than the nano-
rods and ensured that SnFe2O4 was an eff cient and cost-effective supercapacitor 
material. 

7.2.5.4 Refux Rapid Synthesis of MnO2 Nanostructures 
With the support of microwave-assisted ref ux, α-MnO2 urchin-like nanomaterials 
and γ-MnO2 nanostructure have been synthesized, in which urchin-like nanomateri-
als were kept 5 min in acidic conditions, and γ-MnO2 nanoparticles were kept under 
neutral conditions for about 5 min. The investigation of material character reported 
that γ-MnO2 nanostructures exhibit small sized particles with the large pore vol-
umes when comparing with the α-MnO2 urchin-like nanomaterials. Galvanostatic 
charge-discharge techniques and cyclic voltammetry were used for the investigation 
of the electrochemical behavior of materials. Eventually, the γ-MnO2 nanoparticles 
registered as a promising electrode material at a higher capacitance of 311 Fg−1 (at a 
current density of 0.2 Ag−1) [39]. 

7.2.5.5 L-Arginine Capped α-Ni(OH)2 Microstructures 
In order to eliminate or reduce the troubles connected with the other synthetic 
methods, a new method known as green chemistry is recommended. The micro-
wave is a path with an easy, simplistic, famous and quick one. William et al. [40] 
registered that under the existence of l-arginine through microwave irradiation 
technique 3D-connected α-Ni(OH)2 sheets were fabricated, in which l-arginine 
acted as the surfactant. The fabricated structure keeps the retaining eff ciency of 
about 87.3%, even after 10,000 cycles. It registered a specif c capacity of about 
549 C/g at 2 A/g. Furthermore, at a power density of 601 W/kg, another design 
of the hybrid supercapacitor setup, has the ability to yield the energy density 
about 57 Wh/kg, in which the α-Ni(OH)2 is incorporated with the polyurethane 
foam  –6  M  KOH/activated carbon. Therefore, this hybrid material, arginine-
supported α-Ni (OH)2, would be aided as better energy storage for light electronic 
devices [40]. 
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7.2.5.6 Binder-Free Synthesis of 3D Ni-Co-Mn Oxide 
Nano-fakes at Ni Foam 

Good dimensional stability, lesser contact, greater dimensional stability, and highly 
stable structures are the best attributes of nickel foam. Moreover, while using this 
material as an electrode, which stops the structural collapse and enables for quick 
ion insertion. Lamiel et al. [41] have constructed a controlled pattern of Ni-Co-Mn 
oxide with NF through microwave irradiation in a productive and binder-free way. 
This procured structure contained hierarchical networked nano-f akes along with 
the voids, producing a f rm and interconnected nano-f akes on the NF. The high 
specif c capacitance of 2536  F/g at 6.49  A/g was the result of the consequences 
of synergistic integration of these three metal oxides.  This superior structure of 
Ni-Co-Mn oxide nano-f akes enhanced the pseudo-capacitive behavior remark-
ably and ensuring this electrode material as a binder-free supercapacitor with good 
performance [41]. 

7.2.5.7 Rapid Microwave-Assisted Synthesis of Graphene 
Nano-sheet/Co3O4 Composite 

Graphene nano-sheet (GNS)/Co3O4 composite electrode has been rapidly syn-
thesized by an employed microwave-assisted method. Electro-chemical proper-
ties are described by cyclic voltammetry, galvanostatic charge/discharge, and 
electro-chemical impedance spectroscopy. The maximum specif c capacitance of 
243.2 Fg−1 has been obtained at a scan rate of 10 mV s−1 in 6 M KOH aqueous solu-
tion for GNS/Co3O4 composite. In addition, the composite exhibits eminent long 
cycle life along with ∼95.6% specif c capacitance retained after 2000 cycles [42] 
(Figure 7.7). 

FIGURE 7.7 (a) Schematic diagram for synthesis of microwave-assisted typical ultrathin 
nickel hydroxide and oxide nanosheets, (b) Field emission SEM image of α-Ni(OH)2, and 
(c) and (d) f eld emission SEM image of NiO nanosheets. (From Zhu, Y. et al., Sci. Rep., 4, 
5, 2014.) 
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7.2.5.8 High-Rate FeS2 Nano-particles Anchored on Graphene 
The expeditious and ease of application of the microwave-assisted hydro-thermal 
method has been used to synthesize FeS2 deposited GNS. The attained FeS2/GNS 
anode unveil a high specifc capacity of 793 Cg−1 at 3 Ag−1 and an excellent rate 
capability of 82% at 30 Ag−1 in a greater potential range of −1.1 to 0V. The solid-
state hybrid supercapacitor assembled with FeS2/GNS as an anode and Ni(OH)2 

at Co9S8 core-shell as a cathode exhibits a high specifc energy of 95.8 Wh kg−1 

at an adequate power density of 949 W kg−1 and still retains 40 Wh kg−1 even at 
15.8 k W kg−1 coupled with long cycling stability (86% retention after 5000 cycles), 
which is highly comparable with those of the recently documented  iron oxide-
based asymmetric supercapacitors. These verdicts contribute a highly propitious 
alternative anode material for supercapacitors with excellent energy density [44]. 

7.2.5.9 Copper Tungstate Nano-powder 
Synthesis of copper tungstate nano-powder was developed through the microwave-
assisted process. The  XRD test resulted in the development of anorthic phase 
for calcined powders and orthorhombic phase for the as-prepared. Microwave-
irradiated powder samples and Scherrer equations  judged the average particle 
sizes. By using CuWO4 nano-powder, nano-composite f lms on glassy carbon were 
prepared. This fabricated electrode material resulted in the specif c capacitance of 
77 F/g [45]. 

7.2.5.10 3D Hierarchical MnO2 Microspheres 
Microwave heating method was used to synthesize the ultra-thin nano-sheets and 
three-dimensional hierarchical MnO2 microspheres, which had the specif c surface 
area of 184.32 m2/g. Active carbon and 3D hierarchical MnO2 microspheres were 
used as anode and cathode materials, respectively. The electrolyte materials pro-
vided the improvement in the potential windows of the asymmetric device and indi-
vidual electrode. It reported enhanced electrochemical behavior. At a power density 
of 1494 W/kg, the asymmetric device displayed an energy density of 105 Wh/kg with 
80% retention eff ciency after 6000 cycles. Hence, the prepared ionic electrolyte-
based asymmetric supercapacitor device ensured the next level of energy storage 
applications [46]. 

7.2.5.11 Hybrid Polymer Materials and Composites 
The synthesis of polymer-inorganic hybrid materials and composites under micro-
wave irradiation satisf es the characteristics such as a reduction in processing time, 
uniform heating of materials, rapid curing of resins and effective crosslinking of 
composite materials. Furthermore, the advantages of microwave-assisted synthesis 
comprise smaller particle size, greater particle density and higher exfoliation degree, 
which signif cantly enhance the performance of the materials. The diminished size 
of the materials enhanced the electronic and optical devices  [47]. Predominantly, 
these components are used as electrode materials for supercapacitor owing to display 
the superior specif c capacitance, improves cyclic performance and increases the 
energy density and power density of the materials. 
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7.3 CONCLUSIONS 

Changing the conventional techniques for the synthesis of inorganic materials 
toward an economic and eco-friendly environment would support the progress of 
sustainable chemistry. Also, the natural environment would be preserved. At pres-
ent, various complicated inorganic materials are developed through novel micro-
wave-assisted synthesis techniques, and they supports the solid-state chemistry f eld. 
Many inorganic materials are quickly synthesized due to the interaction between 
the microwave and materials such as oxide, hydroxide, ceramics and polymers. 
Microwave-assisted synthesis in a solid state is limited to only ternary components, 
especially perovskites whereas hydro-thermal synthesis, combustion/sol-gel meth-
ods lead to appreciable complex doped phases. Especially, the different morpholo-
gies and metastable phases are possible in the solvothermal synthesis technique. 

Single-mode polarized microwave synthesis allows separating the magnetic and 
electric components and provides accurate control of the temperature together with 
much shorter reaction and processing times. The synthesis of a wide range of perovskite 
oxide materials was shown to be feasible by microwave techniques, where such materi-
als include super-conducting, ferromagnetic, ferroelectric, dielectric and multiferroic 
perovskite systems. Chemical surface modif cations are done to enhance the capaci-
tive behavior and wettability of materials. For enhancing the specif c capacitance of 
electrode components, metal oxides, perovskites, hydroxide particles, ceramics, and 
mixed metal oxides are accumulated on carbon. Various carbon materials with the 
appropriate design of pores, high surface area, and adaptable surface chemistry are 
anticipated. Those properties would provide superior electrode materials to improve 
the electrochemical double-layer capacitors with greater performance. Moreover, the 
high specif c surface area can also be developed. Another signif cant role of these elec-
trode materials to be used in supercapacitors will enrich the capacitance through the 
faradaic pseudo-capacitance effects. Furthermore, the metal used is important as an 
electrode in order to advance the capacitive response of carbon capacitors. This study 
indicates that the microwave-assisted synthesis approach can have a huge emphasis on 
ref ning and tuning the surface properties of various nanomaterials for energy storage 
applications. 
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8.1 INTRODUCTION 

With the modern economic era and the industrial revolution, the non-renewable 
energy resources such as crude oil, coal, and diesel are leading the world towards 
an energy crisis and green-house effect. The total global energy demand for bio-
fuels was estimated at 13.731 billion tonnes of oil equivalent in 2012 and is likely 
to reach 18.30 billion tonnes in 2035 (Singh et al. 2015). The removal and unequal 
placement of natural resources have already caused economic problems resulting in 
several issues such as generation of energy, storage, and industry-related problems. 
Therefore, the development of robust and powerful renewable energy resources 
is benef cial for mankind. Thus, solar energy, wind energy, and hydropower are 
the major sources of renewable energy. But, still, these resources are not reliable. 
The sun does not shine at night, winds are not controlled by us, and also the water 
resources are connected to the climate conditions (Luo et al. 2018). So, there is an 
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extreme need to store energy for non-stop working of our electronic devices and 
electric vehicles. To date, an electrochemical method for energy storage is the 
most promising and extensively used technology among other energy storage 
devices. This is because of their exceptional benef ts such as versatility, high eff -
ciency, and f exibility. At the front of these energy storage systems, batteries and 
supercapacitors f rst come in mind. Both have a different storage mechanism, 
cycle life, and storage capability (Kim et al. 2015; Jiang and Kucernak 2002). 

Supercapacitors also called electrochemical capacitors are one of the most favor-
able electrochemical energy storage devices due to their fast charging/discharging, 
long life cycle, safety, and high power. Due to these advantages supercapacitors 
have attracted a lot of attention in the recent years (Yu et al. 2013). In this chapter 
tin-based materials will be discussed for supercapacitor applications. As we all 
know tin is a lightweight material that can be very benef cial for automobiles and 
transportation. As compared to this, the lead acid batteries are very heavy, and they 
are diff cult to move easily. Its use in energy storage material is due to its corrosion 
resistance and high conductivity, i.e., 8.7 × 106 S/m at 20°C. Another advantage of 
using tin is that it is an environmental friendly, nonpoisonous material. Composites 
of tin are widely used in supercapacitor electrodes and provide good energy density 
with high powers. Tin is a less expensive metal and therefore it also has wide appli-
cations other than supercapacitors. The main hindrance behind using tin is due to 
its low specif c capacitance. More research is required to f nd out better tin-based 
composite materials for energy storage devices. Besides this tin has no major dis-
advantages, although some of the tin-organic compounds are found to be harmful 
for the aquatic life. 

8.2 SUPERCAPACITOR 

Before going to the brief description of supercapacitors, take a look at the background 
of supercapacitors. Lithium-ion batteries were f rst introduced by Whittingham, 
Scrosati, and Armand in 1990 under Sony labs (Saleem et al. 2016). These batter-
ies were best in performance and have high energy density, but they lack in power 
density. Therefore, the world needed more suitable and eff cient batteries. 

In the 1960s, conventional capacitors were already in use, but supercapacitors 
were frst introduced by H.I Becker of General Electric. Since 1980 many big 
manufacturers came on the stage and developed different supercapacitors with 
many improvements. Nowadays supercapacitors are widely utilized in portable 
electronics, electric vehicles, and power sources or backups devices (Libich et al. 
2018). 

A supercapacitor is basically a device that can store a charge via electric double 
layer or Helmholtz layer at the electrode-electrolyte interface. The energy storage 
capacity of a supercapacitor can be easily illustrated with a Ragone plot, as shown 
in Figure 8.1. 

We can see clearly that supercapacitors provide high-power density more than bat-
teries and very high energy density as compared to traditional capacitors (Ali et al. 
2017). Thus, the supercapacitor is the only device that eliminates the gap between 
traditional capacitors and batteries. 
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FIGURE 8.1 Ragone plot for energy and power density. 

A supercapacitor basically consists of three parts: 

1. Anode 
2. Cathode 
3. Electrolyte 

8.3 TYPES OF SUPERCAPACITOR 

Supercapacitors are mostly divided into three types, but when considering its storage 
mechanism, there are two main types. The third type of supercapacitor is basically a 
combination of f rst two types. These types are: 

1. Electrochemical double-layer capacitors (EDLCs) 
2. Pseudocapacitors 
3. Hybrid supercapacitor 

Supercapacitor 

Electrochemical 
double-layer 

capacitors (EDLCs) 
Pseudocapacitors Hybrid 

supercapacitors 

SCHEMATIC REPRESENTATION OF TYPES OF SUPERCAPACITORS 
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8.3.1 edlCs 

EDLCs are the most common types of supercapacitors. They have a high surface area 
and electrical conductivity. The charge storage mechanism is by the electrostatic accu-
mulation of charges at the electrode and electrolyte interface. EDLCs store energy by 
the physical adsorption/desorption of charges from an electrolyte on the electrode. Thus 
the capacitance of EDLCs is barely based on the static accumulation of charges (Zhang 
and Zhao 2009). This is the same as Helmholtz described the double layer. The con-
cept of Helmholtz was further modifed by Gouy and Chapman. They described the 
double layer as a diffusive layer. Later on stern described this double layer effect and 
also named as stern layer. The stern layer was the combination of two layers as an inner 
layer and a diffusive layer and capacitance is due to the effect of both these layers. 
Specifc capacitance of electric double layer is calculated by the follo wing formula. 

C = ° °  r 0 A d/ 

where �� is the dielectric constant for the ectrolyte, ɛ0 is dielectric constant in vacuum 
A is the surface area for electrode and d is the thickness of double layer. 

The EDLCs are most commonly used in commercial markets. These supercapaci-
tors use an electrolyte sandwiched between the electrodes instead of dielectric in the 
commonly used capacitors (Abbas et al. 2018) (Figure 8.2). 

FIGURE 8.2 Storage mechanism of an electrochemical double-layer capacitor (EDLC). 
(From Abbas, Q. et al., Carbon/metal oxide composites as electrode materials for superca-
pacitors applications, 2018.) 
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8.3.2 pseudoCapaCitor 

The  second type of supercapacitor is pseudocapacitor. It  is based on reversible 
faradic reactions on the electrode materials to store energy. The redox reactions for 
charging/discharging takes place on the electrode electrolyte interface; therefore, the 
pseudocapacitors are somehow similar to batteries in storage mechanism, but they 
can be distinguished through the electroanalytical experiments. The most frequently 
used materials for pseudocapacitors are metal oxides, conducting polymers, and 
carbon-based materials. The pseudocapacitors show much larger capacitance values 
than double-layer capacitors. But they have low power density and cyclic stability 
due to the slow redox reactions occurring at the electrode. Remarkably, the response 
of pseudocapacitor is the same as EDLCs (Augustyn et al. 2014) (Figure 8.3). 

8.3.3 hybrid superCapaCitor 

Hybrid supercapacitors include both faradic and double-layer mechanism; therefore, 
they show more energy density than EDLCs and longer cyclic stability. Commonly 
one electrode of the supercapacitor is of battery type and other is of supercapacitor 
material. Another type of hybrid supercapacitors is like one electrode is of EDLC 
and other of pseudocapacitor. This  enhances the cell voltage, which is the most 
important parameter of supercapacitor. The most common setups of hybrid superca-
pacitors are AC//graphite, AC//LiMn2O4, and AC//Ni(OH)2 (Zhang and Zhao 2012). 
This type of supercapacitor is getting more attention, and researchers are looking for 
its commercial preparation. 

FIGURE 8.3 Storage mechanism of a pseudocapacitor. (From Abbas, Q. et  al., Carbon/ 
metal oxide composites as electrode materials for supercapacitors applications, 2018.) 
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8.4 ELECTRODE CONFIGURATION 

Based on the electrode conf guration, supercapacitors are divided into two categories: 

1. Symmetric 
2. Asymmetric 

Generally, symmetric supercapacitors are made of the same electrode material while 
asymmetric supercapacitors are made of different electrode materials. Commonly a 
carbon electrode is used in asymmetric supercapacitor to achieve high capacitance 
and energy density (Ganesh et al. 2006). Generally, it is noted that asymmetric con-
f guration provides high specif c capacitance. 

8.5 ELECTRODE MATERIALS FOR SUPERCAPACITOR 

8.5.1 CarboN-based eleCtrodes 

Carbon-based materials, which include activated carbon, porous carbons, carbon 
nanotubes, and graphene, are of common use. They can be used both as positive 
and negative electrodes. The main advantages of carbon-based electrodes are that 
they have low density, high surface area, low cost, and stability. Activated car-
bon is mostly used in EDLCs, but it is also used in pseudocapacitors and hybrid 
supercapacitors for high energy density (Wang et  al. 2013). Electrode materi-
als like activated carbon have a lot of porosity and high specif c surface area 
of more than 2000 m2 per gram. The specif c surface area of carbon materials 
increases with the capability of accumulation of charges, but only high surface 
area does not always increase the specif c capacitance. So, porosity is the second 
major factor for increasing the specif c capacitance. The pore size is importance 
and can be prepared in different sizes. For  this purpose zeolites, metal-organic 
frameworks, silica, and some oxides are used as templates (Wang et al. 2015). 
Carbon nanotubes (CNTs) are hollow structures and have a diameter of nanoscale 
range. Depending on the number of tubes it is further divided into two types, i.e., 
single wall CNTs and multiwall CNTs. The  specif c surface area increases to 
about 2630 m2 per gram. Capacitive behavior of carbon nanotubes CNTs is simi-
lar to activated carbon. The specif c capacitance can be increased by the amount 
of carbon aerogel. Also, the cyclic performance of CNTs is very good. The elec-
tronic properties of CNTs are also very appreciable with excellent electron or ion 
transportation (Liu et al. 2008). Recently, graphene has attracted a great attention 
in the f eld of material sciences. Graphene is a single layer one atom thick carbon-
based material. The unique properties of graphene include impressive electronic 
conductivity and high mechanical strength. Graphene can be prepared in many 
ways like CVD, PECVD, reduction of graphite oxides in solution and many more. 
Composites of graphene with other materials can also be obtained from active 
materials (Stankovich et al. 2006). 
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8.5.2 metal oxides 

Metal oxides have been extensively studied for the storage capacity in energy stor-
age devices like supercapacitors. The most commonly used metal oxide in a super-
capacitor is RuO that has a specif c capacitance of about 905  Fg−1 but due to its 
high cost, its commercial market is lowered and conf ned only to lab experiments. 
To overcome that problem noble metals were replaced by transition metal oxides 
such as iron oxide FeO, nickel oxide NiO, vanadium oxide V2O5, lead oxide PbO2, 
cobalt oxide Co3O4, tin oxide SnO, and many others. The basic advantage of transi-
tion metal oxides using as an electrode is that they have a mesoporous structure, 
which makes it a promising candidate for supercapacitor electrodes. Metal oxides 
have been studied as both positive and negative electrodes and have shown excellent 
results. Their interaction between electrodes and electrolytes is very eff cient. Metal 
oxides show fast ionic transportation at electrode-electrolyte interface (Raza et al. 
2018). The major drawback coming from transition metal oxides is that they provide 
low specif c capacitance when applied for practical applications. Therefore, more 
eff cient and high specif c transition metallic oxides need to be studied. 

In  recent years the mixed transition metallic oxides, another branch of metal 
oxide, came on the stage. They proved to be more cost eff cient and stand out as 
good candidates for supercapacitor applications. Due to the effect of two distinct 
metals, they provide a large potential window and also more electroactive sites for 
high specif c capacitance. Many mixed transition metallic oxides were reported, but 
the most fascinating among them is vanadium-based mixed metallic oxide. Others 
were also reported like metal cobaltites, metal molybdates; these have shown to 
have excellent specif c capacitance (Low et al. 2019). Many methods were utilized 
for the synthesis of metallic oxides, but the most studied and facile method is the 
hydrothermal route. The synthesis of metal oxides with the required structure and 
morphology is still a task for researchers. Thus, there is a signif cant demand for 
the economical and environmental friendly materials that are easily synthesized for 
energy storage devices. 

8.5.3 CoNduCtive polymers 

Conducting polymers are basically organic-based polymers. They have the ability to 
conduct electricity through a bonded medium. Over the last two decades conduct-
ing polymers have been widely studied for supercapacitor applications. They have 
a high energy density, low cost, and show reversible redox reactions. In conduct-
ing polymers materials like polypyrrole (PPy), and polyaniline (PANI) have been 
extensively studied as supercapacitor electrodes. Conducting polymers have been 
developed and utilized in different nanostructured forms like nanorods, nanosheets, 
etc. These nanostructured polymers show excellent performance high surface area, 
porosity, and conductivity (Ryu et al. 2002). 

Polyaniline PANI is found to be a good candidate for the supercapacitor elec-
trodes due to higher electrical conductivity, excellent stability, and low synthesis cost. 
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Many nanocomposites were also tried with PANI for the energy storage electrodes, 
but the main challenge behind its commercial productivity is its fabrication into a 
cell. For the fabrication of electrodes, binders are required which are inert and thus 
distort the PANI nanostructure. Also, the cost becomes higher for the fabrication of 
cells. Thus a facile and single straightforward method is needed to fabricate PANI 
polymer nanostructures (Meng et al. 2017). 

Polypyrrole (PPy) is another conducting polymer with unique features like fast 
charging-discharging, high thermal stability, high energy density, and conductiv-
ity. Polypyrrole is the most advancing conducting polymer and have received much 
interest among the researchers (Fan and Maier 2006). 

8.5.4 Composites materials 

Carbon materials have been widely used as energy storage electrodes despite the 
fact they provide low specif c capacitance. Metal oxides and conducting polymers 
have been broadly studied; they provide good specif c capacitance and storage 
capacity, but they lag in cyclic performance during the charging-discharging. To 
overcome this problem composite materials were studied with higher energy and 
power densities. On concentrating this challenge Au/Ni core/shell nanocrystals 
were prepared by utilizing bimetallic heterostructures. The  specif c capacitance 
was reported to be 806.1 Fg−1 (Duan and Wang 2014). 3D printing is also being 
utilized to facilitate the process for composite structures on supercapacitor elec-
trodes. Graphene composite materials were also reported in supercapacitor elec-
trodes (Bai et al. 2011). 

8.5.5 tiN-based materials 

Tin is a chemical element with symbol Sn and atomic number 50. It is mostly acquired 
from the ore of cassiterite, which consists of stannic oxide SnO2. It has two oxidation 
states—2+ and 4+. It  is also an abundant element on earth with largest number of 
stable isotopes. At room temperature it has mainly two types of allotropes. Melting 
point of tin is 231.9°C, and it has very low toxicity; therefore, it is used in many 
alloys and other applications. Here, we discuss only its storage application in super-
capacitors (Batzill and Diebold 2005). 

Metal oxides show a lot of potential in supercapacitive performance. The specif c 
capacitance shown by metal oxides is very high, but the challenge is to maintain 
long life cycle. Yang et al. prepared SnO on surface of reduced graphene oxide and 
its electrochemical behavior was tested. The SnO was used as anode while the cath-
ode used was MoO3 to make an asymmetric supercapacitor. The results showed the 
energy density of 33 Wh Kg−1 in aqueous electrolyte. It was due to high work function 
between the two electrodes. Moreover, the cyclic stability was reported to be 92.5% 
after 20,000 cycles (Yang et al. 2018). 

Doping of metals increases the conductivity and offers better behavior than 
metals solely. Sn doped manganese oxide were prepared by hydrothermal method. 
Octahedral molecular sieve was prepared and checked for the electrochemical perfor-
mance. Different concentrations of SnO2 were doped, and its behavior was reported. 
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SEM images shown that with the increase in concentration of SnO2  the length of 
nanorods increased. The supercapacitive performance was tested in 1 M Na2SO4 elec-
trolyte. This showed 187 Fg−1 specif c capacitance. It was also found that doping con-
centration greater than 10% showed the best performance (Sun et al. 2012). 

The same tin-doped manganese oxide was prepared by coprecipitation method 
for electrode material for supercapacitor. Some 200–500  nm spherical particles 
were prepared with 100 nm length nanorods. Specif c capacitance of 293 Fg−1 was 
reported by the authors. The increase in capacitance was due to increase in molar 
ratio of Mn to Sn which was taken 50:01. The cyclic performance f rst decreased but 
remained stable after 600 cycles (Pang et al. 2009). 

Graphene (Gr)-based tin nanoparticles were prepared by thermal reduction of 
graphite oxide by adding tin powder to it. The  tin nanoparticles were allocated 
on graphite sheet uniformly. Specif c capacitance of Gr-based tin electrodes was 
reported to be 320 Fg−1 in 2 M KNO3 aqueous electrolyte. The CV of the reported 
sample shows an electric double-layer behavior and fast charging in 25 s at 1 Ag−1 

(Qin et al. 2012). 
Mostly metal oxides show weak electrical conductivity behavior. To overcome 

that problem carbon-based nanostructured materials are hybridized to increase their 
conductivity. In the reported work CNT were used as template for the synthesis of 
SnO2−Cu2O nano composite. The specif c capacitance of the material was reported 
to be 662  Fg−1. To provide strong interaction, tin acted as an intermediate layer 
between carbon nanotubes and copper. The cyclic performance was also found to be 
excellent with 94% retention rate after 5000 cycles (Daneshvar et al. 2018). 

Other than oxides, sulf des show outstanding properties due to its high theoreti-
cal capacitance, good carrier mobility, and semiconducting nature. It also forms a 
layered structure that has unit cells of hexagonal shape. Tin sulf des were widely 
reported for supercapacitor application. SnS2 f ower like nanostructures were synthe-
sized by the solvothermal method. FE-SEM shows f ower-like nanostructures with 
different sizes. The CV plots describe the pseudocapacitive behavior of the material, 
which explains that it has very high specif c capacitance. The specif c capacitance 
and power density were reported to be 524.5 Fg−1 and 12.3 W kg−1 respectively at the 
current density of 0.08 Ag−1 (Mishra et al. 2017). 

Ni Co Mn doped SnS2 graphene-based aerogel was prepared by solvothermal 
method. It was reported that 2D and 3D nanosheets structures were developed by 
this method. The electrochemical tests were conducted to study and calculate the 
specif c capacitance of the composites. The  specif c capacitance was reported to 
be 523.51 Fg−1 at scan rate of 5 mV s−1. The reported material also shows very good 
cyclic stability. The retention was 98.57% after 2000 cycles (Chu et al. 2018). 

Changing the morphology of nanoparticles creates a big effect on the characteris-
tics of a material. In this regard tin sulfdes nanostructures with different morpholo-
gies were prepared and their electrochemical behavior was studied. For this sheet-like 
tin sulfde, fo wer-like tin sulfde, and ellipsoid-like tin sulfdes were synthesized by 
hydrothermal and solvothermal method. All of them were studied at different scan 
rates and their behaviors were analyzed. The  specifc capacitances of sheet-like, 
ellipsoid-like, and fo wer-like nanostructures were 117.72, 390.38 and 431.82 Fg−1 

respectively. Flower-like SnS2 showed the best performance (Parveen et al. 2018). 
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Reduced graphene oxides rGO plays a very vital role in energy storage devices. 
It is very stable in organic solvents that makes it a strong candidates for electrodes 
in energy storage devices. Moreover it also provides a large surface area and is more 
conductive than graphene only. In this regard H Chauhan et al. synthesized tin sul-
f de with rGO a composite for supercapacitor electrode. The layered nanocompos-
ite acts as a superior electrode. The SnS2/rGO nanocomposite was synthesized by 
hydrothermal approach. The SEM showed the hexagonal tin sulf de nanoparticles 
with rGO sheets embedded on it. For electrochemical analysis symmetric conf gured 
cell was prepared with aqueous electrolyte. The specif c capacitance reported was 
488 F/g. The cyclic stability was found to be 95% after 1000 cycles (Chauhan et al. 
2017). 

A net-like structure was prepared of tin sulf de carbon composite. The tin sulf de 
nanoparticles were prepared by chemical precipitation. Then the composite was pre-
pared at 650oC by carbonization method. The CV of the composite shows the pure 
electric double-layer effect. The net-like nanostructure shows the specif c capaci-
tance of 36.16 Fg−1. It was reported that the carbon composite had shown excellent 
conductivity (Li et al. 2009). 

Nanowires of tin oxide coated on MoO3  were synthesized by hydrothermal 
method. The  electrochemical properties were studied in 1  M Na2SO4  electrolyte 
solution. The  specif c capacitance of tin oxide/molybdenum oxide nanowires was 
reported to be 295 Fg−1. The cyclic stability of the reported material was also very 
good with 97% retention after 1000 cycles (Shakir et al. 2012). 

SnO2  graphene nanocomposite were prepared through wet chemical method. 
Tetragonal structure of tin oxide nanostructures was formed on graphene with 50 nm 
size. The electrochemical performance was studied in 6 M KOH electrolyte solution. 
The reported specif c capacitance was 818.6 Fg−1 (Velmurugan et al. 2016). 

Two-dimensional tin oxide on graphene was synthesized by hydrothermal 
method. The tin oxide graphene composite provides more area than graphene solely. 
The more area means more porosity and specif c area. Electrochemical measure-
ments were reported to be 294 Fg−1 specif c capacitance (Li et al. 2014). 

SnO nanoporous f lms were fabricated anodically. The tin substrate was anodized 
in an aqueous electrolyte. Due to nanoporous structure the reported material pro-
vides high electrochemical properties. The specif c capacitance of the reported f lm 
was 274 Fg−1. The CV of the reported material shown more like a pseudocapacitive 
behavior (Shinde et al. 2013). 

A ternary oxide of mixed metals was also studied. Ni Co Sn oxides thin f lm were 
prepared by Pechini technique. Xrd pattern shown in the literature was of thin metal 
sheets on titanium. SEM showed the cracks on the surface of the material, which 
increased the porosity. The electrochemical properties were analyzed in KOH solu-
tion as electrolyte. The typical redox behavior was noted in the CV diagrams, which 
shows the pseudocapacitive behavior of the thin f lm. The  CV graph showed the 
same characteristic as of nickel oxide curves. The CV showed the specif c capaci-
tance of 328 Fg−1 and retention ratio of 86% after 600 cycles. The power density was 
calculated to be 345.7 W kg−1 (Ferreira et al. 2014). 

Tin oxide thin f lms were studied by spraying different molarity of SnCl4. These 
f lms were focused on only 200  planes. The  CV of the prepared material was 
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showing pseudocapacitive behavior. The specif c capacitance was found out to be 
150 Fg−1. The authors claimed that change in molarity of solution produces more 
porous SnO2 thin f lms (Yadav 2016). 

SnO2 graphene composite was prepared by solvothermal method. The prepared 
nanoparticle was measured by FESEM and its size was claimed to be only 10 nm. 
The specif c capacitance of 363.5 Fg−1 was reported which was much higher than its 
rivalries (Lim et al. 2013). 

Conducting polymers are of great interest in the storage devices. One of them 
PANI is the most promising material. It provides fast charging discharging and very 
high-power density, but it suffers from low cyclic stability. To address the problem a 
SnO2 nanorods were prepared by seed aided hydrothermal method. These nanorods 
were synthesized on carbon f bers after that PANI layer was deposited on it through 
the electrode chemical deposition technique. These PANI/SnO2 nanowires acted as 
directional nanorods during electrochemical reaction. A symmetric electrode cell 
was prepared to study the electrochemical behavior of the samples. The sulfuric acid 
PVA gel was used as an electrolyte. The specif c capacitance of the reported compos-
ite was claimed to be 367.5 Fg−1 at current density of 0.5 Ag−1. The retention ratio was 
88.3% even after 2000 cycles which was a great achievement. The CV shows a rect-
angular shape, which is an obvious form of double layer effect (Xie and Zhu 2017). 

8.6 CONCLUSION 

In  conclusion, various supercapacitors (EDLCs, pseudocapacitor, hybrid superca-
pacitor) have been used as energy storage devices, and there is a dire need for non-
stop working of our electronic devices and electric vehicles. The different materials, 
like metal oxides, conductive polymers, composites, carbon-based materials, and 
tin-based materials are used in the fabrication of supercapacitors. Among these 
materials, tin-based composite materials and tin sulf des are promising materials 
for supercapacitor applications owing to its unique supercapacitive properties of tin. 
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9.1 INTRODUCTION 

In the current situation, the upsurge in global warming, depletion in fossil fuels and 
mankind reliance on energy-based appliances have driven the scientists and engi-
neers to look for renewable energy alternatives. In this contest, the solar energy con-
version to electrical energy has gained enormous attention for energy production. 
Concurrently, storage of electrical energy is highly in demand to overcome growing 
energy consumption. Thus, batteries, fuel cells and capacitors are gaining substantial 
consideration from researchers. Ever since discovery of “quantum size effect” in 
nanostructured materials, numerous efforts were made to fabricate energy storage 
devices using them. This has resulted not only miniaturization of such devices but also 
many folds enhancement in overall effcienc y of these devices. In actual, batteries are 
postdated invention compared to the use of capacitors, which are simple devices con-
sists of a glass jar coated with silver foil (Conway 2013). In this chapter, we describe 
some new exciting inorganic materials that have potential to build next-generation 
energy storage devices. We have highlighted frst metal oxide/hydroxide materials 
used as electrode materials followed by emerging materials including, MOF, Mxene, 
metal nitride, black phosphorus and oxide/metal halide hybrid perovskites. 

9.2 CAPACITOR 

Generally speaking, a capacitor is a device that is capable of storing electrical energy. 
These are also called electrochemical capacitors, supercapacitors, ultracapacitors, or 
hybrid capacitors. Among all these terms, ultra-capacitor and supercapacitor refer to 
the devices in which charge storage takes place in the parallel placed electrical dou-
ble layer (EDL). Moreover, the ultra-capacitors have high surface area of anode and 
cathode. In simplest form, it consists of two parallel plates of some conducting mate-
rials like metal, separated by an insulating layer named as dielectric. The separators 
are present between anode and cathode and act as physical barriers to avoid electrical 
shortage. The  separators can be gelled electrolytes or porous materials including 
ceramic, mica, or waxed paper. These separators should be permeable to ions, but 
should remain inert during the electrochemical process. There is a large variety of 
metal plates in shape or sizes that are used to construct a capacitor, and it depends on 
capacitor ultimate use as well. In the case, when direct current (DC) is applied, the 
respective plates store charge in the form of voltage. After full charging, the current 
stops to fo w through the circuit. However, when current is applied through alternate 
current (AC) circuit, after full charging, the current continues to fo w in the circuit in 
either direction. In this case, actually there is no net current fo w through the capaci-
tor. The quantity of charge that a capacitor stores is known as capacitance, and it 
depends on following factors (Winter and Brodd 2004): 

• Surface area of two plates; larger the surface area, the higher will be 
capacitance 

• Separating distance between two plates. The lesser this distance, the higher 
will be capacitance and vice versa 

• Permittivity of dielectric materials; the higher it has value, the greater will 
be capacitance. 
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9.3 CLASSIFICATION OF SUPERCAPACITORS 

There  are three broader classes of supercapacitors (Figure  9.1), including the 
following. 

9.3.1 eleCtroChemiCal double-layer superCapaCitors 

The immersion of electronically conducting electrodes into an ion conducting elec-
trolyte solution results in the spontaneous charges assembling along the electrode 
surface and into the solution near the electrode surface, which is one of the common 
type, wherein charge is stored on respective plates using non-faradic method. Upon 
applying voltage, charge starts to accumulate at the surface of plates. Simultaneously 
ions in electrolytes also begins to move, thus establishing a double layer, sandwiched 
the charge on the electrode surface and the charges on the electrolyte. In this type 
of electrode, plates are made of activated carbon. The double layer forms and relax 
directly at the electrode surface and formations at constant time that is approxi-
mately 10−8 s. Therefore, EDL response is rapid with respect to the potential changes 
(Raza et al. 2018, Winter and Brodd 2004). 

Capacitor 

Electrochemical Electrolytic Non-electrolytic 
Capacitor 

HybridPseudocapacitor EDLC 

• Activated Carbon 
• Aerogel 
• Graphene 

Batteries / 
Capacitors 

Redox-Asymmetric 

• Pb/PbO2-AC 
• Ni(OH)2-AC 
• MnO2-AC 

Carbon/metal 
oxide/ECP 

Redox Polymer Redox Metal Oxide Soluble Redox 
• Polyaniline • RuO2, IrO2 V2+/V3+/VO2+ 

• Polythiophene • Co3O4 

• MnO2 

FIGURE 9.1 Schematic showing the classif cation of capacitor. 
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9.3.2 pseudo superCapaCitors 

In  this type of supercapacitor, the charge accumulation mechanism is redox type 
(faradaic charge). A set of redox reactions, namely oxidation, causes reduction to 
take place on or near the surface of electrodes when ions move in electrolytes towards 
opposite direction. For example, T-Nb2O5, MoS2 and MoSe2 based supercapacitors 
fall in this case (Yan et al. 2017). 

9.3.3 hybrid superCapaCitors 

The hybrid supercapacitor is a combination of both EDLC and pseudocapacitor, thus 
delivering more power and energy. In  this case, one part of hybrid supercapacitor 
operates like EDLC while other follow pseudo-supercapacitors, thus making it more 
eff cient (Winter and Brodd 2004). 

9.4 MECHANISM OF CAPACITOR CHARGING 

Two parallel electrodes sandwiched the dielectric materials are the constituents of 
the capacitor (Figure 9.2). The energy stored in these devices is in the form of elec-
trostatic f eld. The potential difference found between two electrodes is responsible 
for charging of the device. The applied potential derive the charges (positive and 
negative) to travel towards the surface of corresponding oppositely charged elec-
trodes. Capacitance is the measure of ratio of electric charge to the potential differ-
ence between two electrodes and is represented as: 

Q
C = (9.1) 

V 

FIGURE 9.2 Schematic of supercapacitance device. 
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9.5 SUPERCAPACITORS 

These are also renowned as electrochemical capacitors and or ultra-capacitors and 
are capable to store more charge (100  times more) than conventional capacitor. 
The demand of electricity storage for transport vehicles, portable electronic devices, 
industrial equipment and drones and for military applications etc has urged the 
scientists to search for next-generation supercapacitors. Capacitors have improved 
charge stability and superior cycle stabilities (Winter and Brodd 2004, Zhang and 
Zhao 2009). 

Generally, capacitors take only few seconds for charging and discharging. 
At present, on the basis of specifc dielectric use and physical state, various type 
of capacitors are available. Each class has specifc characteristic and application, 
including small capacitors for electronics to large power capacitors that have high 
energy storage. The supercapacitor has a higher energy density compared to fuel 
cells and batteries. Currently, the specifc energy density of commercially avail-
able supercapacitors is (<10 Wh Kg−1) around 3–15 times less than Li-ion batter-
ies (150 Wh Kg−1). Therefore, increasing interest has been observed by scientist 
for research in supercapacitors to achieve the specifc energy densities equal or 
larger than batteries. 

9.6 DIFFERENCES BETWEEN BATTERIES AND SUPERCAPACITORS 

Supercapacitors, batteries and fuel cells together make the energy conver-
sion and storage system. However, technically, energy storage and conversion 
mechanisms are different, but they have some electrochemical similarities as 
well. The  key features for the above-mentioned three electrochemical devices 
includes: 

• The electrical energy is produced by redox reaction taking place at anode 
and cathode in fuel cell and battery. Furthermore, battery is a closed system 
and anode-cathodes act as active mass. On the contrary, a fuel cell is an 
open system that transfers charge through electrodes and required active 
masses fed from outside. In  the capacitors (supercapacitors), redox reac-
tion may not be involved in energy storage process, therefore, cathode and 
anode terms are not appropriate for these systems. 

• In  batteries, the charge rate is a kinetically controlled phenomena and 
reversible process. 

• Typical cycle life of supercapacitors is about 30,000 h to 1 million h unlike 
batteries where ~500 h is maximum (Qu et al. 2016). 

• The  discharge times for supercapacitors is very low 1–10  s a/in 
10–60 mins. 

• Supercapacitors can eff ciently work in a temperature range of −40°C to 
100°C, while batteries −20°C to 60°C (Kirk and Graydon 2013). 
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9.7 ELECTRODE MATERIALS 

Wide range of materials from pure metals to metal oxides, carbon nanotube to gra-
phene and composites with amalgamation of polymers or additives have been used to 
construct supercapacitors. Following are key features for materials used as potential 
electrodes for supercapacitors. 

• Low toxicity and environmentally friendly 
• Cost-effective and should be based on earth’s abundant materials 
• Should have very low resistivity and light weight 

9.8 METAL OXIDES/HYDROXIDE 

Different materials can be used for the fabrication of supercapacitors, depending on 
the type applications and capacitance range required. There are three types of elec-
trode materials based on their use for EDCL, pseudocapacitors and hybrid capacitor. 
At  present, numerous electrode material have been available for supercapacitors. 
Among these materials, carbon is most widely used in various forms (Obreja 2008). 

Apart from carbon-based materials, inorganic materials have gained enormous 
attention for supercapacitance applications. Among inorganic materials, metal oxide 
has shown high conductivity, therefore, can be used as electrode materials in super-
capacitance application (Wang et al. 2018b). Due to this, these metal oxides-based 
supercapacitors have shown large specif c capacitance and durability. Ruthenium 
oxide was the f rst generation electrode material for supercapacitors and it follows 
faradic charge transport reaction (Augustyn, Simon, and Dunn 2014). The maximum 
theoretical capacitance that can be estimated for RuO2 and RuO2⋅0.5 H2O was 1450 
and 1360 Fg−1, respectively (Dmowski et al. 2002). The charge storage performance of 
the ruthenium oxide electrodes was based on the proton insertion and extraction in the 
RuO2 structure. As expected, the RuO2⋅0.5 H2O material has shown enhanced proton 
conductivity that results in higher supercapacitance performance (850 Fg−1) compared 
to anhydrous RuO2 (125 Fg−1). The surface area of the material plays an important 
role to determine the eff ciency of material. The  increased charge storage of such 
materials is due to more active sites available for redox reaction. The RuO2 with meso-
porous structure have shown enhanced capacitance value of 202 Fg−1 compared to 
RuO2 with low surface area (146 Fg−1) (Kuratani, Kiyobayashi, and Kuriyama 2009). 
Likewise, hierarchical porous RuO2 materials allow more electrolyte to the active 
area of electrode, thus, rate capability of only 8.6% decrease was observed with an 
increase in current density ranging from 0.5 to 50 Ag−1 (Kuratani, Kiyobayashi, and 
Kuriyama 2009, Hu et al. 2006). The porosity of materials allow more penetration to 
the electrolyte and thus reduces proton diffusion length that enhanced the material’s 
power density. Although, ruthenium oxides have provided a promising supercapaci-
tance, cost and low abundance impede its commercial application. 

In  comparison to RuO2 transition metal oxides are earth abundant, cheap and 
less toxic materials. Among transition metal oxides, manganese oxide (MnO2) based 
electrodes are inexpensive and environmentally safe. MnO2 also exhibit high theo-
retical capacitance of 1370 Fg−1 (Shi et al. 2014). MnO2 have tunnel structured crystal 
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lattice, thus provided a better cation intercalation, that ultimately could help to pro-
duces high capacitance (Brousse et al. 2006, Xia et al. 2014). MnO2 nanotubes have 
shown highest specif c capacitance around 461 Fg−1 at 5 mV s−1 (Zhu et al. 2012). 
Even after wide exploration, MnO2 materials have shown low capacitance perfor-
mance compared to RuO2 material due to poor conductivity (Yan et al. 2014). 

NiO and Ni(OH)2 are another type of cheap and thermo-chemically stable elec-
trode materials that have shown high theoretical capacitance of 2082–2584  Fg−1 

(Kim, Thiyagarajan, and Jang 2014, Wang et al. 2014, Kate, Khalate, and Deokate 
2018). NiO nanosheets have shown specif c capacitance around 585 Fg−1 at 5 Ag−1 

due to high surface area (Cao et  al. 2011). However, NiO nanobelts synthesized 
by hydrothermal method have shown specif c capacitance around 1126  Fg−1 at 
2 Ag−1 and also show capacitance retention (95%) up to 2000 cycles (Wang et al. 
2012). Additionally, micro-sphered α-Ni(OH)2 have shown specif c capacitance 
around 1789 Fg−1 at the 0.5 Ag−1 (Du et al. 2013). Cobalt oxide/hydroxide were also 
been tested for capacitance applications due to their high theoretical capacitance 
(3560–3700 Fg−1), cyclic stability and corrosion resistance (Shi et  al. 2014, Xia 
et al. 2014). The cobalt oxide-based hierarchical porous channels have large surface 
area, therefore, exhibit higher charge storage performance with high cyclic stability. 
Moreover, the nanoparticles of cobalt oxide have shown higher specif c capacitance 
of around 2735 Fg−1 at 2 Ag−1, highest capacitance performance reported for Co3O4 

materials (Jagadale et al. 2012, Jiang et al. 2010), whereas, the Co(OH)2 electro-
deposited on Ni form has shown specif c capacitance of 2018 Fg−1 at 2 Ag−1 (Xia 
et al. 2011). The specif c capacitance was further enhanced to 2646 Fg−1 at 8 Ag−1 

for the electrodeposition of Co(OH)2 on the mesoporous substrates. At current den-
sity of 48 Ag−1, this materials showed the specif c capacitance of 2274 Fg−1 (Zhou 
et al. 2009). Despite high supercapacitance performance, the working potential for 
Co(OH)2 was 0.5–0.6 V. The high working potential limits the practical application 
of cobalt oxide/hydroxide materials. 

In addition to aforementioned inorganic materials for supercapacitance, Fe2O3, 
F3O4, V2O5, Bi2O3, SnO2, and TiO2 based electrode materials has also been stud-
ied for capacitance applications. However, metal oxide exhibits various individual 
limitations and lower capacitance performance (Ciszewski et al. 2015, Lim, Huang, 
and Lim 2013, Mitchell et al. 2017, Wang et al. 2006, Xie et al. 2011, Xiong et al. 
2012). To overcome these issues, spinel metal oxides were explored for capacitance 
applications. These spinel-based metal oxides have two or more metal ions that can 
participate in redox reactions involved in capacitance mechanism. In  this contest, 
various spinel metal oxides including MnCo2O4, CoMn2O4, MnNi2O4, ZnCo2O4, 
NiCo2O4, and NiMn2O4 have been explored for supercapacitance applications (An 
et al. 2014, Bhoyate Kahol, and Gupta 2019, Chen et al. 2014, Huang et al. 2013, Hui 
et al. 2016, Kuang et al. 2017, Liu et al. 2013, Mitchell et al. 2015, Wang et al. 2018a). 

The Ni or Co-based spinel composites of manganese oxide have shown improved 
performance compared to individual manganese oxide. For  example, MnCo2O4 

nanowires have shown specif c capacitance of around 2108  Fg−1, whereas for 
CoMn2O4 nanowires, the capacitance of 1342 Fg−1 at 1Ag−1 (An et al. 2014, Mitchell 
et  al. 2015). On the other hand, NiCo2O4 based f ower-like nanostructures have 
shown specif c capacitance of 1191 Fg−1 at 1 Ag−1 (Mitchell et al. 2015). 
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9.9 EMERGING NEXT-GENERATION INORGANIC 
MATERIALS FOR SUPERCAPACITANCE 

9.9.1 metal-orgaNiC frameworks (mofs) 

Apart from the material intrinsic properties, the supercapacitance depends upon the 
porosity and surface area of the material. Among new inorganic materials for super-
capacitance applications, MOFs have gained considerable interest due to structural 
diversity, large specif c surface area, tunable porosity and wide range of active sites. 
MOFs consists of polyvalent organic carboxylates and metal units, which combined 
to form 3D structures having well-def ned pore size distributions (Salunkhe, Kaneti, 
and Yamauchi 2017, Zhao, Li et al. 2015b, 2016). MOFs have a large surface area 
and high porosity that increases the contact area between electrode and electrolyte 
and fast transportation of electrons and electrolyte ions. These properties ultimately 
enhances the specif c capacitance of the MOFs, however, various problems are asso-
ciated with this materials; for example, at high charge-discharge rates, low electrical 
conductivity was observed, low cyclic stability, and diffusion distance for electro-
lytes in the materials (Salunkhe, Kaneti, and Yamauchi 2017). 

The Co-based MOF f lms of thickness of around 5 μm have shown pseudocapaci-
tance of around 206.76 Fg−1 at 0.6 Ag−1 in LiOH electrolytes. These Co-MOF exhib-
ited an excellent cyclic stability by retaining 98.5% even after 1000 cycles. This high 
cyclic stability was due to good crystalline properties and their stability in electro-
lytes (Lee et al. 2012). The length of linker in MOF plays an important role to tune the 
specif c surface area and pore size. The Co-MOF with linkers of variable length have 
been synthesized and explored for capacitance applications. The Co-MOF with lon-
gest linker showed an improvement in the specif c surface area and enhancement in 
pore size and maximum capacitance of 179.2 Fg−1 at 10 mV s−1 scan rate. The retained 
its capacitance performance around 94% after 1000 cycle (Lee et al. 2013). 

The Ni-based MOFs have also gained an interest due to their layered structure 
results in the excellent capacitance performance of these materials. Ni-MOF-24 
has shown capacitance 1127 Fg−1 in KOH electrolyte at 0.5 Ag−1 current density. 
The cyclic stability shown by this material was found to be 90% after 3000 cycles. 

In addition, the solid state asymmetric supercapacitor was also fabricate by using 
Ni-MOF as a positive electrode, which has shown capacitance of 230 mF cm−2 at 
1 mA cm−2 current density and the 92.8% capacitance retention after 5000 cycles 
(Yan et al. 2016). The morphology of the MOF has also played an important role to 
improve the capacitance performance of these materials by enhancing their specif c 
surface area (Zhao et  al. 2018). The  rod-like Ni-MOF has shown capacitance of 
about 1698 Fg−1 at 1.0 A−1 due to high surface area, good pore size distribution and 
eff cient rapid charge transportation (Xu et al. 2016). 

9.10 MXenes 

MXenes are the layered transition metal nitrides, carbides or carbonitride, which 
provide conductivity and hydrophilicity with excellent mechanical properties 
(Chaudhari et al. 2017, Naguib et al. 2011). Various polar organic and metal ions 
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can be easily intercalated the MXenes and play an important role in the energy stor-
age of material. Among various MXenes, the 2D layered Ti3C2Tx was extensively 
explored for supercapacitance application. The Ti3C2Tx based f exible paper elec-
trodes in acidic electrolytes have shown capacitance of 892 F cm−3 with enhanced 
cyclic stability (Fu et al. 2017). The capacitance results of Ti3C2Tx was found supe-
rior than carbon-based double-layer capacitors and also found better than recently 
reported activated graphene-based electrodes (350  F  cm−3) (Ghidiu et  al. 2014, 
Lukatskaya et al. 2013, Tao et al. 2013). Ti3C2Tx has shown high charge and dis-
charge rate. These MXenes have shown remarkable cyclability for 10,000 cycles 
(Ghidiu et al. 2014). 

The cyclic voltammetry of MXenes does not produce redox peaks, and it looks 
like carbon-based double-layer capacitors. The  surface area is not  suff cient to 
explain the performance of the capacitor. There are various factors that control the 
volumetric capacitance of MXenes. 

One factor is the density of the electrode, which is the conversion factor for 
gravimetric to volumetric performance. The MXene electrode densities is in the 
range of 3–4 g cm−3, however, the MXene composites with polymer binders have 
lower densities (1–2.5 g cm−1). Second factor is the surface chemistry of MXene 
that can affect the volumetric capacitance of this material (Anasori, Lukatskaya, 
and Gogotsi 2017). The  f uorine and oxygen containing functional groups can 
increase the capacitance performance of the MXenes. The  HF treated Ti3C2Tx 

modif ed with N2H4, (Mashtalir et al. 2016) KOH, (Dall’Agnese et al. 2014) and 
DMSO (Lukatskaya et al. 2013, Xie et al. 2014) solutions have shown improved 
capacitance depending on the electrolytes. The Ti3C2Tx synthesized by using HCl-
LiF mixture have more oxygen functional groups, which results in 900  F  cm−3 

capacitance (Hope et  al. 2016). Later, Ti3C2Tx @ MnO2 nanocomposites have 
posed a good supercapacitance were also fabricated to possess good cyclic stabil-
ity (Rakhi et al. 2016). 

On the other hand, the carbon nanotubes, or graphene, were integrated into the 
MXenes to synthesize the MXene-hybrid materials. These materials have shown 
improved performance due to the better ion movement in aqueous and organic elec-
trolytes (Mashtalir et  al. 2015, Zhao et  al. 2015a). Likewise, the intercalation of 
MXene with polymers having polar functional groups has an advantage that such 
polymer prevent MXene from restacking and thus improve their mechanical proper-
ties without effecting the electrochemical performance of the material. 

9.11 METAL NITRIDE (MNs) 

Metal nitrides have shown good electrochemical properties, and high ther-
mal stability. In  this context, vanadium nitride has been the most extensively 
explored material for supercapacitance application. The high specif c superca-
pacitance of about 1340  Fg−1 with 1.6  × 106 Sm−1 electrical conductance was 
reported for this material (Choi, Blomgren, and Kumta 2006). Electrochemical 
performance of the vanadium nitride depends upon the heat treatment of mate-
rial during synthesis. For  example, at elevated temperature of about 1000°C, 
the crystallite size of the material was increased, which results in decease of 
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specif c supercapacitance. The  origin of supercapacitance performance of the 
metal nitride materials is based on the surface oxide or oxynitride groups and 
double-layer charging. VN nanoparticles undergo aggregation that results in 
poor electrochemical performance and ineffective contact; to overcome this 
issue, the 1D VN nanofibers were fabricated by an electrospinning method (Xu, 
Wang et al. 2015b). These nanofibers have shown high specific capacitance of 
about 291.5  Fg−1 at 0.5  Ag−1. Thermally stable layered vanadium bronze was 
synthesized and has shown specific capacitance of about 1937  mF cm−3 (Bi 
et  al. 2015). However, limited rate capability is associated with these metal 
nitrides. The rate capability can be increased by fabricating the VN/CNT com-
posite, which has more ability to retain the specific capacitance compared to 
pure VN materials (Ghimbeu et al. 2011). 

Although TiN are the porous layered materials and has high electrical conduc-
tance compared to VN, they show relatively low capacity. The TiN has pore sized 
varied in the range of 3–10  nm. Likewise, Fe2N nanoparticles were also depos-
ited on the graphene sheets and used for supercapacitance application. The Fe2N/ 
graphene composite has shown good fe xibility, high rate capability and high 
capacitance retention over a 20,000 cycles (Zhou et al. 2011). On the other hand, 
TiN and VN composite fbers have been synthesized and have shown high specifc 
capacitance of around 247.5 Fg−1 at 2 m Vs−1 and improved cyclic stability (Zhou 
et al. 2011). The key challenge associated with the metal nitride supercapacitors is 
their cyclic life. In this context, carbon coating is helpful o prolog their cyclic stabil-
ity. For example, TiN@C have exhibited the supercapacitance of around 124.5 Fg−1 

at 5 Ag−1 compared to pure TiN. The carbon coating has made this material retain 
its capacitance for about 15 000 cycles (Lu et al. 2012). The MNs materials have 
shown supercapacitance of 37 and 75 Fg−1 at 30 mAg−1 (Balogun et al. 2015, Das 
et al. 2015, Zhu et al. 2015). 

9.12 BLACK PHOSPHOROUS (BP) 

Recently, black phosphorous emerged as the potential material for energy storage 
applications. The black phosphorous in bulk state has week van der Waals interac-
tions and is converted into thin sheets quite easily (Lin et al. 2017). The phosphorene 
has shown direct band gap of around 0.3–2.2 eV on the basis of number of layers. 
Furthermore, interlayer spacing in black phosphorous is found to be 5.3°A, which 
is more than graphite and comparable with MoS2 phase (Ren et al. 2017). Owing of 
these properties, the phosphorene obtained by liquid exfoliation were tested a capaci-
tor electrode materials, which have shown capacitance value of 13.75 F cm−3 with 
excellent cyclic stability of 30,000 cycles (Hao et al. 2016). Later, the black phospho-
rous/carbon nanotube composite electrodes were also fabricated. The carbon nano-
tubes have increased the electrolytic shuttling and limit the possibility of restacking 
of phosphorene sheets. These electrodes have shown enhanced capacitance value 
of 41.1 F cm−3 at 0.005 Vs−1 and remarkable cyclic stability of 91.5% (Yang et al. 
2017). Likewise, BP@red phosphorous were also used for capacitance values and 
have shown supercapacitance of about 60.1 Fg−1 and retained high cyclic stability 
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even after 2000 cycles (Chen et al. 2017). The improvement in the fabrication proto-
cols for the black phosphorous/phosphorene electrode could make this material a hot 
choice for the wearable devices. 

9.13 PEROVSKITES 

Perovskite term is used for those materials, which represents the structure of proto-
type CaTiO3 mineral and a general formula of ABX3, where A is monovalent cation, 
B is divalent cation, and X is anion. In perovskite structures, the BX3 

− units form 
the 3D framework, and A cation occupies the interstices present in the octahedron 
(Akhtar, Aamir, and Sher 2018). Perovskite materials are classif ed into two major 
classes—one is oxides and the other is halides perovskites. Metal oxide perovskite 
have been used as ferroelectric, dielectric, piezoelectric, electrostrictive, magnetore-
sistant and multiferroic materials. 

In metal halide perovskite, the B sites are divalent metal cations, A are mon-
ovalent metal/organic cations and X are halide ions. Metal halide perovskites are 
further divided into all inorganic metal halide perovskites, where A  is Cs+/Rb+ 

cations, and hybrid perovskites, where A is small CH3NH3
+ cations (Akhtar, Aamir, 

and Sher 2018). 
Recently, metal halide perovskite materials have gained enormous attention as an 

eff cient light harvesting materials for photovoltaic applications due to tunable direct 
band gap, superior charge carrier mobility, elongated diffusion length and easy 
processability (Aamir, Adhikari et al. 2018, Aamir, Khan, Sher, Malik et al. 2017, 
Aamir, Khan et al. 2018, Aamir, Sher et al. 2017). Besides photovoltaic applications, 
these materials have shown applications in light emitting diodes, (Zhang et al. 2015) 
sensing, (Aamir, Sher, Malik, Akhtar et al. 2016, Aamir, Sher, Malik, Revaprasadu 
et al. 2016, Aamir, Khan, Sher, Bhosale et al. 2017) and photocatalysis (Aamir, Shah 
et al. 2017) etc. Recently, perovskite materials have gained attention as new electrode 
materials for energy storage systems (supercapacitors). Perovskite oxide has a wide 
range of properties such as tunable compositions, shapes and functionalities, which 
make them suitable for supercapacitor electrode. The metal halide perovskites have 
similar properties with high ionic conductivity; therefore, perovskite based electrode 
material for supercapacitor have been emerged as next-generation inorganic materi-
als for energy storage applications. 

9.14 FABRICATION OF PEROVSKITE SUPERCAPACITORS 

The  pioneered work in the utilization of halide perovskite for supercapacitance 
was based on the designing of solar cell integrated supercapacitance application. 
In this contest, the CH3NH3PbI3−xClx perovskite was to fabricate mesoporous solar 
cell. Onto the surface of solar cell, MoO3/Au/MoO3 electrodes were evaporated with 
active area of 0.06 cm2 (Zhou, Ren et al. 2016). Another device was fabricated by 
using CH3NH3PbI3 material. The mesoporous heterojunction solar cell with hole-
transport carbon layer and also as counter electrode was fabricated. The carbon layer 
was coated by doctoral blading method. The gel electrolyte layer was deposited onto 
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the solar cell using 3.0 g conc. H3PO4 and 3.0 g PVA  in deionized water. Finally, 
another carbon layer was also deposited using doctoral blading method (Liang 
et al. 2018). 

Later, a supercapacitor was built using lead-free (CH3NH3)3Bi2I9 material as elec-
trode. The  (CH3NH3)3Bi2I9 perovskite, activated charcoal and PTFE binder were 
dispersed ultrasonicated in ethanol with weighted ratio of 85:10:5. The obtained dis-
persion was drop casted onto conductive carbon cloth and annealed at 60°C for 12 h 
under vacuum. The electrolyte solution consists of 30 mg/mL of methylammonium 
iodide in butanol was sandwiched to make complete device (Pious et al. 2017). 

CsPbI3 was also used as electrode material for supercapacitor. The device was 
fabricated by dispersing CsPbI3, activated charcoal and PVDF (85:10:5 correspond-
ing weight ratios) in ethanol. The electrode was deposited on two steel plates by spin 
coating and dried at 60°C for 12 hours. The f lter paper was used as separator having 
20 mg/mL cesium iodide in butanol electrolyte (Maji et al. 2018). 

9.15 PEROVSKITE OXIDE-SUPERCAPACITANCE PERFORMANCE 

Among various inorganic materials for supercapacitor application, perovskite oxides 
have gained enormous attention owing to high thermal stability, low cost, reversible 
redox reactions and high intrinsic capacity. The pseudocapacitance response of the 
inorganic materials could be further enhanced by reducing the crystalline dimen-
sions to nanoscale. In this contest, specif c capacitance, cyclic stability and rate capa-
bility are the major properties that are measured to estimate the pseudocapacitance 
response of the inorganic materials. 

The f rst LaMnO3±x (x = 0.09 ± 0.02) nanostructures-based pseudocapacitor was 
decorated by depositing thin f lm of LaMnO3±x with a loading of 30  wt% on the 
mesoporous carbon (Mefford et al. 2014). The resultant pseudocapacitor thin f lms of 
oxygen rich LaMnO3.09 material or reduced oxygen LaMnO2.91 material have showed 
near to ideal pseudocapacitive response appeared at E1/2 = 0.3 V. The oxygen rich 
LaMnO3.09 material has shown increased specif c capacitance compared to the mate-
rial with reduced oxygen content, whereas, at signif cantly slow scan rate, the specif c 
capacitance of LaMnO3.09 material was found around 486.7 Fg−1 and 609.8 Fg−1 for 
LaMnO2.91 material. The increased capacitance in these materials was due to increased 
oxygen vacancies as charge storage site (Mefford et al. 2014). (La0.75Sr0.25)0.95MnO3−x 

perovskite have shown high reduction catalytic activity, thermos-chemical stabil-
ity with electrical conductance of about 44.9  Scm−1. Therefore, the (La0.75Sr0.25)0.95 

MnO3−x–MnO2 composite was synthesized by hydrothermal method (Lv et al. 2016). 
This material has shown capacitance of 108 Fg−1 and net capacitance of around 56 Fg−1 

at 2 mV s−1. To determine the conductance, the scan-rate plays a very important role. 
The current increases with increasing scan rate for this material, however, the specif c 
capacitance was also decreases and CV curve devices from ideal rectangular shape. 
The low porosity of this perovskite oxide composite leads to the reduction of effec-
tive contact area with an electrolyte (Lv et al. 2016). The  improvement in superca-
pacitance properties can be achieved by increasing surface area and improved charge 
transportation. In this contest, the high aspect ratio perovskite nanostructure was used. 
LaxSr1−xCoO3−σ nanof bers have shown enhanced specif c capacitance (Cao et al. 2015). 

https://La0.75Sr0.25)0.95
https://LaMnO2.91
https://LaMnO3.09
https://LaMnO3.09
https://LaMnO2.91
https://LaMnO3.09
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Particularly, this perovskite material with x = 0.7 have shown longer charging 
time and highest average capacitance. The  specif c capacitance shown by these 
nanof bers was found to be 747.75  Fg−1. The  Sr content in this perovskite oxide 
was found to have a role in the capacitance of this material. The  increase in Sr 
content up to certain concentration increases the specif c capacitance (Cao et  al. 
2015). Recently, the LaNiO3 hollow spherical nanoparticles formed by solvother-
mal method were tested for capacitance and found that this materials has shown 
enhanced electrochemical performance of 422 Fg−1 at the current density of 1.0 Ag−1. 
The electrochemical capacitance performance of this material was further increased 
to 501.9 Fg−1. The LaNiO3 nanomaterials were annealed for different times and they 
tested for electrochemical supercapacitance. The charging and discharging time was 
almost the same for the samples, which indicates the reversibility of redox reaction. 
Furthermore, the hollow structures have shown lowest internal resistance and charge 
transfer resistance (Li et al. 2017). 

9.16 HALIDE PEROVSKITE-SUPERCAPACITANCE PERFORMANCE 

The metal halide perovskite materials are thermally and chemically instable, which 
limit their application for supercapacitance. However, the scientist have explored 
their application in solar power conversion and storage devices. In  this contest, 
the f rst parallel combined device based on CH3NH3PbI3 perovskite photovoltaics 
to produce electric power generation and supercapacitor-a-2032-type cell (Xu, Li 
et al. 2015). Under irradiation, the capacitor voltage was increased to 0.3 V; how-
ever, the continuous irradiation leads to the slow increase in capacitor voltage to 
0.710 V. The storage time of this combine system depends upon the active surface 
of perovskite solar cell (Xu, Li et al. 2015). Later, co-anode and co-cathode photo-
chromic supercapacitors were reported (Zhou et al. 2014). The perovskite solar cell 
was vertically integrated with transparent electrode such as MoO3/Au/MoO3 and 
electrochromic supercapacitor. The  co-anode photochromic supercapacitors was 
charged within 60 s and shown charge up to 0.61 V, whereas, co-cathode photochro-
mic supercapacitors were charged up to 0.68 V in 85 s. Furthermore, energy den-
sity for co-cathode photochromic supercapacitors was found to be 24.5 mWh/m2, 
power density was 377.0 mW/m2 and specif c areal capacitance was found to be 
430.7 F/m2. This application of metal halide perovskite-based photochromic super-
capacitors have shown potential for multifunctional smart window applications 
(Zhou et al. 2014). 

The metal halide perovskites such as MAPbI3 have cornered shared inorganic 
network of PbI6 octahedron, whereas the cuboctahedral interstices were occupied 
by organic cation in hybrid metal halide perovskites or inorganic monovalent cation 
in all inorganic metal halide perovskites. These inorganic networks can undergo 
deformation, results in structural transformations and phase transitions (Zhou et al. 
2014). Apart from metal halide perovskite application in power generation-storage 
combine devices, the thin f lm electrochemical double-layer capacitor were also 
fabricated and test for MAPbI3. The MAPbI3 have sown high ionic conductivity 
compared to ionic conductivity, which make this materials suitable for capacitance 
applications (Yang et  al. 2015). The  electrochemical double-layer capacitor of 
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FIGURE 9.3 Represents the (a) (CH3NH3)3Bi2I9 perovskite unit cell, (b) TEM image of the 
(CH3NH3)3Bi2I9 f lm, (c) (CH3NH3)3Bi2I9 based double-layer capacitor device architecture and 
(d) is the capacitance retention vs number of cycles. (Reprinted with permission from Pious, 
J.K. et al., ACS Omega, 2, 5798–5802, 2017. Copyright 2019 American Chemical Society.) 

MAPbI3 perovskite were fabricate, which shows capacitance of about 5.89 μF/cm2 

(Zhou, Li et al. 2016). The capacitance of these perovskite was related to the ion 
transportation in the perovskite layers. In  this thin-f lm double-layer capacitors 
fabricated using MAPbI3 perovskite, the thickness of f lm is very important, 
although thicker f lms produces more ions, however, the transportation of ions to 
reach the surface of perovskite layer is very limited (Yang et al. 2015). Lead-free 
zero-dimensional (CH3NH3)3Bi2I9 has also shown energy storage potentials. The 
(CH3NH3)3Bi2I9 perovskite is environmental friendly and thermally stable. It con-
tains isolated Bi2I9

3− units shaped by the face sharing of BiI6
3− octahedrons, which 

are surrounded by methylammonium ions (Figure 9.3). The isolation of these Bi2I9
3− 

units has high surface area and therefore, results in enhanced charge transportation 
and ultimately gave capacitance of around 5.5 mF/cm2, 1000 times higher than the 
MAPbI3 perovskite based capacitor of same architecture (Figure 9.3) (Pious et al. 
2017). Recently, all-inorganic perovskite CsPbI3 perovskite materials have been 
employed for electrochemical double-layer capacitance applications (Maji et  al. 
2018). This  materials has shown maximum areal capacitance of 7.23  mF/cm2 at 
2 mV/s. The capacitance value of this material was decreased with increase in scan 
rate. The  decrease in capacitance value is associated with ionic movement from 
electrolyte to electrode. At slow scan rate, the Cs+ and I− ions get enough time to get 
transported, therefore, maximum capacitance values were observed. This materials 
has shown 65.55% capacitance over 1000 charging and discharging cycles (Maji 
et al. 2018). 

9.17 CONCLUSION 

Supercapacitors have become the promising devices for the storing of electri-
cal energy. In  this contest, various types of materials have been employed rang-
ing from organic to inorganic for electrodes preparation. Inorganic materials are 
very interesting due to their enhanced stability and high ionic conductivity. Among 
various inorganic materials, perovskites are the emerging next-generation inorganic 
materials for supercapacitors. These materials have high ionic conductivity. Metal 
halide perovskite are new candidate in this f eld. There are two type of metal halide 
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perovskite based supercapacitors have been reported so far. One are the perovskite 
solar cell integrated supercapacitors, which are MoO3 based or carbon based capaci-
tor devices. Very recently, metal halide-based supercapacitors were also reported, 
which have shown promising capacitance performance. Therefore, it is expecting for 
metal halide perovskite as new inorganic electrode materials. 
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10.1 HYDROTHERMAL SYNTHESIS OF INORGANIC MATERIALS 

Hydrothermal synthesis can be def ned as synthesis of materials through chemi-
cal transformations and solubility aff nities of chemical reagents in a sealed reactor 
containing water based solution over room temperature and pressure. This synthetic 
route involves chemical changes accompanied in solution-based growth, prepara-
tions, and assembly of certain materials. Notably, a lot of materials having special 
structures and properties may be obtained by following this strategy, which cannot 
be synthesized otherwise. Such synthetic strategies being convenient and mild, in 
some cases, may act as a substitute of solid-state reactions. 

The primary characteristic of such solution-based hydrothermal strategies is their 
non equilibrium and non ideal conditions. High temperature and pressure states can 
activate the solvents of the system that may be aqueous or non aqueous. Hydrothermal-
based strategies have become more and more signifcant approaches to obtain most 
inorganic nano, meso or microscale materials (Shi, Song et al. 2013). The easy oper-
ability and tunable behavior of these synthetic strategies is one more characteristic 
that bridges the physical properties and synthetic chemistry of as synthesized materi-
als. As compared to other synthetic routes and techniques, these techniques have their 
predominance. This route can be adopted to obtain a diverse range of technologically 
signifcant crystalline or amorphous materials. The resulting materials have their own 
superior and specifc chemistry along with distinct physical features. By using this 
technique, one may synthesize new materials with distinct electronic states, thermo-
dynamically unstable structure, and ordered crystallographic orientations. Moreover, 
this technique is also useful to get thermodynamically equilibrium defected perfect 
single crystals, tunable size and structure, and in situ ion-incorporated materials. 

10.2 CLASSIFICATION OF HYDROTHERMAL STRATEGIES 

Precise control over different synthetic conditions during hydrothermal synthesis 
is a key to the accomplishment of the fabrication of structurally diverse inorganic 
materials. The controllable conditions may either be the variable states inside the 
reaction system or the external reaction environment such as input energy source. 
Hydrothermal/solvothermal synthesis has been categorized into two different types 
on the basis of above-mentioned conditions. On the basis of internal reaction condi-
tions, the synthetic approach can either be template-free or template-assisted hydro-
thermal route. Based on the external reaction environment, i.e., mode of input energy 
the synthesis may either be microwave-assisted or magnetic f eld-assisted in addition 
to conventional heating temperature from an oven. 

Herein, we discuss the typical hydrothermal synthesis of nanomaterials based on 
different conditions in order to provide a brief insight into the formation mechanism 
involved in the synthesis of inorganic nanostructures. 

10.2.1 types of syNthesis oN the basis of iNterior reaCtioN CoNditioNs 

There are two main types of the strategies based on the internal reaction condi-
tions: template-free hydrothermal synthesis and template assisted hydrothermal 
synthesis. 
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10.2.1.1 Template-Free Hydrothermal Synthesis 
Among various hydrothermal approaches, the most commonly employed is the 
template-free synthetic routes, because of having advantages of convenient manip-
ulation and product purity. These strategies primarily use the chemical interac-
tions of reaction components during synthetic process without incorporation of 
templates to recognize the synthetic control of the inorganic nanomaterials. In the 
absence of any template the synthesis can proceed through any of the following 
pathways. 

10.2.1.1.1 Recrystallization of Metastable Precursors (RMP) Route 
Metastable precursors such as amorphous colloids or nanoparticles may be produced 
swiftly through a co-precipitation reaction in an aqueous solution by the use of vigor-
ous agitation or highly energetic ultrasonication. High temperature and pressure dur-
ing hydrothermal synthesis can transform these metastable precursors into different 
well-crystalline inorganic materials with a def ned structure and geometry through a 
recrystallization process. This is the fundamental idea of RMP route. 

10.2.1.1.2 Reshaping Bulk Materials (RBM) Route 
In this route, mostly the commercial products are used as the precursor to get the 
target materials of desired morphology. Mostly, uniform nanostructures based on 
metal oxide or hydroxide can be obtained through this strategy. The precursors used 
in this strategy are usually commercial oxide products which usually own an irregu-
lar shape and large size. The hydrothermal reshaping bulk materials route was used 
to obtain TiO2 nanotubes from commercially available rutile titania powder as the 
starting material that was f rst reported by Kasuga and co-workers in 1998 (Kasuga, 
Hiramatsu et al. 1998). Their pioneering work was being followed by many groups 
and results in the synthesis of titania nanotubes, nanosheets, nanowires, and nano-
belts through same strategy. 

10.2.1.1.3 Indirect-Supply Reaction Source (ISRS) Route 
In  the indirect-supply reaction source route, there is only a clear reaction solution 
having different dissoluble raw materials in the reaction container (autoclave) prior 
to the hydrothermal treatment. At  def nite reaction conditions, the controllable 
nucleation of the desired material starts through the chemical reaction. The chemi-
cal reaction occurs between ISRS and other ionic species presented in the medium 
that eventually results in the formation of f nal product that may be any inorganic 
nanostructured material. The ISRS may either be the ionic species in situ produced 
from the inorganic precursors through redox reaction or dissolved oxygen in water 
as solvent. In contrast to other routes, this is a homogeneous reaction-based route, 
which leads to the production of uniform shaped, high purity nanostructures with 
narrow size distribution. 

10.2.1.1.4 Decomposition of Single-Source Precursor (DSSP) Route 
In the decomposition of single-source precursor route, inorganic materials of varied 
structures can be grown and obtained through the decomposition of a single-source 
precursor under hydrothermal conditions. These precursors are distinct species having 
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TABLE 10.1 
Basic States of the Four Template-Free Hydrothermal Routes 

RMP Route RBM Route ISRS Rout DSSP Route 

Pretreatment Coprecipitation No use Dissolution Dissolution 
before reactions 
hydrothermal 
reaction 

State of precursors Colloids or Bulk materials Two or more Single reaction source 
small-size dissoluble 
nanocrystals reactants 

State of reaction Dispersed Bulk materials Clear aqueous Mixtures of reaction 
solution colloids or and aqueous solution source with water 

precipitation in solution 
solution 

Basic formation Nucleation and Dissolution, Supply of Decomposition of 
process of growth nucleation and reaction reaction source, 
products during growth source, nucleation and 
hydrothermal nucleation and growth 
reaction growth 

Manipulation in Relatively Relatively Middle Middle 
whole process complex simple 

those elemental components which are needed in the target inorganic nanostructured 
material. This strategy is comparatively cleaner and simpler as it may eradicate the 
need of multiple precursors. The use of multiple precursors is often expensive and 
leads to toxic byproducts hence this strategy is preferable as compared with the other 
three template-free hydrothermal routes. This route has also the advantage of avoiding 
the concern of complex reaction dynamics that can lead the target material impure. 

A brief summary of the basic states of above-mentioned strategies is given in 
Table 10.1. 

The template free hydrothermal strategy is often used for the formation of vari-
ous inorganic materials. As a representative example of the materials synthesized 
via template-free hydrothermal method presented here are titania nanostructures of 
def ned morphologies. The hydrothermal formation of various titania nanostructures 
from Degussa P25 as precursor at different alkali concentration and temperature was 
reported by Morgan and co-workers, which is displayed in Figure 10.1. 

10.2.1.1.5 Growth Mechanism Involved in Template-Free 
Hydrothermal Synthesis 

The  template-free hydrothermal growth of inorganic materials can either be 
kinetically controlled or thermodynamically controlled and follows Ostwald rip-
ening mechanism. Generally the morphology of target material is determined 
by the Ostwald ripening, as it is supposed that the primarily produced nuclei are 
free from defects (Penn and Banf eld 1999). The chemistry behind this process 
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FIGURE 10.1 Morphological phase diagram of formed TiO2 nanostructures after the hydro-
thermal treatment of Degussa P25 for 20 h. (Reproduced with permission from Morgan, D. L., 
et al. Chem. Mater., 20, 3800–3802, 2008. Copyright 2008 American Chemical Society.) 

is that smaller particles sacrif ced via gradual dissolution in the mother liquor 
to give rise the larger one. This process might result in the evolution of specif c 
morphology. Normally, a nanocrystal has different planes with distinct surface 
energy, hence nanocrystals having high surface energy planes tend to capture 
other monomers from the solution in order to minimize the surface energy which 
eventually leads to morphology evolution of resulting materials. The  aff nity 
changes based on the intrinsic crystal habit, ultimately generating inorganic 
materials having anisotropic morphologies, like nanodisks, nanowires, nano-
polyhedrons, nanorods, and so on. 

10.2.1.2 Template-Mediated Hydrothermal Synthesis 
In comparison to above mentioned template-free synthesis, more uniformly distrib-
uted, controlled morphology having inorganic materials can be obtained through 
template assistance that may introduced in the reaction system during synthesis. 

Templates used for the synthesis of inorganic materials may be generally catego-
rized as soft template and hard template. 

10.2.1.2.1 Soft-Templated Hydrothermal Synthesis Routes 
Soft templates may include surfactants, biomolecules, ionic liquids, organic acids, 
or alcohols. The soft-template assisted hydrothermal process may involve the use 
of any of the above-mentioned agent hence can be categorized into f ve different 
strategies the detailed description of which is given below. A brief overview of the 
soft-template assisted routes is given in Figure 10.2. 
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FIGURE 10.2 Five basic routes of the soft templates assisted hydrothermal synthetic strate-
gies, namely SA route, BA route, ILA route, OAA route, and ASA route. (From Shi, W. et al., 
Chem. Soc. Rev., 42, 5714–5743, 2013. Reproduced by permission of The Royal Society of 
Chemistry.) 

10.2.1.2.2 Surfactants Assisted (SA) 
Surfactants are generally amphiphilic species having organic nature. As a result, a sur-
factant has both oil soluble and water-soluble parts. In the SA hydrothermal approach, 
these molecules may have a direct consequence on the growing conditions of fnal tar-
get materials and attain the controlled manufacturing of such nanostructured materi-
als. The introduced surfactants may act as soft template, etching and adsorbing agent. 

Surfactant molecules being soft templates thoroughly investigated in the prepa-
ration of variety of void inorganic nanostructures (Chen, Sun et al. 2002, Cao, Hu 
et al. 2003a,b, Wang, Chen et al. 2004, Liu, Liu et al. 2005, Zhang, Sun et al. 2006, 
Song, Zhao et al. 2007, Li and He 2008). Li et al. developed a SA strategy for the 
preparation of VOx nanotubes. They  had used cetyltrimethylammonium bromide 
(CTAB) as soft surfactant that helps in the aggregation of VO3 to grow lamellar sheet 
like structures (Chen, Sun et al. 2002). These intermediate sheets get loosen at the 
ends and undergo self-rolling to form nanotubes under hydrothermal conditions, as 
shown in Figure 10.3. Moreover, Song et al. has reported the use of sodium dodecyl 
sulfate (SDS) as anionic soft surfactant during hydrothermal treatment to produce 
sea urchin-like MnO2 nanostructures (Liu, Liu et al. 2005). 

10.2.1.2.3 Biomolecules Assisted (BA) 
A  chemical compound found in living organisms is called a biomolecule. Based 
on the size of biomolecule it may either be a macromolecule or micromolecule. 
Macromolecules may include proteins, lipids, polysaccharides, and nucleic acids 



 

  
 

   

161 Synthesis Approaches of Inorganic Materials 

FIGURE 10.3 Schematic presentation of the rolling mechanism for the formation of vana-
dium oxide nanotubes: (a) the mixture of NH4VO3 and the template molecules, (b) layered 
structures formed through the hydrothermal treatment, (c) the beginning stage of the rolling 
process, and (d) the formed nanotubes. (Reproduced with permission from Chen, X. et al., 
Inorg. Chem., 41, 4524–4530, 2002. Copyright 2002 American Chemical Society.) 

whereas vitamins, glycolipids, hormones, phospholipids, etc. are categorized as 
micromolecules. The  hydrothermal preparation assisted by such molecules has 
become a new focus in the synthesis of different unique materials. Biomolecules 
possess novel structural features that enables them to self-assemble other targeted 
functional materials. Due to their intrinsic properties, biomolecules can act as a 
source of an anion, self assembly and reducing agent during BA hydrothermal route 
as evidenced by many reports. As a consequence of these effects the formation of 
f nal materials is determined. These biomolecules may be gradually disintegrated to 
liberate various anions that further interact with metal ions to produce the N-doped 
oxide, sulf de, or pure oxide through the hydrothermal process. 

BA hydrothermal route leads to the formation of a variety of inorganic materials 
having a def nite shape and structure. In the upcoming lines we will brief y discuss 
the representative examples of the materials formed via BA route. L-cysteine, a bio-
molecule of amino acid origin has attained signif cant attention because of having 
simple hydrosulf de-group in the structure. It also contains three main functional-
ities, namely amino, carboxyl, and thiol, that possess a powerful metal cation coor-
dinating aff nity. Burford etal. have proven that cysteine can interact with Bi3+ ions 
to produce a complex. Due to presence of amino and carboxyl functional groups 
cysteine ligands leads to hydrogen bonding. The resulting hydrogen bonding bridge 
the individual cystein capped metal complexes. Different self assembled 3D metal 
sulf des nanostructures through hydrothermal synthesis mediated by cystein has 
been reported to have H-bonding in their assembled structure (such as In2S3 (Chen, 
Zhang et al. 2008), PbS (Zuo, Yan et al. 2008), CuS (Li, Xie et al. 2007), CoS (Bao, 
Li et al. 2008), ZnS (Tong, Zhu et al. 2007), MoS2 (Chen, Li et al. 2012), Fe3S4 (Cao, 
Hu et al. 2009), Bi2S3 (Zhang, Ye et al. 2006), etc.). Moreover, the self-assembly 
states of CuI-cystien complex is affected by the concentration of cystein molecules 
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FIGURE 10.4 Schematic diagram of the formation of three typical precursors with dif-
ferent degrees of self-assembly for the synthesis of CuS nanostructures. (Reproduced with 
permission from Li, B. et al., J. Phys. Chem. C, 111, 12181–12187, 2007. Copyright 2007 
American Chemical Society.) 

in the solution as indicated by Xie et al. Change in concentration leads to the forma-
tion of different self-assembled products like dispersive f akes, solid microspheres, 
and f ake assembled spheres. This is due to the strengthening of hydrogen bonding 
with increase in concentration (Figure 10.4) (Li, Xie et al. 2007). There are many 
other biomolecules like thioacetamide, glutathione (GSH), and thiourea, etc. which 
also played the same role as cystein during the BA preparation of complex sulf des 
(Lu, Gao et al. 2004, Qin, Fang et al. 2005, Fan and Guo 2008, Zuo, Yan et al. 2008). 

10.2.1.2.4 Ionic Liquids Assisted (ILA) 
A distinctive salt whose melting point lies in the range of +100°C to −100°C or even 
lower is called an IL that mostly exist in the liquid state with broad liquidus range 
(Wasserscheid and Keim 2000). As compared to conventional organic solvents, IL 
provides several advantages being a solvent during formation of different materials 
mostly having inorganic nature including low toxicity, good thermal stability, negli-
gible vapor pressures, broad electrochemical potential windows, high ionic conduc-
tivity, and high synthetic f exibility. 

In recent times, ILA approach has been used to obtain a variety of unique inor-
ganic materials, such as oxides, chalcogenides and phosphates of various metals. 
Representative reports of the materials are hollow microspheres and nanorods of 
Fe2O3, nanoplates and peachstone-like complex structures of CuO, microspheres of 
In2S3, NiO, and MoS2, self-assembled 3D nanof owers of MoS, hierarchical den-
drites of CdSe, BiWO6 nests, nanof akes of CuSe (Lou, Huang et al. 2011), BiOBr 
hollow microspheres (Cheng, Huang et al. 2011), 3D Bi2S3 nanof owers (Jiang, Yu 
et al. 2005), AgBr microcrystals (Lou, Huang et al. 2011), REF3 (RE = La–Lu, Y) 
nano/microparticles (Lou, Huang et al. 2011), AgCl microspheres, MnCO3 hollow 
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FIGURE 10.5 (a and b) TEM images of the vesicles formed in the IL [BMIM][BF4] solu-
tion (c) illustration of the formation mechanism of Bi2S3 f owers in IL solution. (Reproduced 
with permission from Jiang, J. et al., Chem. Mater. 17, 6094–6100, 2005. Copyright 2005 
American Chemical Society.) 

microspheres and SmVO4 nanosheets. In these reports, they behave as soft templates 
in addition to their role as solvent or reactants. The soft template behavior of IL can 
be evidenced in a report by Yu et al. TEM images reveals that plenty of nanovesicles 
can be grown in an IL ([BMIM][BF4]) diluted aqueous solution through hydrother-
mal synthetic strategy (Figure 10.5) (Jiang, Yu et al. 2005). 

10.2.1.2.5 Organic Acids Assisted (OAA) 
Organic acids are organic compounds having acidic characteristics. The most usual 
organic acids are carboxylic acids. These acids may generally interact with cationic 
part of the precursor salt such as metal ions in water to produce stable organic acid-
metal complexes. Taking this unique tendency of organic acids into account, different 
nanomaterials, like ZnO self-assembled nanostructures, hollow spindles, nanocubes, 
and nanoplates of Fe2O3, nanospheres of La2O3 and In2O3, Mn3O4 nanooctahedrons, 
nanotubes of Sb2S3 and NaSmF4, nanorods of LnPO4, YVO4:Eu3+, Bi2S3, and Ag2Se, 
NaEu(MoO4)2 microrugbies, InOOH hollow spheres, CeF3 hollow nanocages/rings, 
nanof owers of CaF2 and Bi2Te3, Bi2WO6 nest-like nanostructures, and so on, have 
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FIGURE 10.6 (a) TEM image of YPO4 nanoparticles (0.1 g EDTA); (b) TEM image of YPO4 

nanoparticles (0.3 g EDTA); (c) TEM image of YPO4 nanoparticles (0.5 g EDTA). (Yan, R., 
et al.: Crystal structures, anisotropic growth, and optical properties: Controlled synthesis of 
lanthanide orthophosphate one‐dimensional nanomaterials. Chemistry–A European Journal. 
2005. 11. 2183–2195. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.) 

been obtained through OAA routes (Liang, Xu et al. 2004, Luo, Jia et al. 2005, Yan, 
Sun et al. 2005, Wang, Xu et al. 2009, Chen, Zhang et al. 2010, He, Wang et al. 2011). 
The organic acids used mainly include salicylic acid, oleic acid, ethylenediamine-
tetraacetic acid (EDTA), oxalic acid, malic acid, tartaric acid, and citric acid. It has 
been noticed that organic acids may act like a reducing agent, structure-directing 
agent, gas bubble release and assembly agent during the course of reaction. 

For example, EDTA-assisted growth of different structures of YPO4 are shown in 
Figure 10.6. It can be found that EDTA can restrain the anisotropic growth of differ-
ent structures (Yan, Sun et al. 2005, Wang, Xu et al. 2009). 

10.2.1.2.6 Alcoholic Solvent Assisted (ASA) 
Organic compounds containing carbon bound hydroxyl moiety are alcohols. Polar 
nature of these alcohols arises as a result of hydroxyl groups. These groups also 
enable alcohols to do hydrogen bonding. Few short chain alcohols like ethanol, 
glycerol, and ethylene glycol (EG), etc., are utilized to mediate formation of nano-
structured materials during hydrothermal treatment. They are acted as reducing and 
shape controlling agent through inhibiting the hydrolyzation. There are number of 
reports on the ethylene glycol-mediated shape-controlled hydrothermal synthesis of 
various nanostructures (Yang, Zhu et al. 2006, Li, Zhang et al. 2006, Yang, Li et al. 
2008, Ashoka, Nagaraju et al. 2009, He, Wang et al. 2011). 

In a typical example of this synthetic strategy consider the EG assisted forma-
tion of nanof owers of Lu2O3. The  introduced alcoholic solvent, i.e., EG protect 
the charges locating on the surface of Lu2O3 by restraining the adsorption of some 
ionic species, like sodium metal ion and acetate ion (Yang, Li et al. 2008). That is, 
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FIGURE 10.7 Illustration for the formation process of the f ower-like Lu2O3 nanostruc-
tures. (Reproduced with permission from Yang, J. et al., J. Phys. Chem. C, 112, 12777–12785, 
2008. Copyright 2008 American Chemical Society.) 

the difference of charges between the edges and f at surfaces of a nanof ake are 
considerably decreased or protected. This  imbalance in charges among differ-
ent parts would results in a prime conjunction of edge to-surface in EG absence, 
therefore in the present EG assisted self-assembly, dual conjunctions, i.e., edge-to 
edge and edge-to-surfaces can be created in addition to few surface-to-surface 
conjunctions via the charge shielding consequence produced by ethylene glycol 
(Figure 10.7). 

10.2.1.2.7 Hard-Templated Hydrothermal Synthetic Routes 
In addition to the above discussed soft templates, a variety of hard templates can also 
be used to obtain well def ned shapes having inorganic materials. Such templates 
have uniform size and pre-def ne shape that determine the size and shape of target 
material. So, the shape and size of target materials can be tuned by simply selecting 
an appropriate hard template of desired features. However, numerous problems are 
in practice while using such templates like materials and templates incompatibility, 
the selection or design of desired templates, and safe elimination of the templates. 
So, there is a need to understand the underlying mechanism intensely and surmount. 
On the basis of various approaches used to introduce and remove templates, the 
synthetic approaches can be categorized into following four routes the schematic of 
which is shown in Figure 10.8. 
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FIGURE 10.8 Basic routes of template-assisted hydrothermal synthetic strategies. (From 
Shi, W. et al., Chem. Soc. Rev., 42, 5714–5743, 2013. Reproduced by permission of The Royal 
Society of Chemistry.) 

10.2.1.2.8 Additive and Removed Template (A & RT) Route 
In A & RT hydrothermal route, some well-known templates, such as carbon spheres, 
spherobacterium spheres, multiwalled carbon nanotubes (MWCNTS), and anodized 
aluminum oxide membranes (AAO) are being used. Before the hydrothermal treat-
ments, such templates used to incorporate in the reaction solution which need to be 
removed artif cially upon reaction completion through dissolution or calcination. 

The representative example of the A & RT hydrothermal route is the formation 
of unique Fe2O3 cage-like hollow nanospheres demonstrated by Yu et al. that is dis-
played in Figure 10.9 (Yu, Yu et al. 2009). 

10.2.1.2.9 Additive and Self-Removed Template (A & SRT) Route 
A & SRT involves the use of templates which can react completely with other reac-
tant during the hydrothermal treatment in order to provide them targeted structures. 
The templates used in this strategy have uniform size and shape. Typical templates 
may include Te nanowires, Gd(OH)3 nanorods, CdO nanowires, and CdS nanorods, 
etc. Such templates are usually incorporated into the reaction medium prior to reac-
tion initiation, and can automatically aloof upon reaction completion (Hu, Deng 
et al. 2001, Gu, Liu et al. 2008, Niu, Cao et al. 2008). 

The  advantages of this route are that it can avoid incompatibility problems 
between templates and targets and its removal from reaction system. As the involved 
templates directly take part in the synthesis, hence strategy may also recognize the 
production of nanomaterials having def ned structure. 

Single-crystalline GdVO4:Eu and GdVO4 nanorods have been synthesized via 
Gd(OH)3 nanorods templated hydrothermal route as demonstrated by Chang et al. 
(Gu, Liu et al. 2008). Studies revealed that surface deposition mechanism is fol-
lowed for production of nanorods. In  this case, the deposition of VO4 groups on 
the Gd(OH)3 nanorods surface takes place which form GdVO4 nanorods through 
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FIGURE 10.9 (a) Schematic illustration of the formation of cage-like Fe2O3 hollow spheres. 
(b) SEM images of carbon sphere, composite sphere, and Fe2O3 hollow sphere at 500°C for 
5 min and 4 h. The scale bar is 200 nm. (Reproduced with permission from Yu, J. et al., Cryst. 
Growth Des., 9, 1474–1480, 2009. Copyright 2009 American Chemical Society.) 

progressive reaction between the two species. TEM and EDS analysis proves the 
core–shell nature of resulting materials (Figure 10.10). Similarly different struc-
tures of La(OH)3 such as nanorods, hollow trapezohedrons and condensed nano-
spheres have been reported by Wan et al. They have employed lanthanum glycolate 
polyhedrons having 24 faces as starting material for controlled formation of above 
mentioned products under various hydrothermal hydrolysis rates (Niu, Cao et al. 
2008). 

10.2.1.2.10 Self-Additive and Self-Removed Template (SA & SRT) Route 
In SA & SR template route there is in situ formation of well-def ned shaped interme-
diate or uniformly dispersed gas bubbles released during reaction. These intermedi-
ates or gas bubbles induce the growth of target material through chemical reaction 
or heterogenous nucleation during hydrothermal synthesis. The  limitation of this 
approach is to recognize and control products and templates balance. 

During most of the chemical reactions there is production of gas bubbles like 
N2, H2 and O2. These in situ produced gas bubbles behaves as a template in hydro-
thermal synthesis and assist the formation of different inorganic nanomaterials with 
hollow structures (Peng, Dong et al. 2003, Yang and Sasaki 2008, Li, Yang et al. 
2008). For  example, nanorod containing hierarchical hollow spheres of CoOOH 
has been synthesized by Sasaki and Yang through a one-step facile hydrothermal 
approach. They have claimed that during the hydrothermal treatment, O2 gas bubbles 
are released which behave as templates (Yang and Sasaki 2008). In another report 
nanocrystal assembled ZnSe hollow spheres have been produced through hydrother-
mal treatment using N2 gas bubbles as templates (Figure 10.11) (Peng, Dong et al. 
2003). Moreover, Yang et al. too synthesized ZnO hollow microspheres composed 
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FIGURE 10.10 TEM micrograph and EDS results of the Gd(OH)3–GdVO4 core–shell 
nanorods prepared with hydrothermal reaction: (a) TEM micrograph, revealing nanorod with 
inner core and outer layer; (b) HRTEM for the tip of the nanorod, indicating poor crystallinity 
of the newly formed layer; (c) EDS of the inner core, showing the presence of Gd-rich in core 
and main; (d) EDS of the outer layer, implying that the outer layer is rich in V. (Reproduced 
with permission from Gu, M. et al., Cryst. Growth Des., 8, 1422–1425, 2008. Copyright 2008 
American Chemical Society.) 

FIGURE 10.11 (a–c) Schematic representation of the formation mechanism of ZnSe micro-
spheres (d,f) SEM image of ZnSe microspheres at different magnif cations (e) HRTEM image 
of product after grinding, which indicates that the microspheres are the aggregation of small 
nanocrystals with the size of about 5–6 nm. (g) SEM image of the broken ZnSe microspheres. 
Inset shows an individual broken shell, which indicates that these microspheres are hollow 
inside. 
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of nanorods through H2 gas as a template (Li, Yang et al. 2008). The advancement of 
such approaches provides an effective and unique route for growth of hollow nano-
structured materials. 

10.2.1.2.11 Self Additive and Removed Template (SA & RT route) 
Thomas et al. has demonstrated a universal approach based on hydrothermal syn-
thesis in 2006 to obtain a variety of oxide hollow spheres such as Fe2O3, CeO2, 
NiO, CuO, Co3O4 and MgO (Titirici, Antonietti et  al. 2006). In  this route, an 
aqueous solution of different metal precursors and glucose was being subjected 
to hydrothermal treatment, resulting in situ formation of carbon spheres contain-
ing metal ions. Upon high temperature calcination, metal oxide hollow spheres 
can be attained with simultaneous removal of carbon spheres (Figure  10.12). 
Such SA  & R template-mediated hydrothermal approach can generate most of 
the metal oxide based spherical hollow nanostructures. The shell thickness and 
surface area of resulting hollow spheres can be controlled by tuning the precursor 
and glucose ratios. 

10.2.2 hydrothermal growth strategies of NaNostruCtures 

based oN exterior reaCtioN eNviroNmeNt adjustmeNt 

In conventional hydrothermal synthetic approaches, the heating source is gener-
ally an oven which provides energy to the reaction system in the form of thermal 
conduction. However, there are few unavoidable issues, particularly in case of 
lower temperatures, such as slow rate and non-uniform conditions of reaction, and 
spiky heat gradients throughout the bulk solution. During the commercial-scale 
formation of nanomaterials, these problems, i.e., thermal gradients and inhomo-
geneous, non-uniform product, could be strongly exaggerated, that results in wid-
ened distributions of size. It is an utmost need to have some alternative source of 

FIGURE 10.12 Schematic illustration of the synthesis of metal oxide hollow spheres from 
hydrothermally treated carbohydrate–metal salt mixtures. (Reproduced with permission 
from Titirici, M.-M. et al., Chem. Mater., 18, 3808–3812, 2006. Copyright 2006 American 
Chemical Society.) 

https://10.2.1.2.11
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FIGURE 10.13 Hydrothermal growth routes of nanostructures based on exterior adjust-
ment: MA route and MFA route. (From Shi, W. et al., Chem. Soc. Rev., 42, 5714–5743, 2013. 
Reproduced by permission of The Royal Society of Chemistry.) 

input energy in order to overcome these issues associated with conventional ther-
mal induction. By taking these points into account, exterior reaction environment 
adjustment based following two hydrothermal approaches have been developed 
(Figure 10.13). 

10.2.3 miCrowave assisted (ma) route 

Heating mode originated from microwave radiations is thought to be a uniform, 
fast and cost-effective way to commercially produce high-quality nanostructured 
inorganic materials. In this approach, these radiations are being employed as the 
source of heat instead of traditional heating from oven. Small-sized target mate-
rials, less reaction time and narrower particle size distribution are the obvious 
benef ts of this strategy. The faster heating rate at initial stage provides additional 
benef ts of energy savings. There is a digital programming of time and temperature 
in modern microwaves that further facilitate one to get an optimized reaction state 
more conveniently. This is much advantageous for lab-scale execution of several 
strategies offering formation of different high-quality nanostructured inorganic 
materials. 

The MA hydrothermal approach is used to produce many inorganic materials 
with sub nanometer scale dimensions for example WO3 nanowires with diameter 
of less than 10  nm has been successfully synthesized through the MA  hydro-
thermal strategy. The as synthesized nanowires was much thinner in comparison 
with the one prepared via traditional hydrothermal route (Phuruangrat, Ham et al. 
2010). 

Different inorganic materials nanostructures, like simple metal oxides (ZnO, 
La2O3, TiO2, Fe2O3, CuO, Fe3O4, SnO2, CeO2 & WO3), composite oxides [AgIn(WO4)2, 
BaTiO3, Bi2WO6, BiFeO3, Bi2MoO6, Fe2 (MoO4)3, KNbO3, Zn2SnO4, Cd2Ge2O6, 
CaMoO4 & MnWO4], simple metal hydroxides [Ni(OH)2, GaOOH & In(OH)3], phos-
phides (Ni3P) and chalcogenide (FeSe) (Shi, Song et al. 2013) etc, have been pre-
pared through this approach. Representative example of the materials synthesized 
via this route is sea urchin-like CuO microcrystals whose mechanistic pathway is 
given in Figure 10.14 (Volanti, Orlandi et al. 2010). 
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FIGURE 10.14 Schematic illustration of the crystal growth process of CuO sea urchin-
like microcrystals via a mesoscale self-assembly under a microwave electrical f eld. (From 
Volanti, D.P. et al., CrystEngComm., 12, 1696–1699, 2010. Copyright 2010. Reproduced with 
permission of The Royal Society of Chemistry.) 

10.2.4 magNetiC field assisted (mfa) route 

MFA  hydrothermal approaches have been currently employed to obtain variety 
of inorganic materials with distinct structure, morphology, and physical features, 
like Fe3O4 nanowires, SrFe12O19 nanowires, Fe3S4/FeS2 microrods, Mn-doped ZnO 
nanocrystals, Co3O4  nanocubes/nanospheres, MnO2  nanowires/urchins, and so on 
(Shi, Song et al. 2013). It has been established that the strength of externally pro-
vided magnetic f eld considerably affect the formation of inorganic nanostructured 
materials as indicated in report on MFA hydrothermal synthesis of Fe3O4 nanowires 
(Wang, Chen et al. 2004) (Figure 10.15). Single crystalline Fe3O4 nanowires were 
obtained under f eld strength of 0.25 T. Lessening the f eld strength to half result 
in poor yield of the product nanowires. Whereas in the absence of external mag-
netic f eld, no nanowires but nanoparticles of hexagonal and square geometry were 
being achieved. Detailed investigation about the effects of external magnetic f eld 
strength on the development of nanomaterials is still not become possible due to lack 
of techniques for in situ observation of product during the synthesis and it demands 
furthermore exploration. It is more interesting to know that the MFA hydrothermally 
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FIGURE 10.15 TEM images of the Fe2O3 samples obtained under (a) 0 T, (b) 0.15 T, (c) 
0.25 T and (d) 0.35 T external magnetic f elds. (From Wang, J. et al.: Magnetic‐fe ld‐induced 
growth of single‐crystalline Fe3O4 nanowires. Advanced Materials. 2004. 16. 137–140. 
Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) 

synthesized nanostructured inorganic materials show different physical properties as 
compared to the nanostructures synthesized without use of magnetic f eld. One of 
such features is the saturated magnetization which is superior in case of materials 
synthesized via MFA route. The above-mentioned superiority was being evidenced 
by Chen et al. who reported different magnetic characteristics of same sized (15 nm) 
Co3O4 nanoparticles that were prepared in the absence of external magnetic f eld and 
in the presence of an external (0.2 T) magnetic f eld (Wang, Zeng et al. 2011). A clear 
difference in the properties of two materials was observed as the magnetization of 
MFA hydrothermally synthesized Co3O4 nanocrystals is 18 emu g−1, which is much 
superior than those of the nanoparticles synthesized in the absence of magnetic f eld 
(2 emu g−1). 
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10.3 SOLVOTHERMAL SYNTHESIS 

Solvothermal synthesis involves the growth of materials through chemical reactions 
in a non-aqueous media at relatively high temperatures. This  strategy is just like 
hydrothermal route, the only difference between two is that the precursor solution 
in solvothermal synthesis is usually non-aqueous. All the above discussion about 
hydrothermal equally applies on solvothermal synthesis. 

10.4 INTERFACE-MEDIATED GROWTH OF INORGANIC 
NANOSTRUCTURES 

By using solvothermal/hydrothermal route and selecting appropriate solvent system 
a variety of inorganic nanomaterials of varied structure can be achieved through 
interface mediated growth. 

Two different phases having common boundaries give rise to interfaces. When a 
certain particle exerts a force on a region then a boundary is featured. Interfacial inter-
actions enable the interfacial atoms to interact with each other to generate numerous 
valuable characteristics that become a cause of attention for scientist (Eisenthal 1993). 

Interfaces are found to be the key factors that controlled the growth of novel low 
dimensional building blocks as highlighted by many researchers. The construction 
of the inorganic materials with sub-nanometer dimensions is a strategy which deals 
with the generation of interfaces among target nano solid and surrounding species. 
Scientists have devoted their great efforts to functionalize the region at interfaces for 
templated formation of different nanostructured materials. In a characteristic vapor– 
liquid–solid synthesis of nanowires, a few atomic thick gas–liquid and liquid–solid 
interface is generated in the reaction mixture during synthesis that assists the for-
mation of nanowires. Monodispersed colloidal nanoparticles of any materials can 
be controllably grown by understanding and tuning the chemistry at interfaces. 
The colloidal nanocrystals mostly belong to composite class of materials having an 
inner core and a shell composed of nanocrystals and surfactant respectively. As a 
major route, the transporting features of atoms and ions across the nanocrystal and 
their boundaries were determined by the organic-inorganic interfaces hence affect-
ing the development dynamic of inorganic nanocrystals. However, the engineering 
of interfaces is still the main challenge in this emerging f eld. An accurate interfa-
cial control can result in the crystallization of nanostructured materials. Generally, 
careful generation of the few atomic thick interfaces among various matter states 
could eventually leads to a library of unique structures for example, (1) interfaces 
between gas and a liquid state may be used as the aggregation or nucleation centre 
for nanoparticles; (2) interfaces between two solids (solid–solid) can create different 
materials having core–shell or tape like structures; and (3) interfaces between an 
organic and inorganic layer might create various monodispersed colloidal nanocrys-
tals or nanocomposite materials (Wang, Peng et al. 2007). 

We will include some examples of different inorganic materials formed via inter-
face-mediated growth following different interface interactions. The preparation of 
hollow spheres of ZnSe is assisted by an interface developed between gas and a 
liquid, systematically shown in Figure 10.11. 
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FIGURE 10.16 (a) Schematic growth model for carbonaceous spheres. (b) Schematic illus-
tration of the formation of Ag@C core–shell structured nanospheres. (c) Schematic mecha-
nism for the formation of GaN hollow spheres using carbon spheres as templates. (Reproduced 
with permission from Wang, X. et al., Acc. Chem. Res., 40, 635–643, 2007. Copyright 2007 
American Chemical Society.) 

The  second route involves the growth of a nanocrystal via formation of an 
interface between two solids. An ensemble of hollow spheres of metal oxides and 
core–shell structures of metal carbide can be obtained following this mechanism. 
Figure 10.16 shows the formation mechanism of hollow spheres. 

The third pathway proceeds via the liquid–solid–solution phase transfer. A vari-
ety of ultrathin nanostructures can be obtained by this strategy. Figure 10.17 reveals 
the different nanostructures of various inorganic materials obtained via organic 
additives assisted solvothermal method and their growth accompanied via liquid– 
solid–solution phase assisted pathway (Wang, Zhuang et al. 2005). 
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FIGURE 10.17 TEM images of nanocrystals with nearly round shapes synthesized via the 
LSS strategy: (a) Ag (b) Au, (c) Rh, and (d) Ir. TEM images of nanocrystals with different 
shapes synthesized via the LSS strategy: (e) NaYF4 nanoparticles, (f) NaYF4 nanorods, (g) 
LaVO4 nanocrystals with a square shape, and (h) YPO4. 0.8 H2O nanocrystals with a hexago-
nal shape. (Reproduced with permission from Wang, X. et al., Acc. Chem. Res., 40, 635–643, 
2007. Copyright 2007 American Chemical Society.) 

The manipulation of a nanoobjects is still an issue that needs to be addressed 
in the f eld of nanoscience. In order to fully address this issue, scientists must need 
to devote their efforts to understand the chemistry of interfaces and their effect on 
structure determination. 

10.4.1 iNstrumeNtatioN for hydrothermal/solvothermal syNthesis 

The basic equipment of solvothermal and hydrothermal synthetic experiments is a 
high-pressure container, commonly known as an autoclave. Advances in these syn-
theses depends mainly on the availability of equipment. Hydrothermal/Solvothermal 
experimentation need such facilities which can be availed routinely and consistently. 
An ideal autoclave should have following characteristics; 

1. An excellent acid, alkali, and oxidant resistance 
2. Mechanically strong enough to withhold extreme conditions of temperature 

and pressure 
3. Structurally simple and convenient to use and operate 
4. An appropriate size to attain a required heat gradient 
5. Best sealing performance to maintain the desired pressure and temperature 

The above requirements of an autoclave can be meet through internal lining of the con-
tainer with an inert material. The most frequently used material for linings is Tef on. 

Figure 10.18 displays the most frequently used Tef on-lined, stainless steel auto-
clave. Such autoclaves are generally used to conduct mild hydrothermal/solvothermal 
reactions at up to 270°C. 
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FIGURE 10.18 Generally used reactor (autoclave) during hydrothermal/solvothermal 
synthesis. 

10.5 SOL GEL SYNTHESIS 

The sol–gel routes to inorganic nanostructures relied on principle of polymerization 
of precursors of molecular nature like metal alkoxides. M. Ebelmen, a French chem-
ist, carried out the f rst sol gel synthesis of silica in 1846. He noticed that hydrated 
silica is obtained by the moisture induced slow hydrolysis of silicic esters. Schott 
Glaswerke used this method to produce coatings over the glasses and brought this 
technique towards the industry in the half of twentieth century. However, its science 
developed in the late times. Since 1981, sol–gel chemistry get a new boom through 
publications of thousands of research papers and has provided new opportunities to 
the scientists working in this f eld (Ciriminna, Fidalgo et al. 2013). 

Three different approaches can be used to obtain different materials via sol gel 
route: 

1. Formation of gel from colloidal powders solution; 
2. Hydrolysis of metal salt like alkoxide or nitrate followed by polyconden-

sation. The obtained gel was f nally dried at hypercritical temperature in 
order to get f nal target material; 

3. Hydrolysis and polycondensation of metal precursors having alkoxide 
counterion followed by aging and drying at ambient temperature and pres-
sure (Hench and West 1990). 

Figure 10.19 shows brief overview of this synthetic route. 
The under-discussion route has been very successful to get an insight about prepa-

ration of oxide based inorganic materials. These materials can be obtained through 
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FIGURE 10.19 Sol gel synthesis; an overview. 

simple hydrolysis and polycondensation of precursors via oxo bridges formation. 
This  synthesis route has many advantages among which the most prominent are; 
(i) product purity and control over composition, (ii) control over texture, (iii) control 
over structure and homogeneity of the product. The sole adaptability of this syn-
thetic approach is because of many tunable parameters, such as precursor̀ s nature 
and concentration, catalysis, solvent, water content, temperature, drying and aging 
environment. However, the concurrent control over composition, texture, and homo-
geneity in case of composite oxides cannot be achieved through straightforward 
ways and mostly needs complex, time-taking or costly operations. The primary issue 
encountered in such synthesis is the discrepancy in the rate of reaction. Certainly, 
in multicomponent systems the rate of hydrolysis and condensation of different raw 
materials directly affect the homogeneity of the system. Hence a homogeneous gel of 
the product can only be obtained when the rate of reaction of different starting mate-
rials is harmonized well with each other. This can be achieved by various strategies, 
like modif cations of different reactive precursors. The modif cation can be made 
simply by interacting reactive precursor with acetic acid or acetylacetone to control 
the rate of hydrolysis. Another major issue is the crumple of the network formed by 
pores upon drying through evaporation because of capillary actions. This problem 
might be handled through occurrent hypercritical drying. One more strategy is to use 
templates to get organized porous materials. Multi-scale texturation can be obtained 
by a combined sol gel and aerosol processing (Debecker and Mutin 2012). 

During last decades, numerous substitute to sol–gel strategies were anticipated, 
that involves the origination of the non-aqueous oxo bridges and the term “non-
hydrolytic sol–gel” (NHSG) was introduced (Corriu et  al. 1992a, 1992b, 1992c). 
The other oxygen sources may be either alkoxides, ethers, or alcohols. 
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The NHSG process is non-aqueous and its mechanism involves entirely diverse 
condensation process. These conditions considerably affect the homogeneity, texture, 
and surface features of the products. Current literature about the NHSG synthesis 
and its applications has been summarized in many reviews about oxide (Vioux 1997, 
Mutin and Vioux 2009), oxide nanoparticles (Jun, Choi et al. 2006, Niederberger 
2007, Akram, Ahmad et  al. 2018), and nanostructures (Pinna and Niederberger 
2008, Garnweitner and Niederberger 2008). 

The major benef t of sol gel synthesis is the capability to molecular level control 
of the composition and structure. Control of the texture, easy and one step prepara-
tion are also precious assets of the route. 

10.6 ULTRASONIC NEBULIZER ASSISTED CHEMICAL 
VAPORS DEPOSITION (UNA-CVD) 

Chemical vapors deposition (CVD) is widely used approach to produce pin-hole free 
inorganic materials as thin f lms for fabrication of transistors and other technologi-
cal important functional devices (Jones and Hitchman 2009). Ultrasonic nebulizer 
assisted CVD is an improved modif ed CVD approach, in which aerosol is gener-
ated and used as medium to transport precursor/s in heated zone, where pyrolysis of 
precursor takes place. The use of unreactive environment by means of nitrogen gas, 
or argon for precursor decomposition offers superior way to produce diverse materi-
als including metal-chalcogenides, metal oxides, zeolites, metal-organic frame work 
(MOF) and 2D materials with simple to complex geometries (Akhtar, Malik et al. 
2010, Afzaal, Malik et al. 2010). 

The  use of ultrasonic nebulizers in UNA-CVD is an energy eff cient, low-
cost and greener method to produce “aerosol.” The as- formed aerosols usually 
have low velocity and short life. In a typical approach, high frequency ultrasound 
waves are generated and passed through a precursor solution (precursor + organic 
solvent). These high frequency sound waves agitate “precursor solution” to yield 
liquid-gas interface that f nally forms an aerosol of micro-sized droplets. We 
can call these micro-droplets as “microreactors” which when enter inside “hot 
zone” of furnace reactions take place. The  reaction takes place either inside or 
on surface of droplets. Unlike sonochemical approach, ultrasound waves used in 
UNA-CVD do not initiate reactions but generate low velocity aerosol (Jones and 
Hitchman 2009). 

10.6.1 role of preCursors iN uNa-Cvd 

Precursors choice is a key factor to grow thin f lms of inorganic materials by 
UNA-CVD. There is wide range of organometallic precursors, single molecular 
precursors and dual source is available. The  choice of precursor is very much 
depending on solubility in organic volatile solvent. Toluene, acetonitrile, tetra-
hydrofuran (THF) are most popular choice where most of precursors are soluble. 
In some cases, a pair of solvents are used (Dunnill, Aiken et al. 2009, Marchand, 
Hassan et al. 2013, Ozkan, Crick et al. 2016). 
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Thermal stability of precursors is also key factor to be considered for synthe-
sis of inorganic materials as thin f lms via UNA-CVD (Afzaal, Malik et al. 2010). 
Lead(II) xanthates and thiocarbamates precursors are most popular choice due to 
lower decomposition temperature (Malik and O’brien 2008, Boadi, Malik et  al. 
2012, Kevin, Malik et al. 2015). 

10.6.2 role of temperature iN uNa-Cvd 

Temperature inf uences two ways in UNA-CVD. It  assists and provide required 
energy to decompose the precursor and second it controls the morphology of as-
deposited thin f lms. It also affects texture and uniformity of thin f lms on the sub-
strates. Thin f lms of PbS obtained at 350°C from precursors [PbS2CNRR′)2] (where 
R, R′ = Me, benzyl, heptyl, octadecyl, dioctyl, Hex, Et or nPr) had a dense granular 
microstructure whereas at 425°C, the as-deposited f lms consisted of non-uniform 
particles. Further increasing the pyrolysis temperature to 450°C resulted in changed 
the morphology to a mixture of acicular platelets and non-uniform particles (Akhtar, 
Malik et al. 2010). 

10.6.3 role of solveNt iN uNa-Cvd 

The  formation of “aerosol mist” and its evaporation in UNA-CVD set-up is also 
important parameter to prepare thin f lms of inorganic materials. The nature of sol-
vents, volatility, boiling point, miscibility with precursor plays crucial role in execu-
tion of UNA-CVD as well as in controlling the crystallographic phases of inorganic 
deposited materials (Edusi, Sankar et al. 2012). For example, using ethanol, hexane, 
dichloromethane and isopropanol as solvent and titanium(IV) isopropoxide pro-
duced exclusively thin f lms of steel substrates having only anatase phase, while in 
methanol rutile phased TiO2 obtained (Edusi, Sankar et al. 2012). 

10.6.4 differeNt variaNts of uNa-Cvd 

• Electrostatic spray assisted vapor deposition (ESAVD) 
In this case, vaporization of a liquid precursor is performed f rst and then 
charging of droplets is carried out by means of induction charging. These 
as-charged droplets are then transported towards a heated substrate with 
the help of an electric f eld. A much uniform and better-quality f lms of 
inorganic materials can be obtained. 

• Electrostatic aerosol assisted jet deposition (EAAJD) 
The  operation of EAAJD is identical to ESAVD, however a carrier gas 
(argon) is used to transport droplets in electric f eld and subsequently in hot 
zone where deposition of thin f lms takes place. This method also produces 
good quality thin f lms of inorganic materials. 

• Electric f eld assisted aerosol (EFAA) CVD 
In this case, a potential difference between electrodes on a deposition substrate 
produces an electric f eld and remaining procedure is similar to ESAVD. 
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10.6.5 advaNtages of uNa-Cvd 

• UNA-CVD is one of best cost-effective way to prepare desire thickness of 
thin f lms on wide range of substrates. 

• Synthesis of inorganic materials takes place at higher temperature in inert 
atmosphere, so no post synthetic calcination or annealing of material is 
required. 

• There are substantial less chances of impurities in resulting deposited inor-
ganic materials as pyrolysis of precursor under inert conditions occurs at 
elevated temperature. 

• Choice of wide range or precursors and also freedom to prepare multi-
phased inorganic materials. 

• A number of organic solvents (more volatile to less volatile) can be used. 
• The shape of as-deposited inorganic materials can be tuned and controlled 

by judicial choice of deposited temperature, solvent, concentration of 
precursor. 

• There is choice to use functionalized substrates to prepare thin f lms. 

10.6.6 disadvaNtages of uNa-Cvd 

A dedicated CVD set-up is required to prepare thin flms of inorganic materials, and 
solvents of high purity grade are essential for growing impurity free thin flms. 

10.7 COLLOIDAL SYNTHESIS OF INORGANIC MATERIALS 

Among solution methods, colloidal synthesis (CS) is most popular technique to pre-
pare inorganic materials in desire shape and size. The ease of simplicity in process, 
the use of wide range or precursors and shape directing/size controlling surface pas-
sivating agents are the key features that make this technique more attractive (Malik, 
Revaprasadu et  al. 2012, Yuwen and Wang 2013, Taylor and Ramasamy 2017). 
In principle, CS utilizes chemical reduction or thermal decomposition of precursors 
to generate inorganic materials. 

10.7.1 some key CoNCepts iN Colloidal syNthesis 

10.7.1.1 Nucleation Process 
In CS, nucleation is f rst and crucial step, which involves coalescence of small ions/ 
atoms/molecules to generate “nucleus” (Malik, Revaprasadu et al. 2012). This nucleus 
provides a site for other particles to agglomerate and form a crystal. The formation 
of nucleus can be explained by theory developed by Becker et al. using work done 
by Gibbs. Thus, this theory explains that “nucleation” is thermodynamic entity and 
follows the route to minimize the Gibbs free energy during the formation of the 
nucleus. However, this theory doesn’t explain the formation of monodisperse inor-
ganic materials during colloidal synthesis. 
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10.7.1.2 Ostwald Repining 
Ostwald repining is an undesirable process in colloidal synthesis of inorganic materi-
als. Accordingly, small crystals formed are exceptionally thermodynamically unsta-
ble due to high surface energy and large proportion of surface atoms, whose valency 
or coordination number is missing. These instantly formed particles and dissolve and 
redeposit into large particles. This is kinetically controlled and dynamic process hap-
pening in solution which ultimately results in decrease in number of small particles 
and corresponding large particles increase. The  bottom line, average particle size 
increases. Thus, the effective strategy to produce monodisperse inorganic particles is 
use “sudden burst” (Taylor and Ramasamy 2017). 

10.7.1.3 Role of Capping Agents in Colloidal Synthesis 
Colloidal synthesis of inorganic materials is mostly performed in high boiling 
organic solvents like trioctylephosphine oxide (TOPO), hexadecylamine (HDA). 
These also acts as stabilizing capping agents for inorganic materials and passivate 
their surface. They also prevent the aggregation of small nanosized particles into 
clusters. Another advantage of using such solvents is ability to process inorganic 
materials at higher temperature (200°C–250°C). They also plays role in controlling 
size and shape of solution processed inorganic materials (Malik, Revaprasadu et al. 
2012, Fu 2018). 

10.7.1.4 Role of Precursor in Colloidal Synthesis 
The choice of precursor plays a vital role in the synthesis of inorganic materials of 
desire shape and size in colloidal synthesis. In CS, formation of free nuclei and their 
growth in particles is crucial step which relies on the decomposition of precursor, 
how quickly and easily it decomposes and provides such monomers. Therefore, the 
nature of precursor is very important (Yuwen and Wang 2013). 

10.7.1.5 Single Molecular Precursors 
Single molecular precursors where metal is bonded with ligands are frequently used 
in colloidal synthesis. In colloidal synthesis, it undergoes decomposition following 
f rst order kinetic as follows. 

SMP 
Monomer 

The formation of monomers will depend on the temperature of the reaction solution 
and the activation energy. The activation energy can be related to binding energy of 
the ligands with metal. If the binding energy of the ligand with metal is high, higher 
decomposition temperature is required and vice versa (Akhtar, Malik et  al. 2010, 
Boadi, Malik et  al. 2012).  –S2COR (where R  = alky chain, aromatic/aliphatic or 
cyclic) is an important ligand which have been used successfully to synthesize metal 
sulf des in via colloidal chemical route as low as room temperature (Kevin, Malik 
et al. 2015). 
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10.8 TWO STEPS COLLOIDAL SYNTHESIS 
OF INORGANIC MATERIALS 

This  method is widely used to prepare metal-chalcogenide inorganic materials. 
Metal salts (acetate, oxide, nitrates) are mixed and heated with high boiling organic 
solvents, trioctylphosphine, trioctylephosphine oxide (TOPO) or oleylamine or oleic 
acid in closed inert atmosphere. Once the desire temperature attained, chalogenide 
source (sulfur-TOP, Se-TOP, Te-TOP, TMS, TMSe) is added instantly and newly gen-
erated metal-chalogenide materials is centrifuged and washed (Hines and Scholes 
2003, Abargues, Navarro et  al. 2019). Scholes and co-workers used this route to 
prepare ultra-small size PbS nanoparticles with emission in 1200–1400 for mid-
infrared applications (Hines and Scholes 2003). The shape of small PbS prepared in 
this method observed under TEM after injection appear angular and facet, whoever 
prolonged heating results in spherical shape of particles. On the other hand, particles 
obtained larger in size have symmetrical shape. 

10.8.1 advaNtages of Colloidal syNthesis 

• This method provides best way to optimise kinetic and thermodynamic 
conditions to control shape and size of nanoparticles. 

• In this method, surfactants can be employed to grow nanoparticles in desire 
shape. 

•  In colloidal synthesis, there is choice of wide range of precursors available 
( i.e; single molecular precursors to dual source). 

• Surface modif cation of as-prepared inorganic materials can be easily per-
formed in colloidal synthesis. 

10.8.2 disadvaNtages 

Polydispersity is a major drawback of this approach, which can be overcome by sup-
pressing Ostwald’s ripening. 

Pyrophoric and moisture sensitive precursors (metal-alkyls) need special protec-
tion and procedure to be used in colloidal synthesis. 

10.9 CONCLUSIONS 

The  hydrothermal/solvothermal synthetic approaches to inorganic materials fea-
tures possess process simplicity, mildness, and scalability. The techniques also hold 
potential of tuning crystal structure, chemical composition, size and morphology 
of the materials via controllable growth and nucleation by using established chem-
istry. Sol-gel is another versatile approach to prepare good quality inorganic oxide 
materials. The use of surfactants and mild temperature conditions make it attractive 
method to prepare technological important materials like TiO2. 

Ultrasonic nebulizer chemical vapors deposition (UNA-CVD) is a growing low-
cost approach to prepare thin f lms of inorganic materials on a number of substrates. 
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Such thin f lms are vital components of functional devices (solar cells, supercapaci-
tors). Lastly, colloidal synthesis is best solution-based approach to synthesize inor-
ganic materials on any scale. 
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11.1 INTRODUCTION 

Rapid development of human society and moving to modern life have been created 
a critical societal problem by more consumption of fossil fuel  [1]. The  rise in eco-
nomic expansion around the world has led to boosting the productivity of energy-based 
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appliances, which f nally results in the high global energy consumption [1–3]. Eventually, 
the societal problem and environmental pollutions are evacuating the fossil fuels 
and changing the climate (global warming and melting glaciers) [4,5]. Besides, new 
demands have emerged in recent years such as demand for green energy sources, por-
table and wearable electronic devices, miniaturization and f exibilization of devices, 
hybrid and electric cars and smart grids [1,2,5–7]. In order to realize the sustainable 
development of human survival and society, the pursuit for renewable, environmen-
tally-friendly energy sources and sustainable storage technologies are developing 
incessantly and tremendously [4,6,8]. So, the expansion in designing green and viable 
energy conversion in the fuel cells and storage in the secondary battery and superca-
pacitors (SCs) technologies became a hot research topic in the twenty-f rst century [9]. 
Secondary batteries and high-performance SCs are recognized as imperatively elec-
trochemical energy storage devices. Presently, batteries and electrochemical capacitors 
(ECs) are being the most used. The comparison between the formal batteries and ECS 
show that: formal batteries have a higher energy density, but they have a low level of 
power at the discharge time; ECs have a higher power density than formal batteries, but 
their energy density are low. Therefore, the efforts for combination of higher energy 
and power density led to the usage of SCs. SCs superiority to batteries and ECs are the 
combination of energy density of batteries with a power density of ECs. Scheme 11.1 
shows the comparison between SCs and other energy storage devices [10]. 

SCHEME 11.1 Comparison of Supercapacitors with other energy to storage devices in 
terms of different performance factors. Reprinted with permission from (Salunkhe, R.R. 
et al., Acc Chem. Res., 49, 2796–2806, 2016.). Copyright (2019) American Chemical Society. 



 

 
 

 
 
 
 

 
 
 
 
 
 
 
 

 

 

 

 
 
 

 
 
 

 

Metal-Organic Frameworks Derived Materials for Supercapacitors 189 

SCs offer high power density, fast energy yield, quick charge/discharge time, 
long cycle life time, low maintenance cost and operation in a wide range of tem-
perature. SCs have capability to store energy during the accumulation of charge or 
reversible redox reactions. On that basis, SCs are arranged into the three categories 
rely on storage process: electrochemical double-layer capacitance (EDCL), pseu-
docapacitors (PCs) and their combination as a hybrid SCs [11]. It is clear that the 
effcient electrochemical performance of SCs greatly relies on electrode materials. 
Therefore, development of porous structure with high surface area and numerous 
electrochemical active sites have been attracted intense attention [12]. In the last two 
decades, the metal-organic frameworks (MOFs) are emerging in the electrochemi-
cal system for SCs. MOFs materials have indicated great advantages such as high 
surface area, controllable structures, and good thermal stability, high and tunable 
porosity [9,13,14]. The organic ligands in MOF structures (which include carbon 
groups and heteroatoms such as S, O, P and N) not only prevent the accumulation 
nanoparticles, but also form the uniform metal/cluster nanoparticles network [3,12]. 
Therefore, MOF structures attract immense interest for using as a template and/or 
precursor to prepare various carbon-based nanomaterials or transition metal-based 
functional nanomaterials (for instance: oxides, carbides, chalcogenides, sulfdes, 
selenides, and phosphides) [15–17]. Development of derivative form of MOF struc-
tures shows the remarkable electrical performance as electrode materials for SCs 
application [3,18]. 

11.2 HISTORY OF MOFs 

In  the mid-1990s, Yaghi and colleagues used a term of MOFs  [19,20]. MOFs are 
crystalline and porous coordination networks, which are created by connecting 
metal ions or their clusters (as an inorganic fraction) with linkers (as an organic 
fraction) [21]. 

The  clusters are designed and used as secondary building units (SBUs). 
The linkers are organic compounds with union units such as carboxylate, phos-
phonate, sulfonate, and heterocyclic compounds [22]. According to the availabil-
ity of large number of metal anions, clusters and organic linkers, thousands of 
MOFs have been synthesized with different structures, shapes, sizes and porosity 
(Scheme 11.2) [22,23]. Therefore, scientists’ attention in academic and industry 
have been attracted to the MOFs for application in various f elds like cataly-
sis, separation, sensors, drag delivery and energy storage [24,25] (Scheme 11.3). 
At the same time, with the increasing use of MOFs in various f elds, many efforts 
have been made to improve the MOFs properties, which lead to the formation 
of MOFs hybrids and derived. These modif cations can be accursed before syn-
thesis (via linker design),  [22] during the synthesis and after the synthesis of 
MOFs [26]. 

This chapter provides a broad overview for synthesis and application of MOFs as 
electrode materials for SCs in three parts: (1) Pristine MOFs, (2) Converted MOFs, 
and (3) Combining MOFs with conductive materials. 
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SCHEME 11.2 Graphical illustration of the construction of some representative coordina-
tion polymers/MOFs from SBUs and rigid linkers. (From Lu, W. et al., Chem. Soc. Rev., 43, 
5561–5593, 2014; Royal Society of Chemistry, reprinted with permission) 
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SCHEME 11.3 A schematic summary of typical development strategies of MOFs and MOF 
composites for energy storage and conversion applications. (From Liang, Z. et al., Adv. Mater., 
30, 1702891, 2018.) 

11.3 PRISTINE MOFs 

In general, pristine MOFs are divided into four categories include 3D (spherical, cubic, 
etc.), 2D (nanosheets), 1D (nanorods, nanotubes and nanof bers) and 0D (nanopar-
ticles) (Figure 11.1) [27,28]. According to important of electrolyte-accessible surface 
areas, for achieving to excellent performance of power density and energy storage 
capability in SCs, MOFs (as a new class of porous materials with large surface areas 
and incorporated redox metal centers) have been attracted much attention electrode 
materials for PCs. Therefore, various pristine MOFs, with high surface area and 
tailored pore size were used as the base of PCs electrode materials. 

11.3.1 pristiNe 3d-mofs 

3D-MOFs are the f rst pristine MOFs, which were used as PCs electrode materi-
als. Although 3D-MOFs have a large surface area and EDCL [25], they have some 
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FIGURE 11.1 Representative SEM images and their corresponding schematic f gures of 0-
and 1-D metal–organic nanostructures showing the wide diversity of morphologies obtained 
so far: (a) cubic particles, (b) octahedral particles, (c) arrow-like particles, (d) spheres, (e) 
hexagonal lumps, (f) plate-like particles, (g) rods, (h) f bers, and (i) tubes. (Reprinted with 
permission from Carne, A. et al., Chem. Soc. Rev., 40, 291–305, 2011. Copyright 2011 
American chemical Society.) 

limitations in practical applications as electrode materials for PCs. They have not high 
conductivity [29,30], stability and need activation treatment for expel solvents resid-
ual inside the pores or channels and do not show a good specif c capacitance [29,31]. 
For the f rst time, Díaz et al. was used the Co-Zn MOF (Co8-MOF-5) as an electrode 
material of a SC in non-aqueous media (tetrabutylammonium hexaf uorophosphate in 
acetonitrile). The obtained specif c capacitance was very low due to low conductivity of 
this pristine 3D-MOF [32]. Concurrently, Lee et al. were investigated the Co-MOF-71 
as an electrode material of a SC in different aqueous media (LiOH, KCl, LiCl and 
KOH). In  different electrolyte, the maximum specif c capacitance was obtained in 
LiOH (206.76 Fg–1 at 0.6 Ag–1) [33]. Therefore, attempts to increase the surface area 
and availability of electroactive materials to boost PCs specif c capacitance led to the 
production of low pristine dimensional MOFs including 2D, 1D and 0D. 

11.3.2 pristiNe 2d-mofs 

In  recent year, some strategy has been used for the synthesis of 2D-MOFs intro-
duced in two categories: “top-down” and “bottom-up” [28,31,34]. Top-down method 
is including mechanical, sonication, chemical and Li-intercalation exfoliation, 
whereas bottom-up method is including modulated, surfactant-assisted, interfacial 
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FIGURE 11.2 (a) Representative FE-SEM image and (b) cycle stability of Co-LMOF. 
Reprinted with permission from (Liu, X. et al., ACS Appl. Mater Interfaces, 8, 4585–4591, 
2016. Copyright (2019) American Chemical Society.) 

synthesis, sonication and three-layer synthesis methods [28,31,34]. However, all syn-
thesis methods of 2D-MOFs include chemical/physical exfoliation of 3D-MOFs or 
directly synthesized in the presence of surfactant with a high molecular weight (like 
polyvinylpyrrolidone) [35] for prevention of growth in the third dimension [31]. By 
moving from 3D-MOFs to 2D-MOFs, the surface area and available active material 
of PCs electro-materials increase. As a result, the capacitance and power density 
of PCs increase, too. For instance, Liu et al. was synthesized the Co-based layered 
MOF (Co-LMOF) as a SC electrode material in 1.0 mol L KOH. According to this 
report (Figure  11.2), the electrode material display high specif c capacitance and 
cycling durability due to the nanoscale size of Co-LMOF, proper space for diffusion 
of ions and increase the available active sites of electrode material [36]. 

11.3.3 pristiNe 0d aNd 1d-mofs 

0D and 1D-MOFs can be synthesized by limiting of MOFs growth on other dimen-
sional using of two strategies: (1) using emulsions or templates; and (2) increasing 
nucleation (by use of supercritical CO2 as a solvent, [37] poor solvents, microwave 
radiation, ultrasounds or temperature)  [27]. 0D and 1D-MOFs have more advan-
tages than 2D-MOFs for use in PCs such as (a) They have more active sites and 
surface area, which reduce the path of mass/charge transfer and increase double 
layer capacitance, respectively; (b) They can be easily grown on thin f lms to form 
self-standing f exible energy storage devices [38,39]. For the f rst time, the coin-type 
symmetric SC (Scheme 11.4) was fabricated by Kang and Yaghi et al. [40]. The vari-
ous organic ligands and metal ions were used to construct 23 different nanocrys-
tals MOFs (nMOFs) with diverse structure backbones. Among them, the zirconium 
nMOF, Zr6O4(OH)4(BPYDC)6, display highest stack and areal capacitance of 0.64 
and 5.09 mF cm–2 [40]. 
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SCHEME 11.4 Construct for nMOF supercapacitors. Reprinted with permission (Choi, 
K.M. et al., ACS Nano, 8, 7451–7457, 2014. Copyright (2019) American Chemical Society.) 

SCHEME 11.5 Schematic illustrations of a typical EDLC supercapacitor and development 
strategies of MOFs and MOF composites for supercapacitors. (From Liang, Z. et al., Adv. 
Mater., 30, 1702891, 2018.) 

As a result, by reducing the dimensions and size of MOFs as PCs electrode 
materials, although surface area and accessible activate site for redox reaction and 
ion/electron transfer increase, but low conductivity and stability of MOFs remind. 
Therefore, these problems hinder their further development of MOFs as electrode 
materials for PCs. In order to resolve these problems and use of MOFs as electrode 
materials for PCs, two feasible routes have been proposed: (1) converting MOFs to 
porous carbon, metal oxide, metal sulf de or other composite materials via post-
treatment process; and (2) combining MOFs with conductive materials (Scheme 11.5). 
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11.4 MOF-DERIVED MATERIALS 

In  recent year, converting of MOFs to MOF-derived nanostructures has attracted 
much attention, due to insuff cient electronic conductivity, thermal and chemical 
durability of most pristine MOFs. Moreover, MOF-derived nanostructures are play-
ing signif cant roles in energy-related technologies such as SCs. For electrochemi-
cal energy production and storage application, MOF-derived nanostructures have 
several superiorities than pristine MOFs. These are: (1) carbon moiety produced by 
organic ligands, which improved the electrical conductivity through rapid electron 
transfer; (2) heteroatom (e.g., S, O, N, P) presented in the organic ligand parts, which 
can create a more active site and suitable substrate for decoration of various nanopar-
ticles; (3) homogenous dispersion of metal atom or cluster in the carbon network due 
to in-situ synthesis of MOF structures; (4) proper morphology, size, porosity and 
structure can be produced by controlling the synthesis strategy; (5) many properties 
of pristine MOFs can be preserved in the MOF-derived materials (e.g., porosity and 
large surface area) [41]; (6) porous structures of MOF-derived can not only increase 
the effective contact of electrode/electrolyte and cause to reduce the diffusion lengths 
of electrolyte ions, but also improve the redox reaction by increasing the active edge 
sites [42]. In following, the MOF-derived synthesis strategies and different type and 
the effect of MOF-derived materials in SCs application were discussed. 

11.4.1 mof-derived syNthesis strategies 

Synthesis of MOF-derived nanostructures includes two important steps, which are 
select appropriate MOF as a precursor or template and after that post-treatment 
of MOF structure [41]. It  is worth noting that MOFs with different structures and 
morphology can be created by changing the synthesis conditions and methods 
(Scheme 11.6). In the following, the overall synthesis methods are discussed shortly. 

To synthesize controllable MOF structures, some procedures have been explored 
such as solvothermal  [13], hydrothermal  [13], microwave  [43], sonochemical  [44], 
electrochemical [45] and mechanochemical [46] methods. The most straightforward 
and widely synthesis methods for MOF structures are solvothermal or hydrothermal, 
in which the reactions are occurring at high temperature or pressure in any solvent 
or water, respectively [47]. Due to applying high pressure in solvothermal process, 
the product has a higher yield and greater crystallinity [47,48]. Nevertheless, these 
synthesized methods typically require special equipment (e.g., autoclaves or sealed 
containers) and long reaction times (several hours or month) [20]. 

Microwave method for the frst time was used in 2005 [47,49]. In the microwave-
assisted method, a solution mixture in a proper solvent is transferred to a sealed 
container, put in a microwave device and heated for specifc time and tempera-
ture. Oscillating electric feld and permanent dipole moment of the molecules are 
coupled and lead to rapid liquid phase heating [50,51]. In the microwave-assisted 
method, large-scale synthesis of MOFs can carry out in a few minutes. Therefore, it 
is possible to decrease the time of the reaction. The crystal size of MOF structures 
can control by adjusting the temperature and concentration of the reagent in the 
reaction [52]. 
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SCHEME 11.6 Overview of synthesis methods, possible reaction temperatures, and f nal 
reaction products in MOF synthesis. Reprinted with permission from (Stock, N. and Biswas, 
S., Chem. Rev., 112, 933–969, 2011. Copyright (2019) American Chemical Society.) 

In  sonochemical method, a solution mixture is placed in the horn-type Pyrex 
container, which is equipped with an adjustable power sonicator bar without exter-
nal cooling  [13]. Growth and collapse of bubbles under the inf uence of sonica-
tion, denominated as acoustic cavitation, create very high positional temperatures 
(~5000  K) and pressures (~1000  bar)  [53,54]. Finally, f ne crystals are generated 
under extremely fast heating and cooling rates (>1010 K/s)  [55]. In  sonochemical 
method due to homogeneous and rapid nucleation, crystallization time and MOF 
particles size are decreased than usual solvothermal method [53,56]. 

Scholars at BASF f rst introduced electrochemical approach for the synthesis of 
MOF structures. In this method, metal ions are continuously introduced to the reac-
tion medium (including dissolved linker and electrolyte) during the anodic disso-
ciation via an electrochemical process. Directly deposition of metal on the cathode 
is prevented by using protic solvent and in this case, H2 gas is released [13,47,55]. 
Electrochemical route has a various advantage such as elimination of nitrate, 
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perchlorate, or chloride as a byproduct during large-scale production processes, fea-
sibility to operate consecutive process and to procure a higher solids content com-
pared to the normal batch reactions [13,47,55]. 

Mechanochemical synthesis of MOF structures was f rst reported in 2006 [57]. 
It involves force to mechanical breakage of intramolecular bonds and drives chemi-
cal transformation (e.g., by milling in ball mills) [13,47,55]. The interest in mechano-
chemical synthesis of MOF structures has several reasons. It has an environmentally 
friendly process so that the reaction takes place on the ambient temperature and 
solvent-free situation. Moreover, products have a small particle size, which obtains 
at the short reaction time. On some occasions, metal oxides can replace metal salts, 
which water produces as a by-product  [13,47,55]. In  addition, various synthesis 
strategies have been explored to construct MOF-derived materials such as porous 
carbons, metals, metal oxides, metal sulf des, metal phosphide/phosphate, a metal 
selenide and their multicomponent hybrids [58]. According to the reaction mecha-
nism through conversion of MOFs to MOF-derived materials, the synthesis strategy 
can be classif ed into four categories: (1) self-pyrolysis in an inert atmosphere; (2) 
chemical reaction with gases or vapors; (3) chemical reaction with solutions; and (4) 
post chemical etching [59]. 

Self-pyrolysis of pristine MOFs under inert atmosphere (e.g., N2 and Ar) usu-
ally cause metal/carbon-based composite through an in-situ carbonization proce-
dure [60]. The f nal nanostructures typically display porous structure and maintain 
primary morphology of pristine MOFs. These nanostructures may consist of metal, 
metal oxide, or metal carbide materials in porous carbon frameworks [59,61]. 

In  the attendance of reactive gas or vapor, solid-gas phase chemical reaction 
simply transforms the pristine MOF template to various MOF-derived nanostruc-
ture [59,62]. For example, hollow structured metal-oxides [59,63] and metal-based 
composite involving phosphides [59,64], sulf des [59,65] and selenides [59,66] can 
be easily produced via controlling pristine MOFs degradation at high temperatures 
and reaction between the pristine MOFs and corresponding gas/vapor, respectively. 

Likewise, in the solid-liquid phase, a chemical reaction occurs with pristine MOFs 
and diverse reactant in a solution, which produced various composition with tunable 
structure [59,67]. For an instant, ion exchange can happen between the pristine MOF 
and ions in the solution, if the coordination band in the MOF structure between the 
metal ion and organic framework is proportionately week. 

In addition to the above methods, post-treatment has been developed to modify 
the MOF-derived compositions or nanostructures. For instance, metal based compo-
nent removes from self-pyrolysis pristine MOF via post chemical etching by acidic 
solution [59,68]. 

11.4.2 mof-derived traNsitioN metal oxide for superCapaCitors 

Electrodes based on transition metal oxide materials (such as RuO2, MnO2, TiO2, 
Fe3O4, V2O5, Co3O4, NiO and ZnO) are working on the concept of pseudocapaci-
tive mechanism. Due to the pseudocapacitive mechanism, these electrode materials 
exhibit a higher value of specif c capacitance than EDCL. Despite that, these elec-
trode materials do not have enough electrical conductivity, adequate specif c surface 
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area and pore size distribution. While by calcination of certain pristine MOFs, MOF 
derived transition metal oxides have been obtained. MOF-derived transition metal 
oxides have some specif c superiority than other same materials such as high poros-
ity, chemical/thermal durability and available internal surface areas. The ions can 
easily diffuse into the porous structure. Therefore, the electrochemical activity and 
charge storage capacities improve. Furthermore, by selecting the suitable pristine 
MOFs, the various MOF-derived transition metal oxides with favorable structure 
(such as 1D, 2D and 3D) have been constructed (Scheme  11.7), which affect the 
energy and power density of SCs [69]. 

Nevertheless, poor electrochemical conductivity, small potential window and 
unstable structural durability owing to severe accumulation, are limiting param-
eters to achieve high theoretical specif c capacitance  [17,70,71]. In  order to solve 
these problems, carbon contained in the organic ligands can be maintained during 
the annealing process and/or metal oxide can be integrated with other metal oxide 
materials or conductive materials [17,70–72]. Integration of metal oxide with another 
one can be accrued during various methods such as immersion, grinding, stirring, 
and ultrasonic mixing. However, the uniform distribution phase of two metal oxide 
can be diff cultly obtained via pyrolysis of pristine MOFs, when uncontrollable and 
physical immersion process was used for synthesis [17]. The uniform distribution of 
two metal oxide depends on the homogeneity of pristine MOFs [17]. For example, 
Guan et al. were prepared Co3O4 and NiCo2O4 from 2D Co-MOF as SCs electrode 

SCHEME 11.7 Schematic representation displaying the f exibility of MOF-derived metal 
oxide design for obtaining the desired performance in terms of energy and power densi-
ties. Reprinted with permission from (Salunkhe, R.R. et al., ACS Nano, 11, 5293–5308, 2017. 
Copyright (2019) American Chemical Society.) 
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FIGURE 11.3 (a) Comparison of GCD curves of CC@NiCo2O4 and CC@Co3O4 at 
10  mA  cm−2 and (b) The  plots of specif c capacitances versus current densities for CC@ 
NiCo2O4 and CC@Co3O4. (From Guan, C. et al., Adv. Energy Mater, 7, 1602391, 2017.) 

materials. The results show that by integration of Ni to Co-MOF, the discharge time 
and specif c capacitance improve at the same current density and potential window 
(Figure 11.3a and b) [73]. Xia et al. was synthesized 2D MOF nanof ake-assembled 
spherical microstructures, Ni/Co-MOF, as an electrode material of a supercapaci-
tors. The Ni/Co-MOF nanof ake shown the higher specif c capacitance of 530.4 Fg–1 

than Ni-MOF and ZIF-67 at 0.5 Ag in 1.0 mol L–1 LiOH [74]. 

11.4.3 mof-derived traNsitioN metal sulfide for superCapaCitors 

Recently, MOF-templates sulf dation strategy has been explored to fabricate 
electrode materials of SCs  [75]. These structures have been attracting much 
attention to energy storage and conversion owning to their crystal architecture, 
nanocrystalline morphology, multitude stoichiometries compositions and valence 
states. In addition, they have unique chemical/physical features, high mechanical/ 
thermal stability and better electrochemical conductivity than their corresponding 
metal oxide counterparts do [75–78]. Their better redox behavior cause to receive 
high specif c capacity/capacitance than electrode materials involving metal oxide 
and carbon  [75–78]. Moving from traditional bulk to nano-architecture metal 
sulf de derived materials from MOF structures represent many advantages for 
SCs, including (1) boosts the contact area of electrolyte/electrode per unit mass, 
which leads to higher specif c capacitances; (2) shorter diffusion distance for 
ions and electrons, which leads to higher power density; (3) good mechanical 
and structural features created by ion insertion/extraction, which leads to longer 
cycle life; and (4) appearance of new reactions that aren’t feasible for the bulk 
electrode materials  [75–78]. Compare to the MOF-derived monometal sulf des, 
mixed metal sulf des show a better redox reaction and electrochemical conduc-
tivity. Hence, expansion of alternative electrode materials base on MOF-derived 
metal sulf de are important [76,78,79]. For  instance, Cao et al. were used MOF 
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FIGURE 11.4 (a) Schematic illustration for the synthesis process of 2D CoSNC nanocom-
posites, (b) Specif c capacitance of 2D CoSNC nanocomposite and bulk CoSNC composite as 
a function of current density, and (c) Cycling stability of 2D CoSNC nanocomposite electrode 
measured at 12.0 Ag−1 in 2.0 M KOH. Reprinted with permission from (Cao, F. et al., J. Am. 
Chem. Soc., 138, 6924–6927, 2016. Copyright (2019) American Chemical Society.) 

nanosheets as precursors to synthesize 2D CoS1.097/nitrogen-carbon nanocompos-
ite. The nanocomposite was obtained by simultaneous sulf dation and carboniza-
tion of MOF nanosheets (Figure 11.4a) and applied as an electrode material for a 
SC. The nanocomposite shows the high specif c capacitance, rate capability and 
stability (Figure 11.4b and c) [35]. 

11.4.4 mof-derived traNsitioN metal seleNide for superCapaCitors 

MOF-derived transition metal selenides have been developed as good positive elec-
trode materials for SCs application, owing to special geometric architecture, various 
oxidation state and good electrochemical conductivity  [80,81]. Thereby, introduc-
ing selenide atoms into the electrode materials enhance the active edge sites and 
electrochemical activity [82,83]. The  selenide has a larger ionic radius and lower 
electronegativity than oxygen and sulfde  [84,85], so it can create a more fe xible 
structure and prevent decomposition during the charge/discharge process [86]. Chen 
et al. were prepared porous CoSe2 from Co-MOF template with etching and seleniza-
tion reaction. The bulk and porous form of CoSe2 were examined as a SCs electrode 
material in 3.0 mol L–1 KOH. The porous CoSe2 has a higher discharge time, specifc 
capacitance and rate capability than bulk form (Figure 11.5a–c). Also, the porous 
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FIGURE 11.5 (a) Comparison of CV curves for porous CoSe2 and CoSe2 at scan rate of 
5 mV s−1, (b) GCD curves of as-prepared electrode at current densities of 1 mA cm−2, (c) Specif c 
capacitances of synthesized electrode materials at different current density and (d) Cycling per-
formance of synthesized electrode materials for 5000 cycles at a current density of 5 mA cm−2 

and corresponding SEM image. Reprinted with permission from (Chen, T. et al., ACS Appl. 
Mater Interfaces, 9, 35927–35935, 2017. Copyright (2019) American Chemical Society.) 

structure shows the 94.5% retention in specifc capacitance during 5000 cycles at 
current density of 5 mA cm–2 (Figure 11.5d) [82]. 

Moreover, transition metal selenide materials have some superiority such as 
higher initial coulomb eff ciency than transition metal oxide and more stable cycling 
life than transition metal sulf de  [83]. Nevertheless, transition metal selenide, like 
transition metal oxide or sulf de, has an intrinsic low electrical conductivity  [87]. 
Therefore, development of hybrid materials, such as bimetallic selenide or composi-
tion with conductive materials, show better electrochemical activity than pristine 
MOF-derived metal selenide [88]. 

11.4.5 mof-derived traNsitioN metal phosphide/phosphate 

for superCapaCitors 

MOF-derived transition metal phosphide/phosphate has been used in an energy 
storage device [89–91]. Phosphorus is a multivalent non-elemental and donor atom 
from nitrogen group, which is used in coordination chemistry  [90]. Phosphorus 
can interact with more element of the periodic table and create various metal 
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phosphides/phosphates [90]. These materials have high f exibility, acid-base sta-
bility in a pH  range of 0–14, different composition with def ned stoichiometry, 
various crystalline structure, abundance and low cost [90,92,93]. Also, phosphi-
dation of MOF-derived materials decrease the electrical resistance, increase the 
electrocatalytic reactions and enhanced the faradic reaction across the electrode/ 
electrolyte interface. These advantages are owing to the presence of P-P bond in 
the MOF-derived transition metal phosphide and the existence of a strong bond 
between the metal and P compared with nitrides and carbides [90,94]. Compare 
with MOF-derived transition metal oxide/hydroxide, these materials demonstrate 
more metalloid features owing to the electronic structures and the presence of 
multi-electron orbitals [95]. Therefore, MOF-derived transition metal phosphides/ 
phosphates have high capacitance and pseudocapacitance features due to large 
internal surface area, channels and porosity for ion/charge conductivity, and pres-
ence of transition metal phosphide, respectively  [90]. For  the f rst time, Bendi 
et al. demonstrated a strategy to develop MOFs-templated hollow porous NixPyOz 

composite as a SC electrode material in 2.0 mol L–1 KOH. Figure 11.6a show the 
capacitance and rate capability of pristine Ni-MOF and MOF-derived NixPyOz. 
According to the literature [89], the MOF-derived NixPyOz has higher capacitance 
and rate capability than pristine Ni-MOF. The Nyquist plots (Figure 11.6b) show 
the smaller semicircle diameter and steeper slope for MOF-derived NixPyOz than 
pristine Ni-MOF, which indicate high conductivity and charge transfer at the
 electrode/electrolyte interface [89]. 

11.4.6 mof-derived CarboN Composite for superCapaCitors 

The intrinsic electrochemical activity of metal nanoparticles is limited due to insta-
bility, aggregation and poor reversibility [94]. So, carbon-based nanomaterials can 
be used as support to protect the nanoparticles. In this regard, MOF structures have 
been widely used to overcome these limitations  [89,94]. Hence, the carbon layers 
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FIGURE 11.7 (a) Preparation process of nanoporous carbon f bers (NPCFs). (b) Cyclic 
voltammetry (CV) curves and (c) galvanostatic charge–discharge curves of NPCFs. (d) 
Capacitance and (e) Nyquist electrochemical impedance spectra of PAN-derived carbon 
(PAN-C), ZIF-8 derived nanoporous carbon (ZIF-8-NPC), and NPCFs. (From Wang, C. 
et  al., Chem. Commun., 53, 1751–1754, 2017; Royal Society of Chemistry, reprinted with 
permission) 

from organic linkers must be maintained in the annealing process. As prepared, 
metal/porous carbon composites exhibited a greater specif c capacitance, electro-
chemical conductivity and long cycling life due to the existence of porous carbon 
structures  [14]. Porous carbon structure can obtain from different carbon sources 
and show various morphology and capacitance eff ciency. First, the MOF struc-
tures are used as carbon sources and direct pyrolysis produced porous carbon struc-
tures [12]. Second, introducing of another organic material (e.g., glucose, ethylene 
glycol, glycerol, polyacrylonitrile (PAN) and furfuryl alcohol as carbon sources) to 
the porosity of MOF structures before the pyrolysis produce porous carbon struc-
tures [12,96]. Figure 11.7 shows a MOF-derived carbon-based electrode material for 
PCs application [96]. 

11.5 COMBINING MOFs AND MOF-DERIVED WITH 
CONDUCTIVE MATERIALS FOR SUPERCAPACITORS 

MOF hybrids/composites have been successfully made with conductive/active spe-
cies to improve the properties of MOFs as PCs electrode materials. These conductive/ 
active species include: (1) metal oxides/hydroxides (nanoparticles/quantum dots/ 
nanorods/nanof owers); (2) conductive polymers; and (3) carbon nanomaterials (like 
graphene/carbon nanotubes (CNTs)) [29,97]. 

11.5.1 mof-derived traNsitioN metal oxide Composites 

for superCapaCitors 

Integration of converting MOFs or pristine MOFs with any bare of 0D, 1D, 2D and 
3D metal oxides/hydroxides compounds show the synergistic effects on capacitance, 
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FIGURE 11.8 (a and b) TEM images of MnOx–MHCF in different magnitude; (c) Cyclic 
voltammogram curves of MnOx–MHCF electrode at different scan rates in the range of 
5–50 mV s−1; (d) The galvanostatic charge–discharge curves of MnOx–MHCF electrode at 
current densities of 1.3–10.0  Ag−1 in 1.0  M Na2SO4 solution; (e) Specif c capacitances of 
MnOx MHCF nanocube electrodes derived from the discharging curves at the current density 
of 1.3–10.0 Ag−1 in 1.0 M Na2SO4 solution; (f) Cycling performance of the MnOx–MHCF 
nanocube electrode measured at the current density of 10.0 Ag−1 in 1.0 M Na2SO4 solution for 
10000 cycles. (From Zhang, Y. et al., Adv. Mater, 28, 5242–5248, 2016.) 

stability and power density of PCs [3,69,98–100]. For example, Zhang et al. showed 
that by placing nanof owers of MnO2 on a manganese hexacyanoferrate hydrate 
(MHCF) MOF as a PCs electrode material, the capacitance could be increased up 
to three times as much than pure MHCF MOF (Figure 11.8) [98]. In addition to pure 
metal oxides/MOFs composites, hybrid of MOFs with binary metal oxide [69,101] 
and polyoxometals  [17,102] were used for SCs applications because oxides/ 
hydroxides support have multiple redox reactions, increase potential windows and 
electron transfer between participating cations [69,101]. 

Although a hybrid of MOFs with metal oxides, mixed metal oxides or hydroxides 
were shown a good electrochemical performance as PCs electrode materials, but the 
stability, energy and power densities of them are not very eff cient [69]. Therefore, 
more effort is needed to improve these features and their practical application of 
MOF metal oxide composites as PCs electrode materials. 

11.5.2 mof-derived/CarboN NaNomaterials for superCapaCitors 

MOF-derived/carbon composites include MOFs, MOF-derived/CNTs (carbon nano-
tubes), MOF-derived/PC (porous carbon), MOF-derived/GO (graphite or graphene 
oxide), MOF-derived/CQDs (carbon quantum dots), MOF-derived/CF (carbon f ber) 
and MOF-derived/fullerene. Three different methods are available for synthesis of 
MOFs-derived/carbon nanomaterial hybrids, which were named: in-situ synthe-
sis approaches, ex-situ synthesis approaches and other specif c approaches  [103]. 
Carbon nanomaterials especially CNTs and reduced graphene oxide (rGO) have 
a high surface area, conductivity and stability in different solutions. Carbon 
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nanomaterials  have been used as an electrode material for EDCLs and increase 
power density [104]. Therefore, the composites of MOFs and MOF-derived with car-
bon nanomaterials can theoretically improve various properties of MOFs-derived as 
PCs electrode materials [103]. For example, recently Xin et al. have synthesized hier-
archical Zn-MOF-derived nitrogen-doped porous carbon/graphene composite with 
90% retention of initial capacitance after 10,000 charge-discharge cycles (superb 
cycling stability) and superior rate capability [105]. 

According to the features mentioned for MOFs and MOFs-derived carbon nano-
material hybrids and conductive polymers, it can be concluded that for improving 
the electrochemical properties and stability of MOFs and MOFs-derived as PCs 
electrode materials, MOFs-derived/nanocarbon materials and conductive polymer 
hybrids must be used with together  [106]. Figure 11.9 display the combination of 
nanocarbon materials and conductive polymer hybrids with MOF-derived as a PCs 
electrode material. 

11.5.3 mof-derived/CoNduCtive polymers for superCapaCitors 

MOFs and MOF-derived, with high porosity and large specif c surface area, have 
good potential in energy storage, but are limited by poor conductivity. One of the ways 
to reduce these shortcomings is to use MOFs with conductive polymers (CPs) such as 
polypyrrole (Ppy), polyaniline (PANI), polydopamine (PDA), poly o-aminophenol 
(POAP) and polyethylene dioxythiophene (PEDOT)  [29,107–109]. CPs have good 
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FIGURE 11.10 Schematic illustration of the two-step fabrication process of PANI-ZIF-
67-CC electrode and SEM images of (a, b) the carbon cloth f bers, (c, d) after coating with 
ZIF-67, (e, f) after electropolymerization of aniline, and (g) Areal capacitances of the litera-
ture reported supercapacitors and that of PANI-ZIF-67-CC presented in this Communication. 
The PANI-CC and ZIF-67-CC are control experiments. Co−Al LDH-NS/ GO: Co−Al layered 
double hydroxide nanosheets (Co−Al LDH-NS) and graphene oxide (GO). VN/CNTs: VN/ 
carbon nanotubes. Reprinted with permission from (Wang, L. et al., J. Am. Chem. Soc., 137, 
4920–4923, 2015. Copyright (2019) American Chemical Society.) 

capacitance, base of faradic mechanism, and stability [108]. Therefore, by the con-
junction of CPs with pristine or derived MOFs, the electrochemical performance, 
capacitance, conductivity and durability of MOFs/CPs increase as PCs electrode 
materials [29,107–109]. Wang et al. were electropolymerized aniline on the Co-MOF 
crystal (ZIF-67) – carbon cloth (Figure 11.10). The electrode material shows the high 
areal capacitance of 2146 mF cm–2 at 10 mV s–1, which is one of the highest capaci-
tance among the MOF-based SCs [110]. 

11.6 SUMMARY 

MOFs materials have indicated great advantages for SCs electrode materials such as 
high surface area, controllable structures, and good thermal stability, high and tunable 
porosity. The organic ligands in MOF structures (which include carbon groups and 
heteroatoms such as S, O, P and N) not only prevent the accumulation nanoparticles, 
but also form the uniform metal/cluster nanoparticles network. The pristine MOFs do 
not show a good stability and specifc capacitance as PCs electrode materials because 
the linkers and metals dissolve during the reduction cycle and electric conductivity of 
linkers are low, respectively. Therefore, the MOF structures attract immense interest 
in using as a template and/or precursors to prepare various carbon-based nanomateri-
als or transition metal-based functional nanomaterials. Therefore, scientists decided 
to use MOFs derivations as PCs electrode materials to improve their electrochemical 
and sustainability characteristics. After production of MOFs derivations, efforts have 
been increased to improve the conductivity, stability, specifc capacitance, power and 
energy density of MOFs (as PCs electrode materials) which lead to synthesis of 
MOFs derived/nanocarbon materials/conductive polymer hybrids. 
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12.1 INTRODUCTION 

It  was an established fact that the increasing energy demand attracted many 
scientists to develop various materials for supercapacitor (SC) applications. 
Indeed, this attention was evolved owing to the admirable properties of super-
capacitors viz., high specific power, fast charge or discharge capacity, and 
long-run life cycles rather than the conventional energy storage devices  [1]. 
However, basically, the materials for SCs can be of two types, such as inorganic 
and organic. In  the literature, several organic materials were reported for SC 
applications  [2–12]. On the other hand, there were ample inorganic materials 
in bulk as well as nanoform for potential SC applications. In view of this, there 
were two significant parameters that can contribute to serve as the efficient SC 
like physical adsorption and desorption of electrolyte ions  [1,2]. Using these 
two parameters, one can estimate the capacity of SC in charging and discharg-
ing, respectively. That is, the higher the value of adsorption or desorption of 
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FIGURE 12.1 The classif cation of supercapacitors. 

electrolyte ions, the greater the efficiency of that particular material in charging 
or discharging within SC. As far as the division of SCs is concerned, it was found 
that there were three kinds of SCs: (i) electrochemical double-layer capacitor 
(EDLC), (ii) pseudo capacitor (PC), and (iii) hybrid capacitor (HC) (as shown in 
Figure 12.1). Herein, the first device can store the energy by means of the accu-
mulation of electrolyte ions at the nanomaterial interface. On the other hand, 
the latter device can preserve the energy owing to the faradaic redox reaction 
which can be happened at electrode or electrolyte interface [3]. In particular, it 
was an evidenced fact that the charge will be stored in EDLC devices depending 
on the electrostatic interaction, whereas the PC devices will keep the energy to 
store as a result of the transfer of electron at the electrode or electrolyte inter-
face, which can in turn reveal the electron-transfer mechanism  [1]. In case of 
HC, both electrostatic and electrochemical reactions take place. Furthermore, 
few intrinsic properties such as high specific surface area, high electrical con-
ductivity, and high thermal conductivity can make the inorganic materials ideal 
for ultracapacitors (supercapacitors). The  comparison among various param-
eters of normal battery, capacitors, and supercapacitor is shown in Table 12.1. 

TABLE 12.1 
Comparison of Battery, Fuel Cell, Capacitor, and Supercapacitor 

Parameters Capacitor Supercapacitor Battery Fuel Cell 

Charge time (sec) 10–6 to 10–3 1 to 30 0.3 to 3 Depends on fuel supply [13] 

Discharge time (sec) 10–6 to 10–3 1 to 30 1 to 5 Depends on fuel supply [13] 

Energy density (Wh/kg) <0.1 1 to 10 20 to 102 >102 [13] 

Power density (W/kg) >104 103 to 2 × 103 50 to 2 × 102 5 to 150 [13] 

Cycle life >5 × 105 >105 5 × 102 to 2 × 103 Depends on fuel supply [13] 

Effciency ~1.0 0.90 to 0.95 0.70 to 0.85 0.6 to 0.7 [13] 
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FIGURE 12.2 Ragone plot for various energy storage devices. 

TABLE 12.2 
Summarization and Comparison of Important Attributes of Supercapacitors 

Supercapacitor 

Attribute EDLC Pseudo Hybrid [14,15] 

Charge time (s) 1 to 10 1 to 10 100 [14] 

Cell voltage (V) 2.7 2.3 to 2.8 3.6 [14] 

Cycle life 106 105 5×105 [14,16] 

Specifc ener gy (Wh/kg) 3 to 5 10 180 [14] 

Cost per kWh (USD) ~104 ~105 [14] — 

Operating temperature (°C) ~40 to 65 ~40 to 65 ~40 to 65 [14] 

Self discharge per month (%) 60 60 [14] — 

Type of electrolyte Aprotic/protic protic Aprotic [14] 

Figure 12.2 describes the pictorial representation of Ragone plot for different 
energy storage devices. Furthermore, the same comparison was made (shown 
in Table  12.2) for three kinds of supercapacitors in terms of distinct param-
eters related to SC applications. The photographs of EDLC SC were shown in 
Figure 12.3. 
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FIGURE 12.3 The photographs of EDLC SCs with their usage. 

12.2 PRINCIPLE AND THEORY 

In general, there are three main parts of the SCs, such as electrodes, electrolyte, 
and separator. The storage of energy usually depends on the development as well 
as separation of electric charges accumulated at the interface between electrode 
and electrolyte surfaces. Herein, the interface is referred as electric double layer 
interface. In addition, if the normal conductor is introduced into the electrolyte, 
the charges will be produced continuously. These charges can in turn develop an 
electric double layer at the interface of electrode and electrolyte (Figure  12.4). 
Thus, the electric double layer of few nanometers width can work like a physi-
cal capacitor with the charge carriers of electrode and electrolyte. Usually, the 

FIGURE 12.4 Internal parts of electrochemical SCs. 
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evolution and the thickness of electric double layer depend upon the electrode 
surface structure, type of electrolyte, and the voltage applied between the interface 
of electrode and electrolyte. Moreover, this electric double layer can be formed 
and relaxed during the same time interval. Therefore, one can expect a timely 
response of electric double layer to the input voltage introduced between electrode 
and electrolyte without taking place of chemical reaction. In addition, the elec-
trode material must possess the large surface area, high stability, long cyclability, 
and high resistance to electrochemical redox reactions [17]. In order to avoid the 
short circuit, the separator is provided between the electrodes. Further, the energy 
density (E) as well as power density (P) of SC can be altered as a function of input 
voltage between electrode and electrolyte. The  mathematical representation for 
evaluating the E and P parameters can be written as: E = 0.5 CV2, and P = V2/4Rs, 
where C is associated to capacitance, V is related to the input voltage, and Rs is 
referred to series resistance [17]. 

12.3 INORGANIC MATERIALS FOR SUPERCAPACITORS 

It was an established fact that the inorganic materials were classif ed into different 
types such as perovskites, spinels, various oxides, hydroxides, inorganic composites, 
polymer composites, etc. Herein, the perovskites were of ABO3 structure, where 
A  is a divalent element and B refers to tetravalent element [18]. In  the same fash-
ion, the spinel structured materials will have a general chemical formula of AB2O4; 
herein A is associated to divalent metal ion and B is a trivalent metallic element [19]. 
Moreover, the oxide/hydroxides were mixed to different inorganic materials in order 
to form the inorganic composites while the same materials can form the polymer 
composites after adding to polymer precursors. In this chapter, we thoroughly elu-
cidated the eff ciency of various parameters of different materials, which can be 
well suited for SC applications. In particular, the materials of distinct families were 
described at length using their morphological behavior, change of current density, 
concentration of the dopant/substituent concentration, synthesis method, etc. 

12.3.1 perovskites 

Nan et  al.  [20] described the synthesis, characterization, and electrochemical per-
formance of various perovskite materials. It  was also reported that the surface 
morphology, synthesis method, and other attributes inf uenced predominantly the 
electrochemical performance of these perovskites. For instance, the La0.85Sr0.15MnO3, 
and LaMnO3 perovskites revealed the f owers like surface morphology as reported in 
reference [21]. In addition, the high specif c capacitance was obtained with increase 
of potential. As reported by Suresh et al. [22], it was also evidenced that the f ower, 
f ber, and wire-like surface morphology can increase the electrical conductivity, and 
specif c capacitance due to having the more number of grains, and less number of 
grain boundaries. Latter, these materials were used for even good electrodes in SCs. 
It was also investigated that if the elements like Ni, Co, and Mn were doped to LaSrO3 

perovskites, the huge value of specif c capacity (1341  F/g at 0.5  A/g in 6  M KOH 
electrolyte) was achieved. Apart from this, the energy density was noted to be around 
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63.5 Wh/kg at power density 900 W/kg pertaining the 200% retention after 104 cycles 
at 20 A/g (current density) [20]. As a whole, it was conf rmed that the perovskites can 
reveal high electrochemical performance as well upon doping/substituting the cations 
of good conductivity to perovskites. Furthermore, the La0.85Sr0.15MnO3 indicated the 
current density versus potential curves of various concentrations of Sr-element into 
the LaMnO3 (LSM) perovskite system  [23]. In  the same way, LaMnO3 showed the 
Cole-Cole plots of distinct LSM contents. It was clear that the Z′ versus Z″ plots [23] 
expressed high electrical conductivity through grains rather than the grain boundar-
ies. This was understood from the intersecting position of the f rst semicircular arc 
at the Z′-axis as reported in the literature [24–28]. In Table 12.3, we listed different 
attributes of SCs from the perovskite materials including the compound/composite, 
synthesis approach, type of morphology (viz., powder, nanof ber, nanorod, nanosheet, 
nanospheres, nanof owers, nanowires, nanoporous structure, etc.), specif c surface area 
(m2/g), specif c capacitance (F/g), power density (Wh/kg), and cyclic stability. It was 
established from the Table 12.3 that the perovskites that exhibited the surface mor-
phology containing the naof bers, naof owers, nanowires, nanorods, and nanosheets 
revealed the high specif c capacitance as well as high power density. 

12.3.2 spiNels-based Composites 

Herein, the spinel materials along with their composites were discussed for electro-
chemical performance in SCs. In the literatures, specif cally, the Co-based inorganic 
spinel ferrites, and iron oxide materials were studied at larger extent for SC applica-
tions. Even in the case of spinel-based composites, the surface morphology played 
a vital role. For  example, recently few electrodes were developed using the NiO 
nanosheets anchored to NiCo2O4 carbon cloth (CC) via the hydrothermal method [58]. 
The obtained results indicated that the scanning electron microscopy (SEM) pic-
tures revealed the 3D-helical CC/NiCo2O4-N@NiO as well as CC/NiCo2O4-S@ 
NiO [58]. In addition, some defects (pores) were detected in the interior portions [58]. 
Therefore, one can predict that the electrolyte can be diffused easily and further it 
may offer high specif c capacitance. As we expected, the similar kind of high val-
ues of specif c capacitance, and high power densities were observed in Table 12.4. 
The numerical values of specif c capacitance, and power densities were noticed to 
be 709.1 F/g at 2 mA/cm2 & 6000 W/kg at 28 Wh/kg (helical CC/NiCo2O4-N@NiO 
composites), and 775.1 F/g at 2 mA/cm2 & 5692 W/kg at 20.1 Wh/kg (helical CC/ 
NiCo2O4-S@NiO composites) respectively with eff cient retention after 104 cycles. 
In over all, it was understood that topography of prepared materials dominated in 
acquiring the eff cient attributed for SC applications. 

In the same fashion, the nanospheres as shown in reference [59] were formed in 
case of the SEM pictures of NiCo-precursor, NiCo2O4, and nitrogen and graphene-
doped NiCo2O4 composites (prepared using the hydrothermal technique). Especially, 
the NiCo2O4 showed apparent nanospheres including few pores. Thus, it could be 
responsible for attaining the high specif c capacitance of order 563.0 Fg−1 at cur-
rent density 1 Ag−1. Moreover, the 90.5% capacitance retention was attributed after 
5000 cycles [59]. The transmission electron microscopy (TEM) pictures [59] of the 
same samples were taken in order to provide good agreement between the SEM and 
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TEM studies. In TEM pictures also the clear nanospheres were detected. Recently, it 
was reported by Dong et al. [60], that the SEM and TEM photos of three-dimensional 
(3D) porous carbon (OPC) and NiCo2O4/C (carbon) complexes as shown in refer-
ence  [60] manifested that the defective structure of carbon allowed to the evolu-
tion of nanorods like NiCo2O4 particles. This  in turn attributed the characteristic 
of offering high specif c capacitance. In the case of NiCo2O4/C nanorods, the high 
capacitance was recorded to be about 1297 Fg−1 at 0.5 Ag−1 while the power density 
was around 7.75 kW kg−1 at 27.38 Wh kg−1. The capacitance retention was observed 
about 87.6% after 3000 cycles at the current density of 1 A/g. 

Fu et  al.  [61], investigated the variation of specif c capacitance as a function of 
CoFe2O4 (CF) content in crab derived carbon (CDC). In addition, the current density was 
also varied from 0.5 to 10 A/g. The whole discussion was extracted from capacitive per-
formance of CoFe2O4/CDC composite as mentioned in reference [61]. From capacitive 
performance of CoFe2O4/CDC composite, it was noticed that up to 75% of cobalt ferrite, 
the specif c capacitance values were increased to peak values. In particular, the cobalt 
ferrite composite performed the specif c capacitance about 740 F/g at 0.5 A/g current 
density (for 75% of CF deposited on CDC). However, the capacitive performance was 
diminished to lower values at higher values of current density. Likewise, in Table 12.4, 
different parameters required for SC applications were listed for various materials. 

12.3.3 oxides/hydroxides/polymer Composites 

Apart from the perovskites and spinels, there were several numbers of oxides, 
hydroxides, polymers, and their composites providing extensive applications for SCs. 
The electrochemical storage, and the conversion system can use the below mentioned 
(in Table 12.5) materials based on their electrochemical performance with respect to 
different attributes. In view of this, we carried out the material, preparation method, 
surface morphology, specif c capacitance, power density, and cycle life (as listed in 
Table 12.5). It was obvious from Table 12.5 that the morphology of oxides, hydroxides, 
polymers, and their composites indicated formation of nanof bers, plates, nanorods, 
hollow spheres, hollow urchins, clew, lamellar, nanof owers, layers, nanobelts, nanorib-
bons, nanotubes, nanof akes, nanowires, nanowheels, nanoshells, nanoleaf ets, hierar-
chies, helical, nanosheets, hollow rods, caps, etc. However, the different morphologies 
of these materials (listed in Table 12.5) led to the improvement of attributed for the SC 
applications rather than the perovskites, and spinels. 

As reported by Mukhiya et al. [68], the 3D-cobalt hydroxide wheels/carbon nano-
f bers (3D-Co(OH)2/CNFs) composites were prepared through electrospinning cum 
hydrothermal method. Furthermore, the nanof bers, nanoleaf ets, and nanowheels were 
noticed in the surface morphology. It was very much obvious from the SEM pictures 
of pristine CNFs, f eld emission scanning electron microscopy (FESEM) pictures of 
3D-Co(OH)2/CNFs provided in reference [68]. Especially, in SEM pictures of pristine 
CNFs, the nanof bers were clearly evidenced for 3D-Co(OH)2/CNFs composite while 
nanowheels comprising of little bit defect structure were identif ed in FESEM pictures 
of 3D-Co(OH)2/CNFs [68]. However, interestingly, the β-Co(OH)2 nanoleaf ets were 
formed within the 200 nm area of the selected spot of present sample. Owing to the 
limited defective (porous) structure, the capacitive performance was improved much 
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and therefore, the recorded specif c capacitance was acquired to be 1186 F/g at a cur-
rent density of 1 A/g. Furthermore, the high power density about 60.31 Wh/kg at power 
density of 740.8 W/kg was identif ed. Even, this was still remained to 37 Wh/kg at the 
power density ~7500 W/kg consisting of signif cant cycle life. This cyclic stability was 
around 94.6% of retention after 5000 cycles. 

The  α-Ni(OH)2 (hydroxide material), and NiO nanosheets were grown using the 
microwave-assisted liquid phase growth at low atmospheric temperatures. In  prepa-
ration of nanosheets; FESEM photos of α-Ni(OH)2 [69], the way of performing the 
reaction was represented. It  was seen that within a microwave reactor a 1000  mL, 
triple-necked f ask was inserted. The  solution present in the three-necked f ask was 
subjected to rapid microwave heating. As a result, the α-Ni(OH)2 nanosheets were 
formed, and further heating of α-Ni(OH)2 specimen rendered the formation of nickel 
oxide nanosheets as shown in FESEM photos of NiO nanosheets [69]. In conclusion, it 
was found that the instantaneous microwave heating supported to generate nanocrys-
tals. Due to the rapid microwave heating, the desired properties for device applications 
were enhanced up to larger extent as noticed in the literature [70–73]. Thus, in case 
of α-Ni(OH)2 specimen, the huge capacitive performance of 4172.5 F/g was recorded 
at 1 A/g. Moreover, on reaching the current density of 16 A/g, the capacitive perfor-
mance was further remained constantly at 2680 A/g by offering 98.5 % retention after 
2000 cycles. Thus, this compound showed prominent applications for SCs. In support of 
this work, recently, William et al. [74], prepared the α-Ni(OH)2 with different molarities 
of additives to the resultant mixture (α-Ni(OH)2) via the microwave irradiation method. 
That is, 0, 4, 8, 12, and 16 mM. The morphology of all samples exhibited the asym-
metric 3D-sheets [74]. Specif cally, the morphology in 8 mM-α-Ni(OH)2 revealed the 
loosely connected 3D-sheets. In addition, the eff cient values of specif c capacitance, 
and power densities were noted to be ~549 F/g and 601 Wh/kg respectively. This capaci-
tance was retained about 87.3% even after 104 cycles. 

Likewise, the MnO2 (oxide material) thin f lms associated to porous structures were 
grown as well using the electrophoretic deposition (EPD). The  discussion on EPD 
method was provided in reference [75]. The pure thin f lm without varying the formation 
parameters expressed the existence of highly defective (porous) structured nanof bers in 
the surface morphology [75]. Afterwards, the morphology was somewhat changed upon 
manipulating certain formation parameters of charged MnO2 suspensions [74]. Thus, 
the remarkable electrochemical performance was achieved for better SCs. 

The surface morphology of MoO3, and MoO3/NiMoO4 core/shell was shown in pub-
lished work [76]. It was obvious that the nanobelts were noticed in SEM, and HRTEM 
pictures of MoO3, and MoO3/NiMoO4 samples. The width of these belts was almost 
300 to 400 nm, and the length was about 6 to 10 micrometer. For MoO3, the SEM 
picture revealed well-def ned belts [76], and further, the HRTEM pictures [76] indi-
cated the single nanobelts formation with interplanar distance approximately 0.37 nm 
(004). In the same fashion, the SEM, and HRTEM pictures of MoO3/NiMoO4 samples 
were shown in reference [76]. The corresponding energy dispersive spectrum (EDS) 
was also provided for elemental conf rmation of the samples  [76]. It  evidenced the 
presence of Ni, Mo, and O elements in the samples. The outcome of these samples 
offered the high specif c capacitive performance of 1307 F/g while the power density 
was about 37.5 Wh/kg. Besides, the 100% retention after 75,000 cycles was noticed [76]. 
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Xue et al. [77], synthesized the LaB6 nanowires for better SC applications. The mor-
phology was shown in reference [77] at different magnif cations of 20 micrometer and 
2 micrometer, respectively. The electrochemical performance of LaB6 nanowires sug-
gested that the as prepared samples provided a capacitance of 17.3 mF/cm−2 in 1.0 M 
Na2SO4 electrolyte at a current density of 0.1 mA/cm−2. However, the interesting cyclic 
stability of 104 charging/discharging cycles was acquired for this material. 

Zhu et  al.  [78], prepared the 1D hierarchical materials comprising of Ni3S2 

nanosheets on CNTs backbone with surface area about 64 m2/g. The charge/discharge 
performance was checked for as prepared CNT@Ni3S2 (I) and NiS nanosheets (II) 
at a current density of 5.3 Ag−1 as mentioned in reference [78]. It was noticed that the 
capacitance of as prepared CNT@Ni3S2 was two times (~500 F/g) greater than NiS 
nanosheets (~250 F/g). This evidenced a fact that the presence of CNTs induced the 
specif c capacitance value of Ni3S2. It can be obtained owing to the readily available 
charged ions within the nanosheets. Thus, it can allow the improvement of electrical 
conductivity as well as diffusion kinetics. After reaching 1500 cycles, almost 90% 
of capacitive retention was attained for CNT@Ni3S2. On the other hand, the NiS 
without CNTs offered approximately 66% retention after the same 1500 cycles. As a 
whole, it was conf rmed that the 1D-hybrid nanostructures such as CNT@Ni3S2 can 
exhibit the outstanding specif c capacitance with good cyclic ability. 

The small and large size SnWO4 nanoassemblies were prepared through microwave 
heating method [79]. The current versus voltage (CV) curves were drawn for both the 
SnWO4 samples by varying the voltage scan rate. It was observed from the cycle voltam-
mogram (CV) curves of small and large size SnWO4 electrodes at 5 mV/s that the small 
size SnWO4 nanostructure showed the huge value of current of ~4 mA while the large 
sized SnWO4 nanoassemblies revealed the small value of current of ~1.2 mA at 5 mV/s 
over the voltage ranging from 0 to 0.55 V. This was seemed to be an interesting in 
obtaining the high current with respect to the small and large sized SnWO4 assem-
blies. This kind of trend was happened owing to the quick redox reactions between 
Sn+2↔Sn+4 + 2e−. In general, the capacitance value mainly depends on the redox reac-
tions in compound. That is, the reverse redox reaction can play a key role in adopting 
the high value of capacitance. In case of SnWO4 assemblies the hopping of two electrons 
took place between Sn+2 & Sn+4. Therefore, it can enhance the electrical conductiv-
ity up to the larger extent. Thus, the pseudocapacitance nature was improved much. 
The CV curves of small- and large-sized SnWO4 assemblies with changing the scan 
rate from 5–125 mV/s were seen in reported work [79]. Further, the low current was 
noted at redox peaks for large SnWO4 assemblies. It can be attributed to the decrease of 
hopping rate of electrons between Sn+2 & Sn+4. Thus, the capacitances as well as elec-
trical conductivity parameters were come down to lower values to large-sized SnWO4 

assemblies. Furthermore, the variation of specif c capacitance as a function of scan 
rate for small- and large-sized SnWO4 assemblies was analyzed in reference [79]. It can 
be understood that the capacitive performance was reduced with increase of scan rate 
from 0.0–140 mV/s. However, in comparison, small-sized SnWO4 assemblies performed 
better electrochemical ability than the large-sized SnWO4 assemblies. This established 
a fact that the small size of nanoassemblies can in turn promote the capacitive perfor-
mance to larger extent. Furthermore, few polymer composites were also revealed the 
electrochemical performance and the relevant parameters were listed in Table 12.5. 
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FIGURE 12.5 (a) Trolley bus of Aowei Technology Co. Ltd. Based on Ni(OH)2-AC super-
capacitor, (b) schematic of textile based SCs for wearable electronics, (c) fabrication process 
of inkjet-printed, in-plane SCs on a paper. 

In view of the live examples of SCs, specif cally, the hybrid supercapacitors were 
used in the electric buses as shown in Figure 12.5a [80]. This  technology was intro-
duced in China for bigger e-buses by Aowei Technology Co., Ltd. (Shanghai, China). 
Using this technology, one can provide quick charging facility to the big buses during 
the journey times. Usually, the hybrid conf guration of nickel hydroxide-activated car-
bon (Ni(OH)2-AC) was used in case of trolley bus consisting of the charging time about 
90 s, and distance covered is ~8 km at the highest velocity of ~45 km/h [80]. It showed 
an average velocity of 22 km/h containing the acceleration of 0 to 40 km/h within 16.5 
seconds. Moreover, the tram car which can work on electrochemical double-layer capaci-
tors (EDLCs) conf guration by possessing the charging time about 30 seconds with the 
travelling distance of 3–5 km introduced by CSR Co. Ltd. (Chinese). In addition, the 
knitted and screen-printed supercapacitors on textiles substrates (Figure  12.5b) were 
used in wearable electronic goods [81]. The prepared supercapacitors revealed the huge 
capacitance about 51 × 10−2 F/cm2 with good f exibility for commercial usage. The SCs 
were used even in inkjet printing technology. This technology can provide the redevel-
oped thin f lm patterns by keeping the ink drops to move front on the desired or conve-
nient substrates [81]. These kinds of few patterns were displayed in Figure 12.5c. These 
patterns will generally have better f exibility with existence for even up to 103 bending 
times. It can provide the remarkable retention even after 104 successive cycles [104–106]. 

12.4 SUMMARY AND CONCLUSIONS 

A detailed analysis of various inorganic materials synthesized so far was made for 
SC applications. The synthesized materials were categorized into three kinds like 
perovskites, spinels-based materials, and oxides/hydroxides/polymer composites. 
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It was concluded that the surface morphology played a key role in managing the 
attributes like capacitive performance, power density, and cycle ability. Moreover, 
the composite materials with perovskites, spinels, and hydroxides revealed an excel-
lent electrochemical (EC) performance for SC applications. Furthermore, the syn-
thesis technique also inf uenced the material EC performance for SCs. Especially, 
the samples comprising of the morphology like nanosheets, nanobelts, nanowires, 
nanof bers, nanoleaf ets, nanorods, nanowheels, nanotubes, helical nanostructures, 
and in few cases nanospheres exhibited superior specif c capacitance, power density, 
and cyclic stability for SCs. Even the size of the nanomaterials also reinforced to 
obtain the high magnitudes of above mentioned attributes. The hybrid conf guration 
of nickel hydroxide-activated carbon (Ni(OH)2−AC) was used in case of trolley bus 
for outstanding charging rate during the long journey distance. 
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13.1 INTRODUCTION 

The energy source is a prime requirement of the recent advanced smart grid digital 
technological devices which made our life easy. However, thinking about endan-
gered condition of natural energy sources such as coal, fossil fuel, crude oil, etc. 
concluded that there is need to f nd some artif cial substitution of energy generation 
and storage devices with signif cant eff ciency. Renewable energy consisting of solar 
energy and wind energy are in demand for energy production, but limitations arise 
due to non-availability of the sunlight at night or during a rainy season, which is out 
of our control. However, it is dynamic to f nd more resourceful ways to store these 
types of energy effectively because they are frequently sporadic in nature. In  this 
regard, much of the recent research efforts are dedicated towards the improvement 
of new nonstructural materials with simple, cheap, effective and eff cient outlook for 
the promising application in the f eld of energy storage system. The novel materials 
with excellent electrochemical properties such as huge stability, effective surface 
morphology and least diffusion path are greatly inf uential factors on electrochemi-
cal performance  [1,2]. Moreover, simple, inexpensive and eco-friendly synthesis 
methods are producing a signif cant approach towards materials progresses at com-
mercial level. 
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In the last decade, transition metal dichalcogenides (TMDs) have been utilized 
at large extend for the energy storage and conversion applications. Several 
transition metal sulf des such as VS2, NiS, MnS, FeS, MoS2, CuS and CoS are syn-
thesized using simple a chemical route and utilized for supercapacitor electrode. 
On the basis of layered structure with effective surface morphology, the metal sul-
f des attained the identical height with respect to traditional materials in the f eld 
of advanced materials development technology. Through the wide applications of 
solar cell, supercapacitor, lithium/sodium ion batteries, gas sensing and photoca-
talysis metal sulf des have shown their growing footprints towards nanostructural 
development. 

Loh and coworkers have frstly considered the MoS2 nanowall flms and reported 
their capacitive behavior in 2007 until that scientists did not think about TMDs for the 
application of supercapacitors [3]. Though, after 2007, a signifcant number of articles 
have been issued through the researchers on MoS2 and MoS2 composite- (MoS2/carbon 
and MoS2/conducting polymer) based electrodes for supercapacitor applications [4]. 
The synthesis methods of MoS2 are most of all high-temperature solution-based or 
they contain exfoliation of bulk MoS2 crystals trough top-down approach, forming high 
crystalline MoS2 materials [4,5]. Generally, highly crystalline phase-oriented pseudo-
capacitive materials exhibits poor specifc capacitance (Cs) whereas amorphous phase 
with low crystallinity shows a higher specifc capacitance [6]. This phenomenon has 
been verifed by examining the amorphous and crystalline phase of NiO along with 
its bulk and surface contribution in the capacitance [7]. Moreover, Lu et al. tried to 
fnd the proof with experimental verifcation and interestingly they obtained three-fold 
increment in capacitance for amorphous phase of NiO over crystalline phase. In recent, 
Zhang et al. have developed a core shell structure of crystalline Ni3S4 and amorphous 
MoS2, which revealed improved capacitive performance than bare Ni3S4 [8]. 

In this chapter, we cover suffcient literature, which has been highlighted in order to 
understand the properties and application of molybdenum sulfde (MoS2) in supercapac-
itors as electrode material. Also, the discussion has extended by introducing composite 
structural and morphological development of MoS2 material through carbon, polymer 
and other inorganic-based nanomaterials. Hopefully, this chapter visualizes the open 
path for the development of MoS2 materials towards energy storage application. 

13.2 BASIC PROPERTIES OF MoS2 

Since the last two decades, a considerable amount of work towards optical, physical, 
chemical and electrical properties of molybdenum for suitable application point of 
view has been accomplished [9–16]. According to experimental survey it is known 
that, the molybdenum sulfde mainly available in three structural polytypes such as 
2H-MoS2, 3R-MoS2, and 1T-MoS2. Generally, MoS2 possess extreme anisotropy 
in terms of electrical, optical and physical properties as it is a one of the TMDs. 
The electric and thermal conductivity of the layered compounds are the higher order 
of magnitude along the direction parallel to the basal plane, which are a smaller 
magnitude in the direction perpendicular to the basal plane [10]. The layered hex-
agonal crystal structure in MoS2 is a result of strong covalent bonding and weak 
van der Waals forces between Mo and S in layered plane and S-Mo-S sandwiched 
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layer  [9,16]. The  gap between the S-Mo-S sandwiched layers is approximately 
3.49 Å which is examined by using X-ray diffraction (XRD) analysis  [10,17,18]. 
The difference in electronegativity between the Mo and S leads to covalent bond 
within the S-Mo-S. The sulfur anions take up valence electrons from molybdenum 
cations to acquire II− oxidation state and oxidation state of molybdenum cations 
become IV+ [10]. However, to the formation of hexagonal unit cell of 2H-MoS2 in 
layered structure, every Mo atom becomes coordinate with six sulfur atoms whereas 
every S atom contribute their coordination with three Mo atoms. On the other hand, 
the arrangements of molybdenum and sulfur atoms in hexagonal sheets are along 
a direction perpendicular to the basal plane [10]. The  trigonal prismatic coordina-
tion of Mo atoms gives rise to the six equivalent cylindrical bond functions with a 
combination of the 4d, 5s, and 5p orbitals [16,18–20]. Pauling and Hultgren have 
described this type of orbital grouping as d4sp hybridization [21,22]. Four valence 
electrons of the molybdenum atom primarily utilized to form the 4d orbital, which 
are strongly responsible for sulfur bonding and the rest of two-valence electrons exist 
in non-bonding orbitals. Coordination to three molybdenum atoms is attained by 
each sulfur atom through the hybridization of 3p and 3d orbitals. The van der Waal 
bonding between S-Mo-S sandwiched later is a result of the interaction between 
saturate sulfur 3s subshell, which extends perpendicular to the basal plane [10,16]. 
Thus, the extension of the bulk structure along the c-direction upon intercalation is 
allowed by weak interlayer van-der Waal bonding. 

13.3 SYNTHESIS ROUTES 

Nanostructured transition metal dichalcogenides (TMDs) have been verifed to expose 
a signifcant electrochemical performance because of their unique shape, size and 
structure. So far, various methods have been recognized for the synthesis of nano-
structured TMDs to be used in supercapacitor. Each synthetic method has its own 
advantages and drawbacks. Even under considering the limitations, it is possible to 
develop structural and morphological properties of the materials by using every syn-
thetic method. 

Low temperature hydrothermal method is one of the most general process and also 
frequently used for the synthesis of nanostructured MoS2 material with possible to 
control specifc size and morphology of the material. In this technique, the reaction 
is carried out in air tight container using water soluble metal salts within temperature 
limit of 200°C. In the meantime, a high pressure will self-develop and is associated to 
the reaction temperature, the percentage of the liquid flled, and any dissolved salts. 
On the other hand, solvothermal is also frmly used for the synthesis of MoS2 com-
pound. This technique is similar to hydrothermal method where the water is substi-
tuted by an organic solvent. Solvothermal is one of a promising technique for the 
synthesis of composite structures. Apart from these, several other synthesis methods 
also have reported for the synthesis of MoS2 compound such as chemical bath deposi-
tion, microwave heating, successive ionic layer adsorption and reaction and electro-
deposition. These techniques of synthesis are also simple, cost effective and easily 
controllable which is also much effective for the controlling size and morphology of 
the compound. 
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13.4 MoS2 BASED SUPERCAPACITORS 

Considering numerous advances in its distinctive chemical and physical characteris-
tics, nanostructured MoS2 is a cheering candidate for the application of energy storage 
and conversion [23]. The MoS2 has been applied in the form of various nanostructures 
for the application of supercapacitors [23–25]. In  this regard, we have successfully 
prepared homogeneous ultrathin MoS2 nanofak es at room temperature chemical route 
and successfully utilized as a supercapacitor electrode. The prepared MoS2 ultrathin 
nanofak es thin flm electrode revealed superior electrochemical performance with a 
maximum specifc capacitance of 576 F/g at 5 mV/s and signifcant capacity retention 
of 82% after 3000 cycles  [26]. The signifcant electrochemical parameter achieved 
by hydrothermally prepared MoS2 nanofak e array on copper foil along with fun-
damental charge and discharge process has explained in this report with schematic 
illustration for hexagonal MoS2 crystal structure [27]. In addition, solvothermally pre-
pared MoS2 on nickel foam electrode has reported for the symmetric supercapacitor 
device. The fabricated symmetric device of MoS2@Ni foam electrode shows 39 F/g 
specifc capacitance with excellent long-term stability of 81% after 10,000 cycle [28]. 
Furthermore, neoteric approach by using magnetron sputtering method has developed 
to produce high effcient thin flm-based electrode of MoS2 for supercapacitor applica-
tion. The electrode exhibited a signifcant specifc capacitance of 330 F/g at 10 mV/s 
and also obtained excellent yield in specifc capacitance of 97% after 5000 cycles [29]. 
Recently, Pujari et al. have reported a thin flm of MoS2 by using low-temperature 
soft-chemical-bath deposition. The direct growth of MoS2 on stainless steel substrate 
revealed a signifcant specifc capacitance of 180 F/g at 5 mV/s and offers 23 Wh/kg 
specifc energy at a power density of 2100 W/kg [30]. Krishnamoorthy at co-workers 
has established a ball milling methodology to achieving few-layered MoS2 via bulk 
MoS2 exfoliation. The  electrode exhibits remarkable specifc capacitance, energy 
density and cyclic stability [31]. Further, a zinc ion-assisted hydrothermal route has 
followed to prepare hierarchical MoS2 microspheres which demonstrates excellent 
pseudocapacitive properties and offers remarkable specifc capacitance, rate capabil-
ity and cyclic stability [32]. Islam and co-workers have reported beyond one step of 
previous one by assembling coin cell supercapacitor using vertically oriented MoS2 

nanosheets on plasma pyrolyzed cellulose flter paper [33]. The organic electrolyte 
used in this work which offers extended potential window of 2.5 V along with sig-
nifcant capacitance of 48 mF/cm2. Likewise, there are many hydrothermal routes that 
can be suitable for the synthesis of MoS2 in order to achieve favorable electrode mor-
phologies such as hierarchical hollow nanospheres [34,35], fo wer-like MoS2 nano-
structures [25], mesoporous MoS2 nanostructures [36], and MoS2 nanosheets [24,37]. 

According to the above estimated results, MoS2 possesses potential ability to 
develop further up to the device extend in the f eld of supercapacitor. But, by consid-
ering a layered structure of MoS2, a small space between the stacked MoS2 would 
not in favor of electrochemical applicability, which further results into a poor and 
ineff cient charge transport. An electrode developed with an enlarged interlayer 
distance of MoS2 layers by material/composite as one of the key constituents to 
overcome this limitation. In this regard, growing research is available on MoS2 com-
posites with a carbon, polymers and other electrochemical active materials. 
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13.5 MoS2-NANOCARBON COMPOSITE FOR SUPERCAPACITORS 

To improve the device storage eff ciency there is much needed to work on the develop-
ment of a multifaceted material structure [38]. The signif cant energy storage capac-
ity has shown by MoS2 nanosheets, which makes them potentially suitable candidate 
for supercapacitors electrode. But, their excellent electrochemical properties cannot 
be effectively utilized due to the low conductivity of MoS2. In addition, synthesis of 
single or multi-layered MoS2 nanosheets is a diff cult task, but it would offer the high 
surface area, which is extremely valuable property of the material useful for energy 
storage [39]. We are quite aware about the contribution of carbon-based materials 
in the f eld of energy storage due to its physical, chemical, thermal, and mechanical 
properties along with its eco-friendly nature. The well-known carbon-based materi-
als like activated carbon [40], carbon spheres [41,42] graphene aerogels [43], micro-
porous carbon derived from metal-organic framework  [44], graphene  [45,46] and 
carbon nanotubes [39,47] possess good electrical conductivity and widely studied as 
a supercapacitor electrode. Additionally, carbon-based materials are much familiar 
because they offer high utilized surface area with π-π stacking and strong electro-
static interaction for the interfacial conjugation of supporting nanomaterials  [48]. 
Additionally, they deliver supplementary access for ion/electron transfer which fur-
ther resulted into reduced charge transfer resistance. Rather low capacitance due to 
non-faradaic storage behavior even its high surface area limits its extended poten-
tial ability [49]. On the basis of above favorable properties, enormous efforts have 
been taken to designing materials conjugation of carbon and MoS2-based composite 
for supercapacitor  [50]. Huang et  al. reported a facile hydrothermal route for the 
synthesis of carbon aerogel incorporated f ower-like MoS2 supported by L-cysteine. 
The MoS2/carbon aerogel hybrid revealed a signif cant specif c capacitance of 260 
F/g at 1 A/g current density and also shows only 8% degradation in capacitance after 
1500 cycles  [51]. Interestingly, Xu et al. prepared a tubular KF@MoS2/rGO com-
posite by using facile hydrothermal method. The aerogel of KF@MoS2/rGO shows 
a typical wrinkled and crosslinking structure with a uniform dispersion of tubular 
KF@MoS2 and presented in Figure 13.1. The specif c capacitance reached at 347 
F/g for the composite electrode and further used for the fabrication of asymmetric 
supercapacitor device with KF@MnO2 positive electrode [52]. 

Recently, Thakur et al. reported MoS2 f ake integrated with boron and carbon 
doped carbon. The composition ratio of BCN/MoS2-11 reveals a superior electro-
chemical performance with excellent cyclic stability of 90% after 5000 cycles [53]. 
Sun and co-workers have reported a uniform MoS2 nanolayer with sulphur vacancy 
on carbon nanotube networks. The  composite electrode of MoS2–x@CNT shows 
enhanced GCD prof le by obtaining highest specif c capacitance of 512 F/g and supe-
rior cyclic stability increment by 6% after 2000 cycles [54]. A novel aligned CNT/ 
MoS2 hybrid nanostructure has been prepared to effectively combine the advantages 
of the CNT and MoS2 with remarkable electrochemical performances. The f brous 
supercapacitor shows signif cant capacitance of 135 F/cm2 and long-term cycle life 
of 92% after 10,000 cycles [39]. Further, the signif cant electrochemical performance 
has reported by synthesizing coaxial yarn electrodes composed of activated car-
bon f bers tows and MoS2 nanosheets (ACFTs/MoS2). The predictable enhancement 
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FIGURE 13.1 Schematic illustration for fabrication of KF@MoS2/rGO. (With kind permis-
sion from Springer Science+Business Media: J. Mater. Sci., 53, 2018, 11659, Xu, W. et al.) 

in the electrochemical performance was obtained for ACFTs/MoS2 composite by 
obtaining maximum gravimetric capacitance of 308 F/g at a lower scan rate of 5 mV/s 
and superior cyclic retention more than 97% after 6000 cycles [40]. The challenge 
of achieving a maximum energy density without sacrif cing the rate capability was 
successfully tackled through the development of f bers by integrating MoS2 and gra-
phene nanosheets into well-aligned multiwalled carbon nanotubes (MoS2-graphene/ 
MWCNTs f bers). The developed MoS2-graphene/MWCNT f bers have perfectly uti-
lized by fabricating an asymmetric supercapacitor which further obtaining extended 
potential limit of 1.4 V with excellent retention in coulombic eff ciency, signif cant 
rate capability, improved energy density and excellent cycling stability [45]. 

Yang et al. have reported a facile hydrothermal reduction approach fort the synthesis 
of MoS2/graphene aerogel composites. The as-prepared MoS2/graphene aerogel com-
posite were examined through electrochemical testing for supercapacitor electrode, and 
revealed a maximum specifc capacitance of 268 F/g at lower current density of 0.5 A/g, 
along with that a high rate capability (88% capacitance retention after 15 A/g current 
density), and non-degradable cyclic stability with 7% loss in capacitance after 1000 
cycles [43]. The highly effective and effcient hydrothermal technique has followed in 
order to the synthesis of complex structure of MoS2-modifed carbon nanospheres in 
two different morphologies of fo wer and spherical shaped. The as-prepared electrode 
is showing a pseudocapacitive behavior in aqueous electrolyte. The fo wer structured 
MoS2/CNT-based electrode exhibited a 231 F/g specifc capacitance with an effcient 
energy density of 26 Wh/kg by maintaining power density of 6443 W/kg [41]. Weng 
et al. have proposed a three step scheme for the complexed structural synthesis of MoS2 

nanosheets wrapped with MOF-derived microporous carbons (MoS2@MPC). The com-
plex composite electrode of MoS2@MPC delivered a signifcant specifc capacitance 
and long-term cyclic stability along with excellent rate performance because of mutual 
participation of combined structural portion under the electrochemical charge-discharge 
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FIGURE 13.2 Schematic of fabrication of the MoS2@3DG hybrid structure. (Reprinted 
with permission from Zhang, F. et al., ACS Appl. Mater. Interfaces, 8, 4691, 2016. Copyright 
2016 American Chemical Society.) 

process [44]. Masikhwa et al. developed a MoS2/graphene foam with different graphene 
foam loading. The composite electrode of MoS2/graphene foam revealed a maximum 
specifc capacitance of around 400 F/g at a scan rate of 5 mV/s. Also, MoS2/graphene 
foam electrode was successfully utilized by fabricating asymmetric device with an acti-
vated carbon derived from expanded graphite (AEG) as suitable negative electrode and 
it offers a signifcant specifc capacitance and cyclic stability [55]. An in-situ hydrother-
mal approach has reported by Murugan et al. to synthesize the graphene-MoS2 nano-
composites. The cyclic voltammetry study of graphene-MoS2 nanocomposites electrode 
shown an improved specifc capacitance (334 F/g at 10 mV/s) with signifcant reten-
tion by 10% degradation in stability after 500 cycles [56]. The hierarchical structure of 
graphene-wrapped CNT@MoS2 was successfully developed by Sun and co-workers. 
The CNT@MoS2 electrode revealed an improved specifc capacitance of 498 F/g at a 
current density of 1 A/g with a high rate performance of 56.5% after 10 A/g and show-
ing an excellent retention by losing only 4% capacitance after 10,000 cycles [57]. Zhang 
et al. have developed an effective composite structure of MoS2 with spheres of mesopo-
rous carbon (MoS2/MCS). A hybrid electrode of MoS2/MCS offers maximum specifc 
capacitance of 411 F/g at minimum current density of 1 A/g and retained at 272 F/g 
after 10 A/g current which implies a good rate capability. Subsequently, capacitance 
retained greater than 93% after 1000 cycles implies the MoS2/MCS is a promising can-
didate for future energy storage development [58]. Additionally, Zhang et al. developed 
a MoS2@3DG aerogel by using simple solution-based process. The schematic of hybrid 
structure formation process is depicted in Figure 13.2. The hybrid structure is utilized 
to fabricate hybrid supercapacitor device which further resulted into wide potential and 
high energy supercapacitor device [59]. 

13.6 MoS2-CONDUCTING POLYMER COMPOSITE BASED 
SUPERCAPACITORS 

Among the list of all pseudocapacitive materials, conducting polymers are well 
known and high effcient class due to their easy synthesis, cost effectiveness, and 
non-hazardous. However, conducting polymers does not  sustain long term stabil-
ity due to the faradaic charge storage mechanism mechanical will be resulted into 
subsequent degradation of the polymer [60]. Therefore, it is worth to be hybridized 
with organic and/or inorganic compounds to improve the performance and stabil-
ity [61,62]. By considering this, nanocomposites of PANI with MoS2 have developed 
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and successfully utilized as an electrode material for a supercapacitor with much 
attractive electrochemical outcomes [63]. Wang et al. reported an intercalated com-
posites of poly(3,4-ethylenedioxythiophene) and MoS2 though very common method 
of in-situ polymerization by using ammonium persulfate as an oxidizing agent. A sig-
nifcant enhancement was obtained in specifc capacitance and obtaining the value of 
405 F/g along with only 10% performance degradation after 1000 cycles [64]. 

There are some commonly used conduction polymers such as polyaniline (PANI), 
polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) in order to making 
composites with MoS2 for the development of improved electrode material for superca-
pacitor [65]. In this orientation, Huang et al. reported a facile route to synthesize PANI/ 
graphene analogue MoS2 composite by an in-situ polymerization. A maximum specifc 
capacitance of 575 F/g was obtained at 1A/g current density and less than 2% decrement 
in specifc capacitance after 500 cycles at 1 A/g which further denotes a PANI/MoS2 

composite electrode is a promising candidate for the application of supercapacitor [62]. 
Towards the forward step, Yang et al. developed a nanostructure of carbon shell-coated 
PANI grown on 1T MoS2 monolayers (MoS2/PANI@C). As prepared composite elec-
trode reveals an improved specifc capacitance value of 678 F/g at1 mV/s scan rate and 
remarkable cyclic retention of 80% was obtained after 10,000 cycles. The composite 
electrode shows an outstanding enhancement than the bare electrodes of MoS2 [61]. 
Sha et al. have reported a two-step strategy in order to synthesize a ternary composite 
of a MoS2/PANI/graphene for high effcient supercapacitor. The composite electrode 
exhibits a high specifc capacitance of 618 F/g at low current of 1 A/g and retained 
a 476 F/g at very high current of 20 A/g implying an excellent rate capability along 
with extraordinary cyclic stability [66]. Ren et al. developed an effcient hybrid superca-
pacitor electrode of 3D tubular MoS2/PANI (as shown in Figure 13.3) and optimize the 
effect of different amounts of PANI concentration. The well optimized hybrid electrode 
with 60% loading concentration of PANI not only reveals an excellent specifc capaci-
tance of 552 F/g at lower current density, but also retained 82% after very high current 
density of 30 A/g [67]. Ansari et al. proposed an effcient nanocomposite by combining 
a mechanically exfoliated MoS2 sheet and PANI. This nanocomposite revealed signif -
cant enhancement in specifc capacitance of 510 F/g [68]. Wang and co-workers have 
also published a binary nanocomposite of MoS2/PANI by using chemical exfoliation 
for supercapacitor application. The  outstanding electrode performance was obtained 
by reached at maximum specifc capacitance value of 560 F/g for 1A/g current den-
sity [69]. Fu et al. have presented a novel composite of PANI/MoS2 with an effective 
morphology of spongia-shaped nanospheres by using polyvinylpyrrolidone addition. 
The as prepared composite electrode demonstrates enhanced specifc capacitance of 605 
F/g at 1 A/g with an effective energy density of 53.78 Wh/kg at power density of 400 
W/kg along with 88% capacitance retention after 1000 cycles [70]. Thakur et al. con-
structed a facile and effcient-h ybrid composite of PANI/CNT/MoS2 ternary compound, 
which shown their promising electrochemical behavior with improved specifc capaci-
tance 350 F/g at 1A/g and obtaining 68% retention after 2000 cycles at 10 A/g [71]. 
Chang et al. developed a decorative growth of MoS2 nanofak es on one dimensional 
PPy nanotubes as shown in Figure 13.4. This nanocomposite exhibits an effective spe-
cifc capacitance of 307 F/g at a current density of 1 A/g, with outstanding retention of 
96% in specifc capacitance after 1000 cycles [72]. Furthermore, Chen et al. designed a 
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FIGURE 13.3 Formation schematic illustration of the 3D tubular MoS2/PANI. (Reprinted 
with permission from Ren, L. et al., ACS Appl. Mater. Interfaces, 7, 28294, 2015. Copyright 
2015 American Chemical Society.) 

FIGURE 13.4 Illustration of the preparation of MoS2/PPy nanocomposites. (With kind per-
mission from Springer Science+Business Media: J. Mater. Sci.: Mater. Electron., 28, 2017, 
1777, Chang, C. et al.) 

tubular MoS2/PPy nanocomposites and examined as an effcient electrode material by 
delivering an excellent capacitance with remarkable cyclic stability [73]. An advanced 
nanocomposite of MoS2-PEDOT have synthesized by Alamro and co-workers for 
supercapacitor electrode. The  composite electrode shown a promising electrochemi-
cal behavior with a specifc capacitance of 452 F/g [74]. Recently, Chao, et al. have 
reported hierarchical nanofo wers assembled from MoS2/PANI sandwiched nanosheets 
for high performance supercapacitor electrode. The MoS2/PANI composite electrode 
exhibited 456 F/g specifc capacitance with signifcant 86% cyclic stability even after 
16,000 cycles [75]. Interestingly, the pronounced electrophoretic deposition technique 
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has developed for the synthesis of PANI/MoS2 hybrid electrode. The as prepared PANI/ 
MoS2 electrode showing an enhanced specifc capacitance of 812 F/g [76]. Moreover, 
the in-situ polymerization method has successfully utilized for the synthesis of MoS2/ 
PPy nanocomposite. The specifc capacitance reaches up to 700 F/g at 10 mV/s scan rate 
with signifcant rate capability after high scan rate and high current density [77]. 

13.7 OTHER COMPOSITES OF MoS2 

The efforts are devoted towards the performance improvement of the electrode materials. 
In this regard core-shell nanostructure with a suitable composition could have a better 
choice to improve not  only the conductivity but also charge storage ability of the 
electrode material for energy storage devices. To this, material like nickel sulfde is an 
attractive candidate owing to their several oxidation states, excellent electrochemical 
performance, scalable, earth abundant, and non-toxic nature. But, due to their low 
electrical conductivity and performance degradation of rate capability limit their 
practical application in daily use [78,79]. Recently, promising research efforts have 
started by researchers and tried to it with MoS2 and in order to achieve remarkable 
enhancement in the electrochemical properties. In  this orientation, Wang and 
co-workers have introduced a simple, green and low-cost solution approach to design 
a core shell structure of Ni3S2@MoS2 nanoarray. The designed core shell Ni3S2@MoS2 

electrode exhibited an enhanced electrochemical performance by obtaining 848 F/g 
specifc capacitance which is remarkable improvement than bare Ni3S2 electrode [80]. 
The  facile hydrothermal method has used to synthesize hierarchical double core-
shell structure of carbon@Ni3S2@MoS2. The electrode of C@Ni3S2@MoS2 nanorods 
offers an improved specifc capacitance (1544 F/g at 2 A/g) along with remarkable 
retention by losing 7% performance form initial capacitance after 2000 cycles [78]. 
Moreover, the effective four-step process has developed for the synthesis of Ni3S4-
MoS2 heterostructure by a four-step process. The maximum specifc capacitance of 
985 F/g was observed at current density of 1 A/g with excellent rate capability and 
cyclic stability [79]. Additionally, Huang et al. has synthesized Ni3S4@MoS2 core-
shell intervened carbon fber paper. The  nanocomposite exhibited an outstanding 
supercapacitor performance through specifc capacitance (1296 F/g), rate capability 
(58%) and stability (96%@5000 cycles) [81]. Furthermore, the hydrothermal reaction 
has generated for the synthesis of hybrid Bi2S3/MoS2 nanosheet array on Mo foil for 
supercapacitor application. The heterostructure of Bi2S3/MoS2 revealed an improved 
capacitance in terms of electrode area (1.45 F/cm2 at 10 mA/cm2 areal current density) 
with a signifcant retention of 96% after 1000 cycles which was around 10 times 
more that of the bare MoS2 electrode [82]. Recently, the composite electrode of Ag 
nanowires with MoS2 nanosheets has reported for high rate micro-supercapacitor. 
The  fabricated Ag/MoS2 electrode exhibited superior electrochemical parameters 
with 23 mF/cm2 capacitance and 96% retention after 20,000 cycles  [83]. Huang 
et  al. reported a phase controlled Ni3S2@MoS2 structure though one-step process. 
The signifcant electrochemical performance was achieved with maximum specifc 
capacitance of 1418 F/g and 76% cyclic retention after 1250 cycles [84]. Wang et al. 
have reported in  situ growth of MoS2/CoS2 nanotubes array by sign  hydrothermal 
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method. The enhanced specifc capacitance of 145 mF/cm2 is achieved by MoS2/CoS2 

hybrid electrode with 93% stability after 1000 cycles [85]. 
In progressive way of MoS2 composites, 3D core-shell nanostructure of uniform 

CeO2 hollow spheres as core decorated with ultrathin MoS2 nanosheets as shell has 
developed by using wet chemical method. A symmetric supercapacitor cell of core 
shell nanocomposite is depicted a superior electrochemical performance with note-
worthy outcomes in terms of specifc capacitance, energy density and long term 
stability [86]. Wang et al. have used a two-step chemical route by using hydrother-
mal followed by chemical precipitation to synthesize a hierarchical MoS2/Mn3O4 

nanoparticles. Also, after 2000 cycles there is 70% cyclic retention was achieved 
for MoS2/Mn3O4 at 1 A/g which is two-fold higher than bare MoS2 electrode [87]. 
Gen et  al. have explored a multilayer metallic MoS2-H2O system (M-MoS2-H2O) 
for supercapacitor which has further obtained a high specifc capacitance 380 F/g 
at lower scan rate of 5 mV/s and still retained at 105 F/g after 10 V/s scan rate [88]. 
Sarno et al. synthesized a physically exfoliated graphene (PHG) supported MoS2/ 
Fe3O4 nanocomposite. The  MoS2/Fe3O4/PHG nanocomposite reveals an excel-
lent specifc capacitance (830 F/g) at a current density of 1 A/g. Also insignifcant 
change in the capacitance after long-term cyclic test (about 96%@2200 cycles) made 
it a promising candidate for supercapacitor  [89]. Wang et  al. utilized the layered 
MoS2 nanosheets in order to design a hybrid hererostructure with a porous and high-
effcient transition metal oxides like Fe2O3, NiO and Co3O4. Among these, the het-
erostructure of MoS2/NiO revealed an outstanding specifc capacitance of 1080 F/g 
at 1 A/g current density by charge-discharge profle and retention stability of 102% 
after 9000 cycles at 2 A/g  [90]. An Ag nanoparticle puts their footprints towards 
an effcient supercapacitor electrode. In this regard, Wu et al. have utilized it to the 
formation of nanocomposite. They have used a self-assembly method for the prepa-
ration of AgNP/MoS2 nanocomposite. The hybrid AgNP/MoS2 electrode presented 
an excellent electrochemical performance [91]. Liang et al. have developed a novel 
scheme of laser ablation in liquids and aging-induced induced phase transformation 
for the synthesis of MoS2/Co3O4 composite structure. The MoS2/Co3O4 composites 
electrode demonstrated a battery-type behavior with maximum capacity of 69 mAh/g 
at 0.5 A/g and retains the capacity of 87% after 500 cycles which is much improved 
than those of bare MoS2 and Co3O4 electrodes [92]. Beside, Su et al. presented the 
scheme for growing 3D hierarchical CoS2/MoS2 nanocomposite on carbon cloth 
as an effcient supercapacitor electrode. The CoS2/MoS2 nanocomposite electrode 
delivered a specifc capacitance of 406 F/g and 5% degradation of the initial capaci-
tance after very long-term cycles (10,000) [93]. Designing of MoS2-graphene carbon 
nitride (MoS2-g-C3N4) heterostructure was performed for the application of superca-
pacitor. The heterostructure MoS2-g-C3N4 electrode delivered a signifcant specifc 
capacitance of 241 F/g with better cyclic stability [94]. Yang et al. have prepared a 
heterocomposite of nickel sulfdes/MoS 2 on carbon nanotubes. The composite elec-
trode was further utilized for the fabrication of asymmetric supercapacitor which 
further revealed a signifcant specifc capacitance of 108 F/g at 0.5 A/g and retained 
the capacitance without any loss after 10,000 cycles [95]. Some of the other MoS2-

based compound and their composites are summarized in Table 13.1 along with their 
electrochemical performance [96–116]. 
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13.8 CONCLUSION AND FORWARD LOOK 

The  recent progresses in the growth of MoS2 and MoS2-based composites with 
high performance in various electrochemical domains are discussed in this chapter. 
Molybdenum sulf de is the most promising candidate in TMDs due to their signif -
cant structural, electrical and morphological properties over metal oxides. However, 
their poor electrical conductivity than carbon-based materials have impended their 
utility for their use in commercial appliances, so diverse nanostructures and com-
posites have been developed for MoS2 to overcome the limitations. In  this regard, 
carbon, polymer and other metallic compound-based composites of MoS2 shows 
signif cant enhancement in the electrochemical performance through storage ability 
and cyclic stability. But for the future attention of the researchers should be focused 
on to the solving electrochemical functioning mechanism, develop the MoS2 elec-
trode structural stability, material phase, and electrochemical cycle stability. 
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14.1 INTRODUCTION 

A strong need to develop new technologies in order to take advantage of ecofriendly 
energies such as hydro, biomass, wind and solar, have encouraged the development 
of eff cient devices for the energy storage, providing a solution to the irregular rate of 
electricity generated by these resources [1]. Currently, lithium-ion batteries of high 
energy density (100–250 Wh/kg) are the most promising candidate for these applica-
tions, but their low power density, poor cyclic stability, health risk, high cost due to 
limited resources [2,3] restrict their usability. These drawbacks impelled researchers 
to think about new materials and devices to meet the current needs, driven by human 
development day by day [4]. 

Supercapacitors are energy storage devices with high rate capability, pulse power 
supply, long cycle life, simple principles, fast dynamics of charge propagation and 
low maintenance cost [5]. These devices as a mean of electrical energy storage have 
its own pros and cons. Advantages of supercapacitors are higher cycle stability with 
very low capacity retention, rapid charging-discharging and high specif c power. 
A  major disadvantage of electrochemical capacitors in comparison with batteries 
is a lower energy density [6]. The energy density of practical supercapacitor cells is 
limited to 10 Wh/kg, whereas the energy density of common lead acid batteries is 
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of 30–40 Wh/kg. The two most important examples of electrochemical technology 
for energy storage are batteries and supercapacitors. The consumer electronics are 
mostly based on lithium batteries because they have a high energy density (≈180 
Wh/kg) [3]. However, the use of batteries has given rise to serious safety issues such 
as low mobility of electrons and ions generate a series of resistive losses and hence 
heat production at high power, which results into dendrites [7]. This type of failure 
has occurred in cars manufactured by Tesla and in the Dreamliner airplane of the 
company Boeing [8]. 

The  important elements with which the supercapacitors are manufactured are 
the electrodes, which can be made of carbon materials, conducting polymers and 
metal oxides [9]. Supercapacitors are mainly based on two processes: electrostatic 
or faradic. If the electrodes are immersed in an electrolyte, the storage of the charge 
will occur at the interface between the electrolyte and the electrodes made of the 
active material. That is why the surface area of the active material plays a very 
important role. It has been observed that using an active material that increases the 
surface area by 1000 times results an increase of 100,000 times in energy density 
and specif c capacitance and increases faradic reactions in comparison to a normal 
capacitor. Thus, the technologies are at a point to move forward from capacitors 
that store microfarads or millifarads to new devices, called supercapacitors, that can 
store the energies up to thousands of farads [3]. 

Supercapacitors can be classif ed into two classes, which depend on the mech-
anism with which the load is stored: Electrochemical double-layer capacitors and 
asymmetric supercapacitors. Electrochemical double-layer capacitors electrostati-
cally store charges on the interface of the electrodes/electrolyte [10,11]. Asymmetric 
supercapacitors store charge via faradic process which involves the transfer of charge 
between electrode and electrolyte [12]. 

Asymmetric supercapacitors have shown great interest because they show high 
specifc capacitance and higher energy density, up to 100 times greater than double-
layer capacitors  [13–16]. The  use of transition metal oxides and transition metal 
hydroxides for electrodes in asymmetric capacitors have been extensively studied, 
as their crystalline structures jointly with valance states of the metal ions allow fast 
redox reactions, that upfront these materials in the list of more attractive and promis-
ing [17–19] candidates. 

Recently various materials have been explored that show high capacity to be used 
in pseudo capacitors. Among all, few extensively studied materials for electrodes 
are MnO2, RuO2, Ni(OH)2, or electrically conducting polymers, but these materials 
show a stable and wide working window, only in positive potentials. Therefore, they 
can only be used as positive electrodes. Similarly, research interest has also been 
made on the materials that show a stable working window in negative potentials. 
Some of these are Fe-based oxides/hydroxides, such as Fe2O3, NiFe2O4, CoFe2O4, 
MnFe2O4, CuFe2O4, Fe3O4, FeOOH, BiFeO3, etc. as shown in Figure 14.1 [20]. 

Due to its striking properties the iron-based materials show a great premise to 
be utilized as an asymmetric supercapacitor. Few of them are: (1) multiple state of 
valence states, Fe0, Fe2+, Fe3+ etc., for its active redox reactions, which ensure a high 
specif c capacitance  [21,22]; (2) these Fe-based materials can be def ned as green 
materials because they are environmentally friendly when purchased with other 
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FIGURE 14.1 The working potential windows of various electrode materials in aqueous 
electrolyte. The  acid-base property of electrolyte is marked inside the braces, a for acid, 
b for basic and n for neutral. (From Zeng, Y. et al.: Iron-based supercapacitor electrodes: 
Advances and challenges. Advanced Energy Materials. 2016. 6. 1601053. Copyright John 
Wiley & Sons. Reproduced with permission.) 

oxides or transition metal hydroxides  [23,24]; and (3) iron is low cost, because it 
is abundant in the earth. Therefore, all these promising characteristics make iron 
oxides/hydroxides of great interest for widespread industrial applications [20,25,26]. 

14.2 ELECTROCHEMICAL BEHAVIOR OF IRON-BASED 
ELECTRODES 

In general, there are no major differences between cyclic voltammetry (CV) behavior 
of iron oxides and hydroxides in both neutral (e.g. Na2SO4) and alkaline (e.g. KOH) 
aqueous electrolytes irrespective of different crystal forms and compositions but its 
pseudocapacitive behavior and faradic reactions that are observed in the charging 
and discharging are not clearly understood yet. Several attempts have been made 
to explain it, starting from the fact that the CV behavior of the electrodes depends 
on the potential window used. Many studies have been carried out using a potential 
window from 0 to −0.8 V, in which rectangular CV curves are observed without any 
clear redox peaks (Figure 14.2) [27]. It was concluded that in this region there is a 
redox reaction between Fe3+ and Fe2+, which explains the pseudocapacitive behavior 
as reviewed by Q. Xia et al. [27]. Chen et al. [22], analyzed FeOOH electrodes by 
in situ XAS, where Li2SO4 as an electrolyte and a potential window of −0.8–0 V was 
utilized. The XAS results showed the evidence of a reversibility between Fe3+ and 
Fe2+ and changing the potential window from 0 to values below −1 V the shape of the 
CV curve is different, and the intensity of the redox peaks decreased (Figure 14.2a). 
R. Li et al. [28] reinforced the results, where they examined the Fe3O4 electrode in a 
KOH electrolyte discharged to 1.3 V by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS). In the study the formation of metallic Fe0 was clearly 
observed which indicate a pronounced redox reaction between Fe3+ and Fe0 in a 
greater potential range. 
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FIGURE 14.2 (a) Typical CV curves of a FeOOH/graphene composite electrode in dif-
ferent potential windows at a scan rate of 100 mVs–1. (b) Rate performance and cycle per-
formance of a FeOOH/graphene composite electrode in different potential windows. (From 
Xia, Q. et al.: Nanostructured iron oxide/hydroxide-based electrode materials for superca-
pacitors. ChemNanoMat. 2016. 2. 588–600. Copyright John Wiley & Sons. Reproduced with 
permission.) 

K. A. Owusu et al. [29], analyzed the CV curves for the electrode α-Fe2O3 at 
different cycles, in an electrolyte of 2M KOH and in a potential window of between 
−1.2 and 0 V. They  observed a pair of faradaic peaks at −0.66 and −1.05 V for 
the f rst cycle. The intensity of these peaks gradually reduced during the f rst ten 
cycles and became stable afterwards, which suggested the change in crystalline 
structure during the f rst few cycles (Figure 14.3). The ex situ XRD, X-ray photo-
electron spectroscopy (XPS), SEM and TEM analysis conf rmed the transformation 
of α-Fe2O3 into FeOOH after ten cycles. The α-Fe2O3 phase was not recovered in 
the subsequent discharge process, instead, a mixture of FeOOH and Fe(OH)2 was 
obtained. The feasible transformation reaction and charge-storage mechanism was 
given as follow: 
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FIGURE 14.3 Cycle Voltammetry curve of FeOOH nanoparticles. (Reprinted by permission 
from Macmillan Publishers Ltd. Nat. Commun., Owusu, K.A. et al., 2017, Copyright 2017.) 

During f rst ten cycles: 

Fe O  + H O  ° 2FeOOH 2 3 2 

Subsequent discharge process: 

FeOOH + H O  + e− ° Fe OH  −( )2 
+ OH 2 

Subsequent charge process: 

Fe OH) + OH− ˝ FeOOH + H O( 2 
+ e− 

2 

This explanation has also been given for the Redox processes for Ni–Fe alkaline 
aqueous batteries. T. Zhai et. al. [30] reported anode oxidation reactions Fe-based 
oxide/hydroxide in alkaline electrolytes as follows. 

Fe  + 2OH− ° Fe OH  2e−( )2 
+ 

( 3 4 23Fe OH) + 2OH− ˝ Fe O  + 4H O + 2e− 

2 

On/and 

Fe OH) + OH− ˝ FeOOH + H O  −( 2 
+ e2 

These equations suggested that cations of electrode materials also play an important 
role in the redox reactions. But still we lack the clear understanding of the redox 
processes of iron oxides and iron hydroxides. 
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14.3 IRON-BASED MATERIALS 

The electrochemical properties of electrode materials are inf uenced by their mor-
phology, composition, crystalline phases, defects, etc. Iron-based materials also 
show a direct correlation of their electrochemical behavior with their structural char-
acteristics [20,30,31]. That is why the synthesis methods used to obtain iron-based 
materials have a very role in the performances. In  the literature many synthesis 
methods are reported based on electrochemical deposition  [32], sol-gel  [33], ther-
mal decomposition  [34], hydrothermal/chemical/solvothermal method  [35,36], 
microwave-assisted methods  [37], aerogel  [38] etc. for the controlled growth iron 
oxides/hydroxides nanostructures [27]. By means of which various Fe-based nano-
structures with desirable morphology, for example, nanorods, nanosheets, nanotubes, 
nanowires, nanof owers etc. are achieved. These materials considerably increase the 
surface area due to formation of nanostructures and shorten the diffusion length 
for electron and ion transport, which make them attractive for the supercapacitor 
devices [20]. 

This chapter deals the latest work done on the use of iron-based nanostructured 
materials such as of Fe2O3, FeOOH, Fe3O4, FeS and FeS2 as an electrode for super-
capacitors as described below. 

14.3.1 fe2o3-based materials for superCapaCitors 

In general, Fe-based materials have received considerable interest due to their high 
performance as electrodes for supercapacitors. Among all Fe-based materials, 
emphasis has been given on the study of Fe2O3-based materials. The Fe2O3, exists 
in four different crystal structures, α-Fe2O3, β-Fe2O3, γ-Fe2O3, and ε-Fe2O3 [39] 
but among all hematite (α-Fe2O3), due to its most thermodynamically stable phase, 
abundance in the earth’s crust, environmental benign and high theoretical specif c 
capacitance [20,40,41], has been extensively studied. 

The main challenge in the development of supercapacitor devices is the eff cient 
use of materials to build a device with high performance. For  this it is necessary 
to develop a highly advanced electrode material and the design or architecture for 
devices where these electrodes will be utilized. 

Usually, the construction of symmetrical supercapacitors is done by placing two 
electrodes of the same material, one in front of the other, in which, one will serve 
as positive electrode and the other as negative electrode. Y. Wang and others [36] 
fabricated asymmetric supercapacitor, where each electrode was composed of 
porous Fe2O3 nanospheres anchored in a layer of activated carbon (Fe2O3@ACC). 
The symmetric supercapacitor assembled by two pieces of Fe2O3@ACC electrodes 
gave 1.8 V operating voltage in 3 M LiNO3 aqueous electrolyte, as can be seen in the 
Figure 14.4. This supercapacitor showed an energy density of 9.2 mWh/cm3 and the 
power density of 12 mW/cm3 in an electrolyte of 3M LiNO3. The capacity retention 
obtained was 95% after 4000 cycles and a specif c capacitance of 1565 μF/cm3 was 
recorded. 

Similarly, A. M. Khattak et  al.  [42] showed the performance of a solid-state 
symmetrical supercapacitor built with a hybrid Fe2O3/graphene aerogel electrode. 
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FIGURE 14.4 Schematic illustration of the Fe2O3@ACC electrode and the structure of sym-
metric supercapacitor. (Reprinted from Nano Energy, 57, Wang, Y. et al., Porous Fe2O3 nano-
spheres anchored on activated carbon cloth for high-performance symmetric supercapacitors, 
379–387, Copyright 2018, with permission from Elsevier.) 

They synthesized the Fe2O3/graphene aerogel using the in situ hydrothermal method. 
The electrochemical property of the synthesized material was tested in a frst stage using 
a three-electrode system. Thus, they observed well-def ned redox peaks correspond-
ing to the redox reactions of Fe 2p3/2. A high specif c capacitance of 1045.3 F/g was 
achieved when the current density was 0.4 A/g. 

For the manufacture of the device, the f rst step was to cover the nickel foam with 
Fe2O3/graphene aerogel to make the electrodes and then submerge it in to PVA-KOH 
gel electrolyte and further a separator was inserted between these electrodes to make 
a symmetric supercapacitor. This device gave an energy density of 9.8 Wh/kg and 
a power density of 90.1 W/kg with a voltage window of 0 and 0.8 V. They also con-
cluded that the electrochemical performance of the device was suitable for different 
angles of f exion providing a specif c capacitance of 440 F/g. The proposed device 
retained 90% of the capacitance up to 2200 cycles, which indicates a good cyclic 
stability of the device. 

Similarly, J. W. Park et al. [43] were able to synthesize hybrid nanoparticles such 
as Janus, α-Fe2O3/poly (3,4-ethylenedioxythiophene) (PEDOT) using sonochemical 
methods of crystallization assisted by liquid-liquid diffusion and polymerization by 
vapor deposition. This material showed a large surface area (376.4 m2/g), high con-
ductivity values (up to 120 S/cm) and remarkable electrochemical characteristics. 
They manufactured a symmetrical solid-state supercapacitor, using Fe2O3/PEDOT 
for the two electrodes and then immersed in a hydrogel electrolyte based on H2SO4-
PVA. This device demonstrated a high specif c capacitance of 258.8 F/g in potential 
range of 2.0 V, an excellent energy density of 136.3 Wh/Kg and a power density of 
10.526 W/kg. Around 92% of capacity retention was observed even after 1000 cycles. 

An interesting supercapacitor device was assembled by L. F. Chen et al. [25] by a 
simple method of using ferric oxides on carbon (CC/Fe2O3) as positive and negative 
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electrode (CC/Fe2O3//CC/Fe2O3), with two sheets of titanium as current collectors, a 
liquid solution of, 2.0 M Li2SO4 as electrolyte and the f lter paper as separator inter-
calated by the two electrodes. When working with a potential window of 0–2 V the 
device displayed an energy density of 11.0 mWh/cm3 and power density of 1543.7 
mW/cm3. In addition, from the cyclic voltammetry curves a specif c capacitance of 
1428 F/cm2 was obtained with a capacity retention of 84.65%. They showed that the 
manufactured device can be scaled, with few changes in specif c capacitance, energy 
density and power when switching from devices with 1.5 cm2 electrodes to devices 
with 100 cm2 electrodes. Figure 14.5 shows how a supercapacitor manufactured with 
a 100.00 cm2 electrode that is charged at a constant current of 0.25 A–2.0 V, can 
illuminate 50 red light emitting diodes (LEDs) for 6 minutes. 

The Fe2O3-based materials were also utilized to design and construct the asym-
metric supercapacitors, which include two electrodes with different materials. 
Among the possible electrode combinations, both electrodes can have different 
forms or mechanisms of charge storage: e.g. capacitive and/or Faradaic battery type. 
These devices are called hybrid supercapacitors. These supercapacitors also consist 
of two electrodes with different materials, each. These supercapacitor devices cur-
rently attracted a huge attention as an attractive class of supercapacitors, due to its 
expected and reported high energy and power density as compared to symmetrical 
and asymmetrical supercapacitors. 

There are many asymmetric supercapacitors reported, based on Fe2O3 combined 
with other materials to obtain eff cient devices. M. Serrapede et al. [38] synthesized, 
Fe2O3 decorated reduced graphene oxide (rGO/Fe2O3) by using a green surfactant 
extracted from olive leaves and by the method of hydrothermal. The  rGO/Fe2O3 

FIGURE 14.5 (a) Photograph of the supercapacitors with CC/Fe2O3 electrode materials of 
different sizes from 6.00 cm2 to 100.00 cm2 (1.80 × 3.33 cm2, 4.00 × 6.25 cm2, 5.50 × 9.09 
cm2, and 8.00 × 12.50 cm2, thickness of the electrode materials and the separator: 0.42 cm). 
(b) Digital image of 50 red light-emitting diodes (LED) connected in parallel lighted by the 
CC/Fe2O3-based supercapacitor device with an electrode material area of 10,000 cm2 (elec-
trode materials: 8.00 × 12.50 cm2, thickness of the electrode materials and the separator: 
0.42 cm). (Reprinted from Nano Energy, 9, Chen, L.F. et al., In situ hydrothermal growth of 
ferric oxides on carbon cloth for low-cost and scalable high-energy-density supercapacitors, 
345–354, Copyright 2014, with permission from Elsevier.) 
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aerogel exhibited very good pseudocapacitive performance and further this material 
was used in combination with MnOx nanostructured electrodes, to synthesize a f ex-
ible supercapacitor device. The asymmetric device that was manufactured showed 
that it can reach capacitance values above 50 F/g in 2 M KOH and values above 20 
F/g when using the gel electrolyte (2 M KOH + PVA). 

Likewise, Y. Dong et  al.  [44] manufactured a quasi-solid state asymmetric super 
capacitor assembled by using MnO2 nanosheets as a cathode and α-Fe2O3@C nanowire 
arrays as anode materials, PVA/Na2SO4 electrolyte gel and the separator. The reported 
specifc capacitance of the α-Fe2O3@C//MnO2 supercapacitor was ~55.125 F/g at a 
current density of 0.75 A/g. The  evaluation of the devices made with α-Fe2O3@C// 
MnO2 to 4 A/g showed that after 10,000 cycles there was a retention capacity of 82%. 
The Ragone plots of the α-Fe2O3@C//MnO2 device as shown in Figure 14.6, where it 
is compared with data from other works for devices with different compositions, also 
shows the device in operation. The assembled supercapacitor device exhibited an energy 
density of 30.625 and 11.944 Wh/Kg at current densities of 0.75 and 5 A/g respectively. 

A similar arrangement was shown by Y. Liu et al. [45] where they used MnO2/rGO 
and Fe2O3/rGO to manufacture a device with asymmetric conf guration. The device 
or asymmetric supercapacitor showed a rectangular cyclic voltammetry curve when 
measured in a voltage window of 0–1.8 V and a specif c capacitance of 152 mF/cm2. 
The shape of the charge and discharge curves were almost triangular, thus showing 
that it has a good columbine eff ciency. The reported capacitance retention was 90% 
after 1000 cycles. 

The Fe2O3 was also used by H. Jiang et al. [46] as a negative electrode, V2O5 as a 
positive electrode and PVA/Na2SO4 gel as electrolyte for the fabrication of all-solid-state 
asymmetric supercapacitor. By utilizing electrospinning followed by calcination highly 
porous Fe2O3 and V2O5 nanofbers were obtained. From the c yclic voltammetry curve, 
for device, in a potential window of 0–1.8 V, at various scan rate of 2, 5, 10, 20, 30 
and 50 mV/s, the specifc capacitance was 48.1, 42.4, 39.5 and 36.5 F/g, respectively. 
In addition, these devices showed high energy densities of 32.2 and 16.4 Wh/kg with 

FIGURE 14.6 (a) Ragone plots of ASC. (b) Digital image of LED lighted by the α-Fe2O3@C// 
MnO2 ASC device. (Reprinted with permission from Dong, Y. et al., Nanomaterials, 8, 487, 
2018. MDPI Publishing Group.) 
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FIGURE 14.7 Schematic illustration for the synthesis procedures of the SiC NWs @Fe2O3 

NNAs negative electrode and NWs@NiCo2O4@Ni(OH)2 HNAs positive electrode on carbon 
cloth. (From Zhao, J. et al.: A High-Energy Density Asymmetric Supercapacitor Based on 
Fe2O3 Nanoneedle Arrays and NiCo2O4/Ni(OH)2 Hybrid Nanosheet Arrays Grown on SiC 
Nanowire Networks as Free-Standing Advanced Electrodes. Advance Energy Materials. 
2018. Copyright John Wiley & Sons. Reproduced with permission.) 

power densities of 128.7 and 3285 W/kg respectively. When evaluating cycle stability, 
the supercapacitor maintained the specifed capacitance ~97% of the initial value after 
2000 cycles when measured with a scan rate of 100 mV/s. 

J. Zhao et al. [47] recently proposed a new material, formed by aligned and trimmed 
Fe2O3 nano-needles (Fe2O3 NNAs) together with mesoporous structures (nanosheets) 
of NiCo2O4/Ni(OH)2 and (NiCo2O4/Ni(OH)2 HNAs) within SiC nanothread struc-
tures (SiC NW). This arrangement resulted in a material with high conductivity and 
surface area besides highly resistant to oxidation and corrosion. Figure 14.7 sche-
matically illustrates the method of synthesis of negative electrodes of SiC NWs @ 
Fe2O3 NNAs and positive electrodes of SiC NWs@NiCo2O4@Ni(OH)2 HNAs on 
carbon cloth and then manufactured an asymmetric supercapacitor, with 2 mol/L 
KOH solution as an electrolyte and commercially available flter paper as a separator. 
This assembly provided a specifc capacitance of 242 F/g at a working current of 
4 A/g and a very high specifc energy density of 103 Wh/kg at 3.5 kW/kg with a 
capacitance retention of 86.6% after 5000 cycles. 

There are many reports on the materials based on Fe2O3 as a negative electrode 
that show high performances. Table 14.1 summarizes some of the latest work where 
Fe2O3 is a protagonist in the capacitive properties of the devices. 

14.3.2 feooh-based materials for superCapaCitors 

Since 2008 FeOOH has emerged as a material with excellent capacitive properties. it 
was Wei-Hong Jin et al. [48] who f rst studied it as an anode material for supercapaci-
tors and built a hybrid supercapacitor by utilizing MnO2 as an anode and FeOOH as a 
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cathode with a wide voltage range (0–1.85 V) in Li2SO4 electrolyte solution. It deliv-
ered an energy density of 12 Whk/g and a power density of 3700 W/kg [20,48]. 

Recently there are various reports in which FeOOH plays an important role 
in the design and implementation of electrodes for asymmetric supercapacitors. 
For example Q. Liao [49] synthesized an anode based on carbon fabric (CF), ver-
tically aligned graphene nanosheets (VAGN) and FeOOH nanorods (CF/VAGN/ 
FeOOH) using the deposition method, together with a CF/Co3O4 cathode. The solid-
state supercapacitor assembled with CF/VAGN/FeOOOH as anode and CF/Co3O4 as 
cathode, in addition PVA/KOH gel was used as electrolyte and a paper flter as sepa-
rator, to avoid contact between the two electrodes. From the charge and discharge 
curves they obtained specifc capacitance values of 83.6, 71.3, 56.3, 49.8 and 54.4 
F/g when averaged at current densities of 1.9, 3.9, 7.8, 15.6 and 31.3 A/g, respec-
tively. The asymmetric super capacitor showed that it could reach energy density 
values of 20, 21.8, 22.5, 28.6 and 33.5 Wh/kg with power densities of 26.6, 13.3, 
6.6, 3.3 and 1.6 kW/kg, respectively. Figure 14.8 shows the excellent results of the 
study of the asymmetric supercapacitor. It is worth mentioning the Ragone graph 
where the energy and power density of this work is compared with that of other 
works, the percentage of capacitance retention after 3000 cycles and the device in 
operation. 

T. Nguyen et al. [50], reported the preparation by electrodeposition of lepidocroc-
ite γ-FeOOH and amorphous Ni–Mn hydroxide arranged over carbon nanofoam to 
manufactured hybrid FeOOH-CNFP∥Ni–Mn hydroxide-CNFP supercapacitors that 
work with alkaline electrolytes. This device demonstrated a high energy density of 
1515 mW h/cm2 and a power density of 9 mW/cm2 with a capacity retention of 95% 
even after 10,000 cycles which showed excellent cyclic stability of the proposed 
device. 

The importance of FeOOH-based materials lies in the fact that they function as 
negative electrodes with a high capacitance, comparable to the capacitances of posi-
tive electrodes, which have been extensively studied. R. Chen et al. [51] extensively 
studied the synthesis of α-FeOOH and β-FeOOH and its characterization as a good 
candidate to be used as a negative electrode in supercapacitors devices. They devel-
oped a new method to synthesize α-FeOOH and β-FeOOH through liquid-liquid 
interface (PELLI) methods, for electrode materials. Using PELLI allowed them to 
achieve a f nal product of non-agglomerated powders, which made it easier for them 
to mix them eff ciently with multi-walled carbon nanotubes (MWCNT) resulting in 
better electrolyte penetration to the particle surface. The  results for negative elec-
trodes of α-FeOOH-MWCNT showed a specif c capacitance of 5.86 F/cm2 and low 
impedance, which was comparable to positive electrodes; among many other reports. 

14.3.3 fe3o4-based materials for superCapaCitors 

Fe3O4 has also been extensively studied, due to its interesting characteristics as it has, 
a high electrical conductivity approximately 200 S/cm, high specif c capacitance, 
abundance in nature and friendly to the environment. Recent review has displayed 
that nanostructures of Fe3O4, with a very large surface area can exhibit exceptional 
capacitance. There are many synthesis methods reported for the synthesis of Fe3O4 
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FIGURE 14.8 (a) CV curves of the asymmetric supercapacitor at various potential windows 
and (b) galvanostatic charging/discharging curves of the asymmetric supercapacitor at various 
current densities. (c) Specifc capacitance vs. current densities for the asymmetric supercapaci-
tor and (d) Ragone plots of the asymmetric supercapacitor. The values of other reported super-
capacitors are added for comparison. (e) Cycling stability of the asymmetric supercapacitor; the 
inset shows the galvanostatic charge/discharge curves of the last 2 cycles. (f) Two asymmetric 
supercapacitor units are connected to light a red LED. (Liao, Q. and Wang, C., CrystEngComm., 
21, 662–672, 2019. Reproduced by permission of The Royal Society of Chemistry.) 

nanostructures and among them, few most used methods are, hydrothermal, sol-
gel, electroplating and electrospinning to obtain a well-def ned morphology and 
architecture. [20]. 

Fe3O4, in combination with other materials, has also improved its properties. 
A. Kumar et al. [52] utilized Fe3O4 nanoparticles attached to the surface of carbon nano-
tubes (CNT-Fe3O4) as a negative electrode for asymmetric supercapacitor. The device 
was assembled by intercalating a polypropylene mesh separator between the positive 
electrode (CNT-Mn3O4) and the negative electrode (CNT-Fe3O4) soaked in electrolyte, 
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followed by an encapsulation with polyethylene. This  arrangement provided a spe-
cifc capacitance of 135.2 F/g at 10 mV/s scan rate and a potential window of 0−1.8 V. 
Exceptionally 100% of its initial capacitance was retained even after 15000 cycles. 

W. Liu et  al.  [53] reported in  situ decorated Fe3O4 nanospheres on graphene 
through a facile solvothermal procedure, with which they manufactured a graphene/ 
MnO2//graphene/Fe3O4 asymmetric supercapacitor device, which displayed an 
energy density of 87.6 Wh/kg and superior cycling stability with 93.1% capacity 
retention after 10,000 cycles. 

The use of Fe3O4 as a negative electrode in supercapacitor devices is also studied 
a lot. Recent literature survey revealed that this material shows very high perfor-
mance when utilized as a negative electrode. Supercapacitors made with C-Fe3O4 

electrodes revealed a specif c capacitance of 526 F/g up to 98% capacitance reten-
tion in 1000 work cycles [54]. When combined with another material based on Fe 
negative electrodes of the type Fe2O3-Fe3O4/N-rGO exhibited a specif c capacitance 
of 111.95 F/g with the capacity retention of 92% after 10000 cycles for asymmetric 
supercapacitors manufactured with this electrode [55]. 

14.3.4 fes aNd fes2-based materials for superCapaCitors 

Due to their outstanding electrochemical properties iron sulf des have demonstrated 
a great potential to be utilized as electrode materials for supercapacitors. Various 
eff cient supercapacitors are realized by utilized these sulf des as electrode besides 
of iron oxides and iron hydroxide. 

S. S. Karade [62] manufactured a high performance and f exible hybrid supercapaci-
tor with which they were able to activate an array of 21 LEDs. The device consisted 
of FeS electrodes and through electrochemical measurements the achieved specif c 
capacitance was 65.17 mF/cm3, operating in a potential range of 2 V. They also reported 
a high energy density of 2.56 Wh/gr with a capacity retention of 91% after 1000 cycles. 

In combination with reduced graphite oxide the iron sulf de was also utilized as 
an electrode for eff cient supercapacitor. C. Zhao [63] demonstrated a supercapacitor 
made with electrode of RGO/FeS which showed a specif c capacitance of 300 F/g 
and retention if capacitance up to 97.5% even after 2000 cycles. Further an asym-
metric super capacitor using RGO/FeS as negative electrode and Ni(OH)2 as positive 
electrode was also derived by them which exhibited a specif c capacitance of 62.02 
F/g and an energy density of 27.91 Wh/kg. 

Y. Wang et al. [64] showed how FeS2 together with double nitrogen and sulfur-
doped graphite (FeS2/NSG) can show an outstanding electrochemical performance 
(in three-electrode array measurements) with a specif c capacitance of 528.7 F/g 
measured at 1 A/g and a capacity retention of 89% after 10000 charge/discharge 
cycles. 

By combining FeS2 nanosheets with Fe2O3 nanospheres Y. Zhong et al. [65] 
proposed a more eff cient supercapacitors instead of using only Fe2O3 as electrode. 
The supercapacitor based on this electrode exhibited a high specif c capacitance of 
255 F/g with a capacitance retention of 90% after 5000 cycles. 

Various other relevant reports based on the FeS and FeS2 as an electrode material 
are summarized in the Table 14.2. 
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14.4 CONCLUSION AND PERSPECTIVE 

In summary, iron-based materials are promising materials for negative electrodes 
of asymmetric supercapacitors using aqueous electrolytes because of their good 
electrochemical behavior, environmental benign, abundance and cost effectiveness. 
In this chapter we have reviewed some of the latest work showing the use of iron-
based materials as various electrodes for supercapacitors. Usually the presence of 
other materials, such as graphite, metal oxides, polymers etc. make it more promis-
ing for the consideration as a potential candidate for future use in the manufacture of 
low-cost devices for the commercialization. 

The  various studies on the electrochemical behavior of iron-based electrodes 
show its better dependency with a window of potential and excellent behavior in the 
charging/discharging cycles, which helps to maintain the capacitance for long cycles. 

It is important to continue working on nanostructures based on iron, as an active 
material, that can increase the surface area and shorten the diffusion trajectory of 
the ions in order to increase the capacitance. With which we could improve the elec-
trical conductivity, that is a limitation of these materials with respect to the storage 
capacity. To study the importance of the different crystalline structures that form 
the materials based on iron and their role in the electrochemical properties is very 
important when designing electrodes for supercapacitors. There is still much work to 
be done before using these materials in commercial devices, but for its abundance, 
price and relationship with the environment is a strong motive to innovate and con-
tinuing research on this material for future hopes and perspectives. 
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15.1 INTRODUCTION 

The unsustainability of conventional energy sources and their contribution to global 
warming have necessitated the search for clean and renewable energy. A signif cant 
research interest has been directed at developing energy from renewable sources such 
as solar and wind. However, key challenges in utilizing these clean technologies are 
the conversion and storage of the generated energy. There has been increasing inter-
est to utilize electrochemical technologies such as supercapacitors for energy conver-
sion and storage (Zheng et al., 2018a). Supercapacitors have attracted wide interests 
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as energy storage devices due to their excellent power density, fast charge-discharge 
cycles and durability (Jiao et al., 2019, 2016; Luo et al., 2013). Thus, supercapacitors 
have found many applications in power tools, electronics and energy storage (Jabeen 
et al., 2016; Zheng et al., 2018a). 

Supercapacitors are generally charge-storage devices consisting of two electrodes 
made up of high surface area porous materials, an electrolyte and a separator. The pres-
ence of electrode/electrolyte interface induces the formation of a high surface area elec-
tric double-layer interface, where charges can be stored and separated. This improved 
structure of supercapacitors leads to a better energy storage compared to conventional 
dielectric capacitors (Kim et al., 2014). The function of supercapacitors is therefore 
considered as a bridge between the conventional dielectric capacitors, which have high 
power output and batteries/fuel cells, which have high-energy storage (Lu et al., 2012). 

The  effcac y of supercapacitors depends largely upon the electrode materials. 
Therefore, selection of suitable cathode materials is a critical factor and represents a 
signifcant research direction in the development of supercapacitors. The most impor-
tant criteria for electrode materials include high pseudo-capacitance and stability 
(Qi et al., 2018). Among the different possible materials for electrode, metal-organic 
frameworks (MOFs) have received a wide attention. MOFs are coordination polymers, 
comprising ligands and metal atoms that are joined through coordination bonds. MOFs 
are porous materials, which offer high surface areas, controllable structures and tun-
able pore sizes (Wang et al., 2016). Since the pioneering work on MOFs by Yaghi and 
Li (1995), a signifcant research interest has been directed towards the use of MOFs 
for various applications, including their potential use as electrode materials for super-
capacitors. The excellent features of MOFs could be exploited to develop high perfor-
mance supercapacitors (Bahaa et al., 2019; Li et al., 2018b). However, pristine MOFs 
face challenges due to their poor conductivity and chemical instability in conventional 
electrolytes (Qu et al., 2016; Xu et al., 2017a). Consequently, the use of pristine MOFs 
in supercapacitors is mostly limited to precursors and templates for other advanced 
materials such as porous carbon and metal oxides (Li et al., 2019a; Yang et al., 2018). 

A signif cant research effort has been devoted to enhancing the performance of 
MOFs as electrode materials in supercapacitors. These include the modif cation of 
MOFs using metallic and nonmetallic materials, and the development of MOFs-
based hybrids as supercapacitor electrodes. Figure 15.1 shows different MOF-based 
materials that have been investigated as potential materials for supercapacitors. 
Here, we review the advances in the utilization of MOFs and MOFs-based materials 
in supercapacitors. In particular, we focus on the recent advances in supercapacitors, 
development of electrode using MOFs and MOFs-based composites. In addition, the 
challenges facing the use of MOFs in supercapacitors are highlighted and perspec-
tives are offered for future research directions. 

15.2 SUPERCAPACITORS 

Supercapacitors are electrical components that bridge the performance gap between 
the high-energy density derived from batteries and the high-power density provided 
by dielectric capacitors (Zhou et al., 2018). The development of this technology can be 
traced back to a simple invention made by Leyden Jar in 1746. The invention was based 
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FIGURE 15.1 MOF-based materials for supercapacitors. (Reprinted from Coord. Chem. 
Rev. 369, Sundriyal, S. et  al. Metal-organic frameworks and their composites as eff cient 
electrodes for supercapacitor applications, 15–38, Copyright 2018, with permission from 
Elsevier.) 

on a simple setup comprising glass vessel and metal foils. The glass jar acted as dielec-
tric while metal foils acted as electrodes (Poonam et al., 2019). The frst electrolytic 
capacitor was introduced in 1920s. In the middle of twentieth century, the frst superca-
pacitor (electrochemical double-layer capacitor; EDLC) with a maximum capacitance 
of ~1 F was patented by General Electric (GE) using activated charcoal as the plates 
(Libich et al., 2018). This supercapacitor had a limited scope due to its high resis-
tance and poor energy density. In order to prompt its practical application, Maxwell 
Laboratories (USA) commercialized various EDLC supercapacitors with a low equiva-
lent series resistance (ESR) and a maximum capacity of 1 kF (Libich et al., 2018). With 
these continuous developments, recent supercapacitors possess higher specifc capacity 
(over several thousand F), high current density, and excellent cyclic stability. 

Supercapacitors have received enormous attention due to high specifc capaci-
tance, high power density, fast charge/discharge rate and being almost mainte-
nance free (Kandalkar et  al., 2010; Zhang and Zhao, 2009). The  development of 
supercapacitors has received tremendous interests and several categories have been 
developed to fulfll the current demands for several applications. Generally, two 
categories of supercapacitors are available: (i) non-faradic supercapacitors and (ii) 
faradic supercapacitors, which includes EDLCs, pseudocapacitors (PCs) and hybrid 
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Super-
capacitors 

EDLCs 

Hybrid 

Pseudocapacitors 

Electrode Material: Carbon based 
Charge Storage Mechanism: Non-faradaic 
Characteristics: Low Ed, Low Cs, Good cyclic stability 

Electrode Material: MOs and CPs 
Charge Storage Mechanism: Faradaic (redox reaction) 

Characteristics: High Ed, High Cs, High Pd, low rate capability 

Electrode Material: Combination of carbon and MOs/CPs 
Charge Storage Mechanism: Both faradaic and non-faradaic 
Characteristics: High Ed, High Pd, high cyclability 

FIGURE 15.2 Comparison of supercapacitors. 

supercapacitors (HSCs) (Du et  al., 2018; Liu and Peng,  2017). Figure  15.2 com-
pares and summarizes few fundamental features of supercapacitors (EDLCs, PCs 
and HSCs) based on energy storage mechanism and electrode materials. 

This classifcation is based on different charge storage mechanisms. For instance, in 
EDLCs charge adsorption/separation takes place at the electrode-electrolyte interface 
while fast and reversible faradic reactions take place in pseudocapacitors. However, 
both faradic and non-faradic processes are involved in the charge storage mechanism 
of hybrid supercapacitors (Poonam et al., 2019; Wang et al., 2013; Zhang et al., 2017). 
In spite of these advancements, the energy density (Ed) for these types of supercapaci-
tors are still low, which limit their utilization in cases where high-energy capacity is 
required. Therefore, continuous efforts are in progress to improve the energy density 
and capacitance of supercapacitors. These include the development of high capaci-
tance electrode material and electrolytes with wide potential window (Béguin et al., 
2014; Liu et al., 2019; Qiu et al., 2015; Xia et al., 2014; Xiong et al., 2019). The com-
bination of carbon and different metal oxides, also called metal-organic frameworks 
(MOFs), offers excellent alternatives due to their high specifc surface area, large 
internal pore volumes, redox activities of metal oxides and the potential to increase the 
overall cell voltage (Hua et al., 2019b; Mahmoud and Tan, 2018; Pham et al., 2019; 
Sonai Muthu and Gopalan, 2019). Therefore, in addition to increasing the overall cell 
voltage, efforts to increase the specifc capacitance and the overall performance of 
supercapacitors are required. The frst approach of amplifying cell voltage is linked 
with hybrid capacitors while the later criterion is associated with pseudocapacitive 
electrodes and EDLC. It is therefore pertinent to improve the performance of superca-
pacitors and their utilization for commercial applications. 

15.2.1 fuNdameNtals aNd meChaNisms of eNergy storage 

iN superCapaCitors 

15.2.1.1  Electrochemical Double-Layer Capacitors (EDLCs) 
Electrochemical double-layer capacitors (EDLCs), using carbon as electrodes, have 
attained considerable attention as one of the energy storage devices (Li et al., 2018). 
The use of carbons results in high specifc capacitance, short charging time, high-power 
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density and long life cycles (Li et al., 2018b; Liu et al., 2019; Soneda, 2013). In com-
parison with secondary batteries or ceramic/aluminum electrolytic capacitors that work 
via conventional electrochemical reactions, EDLCs perform better due their intrinsic 
features such as high-power density and good cyclic stability. The difference between 
these two types of devices is the different charge storage mechanism. In  the case of 
supercapacitors, charge is stored on the electrode surface while it is stored in bulk in the 
case of batteries. 

For EDLCs, the capacitance is associated with the accumulation of charges at 
the electrode-electrolyte interface. Non-faradaic redox reactions are involved and 
pure physical charge accumulation i.e. adsorption of ions at the surface of polarized 
electrodes, as shown in Figure 15.3, plays a fundamental role in determining the 
specif c power and cyclic stability of the charge-discharge process (Han et al., 2018b; 
Simon et al., 2017). EDLCs resemble parallel-plate capacitors and therefore can be 
described by Equation 15.1 (Muzaffar et al., 2019). 

° °  
C = o ˛ A (15.1) 

d 

where εγ is the dielectric constant of the electrolyte, εo is the permeability factor, A is 
the contacting surface area of electrode with electrolyte and d is the effective thick-
ness of the electric double layer. In addition, the accumulation of the charge (Q) on 
the electrode can be determined using Equation 15.2 (Simon et al., 2017). 

Q C ˛= °  (15.2) 

Equation 15.2 is valid when electrodes are immersed paralleled into an electrolyte 
and the applied potential difference of ΔV exists between the surfaces. Here, the 
adsorption/accumulation of the charges will be fully reversible and the maximum 
voltage will be controlled by the redox potential of the electrolyte or electrode 
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FIGURE 15.3 Negative polarization of carbon electrode. 
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material (Xu et al., 2007). Therefore, EDLC can be considered a series combina-
tion of two capacitors i.e. a negative electrode associated with cation in solution 
and a positive electrode accompanied with anions in the solution (Conway, 1999). 
The charge of the double electrochemical layer during negative polarization of car-
bon electrode is shown in Figure 15.3 (Zhang and Zhao, 2009). 

As Equation 15.1 shows, the capacitance of EDLCs is inf uenced by parameters 
such as the effective thickness (d) and specif c surface area (A) of the electrode. 
The distance between electrolyte and electrode for EDLC is much smaller than that 
in conventional batteries, leading to the higher capacitance of the former. Thus, the 
factor that will primarily be considered in obtaining high capacitance is the car-
bon/electrolyte interfacial surface area. Thus, utilization of materials with high spe-
cif c surface area could enhance the capacitance of supercapacitors (Conway, 1999; 
Zhang and Zhao, 2009). However, in most cases, the high specif c surface area has 
not brought the expected high capacitance as not all pores are involved in the reac-
tion (Barbieri et  al., 2005). Therefore, efforts are in progress to develop carbon-
based materials with controlled pore size distribution and specif c capacitance. 
Subsequently, materials like carbon nanotubes (Pan et al., 2010) graphene (Ke and 
Wang, 2016), exfoliated carbon f bers (Soneda, 2013) and other ordered porous car-
bon materials (Li et al., 2018) were developed. Other options include carbon surfaces 
doped with heteroatoms (such as oxygen, nitrogen, sulfur) and functionalized with 
metal oxides to induce faradaic redox reactions (Wang et al., 2018). 

15.2.1.2 Pseudocapacitors 
The capacitance of pseudocapacitors is due to the rapid faradaic reduction-oxidation 
reactions occurring at or near the plane of electrode (Liu et al., 2009). The redox 
reactions involved are fast but have slow kinetics than that of pure physical charge 
adsorption as the later does not involve any ionic diffusion or charge transfer phe-
nomenon. Therefore, the faradaic redox reactions result in low power density and 
structural instability (Wang et al., 2018). In this regard, the limited ion conductivity 
and thus the pseudocapacitance can signif cantly be enhanced by inducing redox 
reaction on the surface or interior of the electrode materials (Zhai et  al., 2017). 
Pseudocapacitance is non-electrostatic in nature and usually designates a capacitive 
material with linear dependence of the charge stored on the width of the potential 
window (Xu et al., 2007). 

The charge storage mechanism in pseudocapacitors initiates with several reac-
tions mechanisms such as underpotential deposition, redox pseudocapacitance and 
intercalation pseudocapacitance (Zhang et al., 2013). Typically, pseudocapacitance 
occurs at the electrode surface with the passage of charge across the double layer. 
In this case, the capacitance is linked with the charge stored and the varying poten-
tial (Simon et al., 2017). Thus, considering pseudocapacitance, the linear change in 
the stored charge (ΔQ) with potential (ΔV) can be expressed by Equation 15.3. 

˜Q C ×˜V= (15.3) 

Here, pseudocapacitance (C) can be expressed as the derivative of charge stored 
(∆Q) and potential (∆V) (Equation 15.4) (Muzaffar et al., 2019). 
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FIGURE 15.4 Charge storage mechanism in pseudocapacitor. (Jost, K. et al., J. Mater. Chem. 
A, 2, 10776−10787, 2014. Reproduced by permission of The Royal Society of Chemistry.) 

d (°Q)
C = (15.4) 

d (°V) 

As explained earlier, the charge storage in pseudocapacitive materials involves fast 
and reversible redox reaction (Figure 15.4). Most of the pseudocapacitive materials 
tested to date are electronic conductive polymers and metal oxides (Liu et al., 2019). 
These include ruthenium oxides (Frackowiak and Béguin, 2001), vanadium nitride 
(Choi et al., 2006), manganese oxide (Zhang et al., 2008), polyaniline (PANI) (Fan 
et al., 2007) carbon-based hetero-atoms (Jeong et al., 2011; Lee et al., 2011), transi-
tion metals (Hulicova et al., 2005) and nano-porous or exfoliated carbons (Lota et al., 
2005). The capacitance values for most of these materials range from 100 to 1500 F/g. 

Since faradaic reactions involve charge storage, the energy density of pseudoca-
pacitive material is higher than EDLC. However, the corresponding power densities 
are lower because of the slower kinetics (Simon et al., 2017). Therefore, the value of 
pseudocapacitance can further be improved by using nano-structured materials as 
electrodes. Such types of materials are known for high surface area and decreased 
diffusion lengths. 

15.2.1.3 Hybrid Supercapacitors 
The concept of hybrid supercapacitors was induced with an opportunity to increase 
energy density of conventional EDLC to a range of 20–30 Wh/kg (Burke et  al., 
2000). Coupling the advantages of high cycling rates of carbon negative electrodes 
with those of faradaic positive electrodes, the charge storage mechanism in hybrid 
supercapacitor is directed by the combined principles of EDLC and pseudocapaci-
tors (Figure 15.5) (Muzaffar et al., 2019). Hybrid supercapacitors combine the high 
energy density of batteries and high-power density from supercapacitors (Liu et al., 
2017). This  combination leads to overcoming the shortcomings of combined ele-
ments and delivers a higher capacitance. 
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FIGURE 15.5 Depiction of charge storage mechanism in hybrid capacitors. (Repp, S. 
et al., Nanoscale, 10, 1877−1884, 2018. Reproduced by permission of The Royal Society of 
Chemistry.) 

Hybrid supercapacitors, depending upon the conf guration, are classif ed as: 
(i) symmetric and (ii) asymmetric. The conf guration comprising two similar EDLC 
and pseudocapacitive electrodes is classif ed as symmetric hybrid supercapacitors 
while a combination of two dissimilar electrodes forms asymmetric hybrid super-
capacitor (Mastragostino et al., 2002; Wang et al., 2006). Commercial supercapaci-
tors are asymmetrical in conf guration and mostly utilize polymer electrodes, which 
involve a series of redox reactions to store energy (Gómez-Romero et al., 2010). 

One of the limitations of hybrid supercapacitor is internal resistance, which is due 
to ESR, a combination of electrolyte resistance, current collectors and electrodes 
(Khomenko et al., 2008; Park et al., 2002). Therefore, the overall performance of 
hybrid supercapacitor depends on the selection of both electrode and electrolyte 
materials. It is essential to make careful selection of electrolyte or electrode material 
for the improvement of overall performance of hybrid supercapacitor. 

15.3 METAL-ORGANIC FRAMEWORK 

Metal organic frameworks (MOFs) are coordination compounds constructed from 
periodic metallic centers coordinated by organic linkers, which have recently 
attracted a signif cant attention due to their excellent properties (Burtch et al., 2014; 
Yang and Xu, 2017).MOFs have excellent properties, including tunable pore size and 
large surface area (Choi et al., 2008). Consequently, MOFs can be manipulated and 
used in specif c applications, including supercapacitor electrodes (Eddaoudi et al., 
2001; Fang et al., 2005). 

MOFs are conventionally synthesized through hydrothermal methods, using 
autoclave at higher temperature for prolonged hours (Ni and Masel, 2006; 
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Tranchemontagne et al., 2008). Similar to conventional heating, microwaves irra-
diation has also been used for the preparation of MOFs (Choi et al., 2008; Ni and 
Masel, 2006). Microwave heating can result in fast crystallization, phase selec-
tivity and controlled morphology. The electrochemical method was f rst reported 
by Muller et al. (2007). Other methods include mechano-chemical synthesis and 
ultrasound induced synthesis methods (Rademann et al., 2010; Yuan et al., 2010). 
Ultrasound treatment has proven eff cient because it is simple, fast and energy eff -
cient (Ando, 1984; Gilvaldo et al., 2016). Ultrasound irradiation, based on acoustic 
cavitation, is an effective method for the modif cation of different surface struc-
tures. The hot spots generated by ultrasound cavitation hold suff cient energy to 
activate or split larger particles into smaller ones and increase the porosity of solid 
surfaces (Suslick, 1990). 

The  above-mentioned synthesis techniques are impractical for industrial scale 
applications, necessitating the development of alternative synthetic routes for large-
scale applications. In  this regard, Gilvaldo et al. (2016) explored a more practical 
synthesis approach through sonoelectrochemistry. Sonoelectrochemistry seems eff -
cient and practical as it is widely applied for applications such as electrodeposition/ 
electroplating and nano-particles synthesis. Figure 15.6 depicts a schematic for the 
synthesis of MOF through sonoelectrochemical method. 

Due to the excellent properties of MOFs, there is growing interest in their appli-
cations in supercapacitors (Díaz et al., 2012; Hu et al., 2010; Liu et al., 2010; Yang 
et al., 2014; Yu et al., 2015; Zhang et al., 2015). However, poor conductivity and 
chemical instability still remain major challenges in the application of MOFs in 
supercapacitors. Thus, a great effort is devoted to address these challenges. In this 

FIGURE 15.6 A schematic of a typical sono-electrochemical synthesis of MOF. (Reprinted 
from Synth. Met., 220, Givaldo, et al., 369–373, copyright 2016, with permission from Elsevier.) 
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regard, many studies have reported the functionalization of MOFs to improve their 
conductivity and stability, development of MOF-based composites and MOF-derived 
advanced materials. 

15.4 APPLICATIONS OF MOFs AND MOFs-BASED 
MATERIALS IN SUPERCAPACITORS 

One of the challenges in the development of supercapacitors is the selection of 
appropriate cathode materials. MOFs have received wide attentions as potential 
electrode materials for supercapacitors. The key considerations in the use of MOFs-
based materials include specif c capacitance, energy and power densities as well 
as the cycle stability of the supercapacitors. Table 15.1 summarized some recent 
studies on the use of MOF-based materials as electrode in supercapacitors, high-
lighting the materials compositions and the resulting specif c capacitance, energy/ 
power density and stability of the supercapacitors. These applications are further 
discussed under pristine and modif ed MOFs, MOF-based composites and MOFs-
derived materials. 

15.4.1 pristiNe aNd modified mofs 

Many studies have reported the applications of pristine MOFs as electrode materials 
in supercapacitors. However, pristine MOFs are characterized by low conductivity 
and poor chemical stability, hindering their applications as electrode materials (Dai 
et al., 2018). Due to their chemical instability, most pristine MOFs are not stable 
in traditional electrolytes, which are characterized by acidic or alkaline conditions. 
Despite these challenges, some studies have reported the application of pure MOFs 
in supercapacitors. For instance, Yan et al. (2018) prepared a vanadium MOFs (V-O-
1,4-benzenedicarboxylate) using a one-step solvothermal strategy for potential appli-
cation in supercapacitors. The material exhibited a specif c capacitance of 572.1 Fg−1. 
When assembled as solid-state asymmetric supercapacitors, a specif c energy of 
6.72 m Wh cm−3 at a power density of 70.35 mW cm−3 was obtained. In most cases, 
however, the actual working electrodes are the MOF-derived materials (such as 
metal oxides) rather than the MOFs themselves (Qu et al., 2016; Xu et al., 2017a). 

A  nickel-based pillared MOFs (Ni/1,4-benzenedicarboxylic acid/1,4-
diazabicyclo[2.2.2]-octane) was developed as potential electrode materials in 
supercapacitor (Qu et  al., 2016). A  high specifc capacitance of 552 Fg−1 was 
obtained, with a cyclic stability of more than 98% after 16,000 cycles. This high 
electrochemical performance was associated with the conversion of the MOFs to 
a highly functionalized nickel hydroxide, which remained stable during charge-
discharge cycle. A similar study on nickel-based MOF resulted in a higher spe-
cifc capacitance of 1698 Fg−1 at 1 Ag−1 (Xue et al., 2016). The authors produced 
Ni-based MOF nanorods using salicylate ions as organic linkers. The  MOF 
nanorods exhibited a uniform size nano structure (average length of 900 nm and 
diameter of 60  nm) and a high specifc capacitance. When the Ni-based MOF 
nanorods were assembled with graphene in an asymmetric supercapacitor, an 
excellent specifc capacitance (166 Fg −1) was achieved. 
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FIGURE 15.7 Synthesis of pPDA through liquid-liquid interfacial reaction and the chemi-
cal structure of the synthesized MOF. (Reproduce from Electrochim. Acta 297, Kannangara, 
et al.,  145−154, Copyright 2019a, with permission from Elsevier) 

The  electrochemical performance of MOFs depends on the precursor mate-
rials as well as the preparation method. Kannangara et  al. (2019a) synthesized 
Zn-pephenylenediamine (Zn-pPDA) MOFs through liquid-liquid interfacial reac-
tions for use in supercapacitors. The synthesis method involves the use of an organo-
metallic molecule, Zn(acac)2, and an organic ligand, pPDA  to produce the MOF 
complexes (Figure 15.7). When the MOFs were applied as an electrode in an asym-
metric supercapacitor, an energy density of 62.8 Wh/kg at a power density of 4500 
W/kg was achieved. The material also exhibited an excellent cyclic stability (96%). 
However, a residual Zn(acac)2 was observed to leach into the Zn-pPDA, reducing the 
electrical conductivity of the electrode. 

The  poor chemical stability of pristine MOFs hinders their performance as 
electrode materials in supercapacitors. In an attempt to increase their stability and 
the performance of supercapacitors, many studies have reported the applications 
of modif ed MOFs. Yue et  al. (2019) modif ed a Ni-based MOF using nonmetal-
lic elements. The procedure involved hydrothermal synthesis of the MOF and the 
subsequent modif cation of the MOF using urea, dihydrogen phosphate and thioacet-
amide to obtain N-modif ed Ni-MOF, P-modif ed Ni-MOF and S-modif ed Ni-MOF 
respectively. These modif cations resulted in the formation of more stable framework 
structures and more active sites. In particular, the S-modif ed MOF delivered a spe-
cif c capacitance of 1453.5 Fg−1 and 89.23% cyclic stability after 5000 cycles. When 
applied in a supercapacitor, a specif c energy of 56.85 Wh kg− 1 at a specif c power 
of 480 W kg−1 was achieved. 

15.4.2 mof-based Composites 

The modif cation of MOFs using metallic and nonmetallic materials improves their 
stability and electrochemical performance. However, using MOFs as the only active 
materials still faces challenges of poor conductivity and instability. These chal-
lenges could be addressed by functionalizing MOFs with conducting materials such 
as GO, CNTs and conducting polymers (Xu et al., 2017; Zhu et al., 2019). The com-
posites of MOFs and these conductive materials offer a viable approach to develop 
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supercapacitors with excellent performance and stability. Consequently, recent stud-
ies on MOFs in supercapacitors are largely on MOFs-based composites, including 
MOF-GO, MOF-CNT, and MOF-Conducting polymers. 

15.4.2.1 MOF-GO 
Graphene-based carbons exhibit high specif c areas and excellent conductivity, 
which are advantageous in energy storage devices such as supercapacitors. Graphene 
oxide (GO) has been utilized to produce MOF-based composite with high conduc-
tivity and excellent electrochemical properties for applications in supercapacitors 
and batteries (Wei et al., 2017). The stability and conductivity of pristine MOFs are 
generally enhanced with the incorporation of GO to into the MOF. 

MOF-GO composites have been explored as electrode materials in supercapaci-
tors. The results of previous studies indicated that the electrochemical properties and 
chemical stability of the MOF-GO are superior to those of the pristine MOF. Srimuk 
et al. (2015) synthesized a hybrid of rGO and HKUST-1 and applied it in superca-
pacitors. The hybrid exhibited excellent textural properties and delivered an excel-
lent specif c capacitance (385 Fg−1), which is higher than that of pristine HKUST-1 
(0.5 Fg−1). When coated on a carbon f ber paper, the composite delivered a power 
density of 3100 W kg−1 and an energy density of 42 Wh kg−1. In addition, the rGO-
HKUST-1 supercapacitor exhibited a higher cyclic stability (about 98.5%) than rGO 
supercapacitor (85%) over 4000 cycles. 

The use of a dual Ni/Co-MOF-rGO composite as a supercapacitor electrode was 
recently reported by Rahmanifar et al. (2018). The composite was prepared through 
a one-pot co-synthesis of the MOFs and rGO and delivered a specif c capacitance 
of 860 Fg−1 at 1.0 Ag−1. When assembled to form an asymmetric supercapacitor of 
activated carbon//Ni/Co-MOF-rGO, a specif c energy of 72.8 Wh kg−1 and a specif c 
power of 42,500 W kg−1 were obtained, with a good cycle stability (91.6% over 6000 
cycles). The excellent electrochemical properties of the Ni/Co-MOF-rGO, which are 
better than those reported by Srimuk et al. (2015), are largely due to the intrinsic 
synergy of the dual metal MOFs and the rGO. 

Yu et al. (2017) prepared hybrids of MOF-GO (HKUST-1/GO, ZIF-67/GO and 
ZIF-8/GO) for supercapacitor electrodes. The  preparation method of the hybrids 
involves mixing the GO with metal ion sources, formation of the layer-by-layer metal 
ion-GO hybrid and a reaction with an organic linker to produce MOF-GO hybrid. 
A further step was introduce to convert the MOF-GO into layered double hydroxide 
(LDH) or porous carbon-GO hybrids. When used in an asymmetric supercapacitor, 
it delivered a specif c capacitance of 142.1 Fg−1 and a specif c energy of 50.5 Wh kg−1 

at a specif c power of 853.3 W kg−1. The hybrid maintained 81.2% of its capacitance 
after 3000 cycles at 5 Ag−1. 

Xu et al. (2017) synthesized 3D GO/MOF composites through a facile method 
and subsequently used them as precursors to developed rGO/MOF-derived aerogels. 
The  preparation method (Figure  15.8) involves mixing GO and MOF to produce 
GO/MOF hydrogel, which is then subjected to a freeze-drying to produce GO/MOF 
aerogel. The GO-MOF was then converted to rGO/MOF aerogel through annealing. 
The resulting composite showed high specif c capacitances of 869.2 and 289.6 Fg−1 

at current densities of 1 and 20 Ag−1 respectively. 
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FIGURE 15.8 preparation method of GO/MOF composites for supercapacitor applications. 
(Reprinted with permission from Xu, M.W. et al., J. Solid State Electrochem., 11, 372–377, 
2007, Copyright 2007 American Chemical Society.) 

15.4.2.2 MOF-CNT 
Combining CNTs with MOFs is another strategy towards enhancing their perfor-
mance in supercapacitors. CNTs have excellent conductivity and tunable structure 
that can be exploited to developed MOF-CNT composites, resulting in enhanced 
capacitance and energy/power densities in supercapacitors. The  enhanced perfor-
mance of the composites is due to the porous nature of the MOFs and conductivity of 
the CNTs, resulting in a synergistic effect in the supercapacitors. 

Xue et al. (2018) prepared porous NixCo3−xO4/CNTs nanocomposites for super-
capacitors electrode. Figure 15.9 depicts the synthesis method, which involves the 
in-situ growth of precursor (ZIF-67) onto CNTs, with a subsequent annealing of the 
product. The hybrid exhibited a specif c capacitance of 668 Fg−1 and delivered energy 
and power densities of 23.56 Wh kg− 1 and 800.15 W kg−1 respectively. In addition, 
~94% cycle stability over 3000 cycles was obtained. 

Wen et al. (2015) developed a Ni-MOF/CNT composite for use as a supercapac-
itor electrode. The synergy of the excellent conductivity of CNTs and the intrinsic 
feature of the Ni-MOF resulted in a composite with an excellent specif c capaci-
tance of 1765 Fg−1. When applied as an electrode in asymmetric supercapacitor, 
the composite delivered a specif c energy and power of 36.6 Wh kg−1 and 480 W 
kg−1 respectively. Similarly, Fu et al. (2016) prepared an MOF composite consist-
ing of a zirconium-based MOF, CNT and poly(3,4-ethylenedioxythiophene)-GO. 
The  synthesis involved coating the MOF onto the CNT, followed by a deposi-
tion of the PEDOT-GO, resulting in an electrode with excellent electrochemical 
properties. 
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FIGURE 15.9 Preparation of MOF-CNT composite using ZIF-67. (Reproduced from 
J. Colloid Interface Sci., 530, Xue, et al., 233–242, Copyright 2018, with permission from 
Elsevier.) 

15.4.2.3 MOF-Conducting Polymer 
Conducting polymers can be used to functionalize MOFs, improving their conduc-
tivity and other electrochemical properties. The conducting polymers provide link-
ages between isolated MOFs crystals, thereby enhancing the electron transportation 
through the crystals (Qi et al., 2018). The enhancement in the structural and elec-
trochemical properties of the resultant composite depends on the MOF precursor, 
type and deposition method of the polymer (Zhu et al., 2019). Thus, the selection 
of polymer and functionalization method are important considerations for develop-
ing effective MOF-conducting polymer composites. Conducting polymers, such as 
polyaniline and polypyrrole, have been used to functionalize MOFs for effective 
applications in supercapacitors. 

Many studies have reported the use of polyaniline to functionalized MOFs for 
supercapacitor electrodes. Wang et al. (2015) prepared a cobalt-based MOF (ZIF-67) 
and then introduced a polyaniline to interweave the MOF crystals, forming a f exible 
conductive electrode. Figure 15.10 depicts the scheme for electrolyte and electron 
conduction in both MOF and MOF-polyaniline composite. The presence of poly-
aniline in the composite provides a conduction path for the electron, thus enhancing 
the conductivity of the composite. Clearly, the polyaniline assisted in improving the 
electrochemical properties of the MOF. 

The  capacitance achieved by the MOF-polyaniline described above is much 
higher than MOF-polypyrrole as reported by Qi et al. (2018). In their study, Qi and 
co-workers prepared an MOF-polypyrrole composite. The  composite achieved a 
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FIGURE 15.10 (a) Pristine MOF without conduction path (b) MOF-PANI showing the 
conduction the PANI. The  presence of PANI creates a conduction path in the composite. 
(Reprinted with permission from Wang, L. et al., J. Am. Chem. Soc., 137, 4920–4923, 2015. 
Copyright 2015 American Chemical Society.) 

specif c capacitance of 206 mF cm−2 when used as an electrode in an all-solid-state 
fabric supercapacitor. This higher performance could be largely due to the superior 
properties of polyaniline compared to polypyrrole (Blinova et al., 2007; Kim et al., 
2006). As highlighted previously, the enhancement in the conductivity of the MOF 
composite would depend, among other things, on the type of polymer. 

Liu et al. (2018) utilize polypyrrole to functionalize MOF (ZIF-67) for applica-
tion in supercapacitors. The polypyrrole improved the electrochemical properties of 
the MOF, delivering specif c capacitance of 180.2 mF cm−2, which is lower than that 
reported by Qi et al. (2018). However, the composite exhibited an excellent cycling 
stability of 100% after 40,000 cycles. 

15.4.3 mof-derived materials 

MOFs can be utilized as precursors to produce excellent advanced materials such 
as porous carbon and metal oxides that can be used as electrode in supercapaci-
tors. The structure of MOF can be easily tuned into a highly porous carbon/metal 
oxide through thermal treatment of the MOF precursors under inert gas/air condi-
tion (Zhang et al., 2019). MOFs-derived porous carbon and metal oxides are highly 
ordered three-dimensional structures with unique electrochemical properties that can 
be utilized in supercapacitors (Bao et al., 2016; Yu et al., 2017). MOF-derived porous 
carbon and metal oxides represent one of the major research focus in the applications 
of MOF-based materials in supercapacitors. 

15.4.3.1 MOF-Derived Porous Carbon 
MOF-derived porous carbons are generated from high-temperature carbonization of 
MOFs, resulting in porous activated carbons with excellent controllable pore size, 
large pore volume and excellent conductivity (Bao et al., 2016). The excellent proper-
ties of this class of activated carbon are superior to those of activated carbons pro-
duced through conventional methods. Consequently, a signif cant research interest 
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is accorded to the development of MOF-derived porous activated carbon and their 
applications as electrode in supercapacitors. 

Yan et al. (2014) prepared porous carbon through carbonization (at 1073 K) of 
three different MOFs (Cu-MOF, Zn-MOF and Al-MOF). Although the specif c sur-
face areas of the produced porous carbon were relatively low (Cu-MOF carbon = 50 
m2 g−1, Zn-MOF = 420 m2 g−1 and Al-MOF carbon = 1103 m2 g−1), they exhibited 
good specif c capacitance (Cu-MOF carbon = 82.9 Ag−1, Zn-MOF = 87 Ag−1 and 
Al-MOF carbon = 173.6 Ag−1). 

Jiang et al. (2019) prepared a hierarchical porous rod-like activated carbon using 
aluminum-based MOF as a starting material. The procedure involved the synthesis 
of Al-MOF through direct precipitation of AlCl3 and deprotonated organic ligand, 
sodium 1,3,5-benzene-tricarboxylate (TBC), followed by the carbonization and 
chemical activation (using KOH and KNO3) of the Al-based MOF. This procedure 
is depicted in Figure 15.11. The derived carbon exhibited high specif c surface area 
(1886 m2 g−1), pore volume (1.29 cm3 g−1) high specif c capacitance (332 Fg−1) and 
capacitive stability of 97.8% after 100,000 cycles. 

Osman et  al. (2019) prepared a porous-like amorphous carbon from Zn-based 
f uorinated MOF. In  this case, the procedure involved the preparation of the 
Zn-MOF thorough a solvothermal method using 2,3,5,6–tetraf uorobenzenedicar-
boxylate (TFBDC) as organic linker. This was followed by the carbonization of the 
Zn-TFBDC at 750°C under nitrogen environment. The prepared material had a high 
specif c surface area (1234 m2 g−1) and excellent electrochemical properties. Under 

FIGURE 15.11 Schematic illustration of the preparation of rod-like porous activated carbon 
(RPAC) derived from aluminum-benzene- tricarboxylate (Al-TBC) MOF for application in 
supercapacitors. (Reprinted from J. Power Sources, 409, Jiang, W., et al., 13–23, Copyright 
2019, with permission from Elsevier.) 
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electrochemical test, the porous carbon exhibited specif c capacitance and specif c 
energy density of 322 Fg−1 and 70 Wh kg−1 at a current density of 1 Ag−1, with a 
cycling stability of 95.8% after 100,000 cycles. These results are comparable to those 
obtained by Jiang et al. (2019) as discussed above. However, an earlier study by Yu 
et al. (2017) reported a Zn-MOF-derived porous carbon with a higher specif c sur-
face area (2618.7 m2 g− 1) but lower specif c capacitance (150.8 Fg−1), energy density 
(17.37 Wh kg−1) and cyclic stability (94.8% after 10,000 cycles). 

Li et al. (2019) prepared a porous carbon using a 2D Cu-MOF as a precursor. 
The derived porous carbon exhibited high specif c surface area of 2491 m2 g−1, a pore 
volume of 1.50 cm3 g−1 and a specif c capacitance of 260.5 Fg−1. The supercapacitor 
delivered a specif c energy of 18.38 Wh Kg−1 and specif c power of 350 Wkg−1, with 
a cyclic stability of 91.1% after 5000 cycles. 

Although porous carbons are mostly generated starting with pristine or modif ed 
MOFs, composites of MOFs and other excellent materials such as GO have also been 
utilized. For example, Tan et al. (2019) synthesized porous carbon using a compos-
ite of polyoxometallate-based MOF/rGO composites as precursors. The  synthesis 
procedure, which is based on hydrothermal treatment and calcination, is depicted 
in Figure 15.12. The derived carbon exhibited a specif c capacitance of 178 Fg−1, 

FIGURE 15.12 Preparation of porous carbon from polyoxometallate/MOF/rGO (POMOF@ 
rGO). The procedure involves a hydrothermal preparation of POMOF@rGO, followed by its 
calcination to obtain the C-POMOF@rGO. (Reprinted from Tan, L., et al. J. Electroanal. 
Chem., 836, 112−117.) 
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delivering a specif c energy and power of 20.1 Wh kg−1 and 9071 W kg−1 respectively 
when applied in an asymmetric supercapacitor. In addition, a cycling stability of 94% 
was achieved over 5000 cycles. 

15.4.3.2 MOF-Derived Metal Oxides 
MOFs can be utilized as precursors to produce metal oxides with excellent proper-
ties for application in supercapacitors. The metal oxides are obtained by a careful 
thermal treatment of MOFs, generating a highly nanostructured materials. These 
nanoparticles are then grown on a f exible carbon f ber, generating electrode with 
excellent electrical conductivity, high capacitance and structural stability (Yang 
et al., 2018). The derived metal oxide depends on the metal present in the precursor 
MOF. Lee and Jang (2019) utilized ZIF-67 as a precursor to developed a hybrid lay-
ered double hydroxide consisting of Co3O4 distributed on a hexagonal Co(OH)2 plate. 
The hybrid delivered a high specif c capacitance of 184.9 mAh g−1. When applied in 
an all-solid state supercapacitor, specif c energy and specif c power of 37.6 and 47 
kW kg−1 were respectively obtained. 

Besides single metal oxides, binary and ternary metal oxides can be derived from 
MOFs. The  synergy of different metals results in higher electrochemical perfor-
mance compared to a single metal. For example, Lim et al. (2018) derived cobalt-
zinc bimetallic oxide using a zinc-cobalt MOF as a precursor. The derived bimetallic 
oxides delivered a specif c capacity that is 300% more than that of a single-metal 
MOF-derived oxide. Additionally, the cyclic stability of the bimetallic oxide was 
much higher than single metal oxide. Indeed, the electrochemical performance can 
further be enhanced using a higher number of metals. Zheng et al. (2018b) synthe-
sized a Ni-Co-Mn layer double hydroxide nanof ake using bimetallic imidazolate 
MOF as a precursor. The ternary metal oxides delivered an excellent specif c capaci-
tance of 2012.5 Fg−1 at 1 Ag−1 compared to that delivered by Ni-Co oxide (1266.2 
Fg−1). The cyclic stability of the ternary metal oxide (75.0%) was also higher than 
that of the binary oxides (41.8%). 

15.5 CONCLUSION 

MOFs have been widely studied as potential materials for supercapacitor electrodes. 
This  is largely due to their excellent features such as porous structure, high spe-
cif c surface area and tunable pore size. However, poor conductivity and chemical 
instability in conventional electrolyte are the major challenges in the application of 
pristine MOFs as electrode materials in supercapacitors. Thus, recent studies are 
mostly directed towards improving the electrochemical properties of the MOFs. 
In  this regard, the use of modif ed MOFs, MOFs-based composites and MOFs-
derived materials in supercapacitors have been reported. The composite/hybrid of 
MOFs-GO, MOFs-CNTs, MOFs-conducting polymer, MOFs-derived porous AC 
and metal oxides are particularly pursued. These materials have resulted in superca-
pacitors with excellent specif c capacitance, energy and power densities and cyclic 
stability. Despite the noted progress in the use of MOFs-based materials in super-
capacitors, it is necessary to address some technical challenges for their successful 
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utilization. The challenges of instability and poor conductivity of MOF have been 
somewhat addressed by the incorporation of other materials such as carbon-based 
materials and conducting polymers. However, there is no clear information on the 
mechanisms of the composite formation and the interaction between MOF and the 
functionalizing materials. This  information is necessary for effective design and 
optimization of electrodes and the supercapacitors. Numerous preparation meth-
ods for both MOF precursors and MOF-based composites have been reported in 
the literature, each resulting in materials with different properties. The absence of 
an established common preparation method makes it diff cult to make meaningful 
comparisons in the reported performance of the electrodes. Thus, there is a need for 
ref ne and common synthetic methods. Since the application of MOF-based materi-
als in supercapacitors is still at laboratory stage, the existing technical challenges are 
expected to be addressed through a continuous research in the f eld. 
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16.1 INTRODUCTION 

Due to the signif cance of energy in the development of human society, energy 
storage has received the researcher attention. Among these storage systems are the 
supercapacitors that are considered as the supreme auspicious green energy storage 
systems  [1–6]. In  supercapacitors, the electrode pile electrons; meanwhile, the 
discharge course is assisted by the electrochemical reactions that are provoking an 
electron drift over an outward path. Thus, the charge and discharge eff ciency directly 
depends on the prof ciency of the supercapacitor electrodes. In this regard, different 
active materials have been applied as anode or cathode, which are categorized into 
metal oxides, conducting polymers and carbon resources [1–11]. In contrast to the 
conventional synthesis of the electrode materials, nanotechnology provides effective 
ways for developing electrode nanomaterials characterized by their superior power 
density and high retention eff ciency (R %) after a high number charge-discharge 
cycles (CDCs)  [4,12]. Thus, nanomaterials have been exploited for constructing 
electrodes with a high capacitance eff ciency promised for supercapacitor 
applications as compared to their bulk equivalents. This enhancement stems from 
the great surface area accompanying the nanomaterials, thus enabling prof cient ion 
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carriage with a high energy-transformation course [13]. However, the nanomaterials 
tend to aggregate because of their inherent high specif c area, and in consequence 
their cycle life constancy is reduced  [14]. In  order to overcome this aggregation 
problem, different methodologies-based organic molecules have been developed 
to generate nanostructured materials with supreme specif c properties. One of 
those methodologies that relays on soft-approaches along with the microwave- and 
hydrothermal-assisted synthesis methods is the green chemistry [6,15–20]. In  this 
technique, different biomolecules are employed to control the nucleation and growth 
processes, thus generating a well-generated nanocrystals with precise crystallite 
size, shape and dispersity  [5,19–23]. Among those biomolecules, amino acids are 
characterized by their abundance and low-cost, as well as they show extraordinary 
properties with the ability to form hierarchical nanostructures  [5,19,20,23–28]. 
They have been employed to overcome the different synthetic limitations with other 
methods. Usually, the amino acids have been used as (i) directing agents for self-
assembling nanostructure materials, (ii) particle reducer and (iii) surface modif er as 
oxygen, nitrogen and sulfur dopants in the assembly of nanomaterials. Furthermore, 
they can be applied rather than the organic and inorganic surfactants in assisting the 
hydrolysis of the precursor materials. This can result in the generation of different 
hierarchical structures with precious control in size and morphology, as a result of 
their carboxyl, amino and thiol functional groups (Figure 16.1). 

16.2 LYSINE AMINO ACID 

As the lysine amino acid includes functional groups such as amine on its side chain, 
it has been employed as a chelating agent to support the generation of different nano-
structures. Lysine has assisted the Stöber technique to fabricate f nite nanospheres 
of formaldehyde/resorcinol and silica materials [19,20]. By means of this strategy, 
different nanoparticles with precise control of size, morphology and disparsity can 
be obtained. For  instant, lysine amino acid has been used as catalyst to generate 
polymer nanospheres of resorcinol/formaldehyde, with size ranging from 30 to 
650 nm, as a function of pH value [19,20]. Furthermore, carbonization process of the 
nanoparticles results in the generation of mesoporous nanospheres of large surface 
area; with approximately 300–400 m2/g. Due to its redox property with p-type semi-
conductive, nickel oxide (NiO) can achieve a high capacitance performance with 
theoretical value of 2573–2584 F/g [3]. Different nanostructures of nickel oxide such 
as nanof akes, nanowire and nanof owers have been controlled by various hydro-
thermal- and microwave-assisted solution-based preparation techniques [3,5]. In the 
synthesized electrode materials by these strategies, the electron/ion transport into 
porous network can be improved by including lysine amino acids as a template to 
assist the hydrothermal process, thus well formation of hierarchical nickel oxide 
micro-f ower-like spheres [3,5,29,30]. This well generation is attributed to the slow 
release rate of the hydroxyl (OH‾) ions during the hydrolysis process (Equation 16.1). 
Thus, the lysine amino acid has an implication on the controlling the formation 
of nickel hydroxide (Ni (OH)2), (Equation 16.2), and therefore the nucleation and 
growth of the nickel oxide (NiO) f ower-like microspheres. 
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FIGURE 16.1 The essential 20 amino acids. 

H N  CH CH NH COOH + H O  �2 ( 2 ) ( 2 ) 24 (16.1) 
−˝̇H N3 (CH2 )4 

CH (NH2 )COOH ˆ̌
+
 + OH 

2+ −Ni + 2OH  ˛ Ni OH (16.2) ( )2 

These microspheres have been delivered about 324 F/g at 2 A/g, with R value about 
83% after 1000 CDCs at 20 A/g in 6 M of KOH [5]. A key parameter to increasing 
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the capacitance of the electroactive nickel structures is to control the morphologies 
and pore size for transporting the hydroxyl groups into the electrode matrix. In this 
mesoporous nickel oxide, a faradaic redox process can be resulted by the hopping 
transition between Ni(II) and Ni(III), as following [3,5,29,30]: 

NiO 2 OH− ° NiO OH − (16.3) +  + e 

Likewise, the lysine amino acid has been employed for controlling the formation 
of urchin cobalt hydroxide (β-Co (OH)) arrangements composed of nanowires as 
building blocks  [7]. This well generation is stemmed from the synergistic impact 
of chloride (Cl‾) ions and the lysine amino acids to the formed β-cobalt hydroxide 
arrays. This hierarchical porous structure can result in delivering a good capacitance 
with about 421 and 370 F/g at 1.33 and 5.33 A/g, respectively, with 3.6% of degrada-
tion in capacitance value after 1000 CDCs. Furthermore, the chemical composition 
inf uences the capacitance performance [3,5,29]. For example, the nickel hydroxyde/ 
cobalt hydroxide nanocomposite can exhibit an improved capacitance behavior 
attributed to the hopping between the redox pairs Co2+/Co3+ and Ni2+/Ni3+ [31,32]. 
In this regard, the amino acids have been employed to improve the specif c capaci-
tance delivered by those composites including the Co and Ni elements. For example, 
the introduction strategy of the CoO4 to NiO microspheres for designing an effec-
tive electrode material of NiO-CoO4 f ower-like microsphere has been arisen in 
delivering the capacitance 1988.6 and 1491.4 F/g at 1 and 15 A/g, respectively [29]. 
This  superior capacitance performance is ascribed to the improved specif c area 
43.4–51.8 m2/g and the pore size 5.4–8.5 nm for the NiO-CoO4 f ower-like micro-
sphere structure. Thus, the specif c capacitance delivered by the heterostructures 
composed of various metal components can be improved with orders higher than 
all individual ingredients  [6,29,31]. A  further example of this enhancement is the 
synthesis of face-centered cubic spinel Li4Mn5O12 having a f ake-like structure that 
has been synthesized by lysine amino acid. In  this case, the lysine acid has been 
employed to act as a complex agent and pH stabilizer during the synthesis meth-
ods [6]. This cubic structure can provide a capacitance of 168 F/g at the potential 
range 0–1.4 V, 5 mV/s, in 1 M of Li2SO4, with R value of 98.2% after 100 CDCs. 

Aqueous assembly based on the amphiphilic molecules is a fascinating technique 
due to their superior structural organization and morphological miscellany [10,11]. 
These amphiphilic molecules play a key factor in generating hierarchical nanostruc-
tures, by engaging the conventional inorganic acids and bases as catalysts to initi-
ating the cross-linking and formation of the polymer frameworks. In  this regard, 
scalable synthesis of hierarchical ordered nanostructures of carbon materials have 
been developed by means of amino acids. For  instance, the formation of the hier-
archical carbon monolith can be well-controlled in the presence of lysine with a 
crack-free property, 600 m2/g and macropore volume of 3.52 cm3/g [10]. Along with 
the aqueous assembly approach of the organic molecules, they could be employed 
as nitrogen-dopant to generate nitrogen-doped nanostructures for the supercapaci-
tors applications [12]. Among those nitrogen precursors, urea has been applied as 
a nitrogen dopant for the graphene oxide. The resulted nitrogen-doped heterostruc-
tures exhibit 405 F/g at 1 A/g, with 12.3% of degradation in capacitance value after 
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FIGURE 16.2 Lysine amino acid-assisted the generation of cubic nitrogen-doped ordered 
mesoporous carbon. (From Liu, D. et al., J. Power Sources, 321, 143–154, 2016.) 

5000 CDC at 4 A/g. However, the generated materials display disordered meso-
structures that hinder their employing in the energy storing [33]. To overwhelm the 
aforementioned limitation, lysine amino acid has been employed to produce meso-
porous carbons rich with the nitrogen atoms and highly regular-pore arrays [10,11]. 
For instance, lysine has been exploited to act as catalyst and assembly promoter in 
combination with the structural directing Pluronic F127 as a triblock copolymer for 
generating the ordered mesoporous carbons (OMCs). This  mesostructure is com-
posed of highly regular pore arrays (Figure 16.2) and fully interconnected macro-
pores that is in consequence resulted in attaining a mesoporous carbon rich with the 
nitrogen atom and superior surface area of 2422 m2/g. Thus, the capacitance can be 
improved and deliver a value of 186 F/g at 0.25 A/g. 

16.3 HISTIDINE AMINO ACID 

Histidine amino acid is characterized by their carboxyl, amine and imidazole 
groups found in its molecular structures. These functional groups have been 
exploited in controlling the formation of different nanostructures for superca-
pacitor applications [34]. For example, recombinant elastin-like polypeptides con-
taining hexa-histidine has been mixed with the metal salts Fe3+/Co2+ to control 
the formation of magnetite (Fe3O4) and tricobalt tetroxide (Co3O4) nanoparticle 
with 5 nm. After the annealing process, the polypeptide containing hexa-histidine 
amino acids has been degraded into a porous microsphere of carbon that embed-
ded with the magnetite and tricobalt oxide nanoparticles. This has been resulted in 
accomplishing a robust sodiation/desodiation reaction that is desired for sodium 
ion batteries  [35]. For  the carbon-encapsulated hematite and tricobalt tetroxide 
microspheres; a charge capacitance of 657 and 583 mAh/g, respectively, at 0.1 A/g 
can be delivered. Furthermore, histidine has been employed as a nitrogen source 
for doping the mesoporous graphene-like walls, thus developing nanostructures 
with a high capacity performance [36]. The protonation of histidine followed by 



 

 
 
 

 
 

 

 

 

 
  

 
 
 
 

 

   

312 Inorganic Nanomaterials for Supercapacitor Design 

FIGURE 16.3 Protonated histidine amino acid-assisted the production of carbon materials. 
(From Tran, T.-N. et al., J. Ind. Eng. Chem., 2019.) 

pyrolysis is an effective way for generating hierarchical nanosheet-like structure. 
These nanosheets are promised for the supercapacitor applications, especially if 
a sup-additional heteroatom-dopant such as P and S atoms is introduced along 
with the original nitrogen doping (Figure 16.3) [37]. For example, carbon mate-
rial doped with the sup-additional atom P ((H3PO4) histidine-carbon) displays a 
superior capacitance of 152 and 144  F/g in three- and two-electrode conf gura-
tions, respectively, at 1.0 A/g, with 12% of degradation in capacitance value after 
5000 CDCs, at 5.0 A/g. 

16.4 ARGININE AMINO ACID 

Arginine amino acid has been used as hydrolysis-controlling and stabilizer agent 
for generating metal hydroxides such as the two-dimensional α-cobalt(II) hydrox-
ide via hydrothermal process [38] and the three-dimensional-connected nanosheets 
of α-nickel hydroxide via microwave method [25]. This controlling is assigned to 
the functional groups such as guandio, amino and carboxyl in the chemical struc-
ture of arginine amino acid. The α-cobalt hydroxide nanosheets [38] have a good 
performance capacitance of 427 F/g at 5.33 A/g. This capacitance value is reduced 
to about 414 F/g after 2000 CDCs at 0.3–0.45 V. In addition to the aforementioned 
roles, arginine amino acid has been applied as complexing agent to generate double 
layer hydroxide of Co/Al, forming porous f ake-like structure [39]. The morphol-
ogy, dispersion and size of these nanosheets depend on the pH value of the solu-
tion, since irregular nanosheets of hexagonal platelets are formed with a size of 
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about 150 × 400 nm at pH 9; monodispersed nanosheets with a size of about 200 × 
400 nm are formed at pH 11; uniform nanosheets with size of about 250 × 400 nm 
are generated at pH 13. This tuning ability is attributed to the coordination bonds 
between the arginine molecule and Co2+/Al3+ ions, as well as to stabilization by the 
hydrogen bonding between nitrogen/oxygen and hydrogen atoms. Thus, the hydro-
talcite formation can be taken place in the presence of the hydroxyl ions. Finally, 
the coordination and hydrogen bonds are destroyed by heating process; meanwhile 
the CO3

2− ions produced by the hydrolysis of urea have been inserted into layers 
of hydroxide to form Co/Al layers. The generated structure has been displayed an 
improved electrochemical capacitance of 1158 F/g. Moreover, the produced meso-
pores participate in the quick transfer of electrolyte ions, thus delivering a fast 
redox reaction lucrative for the electrochemical supercapacitors. Furthermore, the 
nanosheets can be connected to form three dimensional structure via microwave 
method with the addition of arginine (Figure  16.4)  [25]. The  α-nickel hydrox-
ide sheets display a capacitance of about 549 C/g at 2 A/g with 12.7% of degra-
dation in capacitance value after 10,000 CDCs. Also, the three dimensional of 
α-nickel hydroxide/polyurethane structures can provide an energy density of about 
57 Wh K/g at 601 W K/g. 

FIGURE 16.4 Arginine amino acid-assisted synthesis of 3D-connected α-Ni(OH)2 sheets. 
(From William, J.J. et al., Mater. Chem. Phys., 224, 357–368, 2019.) 
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The  MnO2 nanostructures have been generated by the reduction of KMnO4 

not only by using arginine amino acid, but also by using the glycine amino acid, 
and glutamic amino acid at the room temperature [40]. The generated nanorods 
with size of about 200 nm have exhibited a capacitance of about 250, 218 and 
212 F/g for MnO2-Arginine, MnO2-Glycine and MnO2-Glutamic, respectively, at 
1 mA/cm. 

16.5 CYSTEINE AMINO ACID 

Due to its sulfur atom, the cysteine amino acid has assisted with the synthesis of 
different metal sulf de nanostructures, such as nickel sulf des, zinc sulf des, molyb-
denum sulf des, and indium sulf des via hydrothermal technique [41–43]. This gen-
eration ability stems from the strong tendency of the cysteine –SH to coordinate 
with the metal ions, thus forming metal-ions-cysteine complexes. These complexes 
can interact with each other to generate nuclei of nickel disulf de, which in con-
sequence have been self-assembled into uniform aggregates  [41]. Thus, hollow 
spheres of nickel sulf de has been produced after the calcination process of the 
nickel disulf de nuclei in air under different temperatures as shown in Figure 16.5h. 
The capacitance of the nickel sulf de and nickel disulf de electrodes is about 1643, 
1076 F/g, respectively, at 1 A/g. This capacitance has been retained at 455 F/g and 
368 F/g after 1000 CDCs. 

Furthermore, the complexation between the Ni2+ and Co2+ ions in mixed aqueous 
solution of tertiary butanol to form the NiCo2S4 heterostructure has been performed 
by means of cysteine amino acid [44]. Cysteine can be hydrolyzed to release the S2− 

ions with slow rate, and therefore a suff cient time for controlling the formation of 
NiCo2S4 nanof akes. In this regard, due to its distinctive viscosity and hydrophobic-
ity [45], cysteine has been used as directing agent for building three-dimensional of 
NiCo2S4 with ultrathin nanostructures. The resultant NiCo2S4 nanoparticles exhibit 
the better structural stability and high specif c surface area than that of NiCo2S4 

FIGURE 16.5 Cysteine amino acid-assisted the morphology evolution of NiS2, NiS, 190 
NiO and NiSe2. (From Lu, M et al., J. Mater. Chem. A, 5, 3621–3627, 2017.) 
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fabricated by the conventional two-step method. By this way, the f ower molybde-
num disulf de with a diameter lower than 200 nm can be achieved by the sulfuriza-
tion method [46]: 

HS CH CH NH COOH + H O  ° CH CO COOH + NH + H S  (16.4)2 2 2 3 3 2 

2− 2−4 MoO + 9 H S2 +6 CH CO COOH ̨ 4 MoS SO2 + 44 3 (16.5) 
+6 CH CO COO +12 H3 

− 
2O 

Molybdenum disulf de electrode exhibits a capacitance of about 129.2 F/g at 
1 A/g, with R value of about 85.1% after 500 CDCs. This  specif c capacitance 
has been enhanced by the addition of graphene sheets, where cysteine has been 
employed as a sulfurization agent. The graphene sheets inhibit the growth of lay-
ered molybdenum disulf de crystals via the hydrothermal process  [46]. Li et al. 
revealed that the complexation between the functional group found on the gra-
phene sheets improving the well-controlled growth of molybdenum disulf de [47]. 
This  in consequence has resulted in generating a three-dimensional sphere-like 
structure (molybdenum disulf de: graphene ratio = 1:2), 1100 mAh/g at 100 mA/g, 
where the capacity decreases to 900 mAh/g after 1000 CDCs. Similarly, the gen-
erated SnS2/SnO2 combination by the microwave-supported cysteine amino acid 
results in an improved capacitance behavior when it is used as anode material in 
lithium ion batteries. This capacitance performance depends on the molar ratio 
of SnCl4:cysteine. At  1:6 molar ratio of SnCl4:cysteine, the primary capacity is 
about 593 mAh/g [48]. Cysteine has been employed as a sulfurization agent for the 
preparation of cobalt sulf de nanowires, with a capacitance of about 508 F/g [49]. 
As well as, Bi2S3 f ower-like structure with well-aligned nanorods has been gen-
erated by the assistance of cysteine amino acid, with a capacitance of about 142 
(mA h)/g [42]. 

Cysteine amino acid has been employed to reduce the graphene sheets via its 
thiol group [50]. Thus, the reduced graphene exhibits a high dispersion behavior 
with enhanced capacity and cycle-life for charge-discharge process. For example, 
the composite of reduced graphene oxide/nickel sulf des nanospheres can be pro-
duced via hydrothermal technique [51]. In this case, the cysteine is not used only 
as a reducing agent but also as a sulfur donor, and linker to generate ultraf ne 
nanocomposites of nickel sulf des and graphene sheets. This composite displays 
1169 and 761 F/g at 5 and 50 A/g, respectively. These superior capacitances are 
stemmed from the high conductivity of the reduced graphene oxide, the connec-
tion between the nickel sulf de and graphene sheets, and the micropores within the 
nickel sulf de nanospheres. 

16.6 ASPARTIC AMINO ACID 

Due to its carboxylic functional group, aspartic acid has been used to control the 
formation of copper oxide (CuO) nanoparticles of about 6 nm [27], and the genera-
tion of uniform nanowires of Cu-based porous organization polymers with length of 
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about 200 nm [52]. These nanowires exhibit an improved capacitance of 367 F/g with 
6% of degradation in capacitance value after 1000 CDCs compared to the electrode 
composed of the copper oxide nanotube. Furthermore, the Co2Fe(CN)6 particles 
have been formed by aspartic acid as a reducing agent [53], where the pH value has 
a remarkable effect in chelating the aspartic acid to hinder the metal ions agglom-
erations. This nanostructure revealed a large capacitance of 758.86 F/g at 2 mV/s 
in 1 M of KOH. Also, aspartic acid has been used to assist the formation of ultra-
high reduced graphene aerogels via hydrothermal treatment  [54]. The  strength of 
this aerogel matrix is enhanced by the addition of Fe3+ ions as a cross-linker at pH 9. 
This strength is stemmed from the coordination bonding between the Fe3+ ions or 
carboxylic and the reduced sheets of the graphene oxide. The later matrix exhibits 
276.4 F/g at 0.5 A/g, with 11.8% degradation in capacitance value after 5000 CDCs. 

The functional groups of the glutamic, alanine and arginine amino acids have 
been exploited to control the formation of the iron oxide (Fe2O3) nanoparticles [55]. 
Furthermore, they have been employed as N-doping and morphology-assisting to 
generate the iron oxide/nitrogen-doped graphene hydrogels (Figure 16.6). In this 

FIGURE 16.6 Different amino acids-assisted the preparation of (a) Fe2O3, and (b) Fe2O3/ 
nanographene composites. (From Wu, D. et al., Electrochim. Acta, 283, 1858–1870, 2018.) 



 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

317 Amino Acid-Assisted Inorganic Materials for Supercapacitors 

case, the effect of the amino acid acidity on the morphological properties of iron 
oxide has been clarif ed. Thus, the iron oxide prepared by glutamic exhibit a 
mulberry-liked structure (the iron oxide nanoparticles have a length and width 
of 130–170 and 56 nm, respectively), while the iron oxide nanoparticles prepared 
by the alanine arginine acids show a nearly cube-like structure with size of about 
420–540 nm. These well-generated morphologies with the precise size are dif-
ferent from the spherical one of bare iron oxide nanoparticles of about 200 nm. 
The regulation of the iron oxide nanoparticles by the nanographene as a template in 
the presence of amino acid has been resulted in generating the same morphologies 
of the iron oxide nanoparticles but with smaller size. Thus, the size of iron oxide 
nanoparticles is reduced in the case of iron oxide-nanographene oxide, to about 
40–70 nm. The iron oxide/nanographene-aspartic combination has been exhibited 
a cross-linked mesoporous matrix of pore size with a few μm. Furthermore, iron 
oxide/graphene nanocomposites prepared by glycine and lysine have been gener-
ated including folded and wrinkled graphene sheets, thus indicating the occur-
rence of severe aggregation in the glycine and lysine amino acids-assisted the 
synthesis procedures. The  key parameter in controlling this morphology is the 
isoelectric point of the amino acid [56]. For instant, the aspartic acid can bear a 
negative charge above its isoelectric point and therefore control the formation of 
dispersed graphene sheets. In contrast, the glycine and lysine amino acid bear a 
positive charge below their isoelectric point, and therefore aggregated graphene 
nanosheets are produced. Furthermore, the adsorption of amino acid molecules on 
the surface of the inorganic nanoparticles such as iron oxide plays an important 
role in controlling their growth and morphologies  [57,58]. Therefore, the amino 
acids assist the hydrothermal synthesis for developing nanocomposites with an 
improved capacitance performance than that of the iron oxide/nitrogen-doped 
graphene from a conventional nitrogen sources [59–63]. Iron oxide/nanographene 
composites controlled by the aspartic acid have been demonstrated the best capac-
ity retention, which can be attributed to the iron oxide nanoparticle accompanied 
by the active sites on their surfaces. 

16.7 GLYCINE AMINO ACID 

Glycine can form coordination bonds with metal ions such as iron, cobalt, indium 
and nickel through its functional groups [64–66]. The glycine amino acid has been 
employed as a template or doping agent, as well as an organic ligand to develop 
different nanomaterials at mild condition [67,68], eff cient for supercapacitor appli-
cations  [64,65,68]. Glycine amino acid has been used to prepare the non-uniform 
spherical nanoparticles Na4Ni3 (PO4)2 P2O7 with a porous structure by combustion 
synthesis technique with [65]. Coating this Na4Ni3 (PO4)2 P2O7 nanostructures with 
carbon has been resulted in improving the pseudo-capacitance to about 1094 F/g, 
and excellent cycling stability in 2 M of NaOH. This high capacitance is attributed to 
the redox pair of Ni2+/Ni3+ and carbon concentration accessible to enhancing the con-
ductivity. Furthermore, the spinal CoFe2O4 nanocrystalline of spherical structures 
with 40–80 nm has been developed by employing the glycine and aspartic acids as a 
template and directing agent [69]. 
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Glycine amino acid has been exploited to develop uniform small crystals 
of iron oxide nanoparticles to be applied as an anode material for lithium-ion-
batteries  [16,70]. This controlling stems from the complex formation between the 
glycine and iron ions, thus controlling the nucleation process at early stage of the 
reaction. Although iron oxide has been verifed to be competent for high lithium stor-
age, the delivered capacitance has been improved by its deposition onto highly uni-
form and ordered multimodal porous carbon [16]. The resultant combination exhibits 
a high specifc area and unique hierarchical porosities, promised for developing elec-
trode materials in the supercapacitor applications. Remarkably, glycine amino acid 
provides a crucial effect in controlling the morphology and distribution of iron oxide 
nanoparticles along with the ordered mesoporous carbons via hydrothermal treat-
ment [71]. Thus, well-dispersed iron oxide nanoparticles of a cube-like structure sus-
tained on the ordered porous carbon exhibit a signifcant capacitance performance. 
For example, 10 wt% Fe2O3/ordered multimodal porous carbons exhibit a capaci-
tance of 294 F/g at 1.5 A/g, which is about two and four times greater than that of 
ordered mesoporous and Fe2O3, respectively. 

Sheet-like structures of cobalt-glycine complex have been prepared in the pres-
ence of glycine amino acid and cobalt nitrate hexahydrate via hydrothermal treat-
ment  [72]. This  material exhibits a high pseudo-capacitive performance with 
interesting cycle stability as a result of its amorphous structure and hierarchical 
porosity. When this material is examined in 6 M KOH as an electrode, it has a dis-
charge capacitance of 2511.6 and 1564.8 F/g at of 1 and 20 A/g, respectively, with 
0.5% degradation in the capacitance value after 2000 CDCs at 10 A/g. The nickel 
oxide urchin-like nanoporous of spherical structures have been well controlled by 
the glycine amino acid via hydrothermal method [73]. These nanospheres has been 
displayed a specif c capacitance of 1027 mA h/g in lithium-ion-batteries. The nano-
structure of CoxNi1−xAl-layered-triple hydroxides have been prepared by using the 
glycine amino acid as a chelating agent via hydrothermal treatment [64]. At a molar 
ratio Co:Ni of 3:2, 1375 F/g at 0.5 A/g can be achieved with R value of 93.3% after 
1000 CDCs at 2A/g. 

16.8 GUANIDINE AMINO ACID 

Guanidine hydrochloride has been applied to control the one-dimensional hollow 
cobalt oxide (Co3O4) nanotubes with a diameter size of 200–300 nm, by the hydro-
thermal technique via triggered carbon as a nanotemplate [74]. The slow rate release 
of hydroxyl ions results in controlling the reaction rate, which is the key parameter 
for achieving the desired nucleation and growth processes (Figure 16.7). In this case, 
the template can induce the primary crystallites formations or ultrafne nanoparticles. 
According to the Kirkendall effect [75], and at slow heating rate, a hollow nanotube 
structure can be well-generated. The generated nanotubes has been exhibited a rough 
surface as it has been built from cobalt oxide nanoparticles. They have been delivered 
a superior capacitance about 1006 F/g at 1 A/g, with 9% degradation in capacitance 
value after 1000 CDCs. 
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FIGURE 16.7 Guanidine amino acid-assisted synthesis process of 1D hierarchical hollow 
Co3O4 nanotubes. (From Yao, M. et al., J. Alloy Compd., 644, 721–728, 2015.) 

16.9 GLUTAMIC AMINO ACID 

Glutamic acid has been exploited to form the β-nickel hydroxide sheets with 300– 
500 nm via hydrothermal treatment  [76]. These nanosheets have been displayed 
the superior capacitance 2537.4 and 2290.0 F/g at 1 and 10 A/g, respectively, with 
22.4% degradation in capacitance value after 3000 CDCs. Due to coordination bond-
ing between the functional groups of the amino acids and zinc cations, glutamic acid 
has been used as a carbon precursor to prepare highly microporous carbons [77–79]. 
These carbons are rich with nitrogen and have exhibited the superior specifc area 
1203 m2/g. When these carbons has been examined in 6 M of KOH, they delivered a 
capacitance about 217 F/g at 0.5 A/g and 9% degradation in capacitance value after 
30000 CDCs. 
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17.1 INTRODUCTION 

Numerous techniques have seen the light to satisfy the demands of global energy with 
less environmental damage. Improvement of technology for the storage and produc-
tion of electrical energy is one of the best strategies to meet this [1–5]. Specifcally , this 
requires better technology for supercapacitors and advanced batteries for storage of 
electrical energy. Because of processability, abundance and electrochemical potential, 
carbon was in use for a long time for such technology [6]. In addition, the existence of 
graphene and its immense properties have triggered common interest in the material 
as well as in electrochemical energy systems  [7,8]. A high-capacity capacitor with 
capacitance larger than other capacitors such as electrolyte capacitors and recharge-
able batteries etc., is called as supercapacitor [9–11]. These supercapacitors are also 
called Gold cap or ultracapacitors [12]. Due to high energy densities and longer cyclic 
life spans, these ultracapacitors are used in various devices such as elevators, cars, 
buses, cranes etc. for rapid charge or discharge cycles (short-term energy storage) 
instead of long-term energy storage (batteries and electrolytic and electrostatic capaci-
tors) [13–15]. In supercapacitors the energy storage mainly depends on the contact 
surface of the electrode materials with the electrolyte. Although these supercapacitors 
have good properties, still it is a long way to be exploited in a wide range [16]. One of 
the important factors of the ultracapacitors is the electrode materials that are related 
to power density and energy density. Figure 17.1 shows the power density vs. energy 
density curve of various charge storage devices. Till now  huge contributions have 
been revealed to increase the performance of supercapacitors [17] like increasing the 
surface area of the materials and searching for new electrode materials like MnO2, 
graphene, polyaniline, carbon nanotubes etc.  [18]. Predominantly, some battery 
type materials have been proposed and served as ultracapacitor materials. Generally, 
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FIGURE 17.1 Power density vs. energy density curve. 

materials with a low price, more natural resources and environment friendly have 
received substantial research interest for supercapacitor electrode materials such as 
cobalt oxide, cobalt hexoxide etc. [19,20]. This chapter concentrates on cobalt-based 
supercapacitors and the challenges in the commercialization of such materials. 

17.2 HISTORY OF SUPERCAPACITORS 

The low-voltage electrolytic capacitor was the f rst capacitor developed by Becker in 
1957 using carbon electrodes. The pores in the carbon stored energy in the form of 
charges [21,22]. The next version of this component “electrical energy storage appa-
ratus” was f rst developed at SOHIO (Standard Oil of Ohio) in 1966 [23]. This was 
marketed as supercapacitors in 1971 by NEC for providing backup power for com-
puter memories [24]. In 1970 Donald L. Boos patented an electrochemical capacitor 
using activated carbon as electrodes. The term supercapacitor was coined by Brian 
Evans Conway in 1999 with an intension of explaining increased (super) capaci-
tance. According to Conway, surface redox reaction associated with faradaic charge 
transfer between ions and electrodes leads to an increased electrical charge stor-
age. Supercapacitor became a successful energy source for memory backup applica-
tions. 1980s witnessed supercapacitors with further increased capacitance due to 
advancement in electrode material. In 1982 PRI developed a supercapacitor with low 
internal resistance for military applications and marketed as “PRI Ultracapacitors.” 
In 1992 Maxwell Laboratories called ultracapacitors as Boost capacitors. In 1994 
David A Evans developed an Electrolytic-Hybrid Electrochemical capacitor, which 
combines the features of electrolytic and electrochemical capacitors [25]. 

17.3 TYPES OF SUPERCAPACITORS 

Supercapacitors exhibits economic power and energy densities and stores more 
energy than the conventional capacitors. Based on their charge storage mechanism, 
supercapacitors are categorized as electrochemical double-layer capacitors (EDLCs), 
pseudocapacitors (PC) and hybrid supercapacitors (HSC). Figure 17.2 represents the 
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FIGURE 17.2 Classif cation of supercapacitors. 

classifcation of supercapacitors. In  1957, H.I. Becker successfully demonstrated 
the operation of EDLC with porous carbon electrode with aqueous electrolyte as 
stated by electrical double-layer theory of Helmholtz model. Figure  17.3 denotes 
the simple EDLC with porous carbon electrode. These capacitors are also called 
as non-faradaic supercapacitors. From Figure  17.3 it is clear that the EDLCs are 
similar to parallel plate capacitors  [26,27] in which the capacitance is originated 
from the charge which is accumulated at the interface of electrode and electrolyte. 

FIGURE 17.3 Electrochemical double-layer (EDLC) supercapacitor. 
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In  addition, in these types of supercapacitors mostly high surface carbon-based 
materials like carbon nanotubes, graphene and ordered porous carbon etc., are used 
as electrodes and they can store the energy by fast ion adsorbing at electrode-elec-
trolyte interface. 

The capacitance of a capacitor is can be written as C = εoεr/dA, where εr is the 
relative permittivity, εo is the permittivity of free space, d is the thickness and A is the 
area. From the above equation it is obvious that in EDLC the capacitance is greatly 
inf uenced by thickness and surface area. However, the performance of these carbon-
based materials can be improved by doping with heteroatoms like oxygen, nitrogen, 
sulfur, etc. [28]. Pseudocapacitance was introduced by convey et al. in the year 1975. 
Pseudocapacitors exhibits enhanced charge storage property than EDLC because 
these capacitors depend on the reversible faradic redox (reduction-oxidation) reac-
tions which happen near or at the surface of the electrode materials. Furthermore, 
the presence of chemical reaction helps to improve the capacitance of the pseudoca-
pacitors. Comparing to cyclic life and charge storage capacity, pseudocapacitors falls 
intermediate between battery and supercapacitor. Three distinct mechanisms which 
contribute towards the pseudocapacitance are underpotential deposition, redox, and 
intercalation [29]. 

In addition to these (EDLCs and pseudocapacitors) there is other type of super-
capacitors which exhibits high charge capacity like batteries and high-power density 
like supercapacitors. These supercapacitors are named as hybrid supercapacitors for 
example Li-ion capacitors [30]. Actually Li-ion capacitors are combination of two 
technologies (electrostatic and electrochemical) i.e. they use both faradaic and non-
faradaic mechanism in energy storage. So, hybrid capacitors have one electrostatic 
electrode and one electrochemical electrode, because of this they show high energy 
density than supercapacitor and more cyclic life than batteries. Due to all these rea-
sons hybrid supercapacitors are contemplated as promising aspirants for next genera-
tion energy storage devices. 

17.4 COBALT BASED SUPERCAPACITORS 

One of the prominent energy storage systems with high energy density and hav-
ing long cyclic life is supercapacitor. Various types of supercapacitors are already 
mentioned in types of supercapacitors section. Nevertheless, for acquiring superca-
pacitors with high energy and power densities researchers concentrated on searching 
new electrode materials with high potential and capacitance range. In addition to this 
they also focused on synthesizing new transition metal oxides-like MnO2, Co2O3, etc. 
and enhancing the surface area of carbon-based materials [31–37]. Compared to all, 
metal oxides have high specif c capacitance owing to their electrochemical behav-
ior [38,39]. Various metal oxides like MnS [40], Co3O4 [41], NiCo2S4 [42], ZnO [43], 
MnO2 [44], MoS2 [45], NiCo2O4 [46] have been extensively used as electrodes in 
supercapacitors due to their abundant availability, faradaic property, excellent 
capacitance, environment friendly and low cost  [47,48]. This chapter concentrates 
on Co-based materials as electrodes for supercapacitors applications. Owing to 
admirable reversible capacity arising from redox reaction and high specif c capaci-
tance, rutheniumoxide (RuO2) is considered as most prominent candidate metal 
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oxide (M-O) electrode material for supercapacitor [49,50]. Nevertheless, the usage 
of ruthenium is limited for commercial application owing to its toxic nature, high 
cost and low porosity. Among other metal oxides, cobalt-based materials such as 
Co3O4 have engrossed considerable attentions due to their low cost, environmental 
friendliness, good electrochemical performance, controllable size and shape, tunable 
structural properties, etc. Many reports are available on the synthesis of cobalt oxide 
structures like nano tubes, nano wire (one dimension)  [51–54], nano sheets, nano 
f akes (two dimension) [55–57], nano f owers and nano bowls (three dimension) [58] 
on different substrates. Following Table 17.1 exhibits some of the cobalt based mate-
rials for supercapacitor applications. 

Tao et al. [59] examined the properties of a new type of cobalt-based electrode 
material for supercapacitor applications. They  synthesized the cobalt sulphide 
(CoSx) by chemical precipitation technique. The  investigation on electrochemi-
cal properties revealed that CoSx material have specif c capacitance 474 Fg−1 at 
5 mA current density, also the material shows 369 Fg−1 at 50 mA current density. 
Kandalkar et al. prepared the Cobalt–nickel thin f lms via chemical bath deposi-
tion route as the electrode materials for supercapacitors. Studies on structure and 
morphology of these f lms using XRD and SEM revealed irregular-shaped nano 
platelets as shown in Figure  17.2 of the published work  [60]. These thin f lms 
show maximum specif c capacitance of the order of 324 Fg−1. Continuing this, Wei 
et al. [61] synthesized enhanced superconductor electrode material by sol gel route. 
They prepared nickel cobaltite aerogels and their studies revealed that the specif c 
capacitance value enormously increased in the prepared aerogels compared to oth-
ers like RuO2. Reported highest value of 1580 Fg−1 and they retain 91% capacitance 
after 2000 cycles. Long cyclic stability, enhanced capacity and high specif c surface 
area of the materials make these aerogels as prominent candidates for the next gen-
eration energy storage systems. 

Chen et al. [62], used hydrothermal synthesis route to prepare shape controlled 
Co-based nano cubes, discs and f owers and compared the results with lithium 
storage properties. Figure 5 of the reported work [62] exhibits the XRD, SEM and 
TEM images which conf rm the cubes, discs and f ower pattern of Co3O4 at 300°C. 
The obtained results are compared with the lithium storages and existing graphite 
materials and concluded that in all cases (cubes, discs and f ower) these materials 
exhibit high capacity even after 100 cycles. They published that the prepared materi-
als exhibited high specif c capacity (1350 Fg−1). The sample with high specif c area 
exhibited low capacitance value 700 Fg−1. Wang et al. [63], prepared nickel cobaltite 
nano wires by hydrothermal and thermal decomposition Process and reported that 
nickel cobaltite nanowires are most promising candidates for the electrochemical 
supercapacitors with high capacity (946 Fg−1) and admirable cyclic stability (retains 
81% after 3000 cycles). Also exhibited that the co-existence of cobalt with nickel 
enhanced the capacity and optimize the power density (5000 Wkg−1) as well as 
energy density (19.72 Wh k−1). 

Wang et al. [64] prepared nickel cobalt oxide (Ni0.37Co0.63(OH)2) by chemical pre-
cipitation method to serve as supercapacitor electrode material. They described that 
the prepared materials exhibit non-crystalline structure which affords large specif c 
capacitance of 1840 Fg−1. Figure 2 in the reference [64] displays the SEM images of 
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the prepared materials and it conf rms the amorphous nature of the Ni0.37Co0.63(OH)2 

materials. Figure 4 [64] represents the potential vs. current density at various poten-
tials. From these curves it is clear that the variation of current density is linear for 
potential scan rate less than 10 mV s−1 and it is nonlinear beyond 10 mV s−1. Also it 
is reported that the specif c capacitance value reduces from 1840 to 890 Fg−1, when 
the potential rises from 1 to 50 mV s−1, which means that the synthesized material is 
useful for supercapacitor applications at low potential only. 

Rakhi et al. synthesized the self-organized nano structured cobalt oxide elec-
trodes for supercapacitor applications via substrate assisted solvothermal route. 
Their investigations revealed that cobalt oxide nanowires with brush like morphol-
ogy exhibits the specif c capacitance of 911 Fg−1. Compared to nanowires, brush 
like and f ower like structures shows long cyclic stability i.e. they retain almost 
94% of capacitance after 5000 cycles. Furthermore, the energy and power densities 
for brush- and f ower-like morphologies show 69.7 and 37 Wh/kg and 81 and 55.1 
Wh/kg respectively. From all these results it is understood that nano wires with 
brush-like morphology is served as most prominent material for supercapacitors. 
Scanning electron microscope pictures of Co3O4 nanowires with distinct morphol-
ogy were shown in Figure 17.1 of the published work [65]. Wang et al. [66] synthe-
sized Ni1/3Co1/3Mn1/3(OH)2 composite material through chemical precipitation 
technique for supercapacitor electrode. Amorphous structure and high surface area 
of the prepared samples were conf rmed by XRD and SEM. The specif c capaci-
tance of the prepared material is found to be 1840 and 1750 Fg−1 at 1.0 and 5.0 
mV s−1. They reported that the electrode materials show 85% of its initial capacity 
after 50 cycles and due to this these materials may not be suitable for real time 
applications. 

Chen et  al. fabricated nickel–cobalt layered double hydroxide (Ni-Co LDH) 
nanosheets for electrode materials for high-performance supercapacitors via one 
step hydrothermal co deposition route. They  conf rmed the structure and mor-
phology with the help of XRD, SEM and TEM analysis. Figure 1 in the published 
paper [67] represents the typical SEM (1a, b & d) and TEM (1c) images of Ni-Co 
nanosheets. Figure 6 in the same work [67] shows the electrochemical studies of the 
prepared materials. Figure 6a exhibit the energy density vs power density curves 
of the nickel hydroxide, Ni-Co LDH hybrid-, RGO- electrodes, cobalt hydroxide-
and the Ni-Co LDH//RGO asymmetric supercapacitor, 6b shows CV curves of the 
freeze-dried RGO electrode at distinct scan rates, 6c charge discharge curves of the 
same and 6d represents the specif c capacity of reduced graphene oxide electrode 
at different current densities. They reported that the Ni-Co LDH materials achieved 
high specif c capacity values as 2682 Fg−1 at 3.0 Ag−1. Further, current density is 
77.29 Wh kg−1 at 624 W kg−1 power density, and this value enhances to 187.9 Wh 
kg−1 at 1498 W kg−1 based on the active materials. Also it is mentioned that there is 
82% of initial capacity after 5000 cycles. All these reports specify that the prepared 
materials are prominent aspirants for high performance supercapacitor electrodes. 
Similarly, Jagadale et al.  [68] synthesized Co(OH)2 thin f lms by using potentio-
dynamic electrodeposition technique, and they obtained a specif c capacitance of 
44 Fg−1 at the scan rate of 5 mV s−1 and also found that energy density of 3.96 Wh 
kg−1 and power density 42 W kg−1. 
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Cao et  al.  [69] prepared La0.7Sr0.3Co0.1Mn0.9O3-δ composite via electrospinning 
technique. The structural analysis (using XRD) and morphology (using TEM and 
SEM) of the samples reveals the formation of nanof bers in the prepared samples. 
Electrochemical analyzer used to observe the electrochemical properties revealed 
that LNF-0.7 sample exhibits maximum capacitance of 485 Fg−1 at a current density 
of 1 Ag−1. Also it is observed that there is no variation of Cs after 2000 cycles. So, 
this composition shows long cyclic stability with good specif c capacitance which 
may be appropriate for electrode material in supercapacitors. Shen et  al. synthe-
sized novel NiCo2S4 hollow spheres via solvothermal route and the obtained hallow 
spheres are represented in Figure  2 of reference  [70]. These are the new type of 
cobalt-based materials for supercapacitor application. Electrochemical properties of 
the prepared samples are good when compared to samples reported in the literature 
and these spheres shows long charge discharge stability and only 13% of capacity 
will be discharged after 2000 charge discharge cycles. Highest capacitance obtained 
is 1036 Fg−1 at 1 Ag−1. Liu et al. [71] prepared the different perovskite materials such 
as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), Co3O4  and SrCoO3-δ (SC) and compared their 
electrochemical properties. Figure 4 in the published work [71] shows the compara-
tive studies of electrochemical performance of all the materials. From these studies 
they reported that, among these materials SC shows good electrochemical properties 
and is a much favorable candidate for supercapacitor electrode material in practical 
application. This material shows high energy density (27.51 Wh kg−1 at power density 
of 750 W kg−1 and long cyclic stability (retains 92% after 3500 cycles) compare to 
BSCF and Co3O4. In the similar manner Liu et al. [72] proposed that La0.7Sr0.3CoO3-δ 
perovskite material also shows good electrochemical property. Xingwei et al. [73] 
synthesized Ag decorated amorphous cobalt carbon nanof bers via electrospinning 
route for high performance electrochemical storage devices. They reported that, the 
prepared composite shows improved conductivity due to the presence of Ag also 
exhibits long cyclic capability. Zhu et al. synthesized CoS/rGO for same application 
and they achieved 813 F−1 g at 0.5 Ag−1. It is almost double the capacitance value of 
CoS. Figure 6 in the published work [74] show the comparison of CV curves of pure 
CoS and CoS/rGO. So, the prepared material shows better performance and it is 
one of the prominent materials in advancement of supercapacitor electrodes. Singh 
et al. [75] prepared cobalt oxide-manganese dioxide -nickel oxide (Co3O4)-MnO2-NiO 
ternary 1D hybrid nanotubes for applications in high performance supercapacitors as 
electrodes. They found that the prepared nanotubes show the high specif c capaci-
tance value of the order of 2525 Fg−1 with long cyclic stability nearly 80% after 5700 
cycles. The  current vs. potential curves of (Co3O4)-MnO2-NiO ternary nanotubes 
shown in Figure 3 [75], revealed that, the unique structure and combination of three 
extremely active redox materials established that the prepared materials are highly 
conducting and its fast charge transport aids to attain improved electrochemical 
properties. Due to this the prepared nanotubes are suitable for electrodes in superca-
pacitors. Likewise, Zhao et al. [76], synthesized Hierarchical ferric-cobalt-nickel ter-
nary oxide Fe-Co-Ni ternary oxide (FCNO) nano wire arrays via sol-gel method for 
supercapacitor applications. They conf rmed the structure and morphology by XRD 
and SEM, the investigations on electrochemical properties revealed that the nano 
wires exhibits high specif c capacitance (61.58 mF·cm−2 at 0.1 mA cm−2) and energy 
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density (16.74 μWh·cm−2 at 69.94 μWh·cm−2 power density). Also reported that the 
prepared nano wires have extremely long cyclic stability, which retains almost 87.5% 
of initial capacitance after 8000 cycles and possess admirable capacitance retaining 
of 90.9% after 4000 cycles. In  the advancement of electrodes of supercapacitors, 
Liu et al. [77] prepared Co9S8@NiCo2O4 hierarchically structured nano brushes for 
supercapacitor electrodes and reported that the prepared material shows remarkable 
specif c capacitance when compared to individual materials which is around 1966 
Fg−1 at 1 Ag−1. In addition, this composite material shows excellent energy density 
of 86 Wh kg-1 at 792 Wkg−1 and long cyclic stability of 91.2% retention after 10,000 
cycles. Research is going on to develop good electrode materials for high perfor-
mance energy storage devices. In this process cobalt based materials have attracted 
much attention owing to its availability and performance. 
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anodized titanium oxide (ATO), 40 
areal capacitance, 45 
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ASA (alcoholic solvent assisted), 164–165 
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biomolecules assisted (BA), 160–162 
black phosphorous (BP), 142–143 
Boos, Donald L., 326 
Boost capacitors, 326 
bottom-up method, 192–193 

capacitance, 36, 40–41, 328 
capacitor, 134, 135 

charging, mechanism, 136 

carbon aerogel (CA), 95–96 
carbon-based electrodes, 124 
carbon black, 62 
carbon electrode, negative polarization, 281 
carbon f ber cloth (CFC), 96 
carbon materials, 126 
carbon nanof bers (CNFs), 62 
carbon nanotubes (CNTs), 62–63, 124 
CC/Fe2O3 electrode materials, 264 
charge-discharge process, 40 
chemical vapors deposition (CVD), 178; see also 

ultrasonic nebulizer assisted chemical 
vapors deposition (UNA-CVD) 

Co3O4 nanosheets, 42, 42–43 
cobalt based supercapacitor, 328–335, 330–332 
cobalt sulphide (CoSx), 329 
Co-based layered MOF (Co-LMOF), 193, 193 
colloidal synthesis (CS), 180 

advantages, 182 
capping agents role, 181 
disadvantages, 183 
nucleation process, 180 
Ostwald repining, 181 
precursor role in, 181 
single molecular precursors, 181 

CoMoO4, 45, 46 
conductive polymers (CPs)/conducting polymers, 

96, 125–126, 205–206 
conventional capacitor, 89 
Conway, B.E., 326 
copper tungstate (CuWO4) nano-powder, 113 
corundum (c)-V2O3, 44 
CS, see colloidal synthesis (CS) 
C-titania nanotubes arrays, 36 
CuO sea urchin-like microcrystals, 170, 171 
CuS nanostructures, 162 
cyclic voltammetry (CV) curves, 36, 49 

VS2 nanoplates, 53 
graphene-MoS2 nanocomposites 

electrode, 245 
WS2 quantum dots, 51, 52, 52 
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EAAJD (electrostatic aerosol assisted jet 
deposition), 179 

Ebelmen, M., 176 
ECs, see electrochemical capacitors (ECs) 
EDLCs, see electrochemical double-layer 

capacitors (EDLCs); electrochemical 
double-layer capacitors (EDLCs) 

EDLS (electrostatic double-layer 
supercapacitors), 2, 18 

EG (ethylene glycol), 163–164 
electrochemical double-layer capacitors (EDLCs), 

79, 90–91, 279–282, 327, 327 
hybrid supercapacitors, 123 
MOFs, supercapacitor/development 

strategies, 194 
pseudocapacitor, 123 
SCs, 216 
storage mechanism, 122, 122 

electric double layer interface, 216–217 
electric f eld assisted aerosol (EFAA) CVD, 179 
electric voltage, 1 
electrochemical capacitors (ECs), 2, 79, 120, 134, 

137, 257 
and batteries, 188 
double-layer, 2 

electrochemical double-layer capacitors 
(EDLCs), 135, 145–146, 258 

electrochemical reduction, 35–36 
electrochemical SCs, 217 
electrode(s), 80 

conf guration, 124 
double-layer capacitors, 81 
materials, 138 
type and mechanism, 81 

electrolytes, 80 
electrolytic capacitors, 90 
Electrolytic-Hybrid Electrochemical 

capacitor, 326 
electrostatic aerosol assisted jet deposition 

(EAAJD), 179 
electrostatic double-layer supercapacitors 

(EDLS), 2, 18 
electrostatic spray assisted vapor deposition 

(ESAVD), 179 
energy storage capacity, Ragone plot, 120, 121 
equivalent series resistance (ESR), 80 
ethylene glycol (EG), 163–164 

F 

facile hydrothermal method, 243, 248 
faradaic redox process, 310 
faradaic redox reactions, 282 
faradaic supercapacitors (FS), 3, 18 
Fe2O3@ACC electrode, 263 

FeOOH, 268 
graphene composite electrode, 260 
nanoparticles, 261 

FeS2/GNS anode, 113 
f ower-like zinc molybdate (ZnMoO4), 25–26, 27 
Frenkel defect pair, 41 

G 

galvanostatic charge/discharge (GCD) curves, 49, 
50, 53, 54, 70 

GF (graphene foam), 64, 245 
glutamic amino acid, 319 
glycine amino acid, 317–318 
GNS/Co3O4 composite, 112 
GO, see graphene oxide (GO) 
Gold cap, 325 
Gouy-Chapman model, 91 
graphene, 96, 124, 127 

aerogel, 64, 64 
T-Nb2O5 nanodots, 8 

graphene foam (GF), 64, 245 
graphene oxide (GO), 62, 126, 206, 290, 310, 316 
green chemistry, 308 
guanidine amino acid, 318–319 

H 

halide perovskite-supercapacitance performance, 
145–146, 146 

hard-templated hydrothermal synthetic routes, 
165–166 

HDLC (hybrid double-layer supercapacitors), 
3, 18 

Helmholtz model, 90–91 
hexagonal WO3 (h-WO3), 92, 94 
histidine amino acid, 311–312 
H-TNT arrays, see hydrogenated titania 

nanotubes (H-TNT) arrays 
hybrid aerogel, 64, 64 
hybrid capacitors, 81 
hybrid double-layer supercapacitors (HDLC), 3, 18 
hybrid/electric vehicles, 83–84 
hybrid supercapacitors, 3, 5–7, 123, 136, 264, 

283–284, 284, 328 
battery-type nature, 23, 26 
with graphene, 9 
with T-Nb2O5, 8 
tungsten disulf de-carbon, 96 
tungsten disulf de-conducting polymers, 96 
tungsten trioxide-carbon, 94–96 
tungsten trioxide-conducting polymers, 96 

hydrogenated MnO2, 40 
hydrogenated titania nanotubes (H-TNT) arrays, 

38–39, 39 
hydrogenation approach, 38–40 

microspheres, 41 
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hydrogen molybdenum bronze (HMB), 64 
hydrogen plasma treatment, 39–40 
hydrothermal synthesis, 156 

classifc ation, 156 
exterior reaction environment adjustment, 

169–170 
hard-templated routes, 165–166 
instrumentation for, 175–176 
MA route, 170–171 
MFA route, 171–172 
soft-templated routes, 159–160, 160 
template-assisted, 166 
template-free, 156–159 
template-mediated, 159–169 
TiO2 nanostructures, 158, 159 

I 

ILA (ionic liquids assisted), 162–163, 163 
indirect-supply reaction source (ISRS) route, 157 
industrial mobile equipment, 83 
inner Helmholtz plane (IHP), 91 
inorganic electrolytes, 82–83, 82–83 

use of, 84 
interface-mediated growth, inorganic 

nanostructures, 173–176 
ionic liquid electrolytes, 97 
ionic liquids assisted (ILA), 162–163, 163 
iron-based electrodes, electrochemical behavior, 

259–261 
iron-based materials, 262–271 

K 

KF@MoS2/rGO fabrication, 244 

L 

La0.7Sr0.3Co0.1Mn0.9O3-δ composite, 334 
L-Arginine capped α-Ni(OH)2 

microstructures, 111 
lead acid batteries, 120 
Leyden jar, 89 
Li-ion capacitors, 328 
lithium-ion batteries, 120, 257, 318 
load/current collector, 80 
low temperature hydrothermal method, 241 
Lu2O3 nanostructures, 165 
lysine amino acid, 308–311 

M 

magnetic f eld assisted (MFA) route, 171–172 
MAHS (microwave-assisted hydro-thermal 

synthesis), 108–109, 109 
manganese oxide (MnO2), 33, 40–41, 111, 113, 

138–139 

metal chalcogenides, 47 
VS2, 53–54 
MoS2, 47–51 
WS2, 51–53 

metal-ions-cysteine complexes, 314 
metal molybdates, 26, 26 
metal nitride (MNs), 141–142 
metal organic frameworks (MOFs), 140, 189, 279, 

284–286 
-based composites, 289–290 
CNT, 291, 292 
conducting polymer, 292–293, 293 
coordination polymers, 190 
derived metal oxides, 296 
energy storage/conversion applications, 191 
GO, 290, 291 
porous carbons, 293–296, 294 
pristine, 191–194, 286, 289, 289 

metal oxides, 33, 34, 125, 138–139 
Co3O4, 42, 42–44 
CoMoO4, 46, 46 
hollow spheres, 169, 169 
MnO2, 33–34, 40 
NiCo2O4, 46–47 
NiMoO4, 46 
NiO, 45 
TiO2, 33–34 
WO3, 44 

MFA (magnetic f eld assisted) route, 171–172 
microwave(s) 

dielectric heating, 104 
energy storage devices, 103 
generation and synthesis techniques, 103–104 
heating, 102–104, 113 
instruments, synthesis processes, 104–105, 105 
metals, 105 
radiation, 102 

microwave assisted (MA) method, 195, 170–171 
microwave-assisted hydro-thermal synthesis 

(MAHS), 108–109, 109 
microwave-assisted inorganic materials 

CuWO4 nano-powder, 113 
FeS2/GNS anode, 113 
GNS/Co3O4 composite, 112 
hybrid polymer materials and composites, 113 
L-Arginine capped α-Ni(OH)2 

microstructures, 111 
MnO2 nanostructures, 111 
Ni-Co-Mn oxide nano-f akes, 112 
stannous ferrite micro-cubes, 111 
3D f ower-like NiMnO3 nano-balls, 

110, 110 
3D f ower-on-sheet nanostructure, NiCo 

LDHs, 110–111 
3D hierarchical MnO2 microspheres, 113 

microwave-assisted solvothermal synthesis 
(MWSS), 108–109, 109 
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microwave-assisted synthesis 
demonstration, 102 
MAHS/MWSS, 108–109, 109 
methods and materials, 106, 106 
single mode solid state, 107–108 
sol-gel/combustion, 109 
solid state microwave synthesis, 106 

MOF-derived materials, 195, 293 
carbon composite, 202–203 
carbon nanomaterials, 204–205 
CPs, 205–206 
synthesis strategies, 195–197 
transition metal oxide, 197–199, 199, 203–204 
transition metal phosphide/phosphate, 201–202 
transition metal selenide, 200–201, 201 
transition metal sulf de, 199–200, 200 

MOFs, see metal organic frameworks (MOFs) 
molybdenum sulf de, 252 
MoS2, 47, 242 

composites of, 248–249 
conducting polymer composite, 245–248 
defect-free/-rich, 50 
electrochemical properties, 49, 50 
MoS2@3DG hybrid structure, 245 
nanocarbon composite, 243–245 
nanosheets, 47, 48 
nanostructures, 48 
1T, 49 
PPy nanocomposites, 247 
properties, 240–241 
specif c capacitance, 48 
thiourea for, 49 

MWSS (microwave-assisted solvothermal 
synthesis), 108–109 

MXenes, 140–141 

N 

nanocrystals, TEM images, 175, 176 
nanoporous niobium pentoxide (Nb2O5), 4, 10 
nanosheet 

Co3O4, 42, 42–43 
MnO2, 41 
MoS2, 47, 48 
Simonk, 22 
2D, 33 
ultrathin, 47 
Zn5(OH)8Cl2, 21–23, 24 

nanowires (NWs) 
niobium oxide, 6–7 
T-Nb2O5, 1-D, 6–7, 7 
ZnO, 20–21 

nickel–cobalt layered double hydroxide (Ni-Co 
LDH) nanosheets, 333 

nickel cobalt oxide (Ni0.37Co0.63(OH)2), 329, 333 
NiCo2O4, 46–47 
Ni Co Mn doped SnS2 graphene-based aerogel, 127 

Ni-Co-Mn oxide nano-f akes, 112 
NiF-G/ZHCNs electrode, 23 
NiMnO3 nano-balls, 3D f owers, 110, 110 
NiMoO4, 46 
niobium oxide 

nanodots, 8–9 
nanorods, 7–8 
nanowires, 6–7 

niobium pentoxide (Nb2O5), 4 
core-shell structure, 4–6, 6 
nanoporous, 4, 10 
SEM image, 7 
structural schemes, 5 

nitrogen-doped ordered mesoporous carbon, 311 
nMOFs supercapacitors, 193–194 
non-faradaic supercapacitors, 327 
non-hydrolytic sol–gel (NHSG) process, 177–178 
non-renewable energy resources, 119 
normal parallel plate capacitors, 1 
nucleation process, 180 
NWs, see nanowires (NWs) 

O 

O-Nb2O5 (orthorhombic), 4 
1D hierarchical hollow Co3O4 nanotubes 

synthesis, 319 
organic acids assisted (OAA), 163–164, 164 
organic electrolytes, 82–83 
Ostwald repining process, 181 
outer Helmholtz plane (OHP), 91 
oxides/hydroxides/polymer composites, 223, 

224–228, 229–231 
oxygen def cient 

Co3O4, 43–44 
Fe2O3, 45 
SiO2, 44 
WO3, 44 

oxygen vacancy (Ov), 33–34, 39–40 
Co3O4, 43, 43 
rich MnO2@MnO2, 41, 41 

P 

parallel plate capacitor, 1–2, 17, 281, 327 
Pd incorporation, 43 
performance assessment, 91, 92 
perovskite, 143 

materials, 217–218, 219–221 
oxides, 144–145 
supercapacitors, fabrication, 143–144 

phosphorus, 201 
polarized capacitor, 90 
polarized wave, magnetic/electric f eld 

orientation, 107 
polar materials, 104 
polyaniline (PANI), 125–126, 129, 246 
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polymer-inorganic hybrid materials/composites, 113 
polypyrrole (PPy), 126 
porous carbon preparation, 295 
power density vs. energy density curve, 326 
PPy/GO/ZnO supercapacitor, 19 
pristine MOFs, 191 

3D-MOFs, 191–192 
2D-MOFs, 192–193 
0D and 1D-MOFs, 192, 193–194 

PRI Ultracapacitors, 326 
proton intercalation, 34–35 
pseudocapacitance, 282, 328 
pseudocapacitive charge storage process, 65 
pseudocapacitors, 81, 136, 282–283, 283, 328 

faradaic processes, 91 
storage mechanism, 123, 123 

Q 

quantum dots, 51 

R 

Ragone plot, 215, 215 
ASC, 265 
energy/power density, 120, 121 

random-titania nanotubes arrays, 36 
recrystallization of metastable precursors (RMP) 

route, 157 
redox reaction rate, 91 
reduced graphene oxide (rGO), 62–63, 91 

energy storage devices, 128 
rGO/WO3 composites, 94–95 

renewable energy, 239 
resources, 119 

reshaping bulk materials (RBM) route, 157 
rGO, see reduced graphene oxide (rGO) 
Rietveld ref nement techniques, 20, 20, 21 
ruthenium oxide (RuO2), 138, 283, 328–329 

S 

self additive and removed template (SA & RT) 
route, 169 

self-additive and self-removed template (SA & 
SRT) route, 167, 168, 169 

self-doping process, 34–35 
separators, 80 
Simonkolleite (Simonk), 21 

nanosheets, 22 
single-mode microwave apparatus, 104 
single-mode polarized microwave synthesis, 114 
single mode solid state microwave synthesis, 

107–108 
single molecular precursors, 181 
SiO2, 44 
SnFe2O4, 111 

soft-templated hydrothermal synthesis routes, 
159–160, 160 

sol gel synthesis, 176–178, 177 
solid state microwave synthesis, 106 
solvothermal synthesis, 66, 108, 173 

instrumentation for, 175–176 
sonochemical method, 196 
sonoelectrochemistry, 285, 285 

MOF-based materials as, 287–288 
specif c surface area (SSA), 59, 61 
spinels-based composites materials, 218, 222, 223 
Stern model, 91 
Stober technique, 308 
storage mechanism 

EDLCs, 122, 122 
pseudocapacitor, 123, 123 

sulfur anions, 241 
sulfurization, 315 
supercapacitance device, 136 
supercapacitors (SCs), 2, 137, 188, 258, 278–280, 

280, 325 
advantages, 33, 199 
attributes, 215, 215 
vs. batteries, 137 
battery/fuel cell/capacitor, 214, 214 
classif cation, 135–136, 214, 214 
cobalt based, 328–335, 330–332 
conducting polymer composite, 245–248 
EDLC, 327, 327 
vs. energy storage devices, 188 
energy storage mechanisms, 280–284 
Fe2O3-based materials, 262–266, 266, 267 
Fe3O4-based materials, 268–270 
FeOOH-based materials, 266, 268, 269 
FeS/FeS2-based materials, 270, 271 
history, 326 
hybrid, 328 
inorganic materials, 217–231 
molybdenum based compound/composites, 

250–251 
nanocarbon composite for, 243–245 
PPy/GO/ZnO, 19 
pseudocapacitors, 328 
on storage process, 189 
structural nanomaterials for, 20–26 
types, 326–328, 327 
zinc-based materials, 18–20 

surfactants assisted (SA), 160 
synthesis routes, 241 

T 

template-free hydrothermal synthesis, 157 
DSSP route, 157–158 
growth mechanism, 158–159 
ISRS route, 157 
RBM route, 157 
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template-free hydrothermal synthesis (Continued) 
RMP route, 157 
states of, 158 

template-mediated hydrothermal synthesis, 159 
ASA, 164–165 
BA, 160–162 
hard-templated, 165–166 
ILA, 162–163, 163 
OAA, 163–164, 164 
A & RT route, 166, 167 
SA, 160 
SA & RT route, 169 
SA & SRT route, 167, 168, 169 
soft-templated, 159–160, 160 
A & SRT route, 166–167, 168 

thiourea, 49 
3D-connected α-Ni(OH)2 sheets, arginine amino 

acid, 313 
3D f ower-like NiMnO3 nano-balls, 110, 110 
3D f ower-on-sheet nanostructure, NiCo LDHs, 

110–111 
3D hierarchical MnO2 microspheres, 113 
3D tubular MoS2/PANI, 247 
tin-based materials 

conducting polymers, 129 
graphene (Gr), 127 
manganese oxide, 127 
metal oxides, 126–127 
rGO, 128 
SnO2 graphene composite, 128–129 
sulf des, 127–128 
ternary oxide, 128 

TiO2, 33–34 
anodic nanotubes, 39–40 
nanotube array, 34, 35, 37 
reduced, 35 

titania nanotubes array, 34–36 
C-axis and randomly oriented, 38 

titanium niobium oxide (TiNb2O7), 9 
nanof ber, 9, 9–10 
nanotubes, 9 
1-D nanof ber, 9–10, 10 

TMDs, see transition metal dichalcogenides 
(TMDs) 

T-Nb2O5 (tetragonal), 4 
fabrication process for, 8 
nanodots, 8 
nanostructure synthesize, 7 
1-D nanowire, 6–7, 7 

T-Nb2O5 NCs, 7–8, 11 
top-down method, 192 

transition metal dichalcogenides (TMDs), 34, 69, 
240–241 

transition metal nitrides, 68 
transition metal oxides, 91, 125 
tungsten disulf de (WS2), 51–53, 92, 94 

carbon, 96 
conducting polymers, 96 
quantum dots, 51 

tungsten trioxide (WO3), 44, 92 
CA, 95–96 
carbon, 94–96 
conducting polymers, 96 
crystal structure, h-WO3, 92, 94 
electrochemical properties, 93 

2D nanosheet, 33 

U 

ultracapacitors, 79, 134, 325–326 
ultrasonic nebulizer assisted chemical vapors 

deposition (UNA-CVD), 178 
advantages, 180 
disadvantages, 180 
precursors role, 178–179 
solvent role, 179 
temperature role, 179 
variants of, 179 

ultrathin nanosheets, 47 

V 

vanadium dioxide (VO2), 60, 63 
on graphene network, 64 
lattice structure, 65, 65 

vanadium monoxide (VO), 68 
vanadium nitrides (VN), 68–69 
vanadium oxides, 59–60 

with mixed valence states, 67–68 
nanotubes, rolling mechanism, 161 

vanadium pentoxide (V2O5), 60 
CNF nanocomposite, 62 
CNT f lm, 62 
conductivity, 61–62 
gel structure, 61 
nanoporous network, 61 
rGO nanocomposite, 62–63 
3D nanostructures, 60, 61 

vanadium trioxide (V2O3), 66, 66–67 
vanadyl phosphate (VOPO4), 69–70, 70 
volumetric heating, 102–103 
VS2 nanoplates, 53, 53–54, 54 



 

 

 

 
 

X 

Index 347 

X-ray diffraction (XRD), 113, 241, 259–260, 
329, 334 

Z 

zinc-based materials, 17–20 
zinc hydroxychloride (Zn5(OH)8Cl2) nanosheets, 

21–23, 24 

zinc molybdate (ZnMoO4), 25–26, 27 
zinc oxide (ZnO) 

colossal permittivity, 22 
NWs, 20–21 
Rietveld ref nements data, 21 
SEM image, 22 
wurtzite crystal structure, 18, 19 

zinc sulf de (ZnS) nanospheres, 23–24, 25 
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