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Abstract: Supercapacitors have gained significant attention as energy storage devices due to their
high specific power, fast charge—discharge rate and extended cycling stability. Recent research focuses
on the search for new electrode materials to enhance the specific capacitance of supercapacitors. Con-
ducting polymers (CPs) and metal oxides (MOs) are being extensively tested as electrode materials in
supercapacitors. CPs have poor cycling stability and low mechanical strength but are easy to process,
while MOs exhibit easy availability, variable oxidation states and possess high specific capacitance,
but they are somewhat difficult to process. Therefore, combining both (CP) and (MO) in a composite
offers better results for the electrochemical performance of supercapacitors. This review mainly
focuses on the discussion of CP/MO based nanocomposites recently reported for supercapacitor
applications. The collective information presented in this report will provide researchers a view into
the latest developments in this field. The continued research on this topic will reveal further potential
applications of CP/MO composites.
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1. Introduction

Energy has become a significant focus of research for sustainable development in the
global context. The development and refinement of more efficient energy storage devices
or systems has become the need of the hour. To fulfil the growing demand for sustainable
and renewable power sources, steps have been taken to manufacture flexible, lightweight
and environmentally friendly energy storage systems. Therefore, recent research focuses
on energy storage systems that are efficient, cleaner, and that can meet current energy
needs [1]. An energy storage device should fulfil the desired requirements specific to
high energy density (Wh), power (W), portable size, light weight, low cost, high shelf
life etc. [2-5]. Various energy storage and conversion devices are being studied; of these,
the supercapacitor has qualified to be one of the most potent devices for storing electrical
energy [6]. Supercapacitors are designed to bridge the gap between batteries and capac-
itors to form fast-charging energy storage devices of intermediate specific energy [7,8].
Supercapacitors have shown their application in hybrid electric vehicles, load cranes, mil-
itary field, integrated grid, portable electronic devices such as digital cameras, mobile
phones, etc. [9-11]. They are known to work in conjunction with other energy storage (and
producing) devices such as batteries and fuel cells [12]. Supercapacitors are favoured over
batteries when high-power density, quick charge-discharge rates, longer life cycles and
superior reversibility are necessary [13-16]. Supercapacitors are classified into three main
types, electric double-layer capacitor (EDLC), pseudocapacitor and hybrid as represented
in Figure 1. In the EDLC, the charge storage mechanism takes place at the interface be-
tween the electrode of the capacitor and the electrolyte solution. The electrode materials in
EDLC are carbon foam, carbon aerogels, carbide-derived carbon (CDC), graphene, carbon
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nanotubes (CNT’s) and activated carbon (AC). In pseudocapacitors, the charge storage
mechanism involves a Faraday reaction on the surface of the electroactive material on the
electrode. Here, CPs and MOs are used as electrodes. The hybrid supercapacitor, by its
name, involves working with both EDLCs and pseudocapacitors. It includes three types,
namely asymmetric pseudo/EDLCs, composites and rechargeable battery types [1,17,18].
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Figure 1. Types of supercapacitors.

A huge number of reports appear in the literature about the development of newer
materials to be used as electroactive materials in supercapacitors. The materials are of
various types, such as different carbon materials, mixed metal oxides, or composites
comprising both these materials. The domain of CP-MO-based materials has also increased
drastically where binary or ternary composites made from different CPs and MOs are
reported for supercapacitor application. This literature review is primarily concerned with
current advancement in CP-MO-based nanocomposites as materials for supercapacitor
electrodes. First, we examine different conducting polymers, their characteristic, and the
domains in which they are used. Second, we examine various metal oxides and their uses
in supercapacitor applications. Then, we emphasize the advancements made possible by
using CP-MO nanocomposites in supercapacitor applications. The evaluation concludes
with some future perspectives.

2. Conducting Polymers

CPs are gaining significant attention due to their broad level of electrical conductivity,
thermal stability, processability and mechanical flexibility [19]. Polymers that are intrinsi-
cally conducting were discovered several years ago, catching the attention of scientists due
to their numerous applications in many sectors [20]. Due to their electrical conductivity
values comparable to that of metals, they are also known as synthetic metals [21]. Three col-
laborating scientists MacDiarmid, Shirakawa and Heeger played a major role in enhancing
the semiconducting behaviour of organic CPs (namely polyacetylene, which was synthe-
sized through chemical polymerization). In 2000, these three researchers were awarded
the Nobel Prize in Chemistry for inventing CPs [22]. This was a milestone moment, as it
established a new field of research in the zone of chemistry and material science, as well
as opening the path for new opportunities. The revelation by Heeger and MacDiarmid
that oxidative doping could boost the polymer’s conductivity by several orders of magni-
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tude sent shockwaves across the polymer and electrochemistry worlds. This influenced
a search for new CPs. The goal was to develop an organic polymer that could enhance
the electric conductivity by doping so that it could compete with the electrical qualities
of a metal [23]. Electrical CPs include polyacetylene (PA), polypyrrole (PPy), polyaniline
(PANI), polythiophene (PTh), etc. [24,25]. CPs have attracted considerable attention due
to their properties of high pseudocapacitance, conductivity, and ease of manufacturing
and processing. However, they suffer from a transient cycle life and have poor mechanical
properties [26,27]. Examples of CPs and their structures are shown in Figure 2 [19,28-30].
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Figure 2. Structures of some common conducting polymers.

Brief information about each conducting polymer is provided below:

Polyacetylene (PA)

PA is the first organic polymer with the potential to conduct electricity that has enabled
the use of organic compounds in electronics. It is a linear polymer comprising alternate
carbon—carbon double bonds. The behaviour of PA and its derivatives is multifunctional.
Some of its characteristics include electric conductivity, photoconductivity, liquid crystal
qualities and chiral recognition. The conductivity of PA is in the range of 107> Sem ™!,
which can be enhanced up to 100 to 1000 Scm~! by doping. P-doped PAs are prepared
from halogen derivatives [19,23,25].

Polythiophene (PTh)

The structures of PPy and PTh are very close to each other; the only difference is the
hetero-atom. PTh has a sulphur atom instead of a nitrogen atom in PPy and a conjugated
double bond in its polymer backbone. The band gap of PTh is low. PTh is a widely studied
CP due to its strong electrical conductivity, optical characteristics, low cost and environ-
mental stability. Electrical supercapacitors, non-linear optics, polymer light-emitting diodes
(PLEDs), electrochromic, photoresists, antistatic coatings, sensors, batteries, magnetic-
shielding materials, solar cells, memory devices, transistors, and imaging materials are all
made from PTh [31,32].

Polyaniline (PANI)

Polyaniline, frequently abbreviated as PANI, is also sometimes referred as aniline black
because of its dark pigment colour. PANI is a CP consisting of benzoid and quinoid rings.
It exists in three forms according to their oxidation states, namely leucomeraldine (fully
reduced), which consists of a benzoid ring; pernigraniline (fully oxidized), which consists
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of a quinoid ring; and emeraldine (partially oxidized and partially reduced), consisting of a
benzoid and quinoid ring. Out of these three forms, both leucomeraldine and pernigrani-
line are non-conducting, while emeraldine is conducting. Doping increases the electric
conductivity of PANIL Dopant material reduces the band gap of PANI, which enriches
electric conductivity. Being lightweight, less toxic, environmentally friendly, flexible, cost
effective, delivering good electrical conductivity and showing thermal stability, PANI is a
crucial CP in pseudocapacitor materials for electrochemical energy storage [19,26,33-36].

Polypyrrole (PPy)

PPy is a long-conjugated polymer comprising pyrrole as a monomer in quinoid form,
which conducts electricity when it is oxidized and shows amorphous behaviour, but 15%
crystallinity is shown by bulk PPy. PPy is a frequently studied CP comparable to many
others because of its uncomplicated synthesis, stability in oxidised form, greater electrical
conductivity and favourable redox properties. It is one of the most promising p-type CPs
for the faradaic pseudocapacitor application because of its distinctive qualities, including
strong conductivity, a quick charge-discharge mechanism, good thermal stability, low cost
and high energy density [19,37].

Poly (3,4-ethylenedioxythiophene) (PEDOT)

The monomer of PEDOT CP is 3,4-ethylenedioxylthiophene. It is a major polythio-
phene derivative mainly researched for its high electrical and electro-optical properties.
It also has numerous benefits, such as good conductivity, stability, as well as transparency.
Its major disadvantage is poor solubility in water; however, this can be controlled with
the addition of polystyrene sulphonate (PSS), which acts as both a dopant and a stabilizer.
PEDOT is utilised in many different applications, including printed electronics, capacitors,
touch screens, organic solar cells, organic light-emitting diodes, and antistatic [19,25,38,39].

Poly (paraphenylene vinylene) (PPV)

PPV is a highly crystalline polymer that possesses high mechanical strength and
environmental stability. It has a low conductivity of about 1073 Sem~!, which can be
extended up-to 1000 Sem ™! by doping with iodine, ferric chloride and alkali metals. As a
result of its high optical property, PPV was the first electroluminescent material used to
create organic light-emitting diodes (LEDs). It was widely researched for the production of
LED displays and has scope in the field of optoelectronics [19,25].

Poly (para phenylene) (PPP)

PPP is a polymer made of repeating units of paraphenylene, in which benzoid rings are
directly linked by C-C bonds. When doped, its conductivity increases several times. PPP
has received significant attention because of its high thermal stability, high air stability, easy
doping and tuneable conduction properties. Its high optical property plays an important
role in manufacturing organic LEDs [19,25]. The range of the conductivity values and
advantages of some CPs are mentioned below in Table 1 [40].

CPs have gained attention in the scientific world because of their remarkable char-
acteristics, such as tuneable electrical conductivity, an easy method of synthesis, light
weight [41], high optical qualities, efficient mechanical properties, effective microwave
absorption properties, etc. [19]. They also exhibit properties such as anti-corrosion, as
well as catalytic properties. CPs have led their application as a material for electrode in
supercapacitors, Li-ion battery, and as an electrocatalyst and energy transfer mediators in
solar cells and fuel cells [20]. They have also found application in data storage systems,
transistors and switches, etc. [42]. These applications are summarized in Figure 3 [20,42].
Although CPs have a greater number of advantages, they are not good materials for use as
electrodes for supercapacitors. Researchers have attempted to understand the CP-based
electrochemical stability and performance of supercapacitors in order to create binary as
well as ternary composites [43]. Therefore, CPs are normally mixed with MOs to obtain
efficient electroactive materials.
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Table 1. Bulk properties of some most common conducting polymers.

Conductivity
cp (mScem-1) Advantages
High conductivity,
Polypyrrole 3 4 High stability,
(PPy) 10°~5 % 10 Biocompatibility,
High mechanical strength.
- High conductivity,
?{i’ﬁgﬂme 102~108 High stability,
Water solubility.
Polythiophene 10-1~10—4 Good optical property,
(PTh) Biocompatibility.
High conductivity,
. . High stability,
Poly(3,4-ethylenedioxythiophene) 3 % 105~5 x 105 Wa%cer solubiﬁty,
(PEDOT) High mechanical strength,
Biocompatibility.
. 5 Good optical properties,
Poly (paraphenylene vinylene) (PPV) 1~1 x 10

High stability.

Transistors &

. » L ¢ Y
A switches \ Data storage )
X /,w /;/ \\‘ \\\
\ &y N\ /
\ , \
/ Conducting \
S 3 )
po TN Polymers yp ¢
/ \\ \\ ’4’,’ \\

y \ \ / \
/ A\ N 7 [ \
{  Photovoltaic cell > T { Li-ion battery

/ [/
\ y \
\
< Fuel cell

Figure 3. Applications of conducting polymers.

3. Famous Metal Oxides for Supercapacitor Application

MOs are a key factor in the development of sophisticated high-performance energy
storage devices. Due to the high theoretical specific capacitance resulting from the faradaic
charge transfer process, MOs have received significant attention for their use in super-
capacitors; however, the low energy density of supercapacitors is a major drawback to
their adoption. To address the issue of low energy density, MOs such as ruthenium oxide
(RuO,), manganese oxide (MnO,), nickel oxide (NiO), cobalt oxide (Co304) and vanadium
pentoxide (V,0O5) have been widely explored as electrode materials. These MO materials
have been identified as attractive candidates for electrodes in energy storage devices due
to their wide surface area, possibility of synthesis in various component morphologies
and multiple oxidation states (+1 to +7) [44]. Furthermore, they play a key role in the
electrodes of electrochemical supercapacitors, and by modifying and managing their flaws
and surface/interfaces on a nanoscale, they may significantly improve capacitance. Al-
though their energy density has improved to some extent, their low electrical conductivity,
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unpredictable volume expansion and slow ions transport in the bulk phase have limited
their practical applications [45,46]. The most common MOs used in supercapacitors include
RuO;, MnO;, NiO, Co304 and V;,0s. Here, Figure 4 displays a graphical representation
of various MOs with their theoretical specific capacitance values [44]. Briefly elaborated
below are the most famous MOs used in supercapacitor application. The latest examples
from the literature are included to justify their use.

4
~~
p—
g 3
2
@
~
=
£ 2
~
=
==
~
“
~
b=
g J I
=3
@

0

Manganese Vanadium Ruthenium  Nickel Cobalt
oxide pentoxide oxide oxide oxide

Transition metal oxides

Figure 4. Comparison of the theoretical specific capacitances of different TMOs.

Ruthenium oxide (RuQO3)

RuO, is a dormant supercapacitor material owing to its outstanding capacitive per-
formance. It has a higher rate capability, superior electrical conductivity, great cycling
stability, superior charge-carrying properties, stability at low temperature and excellent
conductivity. Although the high cost of ruthenium prevents the broad commercialization
of RuO; as an electrode material in supercapacitors, research into RuO, has helped to
better understand what makes an effective pseudocapacitive material in aqueous elec-
trolytes. The critical property of RuQO; is its readily reversible redox reactions and chemical
stability compared to other MOs [47,48]. This is one of the main reasons for its high spe-
cific capacitance values. In the experiment performed by Ates and Yildirim, RuO, /PANI
and rGO/RuO; /PANI nanocomposites were chemically synthesized, yielding specific
capacitances 40.2 F g~! and 723.09 F g1, respectively [48]. In the experiment carried
out by Zhang et al., the optimized PANI/RuO; electrode was prepared, and the highest
specific capacity of 816 F g~ was reported [49]. An experiment performed by Cho et al.
proposed that electrode RuO; nanoneedles on Ta/Cu foil exhibited a remarkable specific
capacitance of 1420 F g~ ! at a scan rate of 5 mV s~! and excellent cycling stability, i.e.,
~98% of capacitance retention at 100 mV s~ ! after several hundred cycles. The electrode
also showed a high energy density of ~13 Wh kg~! at a power density of 27 kW kg~ [50].
Deshmukh et al. prepared PANI-RuO, composite thin films, which demonstrated the
maximum specific capacitance of 830 F g 1. The films exhibited the specific energy and
specific power densities of 216 W h kg~! and 4.16 kW kg, respectively [51]. The same
composite was synthesized using a successive ionic layer adsorption and reaction (SILAR)
method, which yields a specific capacitance of 664 F g~! and higher capacitance retention
(89%) of its initial capacitance after 5000 cycles [52]. In an experiment demonstrated by
Thakur and Lokhande, RuO;-incorporated PPy hybrid flexible electrodes were prepared,
whose specific capacitance was found to be 1010.4 F g’1 at5mV s~ 1in 0.2 M of NaySOy [53].
An experiment carried by Liu et al. reported that the synthesis of composite RuO, /PEDOT
nanotubes showed a high specific capacitance of 1217 F g~!. The nanotubes exhibited a
high power density of 20 kW kg~! while maintaining 80% energy density (28 Wh kg !) of
their maximum value [54].



J. Compos. Sci. 2022, 6, 363

7 of 23

Manganese oxide (MnO,)

MnO; is another attractive MO which is widely employed in oxidation catalyst ma-
terials, aqueous batteries, supercapacitors and other industries due to its large reserves,
low toxicity and simple fabrication procedure. It is regarded as one of the most promising
electrode materials, particularly for supercapacitors. Due to its exceptional environmen-
tal friendliness and high theoretical specific capacity, MnO; is a great faradaic material
that can be utilized as an alternate MO. It also has a higher operational capacity and
is more cost effective. The reasons for the outstanding performance of MnO; can be
divided into two categories. MnO; has outstanding electrochemical properties, includ-
ing a high theoretical capacity (1370 F g~!), which refers to the single-electron redox
reaction of each Mn atom, a wide potential window (0.9-1.0 V); and excellent electro-
chemical properties in neutral electrolyte, which leads to low chemical corrosion of the
collector [44,55,56]. Several crystallographic structures of MnO,; are found, namely -
MnO;, 3-MnO,, y-MnO;, 6-MnO; and A-MnO,, and the specific capacitance measured for
MnO; mainly depends on the crystallographic structure, which decreases in the following
order: a(m) > x> 6 >y >A >3 [57]. Mn ion is found in the five oxidation states: +2, +3,
+4, +6 and +7, and oxidation state is a critical factor affecting the specific capacitance [58].
However, due to the weak conductivity of MnO,, the actual specific capacitance is far less
than the theoretical specific capacitance. Furthermore, MnO, has weak structural stability
and is easily dissolved in the electrolyte, resulting in poor cycling ability. Moreover, it does
not have a high electron-transporting capacity, which restricts the material’s capacitive
efficiency and prevents it from exhibiting high-power performance, limiting its use in
energy storage devices [59]. Zhao and Wang fabricated nano-network MnO, /PANI (MP)
composites whose highest attainable specific capacitance could reach up to 497 F g~ 1.
It also exhibited good cycle stability with the cycle retention of 88.2% after 5000 cycles at
10 A g~! [60]. Liu et al. synthesized ternary hierarchical nanofibers MnO, /PANI/MWCNT.
These exhibited the highest capacitance of 348.5 F g1 at 1 A g~! and maintained capac-
itance retention of 88.2% after 2000 consecutive cycles [61]. Grover et al. fabricated an
asymmetric supercapacitor with coaxial MWCNT /PANI using MnO; as a positive electrode
and MWCNT as a negative electrode, whose specific capacitance was found to be 324 F g~!
at a scan rate of 2 mA cm 2. It showed 78% retention of capacitance after 3000 cycles at
3 mA cm 2 [62]. Pan et al. reported PANI@MnO, / graphene composites. A specific capaci-
tance of 695 F g~ ! was obtained after 1000 cycles at a current density of 4 A g~! [63]. Li et al.
fabricated carbon cloth /MnO, /PANI nanofibers, which delivered specific capacitance up
to728.7 Fg~!at 1 A g~!. They exhibited capacitance retention of 87% after 2000 cycles [64].
Yin et al. fabricated PEDOT:PSS/MnO, hybrids, which revealed a remarkable specific
capacitance of 365.5 F g~ ! at a current density of 1 A g~!. The hybrids exhibited retention
after 2000 cycles [65].

Nickel oxide (NiO)

When compared to other MOs (such as RuO,), NiO is a better supercapacitor electrode
because it has a higher theoretical capacitance of 2584 F g~1. It is also employed in superca-
pacitors because of its high surface area and non-toxicity. The cheap production cost and
low environmental impact make NiO a viable substitute. Due to Ni’s numerous oxidation
states, oxides of Ni are particularly fascinating. Nonetheless, in experiments, Ni’s lower
electrical conductivity and smaller accessible surface areas result in poor reversibility and
limited capacitance during the charge and discharge process. A better answer to this conun-
drum is to increase the active surface area of objects by converting them from bulk systems
to porous/hollow designs [44,66,67]. Singu et al. prepared PANI-NiO nanocomposites.
These showed high specific capacitances up to 514 Fg~! at a scan rate of 1 mV s~! [68].
Zhang et al. fabricated ACNF/PANI/NiO ternary composites as electrode materials for
supercapacitors, which exhibited an outstanding specific capacitance of 1157 Fg~ ! and
displayed a remarkable capacitance retention of 93.89% after 5000 cycles [69]. Cho et al. fab-
ricated NiO/PANI: PSS nanocomposites, which displayed higher capacitance (834 F g~ 1)
at 1 A g~!. These showed an outstanding cycling life, i.e., 88.9% retention of specific
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capacitance after 3000 charge/discharge cycles with an energy density of 32.84 Wh kg !
and a power density of 375 W kg~! [70]. Yang et al. prepared a hybrid electrode comprising
NiO/Ni (OH), /PEDOT, which delivered a high specific capacitance of 404.1 mF cm 2
at a current density of 4 mA cm~2 and a long cycle life with 82.2% capacitance retention
after 1000 cycles. It revealed an energy density of 0.011 mWh cm~2 at a power density
of 0.33 mW cm 2 at a voltage window of 1.45 V [71]. Han et al. reported NiO/PPy-6,
which showed a high specific capacitance of 3648.6 F g~! at 3 A g~! and remarkable rate
capability, i.e., 1783 F g1, at a high current density of 30 A g~!. An asymmetric superca-
pacitor (ASC) was fabricated using NiO/PPy-6 and AC as the positive electrode and the
negative electrode, respectively. NiO/PPy-6//AC achieved a high specific capacitance of
9375 F g ! at3 A g~ ! and a high energy density of 333.3 W h kg~ ! at a power density of
2399.99 W kg~ ! [72].

Cobalt oxide (Co3z04)

Due to its strong redox characteristics, theoretical high capacitance and simple synthe-
sis, Coz0y4 is emerging as the best feasible supercapacitor material. It is the ideal substitute
for using high-cost, non-environmentally friendly RuO,, because Co3O4 has two electronic
states, Co®* and Co?*. Different methodologies have been developed to generate different
types of cobalt oxide-based nanocomposites with higher charge storage capability. An out-
standing electrochemical capacitive behaviour is revealed by Co30;, electrode material
with special microstructures and morphology. However, in practice, the capacitance differs
significantly from the theoretical value. Due to low conductivity, sluggish kinetics, huge
volume expansion-contraction and severe particle aggregation, electron transport is ham-
pered. As a result, the capacitance and cycling performance of CozOj, are limited. Despite
this, the limited electric conductivity makes cycling stability and rate capabilities difficult.
As a result, significant efforts have been made in the development of nanostructured CozO4
to improve electrochemical performance. Co3O4 electrode material has poor conductivity.
The creation of a Co3O4 composite will result in a high ranking performance, eliminat-
ing the drawback of using a single electrode material [44,45,73,74]. Ren et al. prepared
hierarchically hollow Co304/polyaniline nanocages (CozO4/PANI NCs) that revealed
a large specific capacitance of 1301 F g~! at the current density of 1 A g1, energy den-
sity of 41.5 Whkg ! at 0.8 kW kg !, and outstanding power density of 15.9 kW kg1 at
18.4 Wh kg~ 1. The nanocages displayed superior cycling stability with 90 % capacitance
retention after 2000 cycles [75]. Zhenyin Hali et al. synthesized the core—shell PANI-Co304
nanocomposites whose specific capacitance was 1184 F g~ at 1.25 A g1, and capacitance
retention of 84.9% was achieved after 1000 charge/discharge cycles [76]. Lin et al. reported
porous graphene/PANI/ Co304 (GPC) ternary hybrid aerogels with a high specific capaci-
tance of 1247 F g~ ! at a current density of 1 A g~!, and no capacitance loss was observed
for 3500 cycles [77]. Guo et al. fabricated hierarchical Co3O4@PPy core-shell composite
nanowires (NWs) that exhibited a high specific capacitance of 2122 F g~! at 5 mA cm 2
with a cycling stability of 77.8% capacitance retention over 5000 cycles at 25 mA cm 2 [78].
A PEDOT/GO/Co304 nanocomposite was prepared by Sulaiman et al. that exhibited
a specific capacitance of 535.60 F g~! and excellent cycle stability with the capacitance
retention of 92.69% after 2000 cycles [79]. Yang et al. synthesized a Co304/PEDOT superca-
pacitor whose highest areal capacitance of 160 mF cm 2 at a current density of 0.2 mA cm 2
was reported; it achieved a high cycling stability of 93% capacitance retention after the
20,000th cycle [80].

Vanadium pentoxide (V,05)

Due to its multiple oxidation states V** to V°*, V,0s is considered a promising super
capacitive electrode among redox-active MOs. It features a distinctive layered structure,
as well as a large potential window. Vanadium-based oxides are advantageous because
of their high power density, natural abundance, low cost and theoretical specific capacity.
Despite this, their application fields are limited because of structural instability and low
electric conductivity. Vanadium dioxide (VO;), vanadium trioxide (V,O3) and V,0O5 are the
most common vanadium oxides, with a valence of +5 being the most stable and +4 being
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the least stable. Vanadium oxide has been extensively studied as an aqueous asymmetric
supercapacitor device (AASCD) cathode electrode material [45,81]. Bai et al. prepared
V,05-PANI composite NWs that revealed a maximum specific capacitance of 443 F g~!
at 1.6 V potential window. They showed a maximum energy density of 69.2 Wh kg ! at
a power density of 720 W kg~!, and a maximum power density of 7200 W kg~! at an
energy density of 33.0 Wh kg !. They also showed excellent stability, with 92% capacitance
retention after 5000 cycles [82]. Asen et al. reported a V,0s5/PPy/GO nanocomposite that
yielded a specific capacitance of 750 F g~! at a current density of 5 A g1, a maximum
energy density of 27.6 Wh kg~! at a power density of 3600 W kg~!, and a maximum
power density of 13,680 W kg~! at an energy density of 22.8 Wh kg~!. V,05/PPy/GO
maintained a cyclic stability of 83% capacitance retention after 3000 cycles [83]. Bi et al.
prepared G-V,05/PEDOT nanocable-based supercapacitors that showed an excellent
specific capacitance of 614 F g~ and an energy density of 85 Wh kg~! in neutral aqueous
electrolyte. A long cycling life with 122% capacitance retention after 50,000 cycles was
achieved for these supercapacitors [84].

Ferrous oxide (Fe3Oy)

Iron oxide is known to be one of the promising electrode materials due to its wide op-
erating potential, high redox activity, low cost, abundant availability and eco-friendliness.
The presence of iron oxide in various crystallographic forms such as, FeO (Wurtzite),
a-Fe,O3 (Hematite), y-Fe, O3 (Maghemite) and Fe;O,4 (Magnetite) is based on the atomic
arrangements of Fe>* and O?~ ions. Among various crystallographic forms, hematite
(0-FepOs3) is one of the most stable, with a hexagonal corundum-like structure. Gen-
erally, the pseudocapacitive performance of Fe,O3; emerges from the reversible oxida-
tion/reduction between Fe>* and Fe?*. High hydrogen evolution potential in the aqueous
solution of iron oxide (FexOy) materials makes them favourable candidates for the negative
electrode in SCs. Retardation of the charge storage capability and poor electronic conduc-
tivity (being—10-14 S cm™1!) results in their actual specific capacitance (120-300 F g 1),
which is far from the theoretical value [45,85,86]. In an experiment demonstrated by
Prasanna et al., prepared polyaniline/ferric oxide nanocomposites revealed a maximum
specific capacitance of 974 Fg~! at a scan rate of 2 mVs~! using cyclic voltammetry
(CV), and Cgp, equal to 857 F g~! at a current density of 0.2 A g~1. Further, the mate-
rial also revealed a high energy density of 118 Wh kg ! with a maximum power density
of 9.8 kW kg~ !, and cyclic stability with capacitance retention of about 94% after 2000 cy-
cles [87]. In an experiment, Yang et al. synthesized Fe,O3/PANI hybrid nanostructured
hydrogels that exhibited a high specific capacitance of 473.6 F g~! (236.8 mF cm~2) at a
current density of 1 A g~! and good cycling stability, i.e., capacitance retention of 98.2%
after 5000 cycles. Hybrid supercapacitors consisting of «-Fe,O3/PANI and PANI electrodes
achieved a high energy density of 0.31 mWh cm~3 at a power density of 67.1 mW cm 3 [88].

Tungsten trioxide (WO3)

WO; is an electrochemically stable n-type semiconductor MO that has a wide range of
applications. Many investigations released in recent years have confirmed the viability of
WOj3 as an energy storage material. Its electrochemical performance is aided by its high
conductivity, attractive crystal structure and small radius. Due to various morphologies,
its natural availability, low cost, high theoretical specific capacitance, higher electrochem-
ical stability and environmental friendliness, WO; is considered a good contender for
supercapacitors. The hexagonal phase (h-WQj3) is the most favourable for supercapacitor
applications from several crystal forms of WO3 [89-92]. Das et al. prepared a WO3;@PPy
composite that showed excellent electrochemical properties with a higher specific capac-
itance of 586 F g~! at 2 A g~! than those of its individual components (WOj3: 402 F g1
and PPy: 224 F g~1) [93]. Zhuzheskii et al. reported a PEDOT/WOQOj; composite film
that exhibited a high specific capacitance of 689 Fg~! in the potential window —0.3 to
0V [94]. Samu et al. synthesized WO3;/PANI hybrid nanostructures and reported a specific
capacitance of 350 F g~ ! [95].

Tin oxide (SnOy)
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The n-type semiconducting material SnO, enables the fabrication of electrodes that
could be used for supercapacitor applications due to its outstanding chemical properties.
The nanostructured SnO; is the most advantageous MO due to its broad band gap of
3.6 eV, increased capacitance, low cost and lack of toxicity. SnO; has the advantage of
being inexpensive and environmentally friendly [96,97]. Hu et al. prepared PANI/SnO,
composites that show a specific capacitance up to 305.3 F g~! with a specific energy density
of 42.4 Wh kg~! and 96% coulombic efficiency [98]. Wang et al. fabricated a nanocomposite
of SnO,@PANI (SP-2) with a high specific capacitance of 335.5 F g~ at 0.1 A g1, a good
rate capability of 108.8 F g~! at 40 A g~ ! and excellent cycling stability, i.e., no capacitance
loss after 10,000 cycles [99].

4. CP-MO Composites for Supercapacitor Application

Each material has its own strengths and weaknesses, as do CPs and MOs. The CP-like
PANIs have high conductivity, easy synthesis methods and a low cost, but their mechanical
stability and tendency of degradation during repeated charge discharge cycles limits their
application in supercapacitors. This is due to the swelling and shrinkage of CP because
of associated ion and solvent transfer across the CP chains/electrolyte interface. PPy has
good electrical conductivity and good environmental stability, but its non-porous structure
does not allow the access of electrolytes during the redox cycling, which affects its cycling
stability. PEDOT’s porous structure provides electrolytic access, but it has a lower mass
specific capacitance as compared to PANI and PPy. On the other hand, MOs have a high
specific capacitance, are low in cost and have an abundant but relatively small surface
area. Their low electrical conductivity and inability to withstand acidic solutions creates
difficulties in the process of making electrodes for the supercapacitor. Combining both
CP and MO by incorporating their advantages to develop and optimize a material at the
nanoscale tends to create interesting nanocomposites. Nanocomposites are materials with
a nanoscale structure that improves the macroscopic properties of a product. Nanocom-
posite materials have unique mechanical properties, barrier qualities, weight reduction,
and better long-term heat, wear and scratch resistance. The nanocomposites of CPs are
different due to increases in electrical breakdown strength, melting temperature, colour,
magnetism and charge capacity, as well as expansion in the interaction zone. The features of
nanocomposite electrodes are influenced by the morphology and the interfacial properties
of the mixture, in addition to the individual materials utilised. The CP-MO nanocomposites
offer advantages including the flexibility, toughness and coatability of polymers, as well
as the hardness and durability of MOs. Additionally, they have some synergetic qualities
that are distinct from those of the component materials. It has been demonstrated that
utilising nanocomposite electroactive materials can significantly improve the properties
of supercapacitors, such as specific surface area, electrical and ionic conductivities, spe-
cific capacitance, cyclic stability, and energy and power density [19,43,100-104]. Hence,
CP-MOs nanocomposites have gained an important place in the list of materials used
for supercapacitor application. In the work carried out by Shahabuddin et al., CP was
doped with MO and a nanocomposite was synthesized. The synthesized material was
tested for the application of a supercapacitor, as well as for photocatalysis. The results
suggested that the nanocomposite showed better results than that shown by bare CP [105].
In an experiment performed by Raza et al., MO and CPs worked together as composites
to overcome each other’s limitations and create a possible composite material for super-
capacitor applications [106]. Figure 5 shows that carbonaceous materials have a specific
capacitance of up to 300 F g~!, while CP and MOs have a high specific capacitance of
up to 1000 F g~! and 1300 F g~ !, respectively. However, the highest specific capacitance
is shown by CP-MO composite materials such as CP/MnO;, CP/RuO; and CP/Co30y,
and CP carbonaceous material composites such as GO/CP, CNT/CP, AC/CP, etc., which
show specific capacitance up to 2300 F g~ [7].
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Figure 5. Comparison of various materials according to their specific parameter for supercapacitor
application. Reproduced with permission from [7] (Shown et al.).

Table 2 summarizes the very recent data on numerous CP-MO nanocomposites with
additional materials, their specific capacitance, energy densities, power densities, cycling
stability and electrolytes. The table illustrates that the highest specific capacitance reported
in a PANI/Co30,//AC ternary nanocomposite is 3105.46 F g1, which possess good cy-
cling stability up to 3000 cycles with 74.81% capacitance retention. The same nanocomposite
exhibits the highest energy density of 250 Wh kg~!; however, the NiO/Ni@C /PEDOT/AC
nanocomposite exhibits the highest power density. The most adaptable conducting poly-
mer is PANI, which may be used to create nanocomposites with metal and lanthanide
oxides such as cerium oxide and samarium oxide. PANI-rGO-ZnO exhibits the lowest
specific capacitance at roughly 40 F g~!. Even though it has low specific capacitance,
the cycling stability of the composite is good, i.e., the material shows 86% capacitance
retention for 5000 cycles, while ternary nanocomposite PANI/Co304//AC displays the
highest specific capacitance of 3105.46 F g~!. Furthermore, cobalt oxide PANI ternary
composites exhibit specific capacitance >1000 Fg~!. PANI/Co30; has the highest energy
density of 250 Wh kg~! ternary nanocomposite. Moreover, MnO,/PANI nanocompos-
ites with carbon fibre and AC show the greatest capacitance. PANI/Fe,O3 nanocompos-
ite and PANI/HY/SnO; also demonstrate high specific capacitances, i.e., 1669.18 and
1085 F g1, respectively, and it is reported that PANI/Fe,Oj is stable up to 25,000 cycles
with capacitance retention of 96.5%. Co304 anchored PANI binary composite with a
power density of 6.4 kW /kg has the highest power density among polyaniline nanocom-
posites. Additionally, there are several nanocomposites with MOs with PPy. The maxi-
mum specific capacitance of 1296 F ¢! and the highest power density of 5310.26 W kg !
with 90% capacitance retention after 11,000 cycles were achieved by SnO,QDS/PPy/GO
nanocomposite. NiO-CoO-Ppy nanosheets also showed specific capacitance >1000 F g~ !,
while Ni foam-MnO, / /Ni-foam PPY exhibited the lowest specific capacitance, measuring
59.29 mF cm~2. Compared to PANI and PPy, PEDOT exhibited fewer nanocomposites
with TMOs. pfCNFs/PEDOT/Co304//NDG nanocomposite exhibited the highest specific
capacitance of 849.65 F g~!, whereas NiO/Ni@C/ /PEDOT-AC nanocomposite exhibited the
highest power density of 12,920 W kg ~!. V,0s@PEDOT nanobelts/ graphene had the lowest
specific capacitance, i.e., 22.4 mF cm~2, and 92.4% capacitance retention after 50,000 cycles.
Most of the experiments were carried out by using NaySO4, H,SO4 and KOH as electrolytes.
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Table 2. Latest reports on CP-MO based nanocomposites for supercapacitor application.

. - o . Power Cycling Stability
C(I))x(';;lu;lt;?g Metal Oxide A&it:ggf 1 Ca ascﬂiil?: (Fle) Ene(r‘g'\?rhllfl)(el;suy Density (Cycles, % Electrolyte Ref.
y P 8 8 (W/kg) Capacitance Retention)
PANI MnO, - 417 114 875 2000, 96.4% 1 M H,504 [107]
PANI MnO, cC 1105 mF ecm ™2 104 mW cm 3 1.5 mWh cm 3 2000, 86.35% 05MH,;S0,  [108]
Ti3CyTx ) 5 o PVA/
PANI MnO, MXene 21.1 47.25 yWh cm 240 mW cm 4000, 83% H,S0, [109]
PANI vy MnO, CF 654.3 30.9 750 5000, 73.2% 02MH,SO,  [110]
PANI MnO, MoS, 259 35.97 500 4000, 94.1% at 16 A g~ ! 1M H,S0;4 [111]
PANI v-MnO, _ 642.5 1142 798.6 - [112]
PANI Ag@MnO, AC 1028.66 49.77 1599.75 5000, 88.4% 2 M KOH [113]
PANI MnO, Houowsrirl‘fcsa"porous 428.6 88.4 800 5000, 97.7% 60MKOH  [114]
Porous carbon nanofiber o 1M
PANI MnO, (PCNF) 289 119 322 5000, 86% 1,50, [115]
PANI Mn;0; graphene 460 23 600 4000, 89% 1 M H,SOy [116]
PANI NiO - 480 - - - - [117]
. Sulfonated graphene o
PANI NiO (SGO) 308.8 109.8 800 5000, 92.23% 6 M KOH [118]
PANI RuO, TapO5 428 26.7 2400 - 0.5 M H;SO4 [119]
PANI RuO, rGO 723.09 - - - 1 M H,504 [48]
RUOZ ’
PANI TiO - 67.4 3.37 60 10,000, 81.6% 0.1 M H,SOq4 [120]
2
PANI Co304 - 1308 250 6400 - 1M H,S0;4 [121]
PANI Co304 AC 3105.46 58.84 160 3000, 74.81% 6 M KOH [122]
Co304 ) 3 o

PANI (FNCO, Fe-Ni co-doped) 1171 144 2000, 84% 1 M HS0,4 [123]
PANI Co304 ZIF-8NPC 1407 52.81 751.51 - KOH [124]
PANI NP Fe, O3 - 1669.18 - - 25,000, 96.5% KOH [125]
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. . ip . Power Cycling Stability
C(I),I;;iunitel:g Metal Oxide A&iﬁgl; ! Ca ascﬂf;::l: (Fle) Ene(r‘%\;rh]/;l)(el;suy Density (Cycles, % Electrolyte Ref
y P & & (W/kg) Capacitance Retention)
PANI Fe; O3 rGO 610.4 - - - - [126]
PANI SnO, HY zeolite (solid acid) 1085 ) } ) ; [127]
doped
PANI SnO, - 337 - - - 1M H,S0;4 [128]
PANI SnO, TiO, 540 27 200 6000, 85% 1M H,S0,4 [129]
PANI h-WO; - 636 29.0 610 2000, 89% at2 A g~! 1M H,S04 [130]
PANI WO; - 180 12.25 1075.6 10,000, 70% - [131]
ZnO
PANI Y,05 - 873 73 9100 - - [132]
PANI ZnO rGO ~40 ~5.61 ~403 5000, 86% 1 M H,S0;4 [133]
PANI 700 Z1F-8-CC 4839—39_827 mF 0‘137—0.08?; mW 1.421—23_.229 A . PVA/KCl gel [134]
cm h cm cm
5i0,, mesoporous o 1M
PANI MoO; carbon (MC) 45 31 155 250,000, 57% H,S0, [135]
PANI CeO HCl 504 100.8 830 - 0.1M [136]
2 ’ Nast4
p-toluene sulfonic acid . 01M
PANI CeO, (PTSA) 454 100.8 830 Na,SO; [136]
PANI CeO, rGO 684 46.27 850 6000, 92,/1’ 1M H,S0,4 [137]
at4Ag
PANI Sm;03 TiO; 881 141 - 1000, 91% 1 M H,SOy4 [138]
. 42.99 to 0.272 to .
2 o,

PPy MnO, Ni foam 59.29 mF/cm 77.94 tWh/cm? 6.818 mW /cm? 10,000, 95.6% LiClOy4 [139]
PPY MnO, CcC 270 165.3 1000 1000, 94% - [140]
PPy MnO, C3N, 509.4 63.9 2000 5000, 95.7% IMagqueous )

Na2804
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Table 2. Cont.

. . ip . Power Cycling Stability
C(I),I;;iunitel:g Metal Oxide A&iﬁgl; ! Ca ascﬂf;::l: (Fle) Ene(r‘%\;rh]/;l)(el;suy Density (Cycles, % Electrolyte Ref.
y P & & (W/kg) Capacitance Retention)
PPy MnO, Carbon nanofiber - 0.340 mWh Cm—2 1.5 mWCm? - - [142]
N-CNWs AmM
derived Ni@MnO, cC 571.4 36.4 900 3500, 72.8% [143]
NaHCO;
from PPy
PP MnO CB 2732 0.5513 91.556 1000, 92.20% M [144]
y H . . . y F 4 o H2504
(PVA /H,SOy)
PPy MnO, Ti3Co T 61.5 mF cm 2 6.73 uWh cm 2 - 5000, 80.7% as the [145]
quasi-solid
PPy Mno2 CNT 10.7 4.82 1382 5000, 86% LiCl/PVA [146]
PPy NiO - 679 94.4 500.74 1000, 83.9% 0.1 MLiClIOy  [147]
PPy NiO CoO 1123 35.9 801 5000, 90.1% 2 M KOH [148]
PPy NiO Graphene 970.85 33.71 - - 6 M KOH [149]
PPy TiO, GO 462.1 - - - 2 M KOH [150]
5000,
PPy ZnO - 161.02 - - 70.71% 1 MKCl [151]
PPy FeOy - 2.0F cm ™2 3.44 mWh cm 3 6.72 mW cm 3 10,000, 105.6% 3 M LiCl [152]
PPy Fe,O3 cC 237 mF cm 2 24.2 408.2 10,000, 80% At 10 mA cm~2 1M NapSOy  [153]
PPy Fe,O3 GO 626.8 87.05 500 - 1M H,S0, [154]
PPy Fe,O3NTs - 530 mF cm 2 51.2 285.4 5000, 83.5% 1MNaySO;  [155]
PPy SnO, CcC 493.8 mF cm 2 0.7 mWh cm ™3 474 mW cm—3 10,000, 90.5% PVAEI:IOH [156]
PPy S0, GO 1296 29.6 5310.26 11,000, 90% (PVA/KOH) [157]
QDs gel

PPy V,05 f-CNT 1266 mF cm 2 - - - 1MNaySO;  [158]
PPy MoO3 rGO 412.3 19.8 301 6000, 85.1% Na,SOy [159]

at2 Ag!
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Table 2. Cont.

. . ip . Power Cycling Stability
C(I),I;;iunitel:g Metal Oxide A&iﬁgl; ! Ca ascﬂf;::l: (Fle) Ene(r‘%\;rh]/;l)(el;suy Density (Cycles, % Electrolyte Ref.
y P & & (W/kg) Capacitance Retention)

PP MoO - 453.75 20.3 400 5000, 84.3% 1LOM [160]

y 3 : : s NaySOy
PPy Co30, N-doped MWCNT ~872 - - 10,000, 96.8 % KOH [161]
PPY Co3OsNW MnO, 215 413 4348 1000, 96.8% - [162]

Carboxymethyl

cellulose

-2 -2 o sodium
PEDOT MnO, V,05 116.9 mF cm 15.1 uWh cm - 10,000, 87.2% (CMO)- [163]

Nast4

gel
PEDOT MnO, HNOs pre-treated 76.6 14.0 53.1 ; ; [164]
biochar
PEDOT:PSS MnO, CNT 105.2 mF-cm 2 13.2 uW h-cm 2 162 uW-cm 2 - 1 M NaySOy, [165]
Nanocrystalline o
PEDOT MnO, cellulose (NCC) 144.69 10.3 494.9 2000, 83% 1 MKCl [166]
PEDOT: PSS MnO, - 550 18 4500 - - [167]
PEDOT NiO/Ni@C AC 805.3 20.7 12,920 10,000, 69.7% 1<6c1)\;[{ [168]
PEDOT Ni2* /NiO-SS - 236 40.15 Ah/Kg 1320 2500, 99% 0.1 M [169]
‘ ’ TBAPEF,/PC

PEDOT V,05 Graphene 22.4 mF cm 2 0.18 W h cm 2 11 W ecm 2 50,000, 92.4% 5M LiCl [170]
PEDOT Co30,4 Carbon nanofibers 849.65 14.54 1726.96 - - [171]
PEDOT: PSS WO; - 701 mF cm 2 0.083 mWh cm 2 10 mW cm~2 10,000, 96% 0.1MH,S0,  [172]
PEDOT CeO, C 141.56 11.12 2000 - 1MNaySO,  [173]
PEDOT: PSS MoOj3 - 15.7 mF em 2 0.623 tW h cm—2 40 uW cm 2 11,000, 92.4% 2 M NaySOy [174]
PTh TiO, PANI 265 9.09 3770 3000, 92.3% 1M H,S0, [175]
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5. Conclusions

This report offered an outlook on CP/MO with their examples and application in
supercapacitors. The discussion began with the introduction of supercapacitors, their types,
and the need for developing energy storage devices. Supercapacitors or ultracapacitors
have been acknowledged as appropriate energy storage devices to meet future demands
for a number of applications, such as electronic gadgets and hybrid electric vehicles,
to fulfil the demand for sustainable and renewable energy storage. Developments in MO,
CP and their advantages in CP/MO-based nanocomposites have been highlighted and
summarized. We recently revealed the importance of preparing superior quality CP/MO
nanocomposites made by CP grafting on various nanomaterials/MOs. This approach helps
to overcome the drawbacks of CP/MO nanocomposites obtained by merely mixing these
two components. The field of nanocomposites has been challenging but it continues to
grow. Although CP/MO nanocomposites can provide good electrochemical performance,
these individual pseudocapacitor materials have some limitations, such as low conductivity
of metal oxide and less cycling stability of conducting polymers. Even if the ideal synthesis
of CP/MO-based nanocomposites is believed to overcome the disadvantages of each
component, scalable and flexible energy storage devices require further improvements in
the supercapacitive performances of the materials, such as specific capacitance, specific
energy, long-term stability, etc. Finding suitable CP/MO ratios as active material and
developing justifiable charge storage mechanisms by studying underlying reactions is
always challenging in electrode materials that include a binary, ternary or even quaternary
mixture of various materials. To summarise, significant efforts should be made to advance
CP/MO-based materials to broaden the scope of supercapacitors to be included in flexible
and compressible devices.
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Abbreviations

AASCD Aqueous asymmetric supercapacitor device
AC Activated carbon

ACNF Activated carbon nanofibers
ASC Asymmetric supercapacitor

C Carbon

CB Carbon black

CC Carbon cloth

CDC Carbide-derived carbon

CF Carbon fibre

CMC Carboxymethyl cellulose

CNT Carbon nanotubes

cpP Conducting polymer

Ccv Cyclic voltammetry

EDLC Electrical double-layer capacitor
F-CNT Functionalized carbon nanotube
FNCO Fe-Ni co-doped

GO Graphene oxide

GPC Graphene/polyaniline/CozOy4
LED Light-emitting diode

MC Mesoporous carbon

MO Metal oxides
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MPHMS MnO, /polyaniline/hollow mesoporous silica
MWCNT Multiwalled carbon nanotubes

NC’s Nanocages

NCC Nanocrystalline cellulose

N-CNWs Nitrogen-doped carbon nanowires

NPC Nanoporous carbon

NW’s Nanowires

PA Polyacetylene

PANI Polyaniline

PCNF Porous carbon nanofiber

PEDOT Poly (3,4 ethylene dioxy thiophene)

PLED Polymer light-emitting diode

PPP Polyparaphenylene

PPS Polyparaphenylene sulphide

PPV Polyparaphenylene vinylene

PPy Polypyrrole

PSS Polystyrene sulphonate

PTh Polythiophene

PTSA p-toluene sulphonic acid

PVA Polyvinyl alcohol

QD Quantum dot

rGO Reduced graphene oxide

SC Supercapacitors

SGO Sulphonated graphene oxide

SILAR Successive ionic layer adsorption and reaction
TBAPF/PC  Tetra-n butylammonium hexafluorophosphate/propylene carbonate
ZIF-8-CC Zeolitic imidazolate framework-carbon cloth
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