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Abstract The realization of future energy based on safe, clean, sustainable, and
economically viable technologies is one of the grand challenges faced by modern
society. Electrochemical energy technologies underpin the potential success of this
effort to divert energy sources away from fossil fuels, whether one considers alter-
native energy conversion strategies through photoelectrochemical (PEC) production
of chemical fuels or fuel cells run with sustainable hydrogen, or energy storage
strategies, such as in batteries and supercapacitors. This dissertation builds on recent
advances in nanomaterials design, synthesis, and characterization to develop novel
electrodes that can electrochemically convert and store energy. With the improve-
ment of global economy, the fatigue of energy becomes inevitable in the twenty-first
century. It is expected that the increase in world energy requirements will be triple
at the end of this century. Thus, there is an imperative need for the development of
renewable energy sources and storage systems.

Keywords Sustainable · Electrochemical · Energy storage · Nanomaterial ·
Supercapacitor

1 Introduction

The accelerated consumption of non-renewable sources of fuels (i.e. coal, petroleum,
gas) along with the consequent global warming issues have intrigued immense
research interest for the advancement and expansion of an alternate efficient energy
conversion and storage technique in the form of clean renewable resource. The global
demand for energy production is predicted to be at least double by 2050, while the
rate at which the non-renewable fossil fuels are being consumed today; it will take not
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more than 40 years to run all the known oil repositories dry leaving the entire world
into an era of complete darkness. In addition to this, the combustion of fossil fuels at
a faster rate also leads to the excessive emission of harmful gases such as CO2, CH4,
N2O etc. in the atmosphere because of which the temperature of the earth is getting
raised. Therefore in order to overcome these issues, we need to focus at sustain-
able green energy origins such as wind, solar, hydroelectric, geothermal, biological,
nuclear, etc. However, the infrequent availability of abovementioned sustainable
green energy origins encourages the focus of research on efficient ways of storage
systems for stockpile and provides energy in a steady mode. The research work in
the direction of storing electrochemical energy has expanded significantly during
the last few decades and a huge range of active materials have been reported, both
for supercapacitor and battery type energy storage [1, 2]. But till today among all
the systems for storing energy electrochemical energy storage/conversion system
found to be prominent candidate to get rid of the prevailing energy crisis. Based on
the energy conversion mechanisms electrochemical energy storage systems can be
divided into three broader sections namely batteries, fuel cells and supercapacitors.
In batteries and fuel cells, chemical energy is the actual source of energy which is
converted into electrical energy through faradic redox reactions while in case of the
supercapacitor, electric energy is stored at the interface of electrode and electrolyte
material forming electrochemical double layer resulting in non-faradic reactions.

The selection of an energy storage device for various energy storage applications
depends upon several key factors such as cost, environmental conditions and mainly
on thepower alongwith energydensity present in thedevice.Basically an ideal energy
storage device must show a high level of energy with significant power density but
in general compromise needs to be made in between the two and the device which
provides the maximum energy at the most power discharge rates are acknowledged
as better in terms of its electrical performance. The variety of energy storage systems
can be compared by the “Ragone plot”. Ragone plot comprises of performance of
energy storage devices, such as capacitors, supercapacitors, batteries, and fuel cells
are shown in Fig. 1.

The relationship of specific energy (E) with specific power (P) is provided by the
expression [3, 4]

E = 1/2(c�V )2

P = E/tdis

where c represents the specific capacitance (F g−1), �V represents the operating
potential window (V), and tdis represents the discharge time (s).

Ragone plot is a plot in which the values of the specific power density are being
plotted against specific energy density, in order to analyze the amount of energy
which can be accumulate in the device along with the efficiency of the energy’s
release. According to the Ragone plot batteries and fuel cells both acquire large
value of specific energy density with small value of specific power density in contrast
capacitors have high value of specific power density with a small value of specific
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Fig. 1 Ragone plot
representing varied energy
storage devices (specific
power vs. specific energy)

energy density. Whereas supercapacitor possess intermediate specific energy density
together with power density and also possess a longer lifetime due to the absence
of chemical reactions [5]. The low energy density of the supercapacitor is the only
shortcoming in comparison to the batteries and fuel cell which is act as an obstacle
for their commercialization. The type of material is being used with its structure for
the preparation of electrode material of supercapacitor decides the performance of
the supercapacitor.

Conducting polymers has immense electrical conductivity and undergoes
reversible redox reactions due to its intrinsic tendency making it promising cathode
materials for energy storage devices but suffers limitation owing to lesser specific
capacity and tendency of large extent of self-discharge. The fusion of conducting
polymer with other material having high specific capacity could create hybrid
conducting polymer having beneficial properties of both component widening the
applicability in storage devices with broadening application. In hybrid conducting
polymers, conducting polymer can contribute towards the cyclic efficiency, high
discharge capacity while other component contributes towards high capacity and
ability to intercalate. The presence of inorganic materials in hybrid conducting
polymer contributes towards the enhancement in the electron transfer tendency at
the interface of the surface of the electrode and electrolyte material [6]. Hybrid
conducting polymer can be classified into two major groups depending upon the
conduction polymer and nanoparticle arrangement. The conducting polymer can
serve as a matrix for inorganic nanomaterials or can be inserted inside the layer of
the inorganic matrix.

The synthesis of hybrid conducting polymer can be classified into three categories
[7]. In the first approach, the synthesis of nanoparticles occurs in the presence of a
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polymer matrix. It may cause aggregation which makes it difficult strategy to synthe-
size hybrid conducting polymer. In the second approach nanoparticles are gener-
ated in situ while the polymerization of monomer taking place resulting in homo-
geneous distribution of nanoparticles in the polymer matrix. In this, the polymer-
ization reaction and the synthesis of nanoparticles proceed simultaneously leading
to the synthesis of homogeneous hybrid conducting polymer. The third synthetic
method includes polymerization of the monomer of the requisite polymer around the
nanoparticles by means of chemically compatible ligands [8] or polymeric structures
[9].

Controlling the size and shape of content phases, degree of mixing and synthetic
protocol participates in the improvement of as-prepared nanocomposite properties.
Different properties can be expected by varying attributes of the content phases and
synthetic method used for hybrid conducting polymers.

2 Proposed Mechanism for Designing Hybrid Conducting
Polymer

Conducting polymers behave as insulators or semiconductors in pure state. The
dopingof donor or acceptor substituents byusingoxidizingor reducing agents respec-
tively increases conductivity by several orders. The oxidation leads to p-doping in
conducting polymers by using electron acceptor species such as I2, H2SO4 etc. The
reduction of conducting polymers leads to n-doping introduced by using electron
donor species i.e. alkali metal ions (Na, K) and Li. Doping creates charged defects
such as polaron, bipolaron and soliton acting as charge carrier for conduction. Hence
increase in concentration of doping species enhances conductivity.

Althoughconductivity in conductingpolymer has been explained anddiscussedby
many research group but exact reason of conductivity in hybrid conducting polymer
has been expected to be similar to conducting polymers and not explored exten-
sively. The synergic effect arises due to the proper alignment of polymer chains may
help in enhancement in conductivity. The interfacial interaction, photoinduced elec-
tron transfer, electrostatic interaction found to increase the conductivity of hybrid
conducting polymers [9–11].

3 Batteries

Batteries have become the typical power source utilized for numerous purposes in
industrial and consumer electronics because of its compactness, efficiency, relia-
bility, and economical point of view. Battery maintains virtual instantaneous input
and output response from the battery to network and vice-versa. Basically batteries
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are electrochemical devices exploiting redox reactions for converting the accumu-
lated chemical energy of batteries into required electrical energy. Typically a battery
consists of electrochemical cells containing electrically connected electrodes using
a conductive electrolyte containing negatively charged ions and positively charged
ions. The transportation of ions in the cell determines the polarity of a cell. The
anion transporting electrode is defined as anode and cation transporting electrode
defined as cathode taking place during charging process. Mostly, in batteries redox
reaction takes place with oxidation and reduction reactions at the anode and cathode
respectively.

On the basis of charging capabilities of batteries are classified in four classes:
Primary batteries (non-rechargeable), secondary (rechargeable batteries), Grid-scale
battery systems and Fuel cells.

Primary Batteries These batteries are not rechargeable, cannot be recycled and
simple electric devices. These are simple and convenient to use involving irre-
versible processes. Primary batteries utilize aqueous and non-aqueous electrolytes.
In these devices, electrolyte reacts with electrodes for creating flow of electric current
along with formation of by-products that cannot be reused. The commonly employed
primary batteries include zinc-carbon battery, alkaline battery and lithium primary
batteries. It suffers from less energy density, reduced leakage resistance, and drop
in voltage through discharge. These batteries commonly used in flashlight and many
portable devices.

SecondaryBatteries Thesebatteries are rechargeable broadening the rangeof appli-
cation for portable electronic devices. The longer charge–discharge cycles commer-
cializes secondary batteries for residential power storage and for electric vehi-
cles. Secondary batteries use reversible process having two distinct charge cycle
and discharge cycles, marked by distinctive chemical reactions and peculiar elec-
trical properties. In course of charging cycle, electrical energy transforms elec-
trolyte storing electrical energy in form of chemical bonds. In discharge cycle,
energy is released from chemical bonds and generates electrical energy by the
transformation of electrolyte. Secondary rechargeable batteries comprise of lead-
acid batteries, lithium-ion batteries, lithium-sulfur batteries, nickel-metal hydride
batteries, and nickel-metal batteries depending upon their electrode component. The
secondary batteries offer superior battery performance, high-quality performance in
altering temperature range, elevated voltage, and fine charge retention. Amidst other
secondary batteries, lithium–ionbatteries found to show the highest storage efficiency
valued nearly 83%, and have been installed in renewable energy systemswidely along
with micro-grid systems. The assets of using lithium-ion batteries includes the least
maintenance, extended life-cycle, stability over a wide range of temperature, effi-
cient charging-discharging ability, and elevated energy density. Secondary batteries
are included in laptops and mobile phones.

Grid-Scale Battery Systems Grid scale storage provides peak power and stability
for a sustained period. It includes red-ox flow batteries, Na–S batteries using advance
level lead-A and Lithium-ion batteries.
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Fuel Cells Fuel cells use either hydrogen, or indirect systems using fossil fuels
such as methanol by the means of catalysed and thermal reaction. Fuel cells are
resourceful in the output power supply, high reliability factor, and negligible amount
of degradation process.

Thus batteries are storage option for the electrical energy providing smooth and
steady electrical power for micro systems and are assembly of pseudocapacitive
electrodes storing charge using faradic reactions. For various purposes batteries are
preferred over supercapacitors due to their characteristics of slower discharge time
providing lower energy densities available for much longer lifetime. The battery
type electrodes exhibit non-reversible oxidation and reduction phenomenon. The
galvanostatic charge-discharge curves presents typical non-linear behavior of the
curve having flat discharge plateau reasoning for their ability to store large amount
of energy. The flat discharge plateau represents phase transformation phenomenon
occurring at the surface of electrode materials. The electrode materials due to phase
transformation cause depletion in rate capability of the battery electrode limiting their
use for longer run. The batteries used in industries for securing power in telecom-
munications, data networks etc. maintaining the continuous electricity supply. A
range of battery chemistries is used for various types of energy storage applica-
tions. Extensive research has been performed to increase the capacitance and cyclic
performance. Among various types of batteries, the commercialized batteries are
lithium-ion batteries, sodium-sulfur batteries, lead-acid batteries, flow batteries and
supercapacitors.

As we will be dealing with hybrid conducting polymer applicable for the energy
storage devices in this chapter, here describing some important categories of hybrid
conducting polymers consisting of conducting polymers with other constituents.

3.1 Metal Oxide/conducting Polymer

Metal oxides majorly oxides of iron, copper, cobalt and nickel have been investi-
gated for the battery materials due to their high theoretical storage capacity shown
for sodium. The reactions taking place reduces their life span due to large volume
changes associated with it and therefore limited their exploitation in battery systems.
However incorporation of conducting polymers not only increases electrical conduc-
tivity also improves its mechanical stress. The TiO2 charge capacity is increased
by sandwiching in between polyaniline (PANI) and graphene nanosheets serving
in lithium ion batteries as anode material. It is accompanied by 99.19% efficiency
after 100 cycles [12]. Metal oxides do not have higher capacity, however blending
with conducting polymers can lead to the enhancement in the reversible capacity
approximately ten times compared to the bare MnO2 devices. The swelled layered
structure of PANI intercalated MnO2 possess high capacity along with excellent
cycle stability and is therefore considered to be a promising cathode material for



Energy Storage Devices (Supercapacitors and Batteries) 59

high-capacity lithium ion batteries [13]. The PANI/β-AgVO3 triaxial nanowire indi-
cates faster kinetics and better capacity compared to β-AgVO3 nanowires which
is expected owing to the decrease in charge transfer resistance.[14]. Polypyrrole
(PPy) nanowires blended with silicon particles has been synthesized by mechan-
ical milling showing improved reversibility and enhanced life cycle than that of
silicon, because PPy nanowire act as a polymer matrix layer supporting active
silicon granule since they have capability to continually get alloy with lithium ions
during the charging-discharging process of lithium ion batteries [15]. PPy have been
found to decrease the resistance of charge transfer reactions connected to the Li ions
intercalation-deintercalation processes in PPy-metal oxide hybrid polymers such as
MoO3, V2O5, LiCoO2 and LiV3O8 [16–20]. Hybrid composite of PPy/Polyethylene
glycol (PEG)with LiFePO4 showed higher discharge capacity than pristine LiFePO4,

PEG presence reduces structural defects due to stabilization effect provided by PEG
[21].

3.2 Metal Chalcogenides/conducting Polymer

Metal chalcogenides owing to their tunable properties, unique compositional and
structural features motivated for fundamental understanding and industrial advance-
ment for varied applications. The two-dimensional metal chalcogenides have been
explored extensively for lithium-ion batteries because of their aptitude to provide
a platform by forming structures which support reversible intercalation of lithium-
ion at very large applied potential and high surface-to-volume ratio. Due to struc-
tural instability and less electrical conductivity suffers these materials from low life-
time and small rate capability. Integration of metal chalcogenides with conducting
polymer creating hybrid conducting polymer combine valuable properties of both.
The remarkable electrochemical performance of the devices was observed due to
the synergic effect involved in between metal sulfides and the conducting polymer.
Molybdenum sulfide (MoS2) in combination with conductive PANI proved the
reduced resistance of charge-transfer at the interface of electrode and electrolyte
resulting in high charge capacitance and cycling behaviour as seen from the Nyquist
plots of bare MoS2 and MoS2/PANI. The MoS2/PANI showed improved properties
through large charging capacity valued 1063.9 mAhg−1 with 90.2% retention in
specific capacitance after long cycle-life of 95 cycles [22]. Hybridization of PANI
with MoS2 found to decrease the resistance of charge-transfer at the interface of
electrode-electrolyte [22]. ThePPyhybrid composite bySnS2 exhibits specific capac-
itance of 1000 mAhg−1 by retaining specific capacitance upto 703 mAhg−1 after 500
cycles [23]. The lamellar structure of hybrid conducting polymer provides conductive
network for the transportation of ions and enhancing the tendency of the expansion
and contraction processes at the electrode material occurring in charge–discharge
process [21]. The specific capacitance in batteries has also been found to increase by
constructingMoS2 nanocomposites with PPy and poly(3,4-ethylenedioxythiophene)
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Fig. 2 Schematic diagram representing blending of MoS2 with PPy formingMoS2/PPy composite

polystyrene sulfonate (PEDOT: PSS) [24, 25]. Binary composite of PPy/MoS2 illus-
trated the high capacitance with outstanding cycling stability that proves its excel-
lence as an electrode material for supercapacitors and a schematic diagram for the
blending has been presented in Fig. 2.

Similarly, The ternary hybrid conducting polymer are found to observe further
improvement in the capacitance properties of conducting polymer reasoned out by
blending the properties of three components present in hybrid conducting polymer
[25–27].

3.3 Carbon Supported Hybrid Materials

During recent years, enormous efforts have been made to synthesize graphene
hybrid materials as electrodes for novel energy storage devices. Graphene is two-
dimensional layeredmaterial having total specific area of 2630m2/g alongwith 2000–
5000 cm2/V s of charge carrier mobility which is suitable for energy storage devices
[28]. The principle of using graphene is to enhance the surface area which helps in
allowing superior charge adsorption processes. Designing graphene using inorganic
materials exploits the flexibility in graphene and reduces some stress off the inorganic
material during operation cycles thereby improving specific capacitance as well as
cyclic performance. Graphene oxide in reality is functionalized form of graphene
obtained by chemically modification of graphene resulting in functional groups
containing oxygen such as alcohols, epoxides, and acid groups dispersible in organic
solvents, water, and different matrixes. The application of graphene in batteries is
exploiting properties such as large surface area, remarkable electrical conductivity,
excellent stability towards chemicals, thermal conductivity, electronic tunability, and
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mechanical strength. Graphene due to high mechanical strength and flexibility found
to improve the storage of lithium ion in its hybrid material by reducing the stress
cracking after repeated charge/discharge process which discontinues the connec-
tion between charge storing material and current collectors. According to the report,
graphene nanosheets hybrid tin oxide exhibits a capacitance of 810 mAh/g retaining
70% efficiency after completing 30 charge-discharge cycles, whilst bare SnO2 exhib-
ited capacitance of only 550mAh/g and also decreased to 60mAh/g after completing
15th cycles [29]. The presence of graphene nanosheets in tin oxide creates enough
void spaces buffering volume change occurs during the process of lithium insertion
along with electronic conductive channels improves electrochemical performance.
Sulfur based cathodic material has a theoretical specific capacity of 1672 mAh/g but
has limited application due to their tendency to dissolve into electrolyte and expe-
rience swelling. However, sulfur hybrid material with graphene and PEG exhibit
specific capacitance of 600mAh/g reported for completing 100 cycles [30]. Themetal
oxide nanoparticles such asMnO and Fe3O4 integratedwith graphene to achieve high
specific capacity and stability [31, 32]. More than 90% of capacity retention exhib-
ited by MoS2/graphene oxide hybrid and rGO/SnS2 shows 84% retention in charge
capacity upto 500 cycles [33, 34]. ZnMn2O4–graphene hybrid nanosheets exploited
in Li–ion battery as electrode exhibits higher rate capability and cycling stability
compared to conventional graphite anode [35].

PANI based graphene hybrid material are examined for lithium ion batteries as
electrode materials [36]. Graphene/PANI is the extensively studied hybrid mate-
rials as supercapacitor electrode attributed to their wide potential window, ease
of its synthesis, and improved stability among other conducting polymers hybrid.
A schematic diagram for the interaction showing between PANI and Graphene is
presented in Fig. 3. MoS2-graphene a combination of two-dimensional materials
which has a high surface area, versatile electronic structure and high electrical
conductance outperforms as an excellent candidate for energy storage application
[37]. Although lithium-ion battery has been used mainly for practical purposes but
sodium ion batteries have also been explored withMoS2 composites with carbon and
graphene materials [38].

Other than conducting polymer hybrids, nanoengineered two-dimensional
MXenes and their derivatives attracted attention for energy storage devices improving
limitations for practical applications [39]. MXene/polymer composites are widely
used as electrode materials for hybrid supercapacitors. The frequently used poly-
mers are electroactive in nature i.e. PVA, PPy, PANI, PEDOT and its deriva-
tives, polyfluorene derivatives (PFDs), and polydiallyldimethylammonium chloride
(PDAC). MXenes materials are including two-dimensional (2D) structure of metal
carbides and nitrides behaving as hopeful electrode material having high electrical
conductivity however suffer from low mechanical strength. MXenes suffers from
the disadvantage of forming aggregation which is irreversible in nature and easily
form stacking. The integration of graphene/conducting polymers linking theMXenes
interlayer results in the formation of new types of material showing advanced func-
tional and mechanical properties. The presence of conducting spacers in MXenes
improves the kinetics and rate performance. For example, Ling et al. [40] have
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Fig. 3 Schematic diagram representing PANI/Graphene oxide composite

reported the synthesis of MXene/PVA nanocomposite composite having outstanding
mechanical properties in comparison to their pure MXene/PVA counterparts [40].
Boota et al. [41] reported the addition of PPy (8 wt %) to MXene yields volu-
metric and gravimetric capacitances of 1000 F/cm3 and 416 F/g, relatively higher
than that of the pure MXene electrode [41]. Qin et al. [42] reported nanocomposite
film based on MXene and PPy self-assembly as electrode-based supercapacitors,
having excellent capacitance (69.5 mF cm−2), ultrahigh energy density (250.1 mWh
cm−3) and outstanding cycling stability [42]. The enhanced electrochemical perfor-
manceMXene/PPy nanocompositemay be attributed to the synergistic effect existing
between MXene’s (electric double layer capacitance mechanism) and PPy’s (pseu-
docapacitance mechanism). Zhu et al. [43] also reported the synthesis of conducting
hybrid films based on PPy/Ti3C2Tx having excellent electrochemical performance
as a supercapacitor electrode. However, still efforts need to be done on identifying
novel organic materials that can be easily inserted in between the interlayer region
of MXene to develop hybrid structures for high-performance energy storage devices
[43].

Batteries have disadvantages in concern with the environment through hazardous
waste and toxic fumes during manufacturing in addition with disposal and recy-
cling. The use of heavy metal as electrode material when exposed causes serious
effects on the health of animals and humans. There are some limitations in using
batteries if not handled properly. A battery explosion is very common problem being
faced and caused by misuse, short-circuit and excessive charging of batteries. The
excessive charging or rate of charging leads to the formation of mixture of hydrogen
and oxygen building up excessive pressure inside the battery. In extreme situation,
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battery chemicals may spray causing irreversible damage. The short-circuit gener-
ates large amount of current responsible for explosion. Another problem associated
with batteries is leakage, releasing of dangerous chemical damaging the equipment
or the environment.

4 Supercapacitors

In comparison to the batteries, supercapacitors are evolving as one of the most
exciting innovative developments in the field of devices storing energy for future
perspective. Supercapacitors fill the space having amid batteries quality and capac-
itors quality since its specific power density is higher compared to batteries and
specific energy density is higher than that of the capacitor. Other significant features
of supercapacitors include faster charge-discharge rate, longer cycling life time,
simple fabrication with low maintenance, and without short circuit issues which
are major concern in using available batteries. In addition these are exceptionally
safe for storage since they can be easily discharged and do not release any toxic
waste in the environment. Therefore supercapacitors are attractive and appropriate
efficient energy storage devices mainly utilized in mobile electronic devices, hybrid
electric vehicles, manufacturing equipment’s, backup systems, defence devices etc.
where the requirement of power density is high and cycling-life time required is
longer are highly desirable [44–48]. Although the working of the supercapacitors is
comparable to the conventionally used capacitors but supercapacitors are capable of
storing greater charge through the presence of pores present within the electrodes
having large surface area and also high charge separation between the electrolyte
and an electrode occurs at a very small distance.

The components of a supercapacitor are two electrode system immersed in elec-
trolyte having a separator. The electrodes possess high specific surface area and are
separated by a separator i.e. membrane that permits the mobility of charged ions.
The electrolyte is the mixture of positively and negatively charged ions dissolved
in water. They are capable of storing a large amount of energy that can be released
very fast. An ionic layer forms in between the electrodes sharing common electrolyte
accumulate electric charge in the supercapacitor. Based on the mechanism involved
in the charge storage and the active material of electrode, supercapacitors classified
in three broader types, i.e. electrochemical double layer capacitors (EDLCs), pseu-
docapacitor and hybrid capacitors (Fig. 4). Each type has its own charge storage
mechanism i.e. Faradic mechanism, Non-Faradic mechanism and the combination
of Faradic and Non-Faradic mechanism respectively [44, 49, 50].

EDLC are storing their energy by non-Faradaic mechanism inwhich EDL charges
at the interface of electrically conducting porous electrode such as carbon-based
materials and ionically conducting electrolytes (Fig. 5). In EDLC, there do not occur
any charge transformation at the interface of the electrode and electrolyte material.
In EDLCs charges are distributed on the surface by physical mechanism without
formation or cleavage of any chemical bond. Thus the electrode material remains
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Fig. 4 Classification of supercapacitors

inert at all working voltage. The model of EDLCs was first proposed by Helmholtz
in 1999 that was supplemented by Gouy and Chapman [51–53]. According to the
theory, they proposed that the two opposite charge layers built up at the interface of
electrode/electrolyte named as Inner Helmholtz Plane and Outer Helmholtz Plane.
Stern modified the model presented by Gouy and Chapman, he united the model
given by Helmholtz with Gouy-Chapman model to clearly distinguish between the
two types of ion distribution layers i.e. the compacted layer and the diffused layer
[54]. For ideal EDLCs, the specific capacitance, C (F/g), of electrode is generally
given by the expression

C = ε0εrA/d

where, 10 represents dielectric constant of the free space, 1r represents dielectric
constant of the insulating material present amid the electrodes, A is the total surface
area of the electrode available for the electrolyte ions, and d represents the effective
thickness of the EDLCs. Therefore, by making use of active materials with large
surface area, significant increase in specific capacitances easily attained.

The pseudocapacitor or redox capacitor stores energy by Faradaic mechanism
by means of the pseudocapacitive behaviour of the used redox-active material. The
charge transfer reaction occur between the interface of electrode and electrolyte
exploits redox-reactions, electro-sorption and intercalation processes. The rapid as
well as reversible faradic reactions occur at the surface as well as in the vicinity of
the surface of active electrode material. In general, pseudocapacitors are based on
thematerials possessing variable oxidation states. Pseudocapacitors possess superior
capacitances along with energy densities compared to EDLCs (Fig. 6).

Additionally, the hybrid capacitors operate by means of both mechanisms i.e.
using faradic and non-faradic mechanism. Commonly, the electrode materials of
hybrid capacitor are composite of carbon based porous material blended with either
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Fig. 5 Schematic representation of EDLCs

Fig. 6 Schematic diagram presenting mechanism of charge storage involved in pseudocapacitor

conducting polymers ormetal oxide or both. Electrodematerials employed in pseudo-
capacitors are usually made up of metal oxides and conducting polymers while
EDLCs make use of large surface area based carbon electrode [55, 56].

The commonly employed electrode material in supercapacitor is carbon based
materials attributed to their exceptional properties mainly superior conductivity,
controlled pore size, variable allotropic forms, superior corrosion resistance, large
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surface area, high temperature stability, relatively low cost, environmental friendli-
ness, easy and processability. Carbon based materials exists in variety of forms such
as fine particles, fibre, composites, textile, etc. and showing various dimensional
variety from zero-dimensional to three dimensional. The different forms of carbon
that are mainly used as electrode for enhancing the performance of supercapacitor
are discussed below:

Activated Carbon Activated carbon is usually employed in EDLCs as electrode
material by virtue of their low cost, easy processing and large surface area (500–
3000 m2g−1). Specific capacitance (SC) offered lies from 25 to 150 F/gm in aqueous
electrolyte as well as organic electrolyte in the activated carbon electrodes. Along
with large surface area the capacitive performances in activated carbons also depends
upon several other factors such as pore structures and pore size distributions. Large
pore size results in high power densities where as the small pore size results in
high energy density. Zhang and Zhao [47] have reported that activated carbon makes
use of complex porous structure consisting of variable size macropores (more than
50 nm), mesopores (from 2 to 50 nm) and micropores (less than 2 nm) wide to
achieve a high value of surface area (BET) [47]. Also the surface functionality has
profound effect on the capacitance and is exercised as additive for enhancing the
conductivity performance in supercapacitor. Tang et al. [57] have reported that the
oxygen and nitrogen functionalities present at the surface of carbon can enhance the
specific capacitance by enhancing the wettability and by pseudo-Faradaic reaction
[57]. Apart from activated carbon, carbon black is also exploited as active electrode
material for supercapacitors as a result of its large surface area to volume ratio and
high conductivity.

Carbon Nanotubes (CNTs) CNTs were first discovered by Iijima in the year 1991
in carbon soot and are amongst the most important forms of carbon gained enor-
mous interest of researchers worldwide owing to its unique pore size, high thermal
stability, superior electrical and mechanical properties. In comparison to activated
carbon, CNTs possess mesoporous structure that allows facile movement of ions and
lesser series resistance resulting in the improvement of specific energy density along
with specific power density. CNTs can principally be classified in two type’s i.e.
multiwalled CNT (MWCNTs) and single walled CNT (SWCNTs) which bend on
themselves forming tubes with hollow internal core area (Zhang and Zhao [47]). The
diameter of a tube is themost important characteristic of CNTs that lie from 1 to 3 nm
order and in length it has tens of microns orders. Niu etal.1997 first suggested the use
of MWCNT based electrode material in supercapacitors exhibiting a power density
and specific capacitance of 8 kW kg−1 and 102 F g−1 respectively in presence of
H2SO4 solution as an electrolyte [58]. But the utilization of CNTs for various roles is
still limited owing to its huge manufacturing cost. Recently helical carbon nanotubes
have also attracted enormous consideration because of comparatively high specific
surface area and excellent elasticity. Zeng et al. [59] have reported the synthesis of
high-purity helical carbon nanotubes (HCNTs) by using one-step chemical synthetic
method resulting in superior specific capacitance of 95 F g−1 at a current density of
0.1 A g−1 [59].
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Carbon Fiber Carbon fibers possess one dimensional structure resulting in superior
charge transportation property and also the presence of numerous pores present at
the surface of the carbon fiber offers immense adsorption sites for ions to get adsorb
and thus proves to be the most promising candidate electrode material.

Graphene Recently, a considerable shift in the attention of researchers from other
frequently used carbon based materials such as CNTs, activated carbon etc. towards
graphene has been observed due to their large surface area, appropriate pore size
distribution, superior chemical stability, high conductivity, thermal stability, high
elasticity, superiormechanical and thermal properties and fast heterogeneous electron
transfer. Gonzalez et al. [60] reported intrinsic properties of graphene are responsible
for make them an ideal electrode material for use in supercapacitor [60].

Metal Oxides Ruthenium oxide is the most commonly used metal oxide in pseudo-
capacitors because of its wide potential window, excellent stability towards heat,
longer life time, high conductivity, high energy density as well as high power density.
However, main drawback that limits the application of it is its limited availability
leading to the higher cost and toxic nature. Therefore various transition metal oxides
have been explored for the utilization in pseudocapacitor to act as an electrode mate-
rial, as they possess appreciable conductivity and variable oxidation state. Exten-
sively researched transition metal oxides such as MnO2, CoO, NiO, Fe2O3, V2O3,
etc. are considered as a potential candidate as an electrodematerial for supercapacitor
owing to owing to its low price, environmental benign nature, excellent theoretical
specific capacitance and superior capacitive behavior. Manganese dioxide is consid-
ered to be a better substitute for RuO2 owing to its small cost, environmental benign
nature, percentage abundance and excellent theoretical specific capacitance. Nickel
oxide, vanadium oxide, iron oxide also behave as a superior candidate in supercapac-
itor due to its large theoretical specific capacitance, environmental stability, thermal
stability, accessible layered structure (V2O5), mixed oxidation states, low cost and
simple synthesis. Additionally, iron oxide (Fe3O4) based materials in aqueous solu-
tions shows broad potential window up to 1.2 V which is higher when compared to
the potential window of RuO2, MnO2 and NiO (less than 1 V) there by will enhance
energy density. However, in order to enhance to supercapacitive performance of the
metal oxides, research have been done to study the metal oxide composites, with
CNTs, activated carbon and conducting polymers, since best features of variety of
materials can be integrated to form a novel material having advanced applications.
Ideally, the compositematerials have lowweight with attractivemechanical, thermal,
chemical, electrical, magnetic and optical properties. Zhang et al. [61] have reported
ZnO-CNT as electrodes in presence of poly vinyl alcohol and phosphomolybdic acid
as a gel polymer electrolyte to improve the capacitance of electrodematerial [61]. Hu
et al. [62] shown the enhanced specific capacitance and energy density of 305.3 F/g
and 42.4 Wh/kg, respectively for the PANI and tin oxide based nano-composite
material [62].

Conducting Polymers Polymericmaterials aremuchmore cost effective thanRuO2

and can produce comparatively higher specific capacitance. The generally used
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Fig. 7 Schematic representation of poly(pyrrole) and PEDOT

conducting polymers utilized in supercapacitor applications include PANI, PPy,
PEDOT and their corresponding derivatives [63] (Fig. 7).

Conducting polymers exhibits red-ox reactions occurring both at the surface
of polymer along with entire bulk polymer demonstrating excellent capacitive
behaviour. The redox phenomenon in conducting polymers is highly reversible in
nature since there is not any phase transformation or structural change. Among
the various conducting polymers, PANI is the highly studied polymer due to its
inherent exceptional properties for instance economical, chemical stability, envi-
ronment stability, facile synthesis (chemical or electrochemical synthesis), doping
process, dedoping process, mechanical flexibility and wide variety of applications in
various fields. Conducting conjugated polymers and their derivatives, act as poten-
tial material for energy storage applications due to its exceptionally high electrical
conductivity (up to 4.6 × 105 S m−1) and excellent capacitance values (2000 F g−1

for PANI, 620 F g−1 for PPy, depending on the doping level).
PANI mainly occurs in three distinct oxidation states that make it a promising

candidate as an electrode material for supercapacitor application. The reduced struc-
ture of PANI consists of only benzenoid units and is known as leucoemeralidine
i.e. either faded yellow or colorless, where as the fully oxidized form of PANI is
composed of quinoid units and is known as pernigraniline having blue/violet color.
On the other hand semi oxidized of PANI is composed of both benzenoid and quinoid
units and is known as emeralidine i.e. green or slightly blue in colour (Fig. 8).

Although conducting polymers exhibit unique properties such as low cost, light
weight, corrosion resistance, large scale production, easy processing, fast redox reac-
tions, and high conductivity but their reduced cycling stability along with the poor
mechanical stability has declined the progress of conducting polymer based pseudo-
capacitors. Conducting polymers experience a range of physical properties variation
with time such as swelling, shrinkage, doping etc. that deteriorates polymer’s perfor-
mance. However remarkable performance improvement of the conducting polymer
based supercapacitor is obtainable using hybrid capacitors that store charge by
exploiting Faradic and non-Faradic processes combining the best features of EDLCs
and pseudocapacitors together into a unified supercapacitor resulting in advancement
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Fig. 8 Variable oxidation states of PANI

of the novel materials with outstanding properties. The key benefit in using these
hybrid capacitors over the conducting polymer is that they present superior cyclic
stability andexcellent power performance along with higher specific capacitance.

Du et al. [64] reported capacitance of 154.5 F g−1 for CNT/PPY composite (in
organic electrolyte) which was considerably higher as compare to that of pure PPy
and CNT [64]. In addition reinforcement of PPy with CNT reduces the swelling
and shrinkage of polymer during the charge discharge process. Zhang et al. [65]
reported synthesis of PPY/MnO2 nanocomposite having higher conductivity (about
4–5 orders of magnitude) and specific capacitance (290 F g−1) than that of MnO2

(221 F g−1) [65]. Huang et al. [66] reported ruthenium oxide/PEDOT:PSS composite
having capacitance value of 1409 F g−1 [66]. However use of this composite mate-
rial is still limited due to its exceptionally high cost. Therefore it’s desirable to make
use of cost effective metal oxide that can produce supercapacitor electrode of high
specific energy, while being reasonably affordable. Xu et al. [67] reported synthesis
of PPy/iron oxide nanohybrid having high capacitance value of 560 F g–1 and
outstanding cycling stability [67]. Lee et al. [68] reported composites of PEDOT:PSS
wrapped CNT/MnO2 for flexible supercapacitors having capacitance of 428.2 F g−1

and high energy density of 63.8 Wh kg−1 [68].
Thus by using a proper combination of electrode, improvement in the cell voltage,

directly resulting in the enhancement of energy and power densities is possible.
In general, carbon based materials acts as best electrodes for EDLCs, while for
pseudocapacitor the best candidate found to be transitionmetal oxides and conducting
polymers. However, the rapid vanishing of the power density, reduced capacitance
retention along with reduced cyclability at high power rates are the some of the major
issues hindering the expansion of Hybrid supercapacitors. At present, researchers are
focusing mainly on hybrid supercapacitors that are distinguishable by means of the
configuration of their electrode and the hybrid supercapacitors are composite-type,
asymmetric-type and battery-type.
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Composite Electrodes It involves the combination of carbon-based materials
together with either conducting polymer or with metal oxide forming a single
electrode, showing charge storage mechanisms involving physical and chemical
processes. The process of storage of charge involved in composite electrode is capac-
itive double layer mechanism obtained from carbon-based materials and the large
surface area provided by carbon-based materials improves the contact between elec-
trolyte and pseudocapacitive materials. Composite of MnO2/CNT synthesized using
simple hydrothermal approach revealed a large improvement in rate capability and
capacitance in comparison to the bare MnO2 or CNT electrode endorsed by the large
surface area and porous structure of MnO2 [69].

Asymmetric Hybrids It involves the coupling of EDLC with a Pseudocapacitor
electrodeby the integrationof faradic andnon-faradic processes.Asymmetric hybrids
are fabricated with one electrode composed of a double-layer carbon material while
another electrode made of a pseudo-capacitance material which can be metal oxide
or conducting polymer. By opting an appropriate material for electrode, achieving a
high working voltage along with high energy density is possible which contributes in
raising the total energy density in supercapacitor. The main advantage of conductive
polymers in asymmetric hybrids is their processability but the lack of efficiency has
limited their application. This problem can be overcome using negatively charged,
activated carbon electrode in place of negatively charged, conducting polymer.
Although the conducting polymer electrodes exhibits high capacitance and low resis-
tance comparedwith activated carbon electrodes, but shows poorermaximumvoltage
along with lesser cycling stability. Cheng et al. reported synthesis of MnO2/CNT
composite used as a asymmetric supercapacitor having MnO2-coated/graphene as
cathode electrode while anode electrode is formed by using pure graphene presented
higher capacitances and energy densities exhibiting higher capacitances along with
the energy and power densities [70].

Battery Type battery type hybrid is consists of dissimilar electrodes such as a
supercapacitor electrode with battery electrode. The obtained combination utilises
the properties of supercapacitors as well as batteries within single assembled cell.
This specific configuration highlights the requirement of higher energy supercapac-
itors and higher power batteries, by merging the power, cycle life, energy quali-
ties of batteries by the recharging time of supercapacitors. The first hybrid system
was first proposed by Amatucci et al. [71] having Li4Ti5O12 battery-type and AC
supercapacitor-type, exhibiting energy density obtained 20 Wh kg−1 inside acetoni-
trile solution [71]. Positive electrodes of nickel hydroxide, lead dioxide, LiCoO2,
Li4Mn5O12, LiMn2O4, LiMn2O4/activated carbon (AC) composite etc. and are used
to create the battery type hybrid materials. They helped to accomplish the enhance-
ment in energy density along with power density, high charge-discharge, enhance
cycle life time, specific capacitance, etc. Zhang et al. reported hybrid capacitors
having LiMn2O4 (LMO) as positive electrode with activated carbon (AC) as negative
electrode having excellent performance [72]. Hu et al. [73] presented the battery-
supercapacitor hybrid of Li4Ti5O12 acting as an anode, while cathode is made by
LiMn2O4/activated carbon composite with superior properties [73]. Although the
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available experimental figures utilizing hybrid battery type is comparatively lesser
than that of other supercapacitors, but still there is ample opportunity to work so
that gap present in between the supercapacitors and batteries can be filled in coming
future.

5 Conclusion

Global warming and the inevitable depletion of fossil fuels, coupled with the growth
of the human population and technology development has resulted in a rapidly
increasing global energy demand. Therefore, it is of utmost importance to concen-
trate on an active search for efficient, rechargeable, renewable, electrical energy
storage devices. The current chapter embodies an overview of the advanced hybrid
conducting polymer for energy storage applications. The performance of these
hybrid conducting polymers depends upon several factors i.e. environmental stability,
surface area, conductivity, etc. In this chapter, we have discussed various conducting
polymers based composites for energy storage applications. The improvement in
the performance values of energy storage devices using these conducting polymer
composites gives an indication that these hybrid conducting polymers are capable of
bridging the gap existing between supercapacitor and batteries. In addition, they can
also play a lead role in the development of smart, efficient, flexible and cost-effective
energy storage systems in the coming future.
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