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The expansion of industry has led to increased environmental pollution and irreparable damage to the
ecosystem. Supercapacitors (hybrid capacitors) have been introduced as renewable energy sources with
high power density and energy density. Conducting polymers were introduced as pseudocapacitor
electroactive materials. Conducting polymers have advantages, including high stability during alternating
charge—discharge cycles, high conductivity, and corrosion resistance. Preparing conductive polymer-
based composites with other electroactive materials (MOFs, TMS, C, TMO, and MXene) due to synergistic
effects leads to the achievement of high-performance hybrid electrode materials. The electrochemical
performance of these composites varied depending on the type of electroactive materials (MOFs, TMS,
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Accepted 24th October 2025 C, TMO, and MXene), the type of conductive polymer, and the synthesis method. In this study, an
attempt was made to provide a basis for researchers to conduct innovative studies by reviewing the
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1. Introduction

The gases produced by thermal power plants and fossil fuel
combustion have caused irreparable environmental damage.'
Therefore, renewable energy sources are essential for the energy
supply for industry.>”> Energy storage devices, including super-
capacitors,® fuel cells,”® and various types of lithium batteries®
have been investigated as renewable energy sources over the last
decade.'™'* Supercapacitor devices are innovative energy storage
systems that operate in a manner intermediate between
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a battery and a capacitor. In other words, supercapacitors offer
the advantages of both a battery and a capacitor
simultaneously.”** Conventional capacitors have lower energy
density than batteries.™ Supercapacitors overcome the limi-
tations of other energy storage systems (batteries and capaci-
tors) by combining the characteristics of a battery and
a capacitor.’®** Supercapacitor devices consist of three main
components: the current collector,*” electrolyte,* and electrode
material.** Intelligent selection of each supercapacitor compo-
nent (current collector, electrolyte, and electrode materials)
plays a role in the final behavior of efficient supercapacitor
devices.'®*>?¢ The type of electrode material is influential in
determining the type of supercapacitor performance (pseudo-
capacitor, hybrid capacitors, and EDLC).>** Carbon materials,
including GO,** rGO,** CNT,* AC,* and aerogels,* have EDLC
behavior. Metal oxides,*® metal sulfides,’ quantum dots,*® and
conducting polymers have pseudocapacitor behavior.*
Pseudocapacitor electrode materials have lower power density
than EDLC electrode materials.*®*' To overcome the limitations
of pseudocapacitors and EDLCs, the hybrid capacitor device
was designed and fabricated, which simultaneously has high
energy density and power density.*>** Conductive polymers, as
pseudocapacitors electrode materials, have metal conductive
properties and polymer properties.** Researchers prepared
bicomponent or multicomponent composites of CP with other
materials (MOFs, TMS, C, and TMO) to make a hybrid super-
capacitor device.*** Conductive polymers as electroactive
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materials have limitations, including low stability during the
GCD method and volume expansion and contraction, which can
be overcome by composites with other electroactive materials,
including GO, CNT, etc.**>* Also, other composites based on
conductive polymers with metal oxides or sulfides, MOFs, and
quantum dots have been synthesized and reported as two-
component or multi-component composites to achieve hybrid
electrode materials.**>* In this study, the performance of
conductive polymers and their composites was reviewed as
electroactive materials in supercapacitors. In other words,
supercapacitor studies conducted on conductive polymer-based
composites, such as composites of conductive polymer with
carbon materials, MOFs, metal oxides, metal sulfides, and
MXene, were reported in this review study. The effect of
composite components (composites prepared from conductive
polymers with MOF, metal oxides, metal sulfides, carbon
materials, and quantum dots) in achieving efficient hybrid
electrode materials was discussed and investigated by exam-
ining various synthesis methods and other parameters. There-
fore, this review provides researchers with a broad perspective
for conducting innovative research.

2. Energy storage devices

Supercapacitors were referenced by General Electric in 1957,
followed by devices patented by SOHIO in 1960-1970. Further
developments were reported by NEC, Panasonic (Japan), and
other companies in 1996.>” Therefore, the supercapacitor has
been investigated in many research studies as an efficient and
innovative energy storage technology.”® Supercapacitors, as an
energy storage system with long lifespan, high power, and
excellent performance over a wide temperature range, have
many applications in various industries.*® Supercapacitors were
used in the electric vehicle, forklift, and crane industries. Also,
supercapacitors have been utilized as energy storage sources in
various applications, including wind turbines, electronic
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devices (such as mobile phones and tablets),*® solar energy
systems,* medical devices,**** camera flashes,** and UPS
systems.® Supercapacitor devices possess performance between
capacitors and batteries. According to the Ragone diagram,
batteries have a higher energy density than capacitors; however,
batteries have a lower power density. The performance of
batteries in industry is limited due to the low stability of charge
and discharge cycles, resource limitations (lithium salt), and
expensive storage conditions.®® The classification of super-
capacitors into three main groups corresponds to the electrode
material.®”

2.1. Electric double layer capacitor (EDLC)

In EDLCs, the specific capacitance corresponds to the storage of
electrostatic charge in the interface of the electrode and elec-
trolyte. The performance of EDLCs corresponds to the specific
surface area of the electrode materials and has a low energy
density.®® EDLCs consist of carbon material types, including
activated carbon,® CNT,”® GO,® rGO, and MXene.”* The struc-
ture of EDLCs was first proposed by Helmholtz as shown in
Fig. 1a.” According to the Helmholtz model, two layers with
positive and negative charges were placed between the electro-
Iyte solvent and the electrode, which was similar to a capacitor.
The Helmholtz model was then modified by Goey and Chiman
in 1910 and 1913, respectively. According to the model
proposed by Gouy and Chapman, positive and negative ions
were dispersed in the solvent (Fig. 1b). Finally, Stern combined
the Gouy and Chapman model with the Helmholtz as shown in
Fig. 1c. In Stern's model, ions with opposite charges are located
in a region H.”

2.2. Pseudocapacitors

Pseudocapacitors were introduced to overcome the limitations
of EDLC and mass transfer batteries. Pseudocapacitors have
higher energy density than EDLCs due to the faradaic reaction.*
Conducting polymers, TMO, TMS, and inorganic quantum dots

Stern layer

diffuse layer

(a) Helmholtz model  (b) Gouy-Chapman model

(c) Gouy-Chapman-Stern model

Fig. 1 Schematic representations of EDL structures according to the Helmholtz model (a), the Gouy—Chapman model (b), and the Gouy-
Chapman-Stern model (c). H is the double layer distance described by the Helmholtz model. C; is the potential across the EDL.
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were introduced as pseudocapacitors. However, pseudo-
capacitors as electrode material have limitations due to low
power density and stability.”

2.3. Hybrid capacitors

Hybrid devices were developed to achieve an efficient super-
capacitor with unique benefits. Hybrid capacitors were
a combination of pseudocapacitor materials and EDLC mate-
rials, which are designed and manufactured in three main
categories: the first category was composites, which include
pseudocapacitor/EDLC composites.”>”® The second category
consisted of asymmetric devices made from pseudocapacitor
materials and EDLC materials.”” The third category is the
battery type, which consists of a battery electrode and a super-
capacitor electrode.”®”

3. Conductive polymers

Conducting polymers have the properties of conventional
polymers and the conductivity of metals, simultaneously.
Conductive polymers have high electrical conductivity due to
the m-electron delocalization in conjugated backbones. The type
of synthesis method affects the conductivity of these polymers.*®

3.1. Polyacetylene

The first reports on polyacetylene (PA) were published in 1958-
1970.*" Polyacetylene (PA) has repeating units (C,H,),.*> Poly-
acetylene was introduced as a semiconducting polymer. The
conductivity of polyacetylene was investigated by Hideki Shir-
akawa, Alan MacDiarmid, and Alan Heeger, who received the
Nobel Prize in 2000 for achieving these results. Heeger, Mac-
Diarmid, and Shirakawa reported that the conductivity of
polyacetylene increases with the addition of an oxidizing agent
or a reducing agent.*® The p-doped polymer was synthesized by
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adding an oxidizing agent (I2), and the n-doped polymer was
synthesized by adding a reducing agent (sodium naph-
thalenide). The conductivity of polyacetylene increased by 11
orders with the addition of an oxidizing agent (12). However, the
stability of polyacetylene decreased with the addition of an
oxidizing agent or a reducing agent. Therefore, the preparation
of highly conductive and stable polyacetylene has been a chal-
lenge for researchers. In recent studies, various derivatives of
polyacetylene have been synthesized by different methods.?**

3.2. Polythiophene

Polythiophene is a conjugated polymer composed of repeating
thiophene units. Polythiophene has unique properties that
make it attractive for various applications such as super-
capacitors,® sensors,*”®* non-linear optics,* photoresists,”
solar cells,” etc. Polythiophene has high heat resistance,
making it suitable for industrial applications. Polythiophene is
a soluble polymer with high conductivity; therefore, it has been
investigated as an electrode material in many studies. The
electrochemical performance of polythiophene can be
controlled by doping. Numerous structural derivatives of this
polymer have been reported with facile synthesis methods.** Liu
et al. designed and synthesized various morphologies of poly-
thiophene by oxidative polymerization. The morphology of
polythiophene was investigated by controlling different
synthesis conditions, including reducing agent concentration,
catalyst concentration, and oxidizing agent concentration. The
results showed that morphologies of spherical, filamentous,
and ribbon were obtained by controlling different synthesis
conditions.”® Arvas et al. synthesized polythiophene with zigzag
morphology using the electropolymerization method. Different
dopants were used to modify the morphology of polythiophene,
and the use of bromothymol blue dopant resulted in a zigzag
morphology. The zigzag morphology increased the specific
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Fig. 2 The electronic band and chemical structures of polythiophene (PT) with (a) p-type doping and (b) n-type doping.
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surface area of polythiophene. Polythiophene and zigzag poly-
thiophene had specific surface areas of 32.629 m> g~' and
13.812 m” g, respectively. The zigzag polythiophene electrode
material showed a specific capacitance of 443.5 F ¢~ ' at 5 mV
s~ *. Polythiophenes exist in n-doped and p-doped forms. The
specific and conductivity of polythiophene in n-doped form are
lower than in p-doped form. Therefore, polythiophenes act as
cathodes. N-doped polythiophenes have low stability in the
presence of oxygen, so polythiophene derivatives were synthe-
sized to overcome this limitation.”* Undoped polythiophene
acts as an insulator or semiconductor. Therefore, doped poly-
thiophene acts as a conductive electrode material. Doped
polythiophenes participate in oxidation and reduction reac-
tions. Various dopings are performed on the polythiophene
surface, including n-type doping, p-type doping, and polarons/
bipolarons. These carriers delocalize the charge on the poly-
thiophene chain, as shown in Fig. 2. In n- and p-type doping,
electrons migrate from LUMO and HOMO to the polythiophene
skeleton, respectively.®

3.3. Polyaniline

Polyaniline is the perfect electrode material for a super-
capacitor, which is synthesized through chemical or electro-
chemical oxidation of aniline. Electrochemical polymerization
works faster than chemical polymerization.®® The electro-
chemical polymerization synthesis method was oxidant-free
and environmentally friendly. Polyaniline exists in three
states: reduced (leucoemeraldine), semi-oxidized (emeraldine),
and oxidized (pernigraniline). The only electrically conductive
form is the protonated form of the base of ameridine, the
ameridine salt. The ameridine (E) protonated is produced using
the oxidative polymerization of aniline in aqueous acids. Basic
sites, including amine and imine in the polymer structure,
facilitate protonation of ameridine in acidic solvents. Poly-
aniline exhibits various physical and chemical properties by
applying a potential (—0.2 to +1.0 V). Polyaniline changes from
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Fig. 3 Charge storage mechanism of polyaniline.
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pale yellow leucoemeraldine (L) to the green emeraldine salt/
base (E) and finally to the purple pernigraniline form (P).
Polyaniline obtained from these three oxidation states performs
well in supercapacitor devices. The type of polyaniline synthesis
method affects its final morphology. Polyaniline synthesized by
electrochemical methods often has a granule-like
morphology.”” Polyaniline has shown excellent electro-
chemical properties, good stability, and ease of synthesis.
Therefore, polyaniline has been widely used in the fabrication
of supercapacitors. However, polyaniline has limitations such
as conductivity variation, processing challenges, mechanical
properties, sensitivity to dopants, and environmental contami-
nation. Therefore, the optimal PANI can be determined by
selecting the appropriate dopant, the amounts of aniline and
oxidant monomer, and other preparation conditions (temper-
ature and time).”® Therefore, polyaniline/other electroactive
material composites have been introduced as promising elec-
trode materials. A successful method for improving the
performance of polyaniline is to blend it with other polymers
that have good mechanical properties. The use of PANI as
a conductive filler in other polymers (matrices) has attracted
attention due to improved processability and relatively good
mechanical properties.”® Polyaniline requires protons for
charging and discharging. Therefore, polyaniline has high
performance in an acidic electrolyte. The charge storage
mechanism of polyaniline in the aqueous aluminum solution is
shown in Fig. 3. First, protons from the acidic solution were
adsorbed onto nitrogen, forming a positive charge on the
polyaniline chain. Then, the anions in the solution were
adsorbed onto the polymer to neutralize the positive charge.
The diffusion and outflow of ions caused the charge storage in
the polyaniline.**

3.4. Polypyrrole

Polypyrrole was used as a conductive polymer with environ-
mental stability and high conductivity in energy storage systems
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and various sensors.'®'” Polypyrrole is a biocompatible
heterocyclic polymer.'** Polypyrrole exists as a conductive
polymer with a positive charge in its oxidized form. Excessive
oxidation of the nitrogen group reduces the polypyrrole's
electroactive properties. Polypyrrole electrode materials have
electroactive properties only in organic and aqueous solvents.
Polypyrrole is synthesized using the polymerization of pyrrole
units through various methods. The oldest method of poly-
pyrrole synthesis is the oxidative polymerization of pyrrole in
aqueous and organic solvents in the presence of oxidizing
agents such as ammonium persulfate.’®'*® Polypyrrole
synthesis methods include polymerization of photo, vapor
phase, ultrasound, and microemulsion. The chemical oxidative
method was used in industry despite numerous synthesis
methods.'”'*® Unlike polythiophene, polypyrrole is not n-
doped, so polypyrrole only acts as a cathode. Dense growth of
polypyrrole limits access to internal sites of polypyrrole, thus
reducing specific capacitance. The charge storage mechanism
of polypyrrole occurs in several steps (Fig. 4). Undoped poly-
pyrrole has low conductivity. When polypyrrole is doped with P-
type materials, oxidation occurs, which converts the polypyrrole
from benzoide to quinoid. Further oxidation accelerates the
conversion of the benzoide form to quinoid due to the removal
of the p-electron.”

3.5. Poly(3,4-ethylenedioxythiophene)

Poly(3,4-ethylenedioxythiophene) is known as a bioelectronic
conductive polymer.'®” There are two different synthesis routes
for poly(3,4-ethylenedioxythiophene). The first synthesis route
is linear, multi-step, and lengthy, but the second synthesis route
involves the addition of a thiophene ring, resulting in a shorter
synthesis time; however, it is not economically viable. The
advantages of poly(3,4-ethylenedioxythiophene), including
optical transparency, biocompatibility, and conductivity, have
led to numerous applications in solar cells,"® glass,"** light-
emitting diodes,">'* textile fibers,"* electroluminescence,'*®
and cathode material in capacitors.****"”
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Fig. 4 Charge storage mechanism of polypyrrole.
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3.6. Poly(phenylene vinylene)

Poly(phenylene vinylene) has luminescent properties and is
a diamagnetic material with poor conductivity.”"*'** The
conductivity of this polymer increases by doping with acids,
sodium, potassium, and iodine. However, it has poor stability.
Poly(phenylene vinylene) has numerous applications, including
photovoltaics,"**** sensors,"”* and medical applications."*****

3.7. Polyphenylene and polyparaphenylene

Poly(para-phenylene) is a linear polymer and has poor
conductivity. This polymer can be made conductive by doping.
Direct and pre-material methods for the synthesis of poly(para-
phenylene) were reported.>**¢ The synthesis mechanism of the
direct method is based on the Scholl method. The direct
synthesis method results in powder form oligomers that are not
processed. In the precursor method, poly(para-phenylene)
derivatives are synthesized from soluble polymers. Microbial
oxidative methods or chemical methods were used to synthesize
precursors. For example, microbial oxidative benzene was used
to prepare precursors for the synthesis of poly(para-phenyl-
ene).””” In the chemical method, transition metal catalysts were
used to prepare precursors, which had high yields but abundant
impurities.”® Chemical synthesis of precursors with cis and
trans configurations was used to create poly(para-phenylene) for
use in electronic devices."”” The main application of poly(para-
phenylene) has been in the aerospace and medical
industries."**3*

4. The electrochemical energy-
storage performance of composites
based on CP

Conductive polymers such as PANI,*** PPy,*** and polythiophene
derivatives have been recognized as effective high-performance
electrode materials.*®** However, these electrode materials have
limitations, including volume changes during repeated
charging/discharging.'** Other electroactive materials, such as
various carbon materials (CNT, GO, rGO, CQD, and AC), MOF,
and TMO or TMS have been used in supercapacitor systems.
Conducting polymers or other electroactive materials alone
have a limited role as electrode materials in supercapacitor
systems. Therefore, by preparing two-component or multi-
component composites of conducting polymers with other
electroactive materials, efficient hybrid electrode materials can
be achieved.**%”

4.1. The electrochemical energy-storage performance of
carbon materials/CP composites

Carbon materials (CNT, GO, and AC) are electrode materials
with EDLC behavior. Researchers synthesized composites of
conductive polymers with other carbon materials to achieve
efficient supercapacitor devices, which have high performance
as hybrid electrode materials.

4.1.1. The CNT/CP composites for supercapacitors. CNTs
were introduced as suitable electroactive materials due to their
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desirable properties for supercapacitor systems, including high
conductivity, high specific surface area, and high stability.
Carbon nanotubes (CNTs) are divided into two categories:
single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTSs). However, the EDLC behavior of
carbon nanotubes limits the achievement of electrode materials
with desirable properties. Composites prepared from conduc-
tive polymers and carbon nanotubes showed more ideal
supercapacitor properties. Qin et al. synthesized a core-shell
morphology of polyaniline and CNT via in situ polymerization.
The chemical analysis confirmed the formation of a 50 nm
polyaniline layer on the carbon nanotube. Electrochemical
analyses of the carbon nanotube and composite showed the

NH,
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synergistic effect of this core-shell structure, high stability, and
specific surface area. Thus, electrode material of the core-shell
showed 305 Fg " at 1 Ag '8 Liu et al. synthesized polyaniline/
CNT composites by an innovative method. First, according to
Fig. 5a, polyaniline dissolved in sulfuric acid was synthesized
through several synthesis steps using acid chloride, aniline, and
(NH,4),S,05 precursors (polyaniline dissolved in sulfuric acid).
In the second step, the carbon nanotube was immersed in
a conductive solution (polyaniline dissolved in sulfuric acid).
The sulfuric acid increases the contact surface between the
polyaniline and the carbon nanotube. As the immersion time of
the carbon nanotube in the conductive ink increased, the
morphology changed to a shell structure, which increased the
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Fig. 5
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(a) A general scheme for the preparation of PANI-H2SO4 solution and SWCNTs/PANI composite. (b) The SEM of SWCNTs/PANI and the
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electrolyte penetration rate and increased conductivity. The
results of the SEM analysis confirmed the shell structure with
increasing immersion time (Fig. 5b). The composite of
polyaniline/carbon nanotube showed 329 F g~'.1%°

Polypyrrole demonstrated superior performance compared
to polyaniline in composites of CNT and CP as an electrode
material. The tubular structure of carbon nanotubes causes
them to aggregate and limits their electrochemical perfor-
mance. By converting MWCNTSs into UzZMWCNTs, the electro-
chemical properties are improved. In other words, by converting
MWCNTs into UzZMWCNTs, it is possible to achieve a higher
specific surface area.***'** Therefore, UzZMWCNTSs are obtained
by transverse and longitudinal modification of multi-walled
nanotubes, and can simultaneously exhibit properties of gra-
phene and nanotubes. There are various ways for synthesizing
UzMWCNTs, including solid-state reaction, ball milling,
electrochemical, etc.*** Theresa et al. used the Hammer method
to convert MWCNTSs into UzZMWCNTS. Then, a 5 wt% solution of
UzMWCNTs was prepared and subjected to ultrasonic waves.
PPy was mixed with the solution at 0 °C, and the composite of
UzMWCNTs and polypyrrole was synthesized after 24 h of

Pyrrole
Starch

CNTF
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stirring. The highly conductive UzZMWCNT/PPy hybrid electrode
material showed 944 F ¢ at 1 A g~ ".** The morphology of
polypyrrole and carbon nanotube-based composites affects
their electrochemical behavior. Lin et al synthesized
polypyrrole/carbon nanotubes 3D composites with different
morphologies using the electrodeposition method. Different
nanocomposites were synthesized by varying the type of poly-
pyrrole deposition method on carbon nanotubes. Polypyrrole
with morphologies of nanoparticles, nanowires, and vertical
nanowires was deposited on the nanotubes (Fig. 6). Electro-
chemical analysis was performed for three flexible super-
capacitors prepared from these composites. The results
confirmed the high conductivity of the flexible supercapacitor
prepared from polypyrrole with vertical nanowire arrangement.
PPy nanowire/CNTF provided a higher specific surface area than
PPy nanoparticles/CNTF due to the wire morphology. The PPy
VANA-/CNTF provided higher accessibility of electrolytic ions
than the PPy nanowire/CNTF due to porous morphology.
Therefore, the conductivity, specific capacitance, and
coulombic efficiency of PPy VANA-/CNTF were higher than PPy
nanowire/CNTF and PPy nanoparticles/CNTF. The flexible

o A )
PPy VANAICNTF PPy nanowire network/CNTF
4
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Fig. 6 A general scheme for the preparation of PPy VANA-/CNTF composite.
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supercapacitor device prepared from the PPy VANA-/CNTF
composite recorded the highest specific capacitance (178.14 F
g lat04Ag )M

4.1.2. The GO/CP composites for supercapacitors. Gra-
phene oxide is a two-dimensional material derived from gra-
phene that has been used in energy storage systems as
a conductive component in hybrid electrode materials. The
hydroxyl and carboxyl functional groups in graphene oxide
improve its hydrophilic properties. However, graphene oxide
has a lower conductivity than graphene due to the disruption of
the sp® bond network that occurs after oxidation and the
formation of oxygen-containing functional groups. Therefore,
composites of graphene oxide with other electroactive materials
such as PANI, PPy, and polythiophene were designed and
fabricated to achieve efficient electrode materials. Sharma et al.
proposed a novel method for the synthesis of a two-dimensional
composite of polythiophene and GO. A nano-reactor system
(NRS) was used for the synthesis of the composite. This
synthesis method aimed to preserve the two-dimensional
morphology of graphene oxide during the synthesis of the
composite and also facilitate the nucleophilic reaction. The
rGO-PTs composite showed high specific capacity and high
cyclic stability in HCI electrolyte.*** Ates et al. synthesized two
composites using the chemical electrospinning method to
compare the effect of GO and rGO on improving the electro-
chemical performance of polythiophene-based composites.
Electrochemical analyses confirmed the high capacitance and
conductivity of the composite containing rGO. Then, the
performance of rGO/PTh/CB and rGO/CB was compared. Cor-
responding to the results of electrochemical analyses, the
specific capacitance increased by 6 times in the presence of
polythiophene."® In another study, N-N-doped rGO was used to
synthesize the composite. The Pth/n-rGO composite was
synthesized via the polymerization and showed 455 F g~ " at
1 A g~ ' Composites of PANI and rGO have been reported in
recent studies to achieve an efficient electrode mode. Poly-
aniline prevents the aggregation of graphene oxide and
increases the specific surface area. Polyaniline increases the
active sites for the reaction. Reduced graphene oxide increases
the electron transfer rate. Therefore, the rGO@PANI composite
electrode material was identified as an efficient electroactive
material. Umar et al. prepared the rGO@PANI by a facile
method, and the results showed 314.2 F g ' at 1 A g~ *."*8 Aru-
mugam et al. first synthesized GO through the method of the
Hammer, then synthesized a GO/PANI composite through the in
situ polymerization method. The electrochemical results recor-
ded the achievement 255 F g " at 10 A g~ ".'* In addition to
polythiophene and polyaniline, the supercapacitor behavior of
polypyrrole/GO composites has also been reported in recent
studies. Suranshe et al. prepared PPy/GO composite via the
electrochemical method. First, GO was synthesized via electro-
chemical exfoliation of graphite rods, and then the composite
was prepared through method of the electrochemical. The
results showed the synergistic effect between GO and
polypyrrole.**®

4.1.3. The GO/CP/CNT composites for supercapacitors.
Three-component composites (graphene/carbon nanotube/
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conductive polymer) were designed and synthesized to achieve
specific surface area and higher conductivity."***** Zhang et al.
synthesized a PANI/G/carbon nanotube by in situ polymeriza-
tion. First, aniline and ethanol were added to a HCIO, solution.
Then, graphene was mixed with the resulting solution in the
oxidizing agent at low temperature, and carbon nanotubes were
added to the solution. After 24 hours, the composite was
synthesized. The composite was placed on a polyurethane film.
Composites were synthesized with different graphene ratios
(CGP-1, CGP-1.5, CGP-2). The results of electrochemical studies
showed that increasing the graphene ratio (from CGP-1 to CGP-
1.5) improved the conductivity and specific capacitance. An
increase in the graphene ratio (CGP-2) disrupted the ion diffu-
sion process and increased charge transfer resistance. The CGP-
1.5 electrode was a flexible electrode that retained 80% of its
capacity after tensile testing for 10 cycles.”® Albdiry et al
synthesized the sulfonated graphene/PANI/CNT composite via
a two-step. The first step involved in situ mixing, and the second
step involved dispersion. Sulfonation of graphene increased the
distance between particles, which prevented the expansion of
polyaniline chains. Sulfonation of graphene increased the
electrolyte penetration rate in the ternary composite."** Aphale
et al. synthesized graphene/carbon nanotubes/polypyrrole
hybrid electrode materials by in situ polymerization. The
electrochemical behavior of polypyrrole and polypyrrole/
graphene/CNT composites was investigated to examine the
effect of graphene and carbon nanotubes on improving the
electrochemical behavior. First, the electrochemical behavior of
the polypyrrole and polypyrrole/graphene/CNT composites in
the electrolytes of sulfuric acid, sodium sulfate, and ascorbic
acid was investigated. The results of electrochemical analyses
showed that both electrode materials had better electro-
chemical performance in the presence of sulfuric acid electro-
Iyte. The polypyrrole electrode materials and the polypyrrole/
graphene/CNT composites electrode materials showed specific
capacitances of 281 F g~ ' and 305 F g~ ', respectively. Finally,
the specific capacitance increased to 453 F g~ with increasing
concentrations of graphene and CNT."™ In another study,
hybrid GN/AC was synthesized using vacuum filtration, and
then an electrochemical process was used for electrodeposition
of polypyrrole. First, electrodeposition was performed at areal
current density of 5, 10, 15, and 20 mA cm 2 for 200 seconds.
Then, electrodeposition was performed at 100, 200, and 300
seconds in a areal current density of 15 mA cm 2. The GN/AC/
PPy15-200 s electrode material recorded a maximum specific
capacitance of 178 Fg~ ' at 0.5 A g~ %

4.1.5. The CQD/CP composites for supercapacitors. Carbon
quantum dots (CQDs) are a class of zero-dimensional materials
that have good solubility, low toxicity, porosity, and efficient
charge transport. Therefore, they have many applications in
medicine,"””*** sensors,"® catalysts,’® and energy storage
devices. In general, carbon quantum dots cause dispersion and
porosity in conductive polymers, thereby increasing conduc-
tivity. Devendrappa et al. synthesized water-soluble quantum
dots by the hydrothermal method, then synthesized
polypyrrole/CQD by the in situ polymerization method. The
morphology of polypyrrole was controlled by preparing
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composites with different ratios of carbon quantum dots. The
composite with the optimal ratio showed 750 Fg~'at 1 Ag~ 1.1
Liu et al. grew rare CQD on cotton fabric, then pyrrole was
grown via in situ polymerization. The composite electrode
material was introduced as an efficient system in smart textiles.
The CC@CQD@PPy shows 537.9 Fg ' at 0.5 Ag™ '.*> Chen et al.
synthesized the composite of PANI and CQD through oxidative
polymerization. An asymmetric system of polyaniline/carbon
quantum dots and V,0s@PEDOT was designed and fabricated
(Fig. 7). The asymmetric device exhibited high energy density,
high dyeing efficiency, and high stability.'**

Mehare et al. synthesized CQD derived from sucrose with
different sucrose ratios (10, 15, 25, 30). Then, the composite
based on polyaniline and CQD was synthesized through the
electrodeposition. According to electrochemical analyses, the
composite synthesized from carbon quantum dots with a ratio
of 25 has high specific capacitance, high stability, and lower
resistance.'® Zhang et al. designed a polyaniline/carbon-based
quantum dots/carbon nanofibers electrode using a hierar-
chical method. The 3D structure of this electrode accelerated
the movement of ions. According to the analysis results of
electrochemical and chemical, the functional groups of carbon
quantum dots increased conductivity by creating multiple
active sites for charge transfer.’®® Yildiz et al. synthesized the
PANI/N-doped CQD composite through in situ polymerization.
Investigation of the electrochemical behavior of the composite,
PANI, and N-doped CQD confirmed that the electrolyte transfer
rate in the composite was improved compared to polyaniline
and N-doped CQD. The composite electrode material exhibited
503 F g~ ' (5 A g™ ") and 91.9% (10 000 cycles), respectively.'®®
Duraisamy et al. used poly(aniline-co-indole) to prepare
a composite based on CP and CQD (hybrid electrospray
synthesis method). The asymmetric supercapacitor of poly(-
aniline-co-indole)/CQD and rGO recorded 26.22 W h kg™
According to the standard Ragone plot of supercapacitors, the
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standard energy density of supercapacitors is 0.1-100 W h kg ™.
The reported energy density of asymmetric devices with CQD-
based electrodes is 26.22 W h kg™ ', which corresponds to the
standard Ragone plot of supercapacitors (Table 1).**

4.2. The electrochemical energy-storage performance of
metal oxide or sulfide/conductive polymers composites

Metal oxides or sulfides have higher energy density than carbon
materials.”® TMO or TMS have low conductivity, limited specific
surface area, and low stability. Therefore, to achieve efficient
electroactive materials, ternary composites of CP, TMO (or
TMS), and C have been synthesized. However, bimetallic oxides
and sulfides have higher redox potential, higher conductivity,
and stability than monometallic oxides and sulfides. Therefore,
binary composites of bimetallic oxides or sulfides and
conductive polymers perform well as electroactive materials.
Preparing binary composites of CP and bimetallic oxides or
sulfides as electroactive material is a more economical and
industrially feasible method than ternary composites of CP, C,
and TMS (or TMO). Shehzad et al. synthesized composites based
on conductive polymer (PANI) and NiCo,0, by hydrothermal
method. The synergistic effect of polyaniline and NiCo,0,
resulted in increased conductivity and stability over cycles. The
PANI/NiC0,0, electrode material maintained 100% stability
after 5000 cycles.'®* Shanmugavalli et al. synthesized NiC0,0,
and NiCo,0,/PANI by solution combustion and physical
blending methods, respectively, to achieve a cost-effective
synthesis method. According to chemical analyses, the
morphology of NiCo,0,/PANI provided special surfaces for
electron transport. According to the results of electrochemical
analysis of NiCo,0, and NiCo,0,/PANI, the specific capacitance
doubled with the addition of polyaniline (the specific capaci-
tance of NiC0,0,/PANI was twice that of NiC0,0,)."** Xue et al.
first synthesized polyaniline using the in situ polymerization
method, then designed and synthesized NiCo,O,/polyaniline

———————————————————— -
> |
9’ e I
Spraying 2
D d ]
\ I
I
|
2" / !
Spraying / I
electrochromism ]
e
e S— 1
supercapacitor ]

Fig. 7 A general scheme for the preparation of V,Os@PEDOT composite.
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Table 1 The electrochemical data of C/CP composites

Specific capacitance Current density
Sample Stability (cycles) (or areal specific capacitance) (or areal current density) Reference
Polyaniline/single-wall carbon nanotube 99% up to 1000 463 F g ! 10 mA cm ™! 168
(SWCNTs)
CNT/polyaniline 91% up to 1000 347Fg ! 1.7Ag" 169
Ti;C, MXene/PANI 90% up to 10 000 377Fg ! 1Ag™" 170
Multi-walled carbon nanotubes — 248 Fg " 05Ag" 171
(MWCNTS)/PANI
GNPLs/PTh 84.9% up to 1500 673 Fg ! 025A¢g " 172
Poly(3-hexylthiophene) (P;HT)/SWCNTs 80.5% up to 1000 2458 F g ! 0.5A¢g" 173
Polythiophene (PTP)-CNT — 125Fg " 1Ag! 174
Graphene oxide-polythiophene 91.86% up to 4000 296 Fg! 03Ag" 175
derivative hybrid nanosheet
PPy/CNT 95% up to 5000 211Fg ! 02Ag" 176
Graphene/Polythiophene 94.5% up to 1500 365Fg " 1Ag! 177
GO@PPy 90% up to 1000 1532 mF em™* 0.88 mA cm™* 178
GO@PPy 76% up to 6000 023 Fem ! 1mvs?t 179
N-CQD/PANI 74.7% up to 2000 498 Fg! 1Ag7? 180
CQDs/PPy 85.7% up to 2000 308 F g’ 1Ag! 181
CQDs-PANI 78.0% up to 1000 7383Fg! 1Ag™" 182

composite on nickel foam using the hydrothermal method.
Electrochemical analysis showed the synergistic effect of poly-
aniline and NiCo,0,4. The composite electrode material based
on NiCo,0, and polyaniline recorded 3108 F g " at areal current
density 1 mA cm 2. Nandi et al. synthesized composites of
polythiophene and NiCo,0, with different ratios (1-1 and 1-2)
by the oxidative polymerization method. The results of the
chemical analysis showed the porous matrix of polythiophene
on NiCo,0,. According to electrochemical analysis, the
NiCo,0,/polythiophene composite with a ratio of 1-1 had
higher stability than the ratio of 1-2."*” In another study,
composites based on polyaniline and NiFe,O, with different
ratios were synthesized through the in situ polymerization.
However, by changing the type of metal oxide, the NiFe,O,/
polyaniline composite with a ratio of 2-1 had more optimal
supercapacitive behavior as an electroactive material."®*® The
composite of polyaniline and MnCo,0, synthesized by poly-
merization showed 185 F g~ *.'® Sui et al. synthesized core-shell
structures based on polyaniline and MnCo,0, by two synthesis
steps: electrodeposition and hydrothermal. The conductivity
resulting from polyaniline and the high specific surface area of

Co® Ni*

Hydrothermal

CiAd Lm\\ th

Urca ‘

Water bath

Calanatnon

MnCo,0, led to the achievement of electrode materials with
a specific capacitance of 1098 F g " at 1 A g '.**° Varma et al.
designed and synthesized composites based on MnCO,0, and
polyaniline with different proportions of polyaniline (0-30%) by
the co-precipitation. The electrochemical analyses showed the
composite with a 20% polyaniline ratio as the optimal ratio
(high conductivity and stability). The optimal composite ratio
(20%) showed a specific capacitance of 765 F g ' at a current
density of 0.5 A g~ Chen et al. grew a composite based on
polyaniline and NiCo,0, on carbon tissue in three synthesis
steps as shown in Fig. 8. The results of electrochemical analyses
for the composite and composite components confirmed the
synergistic and enhancing effect of polyaniline. The NiC0,0,/
PANI electrode material showed a maximum stability of 99.64%
over 10 000 cycles.***

Merlin et al. designed and synthesized a nanocomposite of
polyaniline and CuCo,0, as a quasi-capacitor electrode mate-
rial, which was synthesized through an in situ polymerization
method. Electrochemical analyses of the nanocomposite and
polyaniline confirmed the increase in specific capacitance and
conductivity with the addition of polyaniline. In other words,

Electrochemical
deposition

Fig. 8 A general scheme for the preparation of NiCo,O4/PANI composite.
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the active sites for ion transport increased, and the synergistic
effect led to the achievement of an efficient electrode material
with stability of 98.5% after 5000 cycles.**® The CuCo,0, elec-
trode materials have low permeability and low stability, which
can be improved by compositing with conductive polymers. In
recent studies, the preparation of polypyrrole/CuCo,O, as
electroactive materials was reported to achieve efficient elec-
trode materials with high specific capacity and stability. The
CuCo,0,4/polypyrrole composite electrode showed 912 F g~ " at
2 A g 1. Chen et al. synthesized a composite based on poly-
aniline and ZnCo,0, using zinc nitrate, cobalt nitrate, and
NH,F precursors using two steps (hydrothermal and in situ
polymerization). The asymmetric device of polyaniline/ZnCo,0,
composite and AC showed 66.6 W h kg™ '.»*> Benyoucef et al.
synthesized polyaniline/CuO/ZnO/MnO by the co-precipitation
method. The high specific surface area of polyaniline/CuO/
ZnO/MnO was confirmed by chemical analysis. Therefore, this
composite showed the specific capacitance of 451.4 F g~ " at
5.0 mV s~ in potassium hydroxide electrolyte solution due to
high stability and short electron transport path.'*® Igbal et al.
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also synthesized ternary, quaternary, and monolayer compos-
ites of polyaniline, Pr,0, NiO, and Co3;0, through the co-
precipitation method. The specific capacitance of the quartet
composite (PANI-NiO, PANI-Co;0,) was twice that of the
ternary composite (Pr,0;-NiO-Co30,) and four times that of the
binary composites.”” In addition to composites based on
bimetallic oxides and conductive polymers, other studies of
composite electrode materials based on monometallic oxides
and polymers were reported. For example, Shim et al. grew
polyaniline/3D CoO on nickel foam by the electrochemical
polymerization, which recorded a 2473 F g~ " at 3 A g '.»® Metal
sulfides or bimetallic sulfides are high-performance quasi-
capacitor materials that have better electrochemical behavior
than TMO. Sulfur is less electronegative than oxygen, so metal
sulfides have excellent electrochemical behavior in conductive
composites of CP. Li et al. synthesized a composite of PPy
(prepared in an ice bath) and nickel-cobalt bimetallic sulfide
through in situ polymerization in two steps. According to the
results of chemical analyses, the use of the in situ polymeriza-
tion synthesis method resulted in homogeneous synthesis of
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Fig. 9 A general scheme for the preparation of PANI/FeS,/MnO composite.
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the composite, thus increasing the contact between the elec-
trolyte and the composite electrode materials. The asymmetric
device of NiCo bi-metal sulfide/polypyrrole composite and AC
recorded 44.5 W h kg™ '.**® The ammonium ion supercapacitor
has high efficiency due to reduced environmental pollution.
However, it has limitations that can be overcome by choosing
appropriate. The ammonium ion has a low capacitance contri-
bution at the electrode surface compared to common ions such
as lithium. A composite based on MoS, and polyaniline was
used to prepare an ammonium ion supercapacitor, which
showed 450 F g~ '.* Ulaganathan et al. synthesized electrode
materials of MoS, and polyaniline with different weight ratios of
MoS,. Investigation of the electrochemical behavior of the
composite in hydrogel electrolyte confirmed the optimal
performance with a weight content of MoS, (5 wt%).*** The
musk structure is created by designing and synthesizing
composites of TMS, TMO, and CP, which shortens the electron
transport path and reduces the contraction and expansion of
the polymer chain during charging/discharging. Yang et al.
synthesized the MnO,/polyaniline in two steps via oxidative
polymerization (Fig. 9). By preparing different ratios of the
ternary composite, the ratio PANI (4)/FeS, (1)/MnO (3) had
higher stability.>*

Bimetallic sulfides have more favorable electrochemical
behavior than monometallic sulfides due to the synergistic
effect of two transition metals. Qin et al. synthesized a hybrid
based on NiMoS and polyaniline nanotubes by a hydrothermal
chemical method, which was grown on polyaniline nanosheets.

Table 2 The electrochemical data of TMO/CP or TMS/CP composites
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The increased conductivity of the polyaniline nanotubes and
the numerous active sites created by NiMoS led to the
achievement of an electroactive layer with 1558 F g~ ' at
1 A g~ .2 In another work, electrode materials based on poly-
pyrrole and CuCo,S, were synthesized on nickel foil. According
to chemical and electrochemical analyses, the oxidation states
of copper and cobalt increased during charge-discharge, thus
recording 1403.21 C g " at 1 A g ' (Table 2).2*

4.3. The electrochemical energy-storage performance of
metal oxide or sulfide/conductive polymers/carbon materials
or MXene composites

Composites of CP and TMO or TMS have low conductivity as
quasi-capacitor electrode materials. Therefore, the conductivity
is improved by adding carbon materials such as GO, AC, and
CQD to composites based on CP and TMO.*** Carbon materials
increase the specific surface area and provide active sites for an
energy storage system. Innovatively, Jia and colleagues synthe-
sized polyaniline-based carbon through carbonization, then
prepared a composite of cobalt oxide/polymer-based carbon.
The composite electrode material was self-standing, which
enabled its industrial application (no slurry preparation
required).?®® The addition of graphene oxide to metal sulfide-
conducting polymer or metal oxide-conducting polymer
composites increases mechanical strength. However, metal
oxides or sulfides improve the crystal structure. The composite
prepared from polyaniline and GO as electrode material in the

Specific capacitance

Current density

Sample Stability (cycles) (or areal specific capacitance) (or areal current density) Reference
NiC0,0,/PANI 86.2% up to 3000 561.2 Fg " 10 mvV s * 205
NiFe,0,/PANI 93.5% up to 7000 334Fg ! 1 mA cm 2 206
CuMn,0,/PANI 95% up to 7000 1181 Fg™* 1Ag™? 207
Polypyrrole/CuCo,S, 90% up to 5000 259 Fg " 1Ag! 208
ZnBi,0,/PANI — 1110.12 F g 1Ag" 209
CuO/PANI 75% up to 2000 185Fg " 1Ag" 210
PANI-C030, 84.9% up to 2000 1184 F g™ ! 125A¢7" 211
PANI-C0;0, 74.81% up to 3000 310546 F g ! 1Ag" 212
CuC0,0,-PANI 94%% up to 3000 403Cgt 1Ag! 213
C030,/PANI 90%% up to 2000 1301 Fg* 1Ag" 214
FeC0,0,/PANI 94.5% up to 5000 940 Cg* 1Ag? 215
PANI/Fe-Ni codoped Co30, 84%% up to 2000 1171 Fg " 1Ag" 216
0-MnMoO,/PANI 84% up to 2000 396 Fg ! 5mvs? 217
MnO,/PANI 95% up to 2000 687 Fg " 5mvs " 218
0-MnO,/PANI Excellent cyclic stability 696.66 F g~ 0.5Ag"" 219
Cerium oxide/PANI 90% up to 1000 950 mF cm > 10 mA cm™! 220
BaNiO,/PANI 97.9% up to 4000 1631 Fg ! 1Ag! 221
CuCo,S,/PANI 80.75% up to 3000 209F g ! 5mvVs ! 222
CuAlO,/PANI — 1119.79 F g ! 1Ag"! 223
SnO,/PANI 99.71% up to 5000 338F¢g " 0.1Ag™" 224
PANI/CeVO, 90% up to 2000 1048 F g * 10mvs* 225
MoS,/PPY 75.7% up to 3000 677 Fg ! 1Ag™? 226
PANI/PbS 95.5% up to 5000 625 Fg " 1Ag! 227
MoS,/PANI 89% up to 2000 645 F g ' 0.5Ag" 228
polyaniline/MoS,-MnO, 94.1% up to 4000 479 F g ! 5mvVs t 229
NiMnS-PANI 98% up to 10 000 976 C g~ 7Ag? 230
PPy/PANI/MnO, 84% up to 2500 136.64 Fg " 2Ag7" 231
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study by Rani et al. showed 4800 F g ' at 1 A g~ '.5* Polyaniline
caused uniform growth of nickel sulfide (preventing aggrega-
tion) in the synthesis of the nickel sulfide/polyaniline/graphene
composite. Chang et al investigated the electrochemical
behavior of nickel sulfide/polyaniline/graphene composite.
According to analyses of chemical and electrochemical, poly-
aniline caused uniform growth of nickel sulfide (preventing
aggregation) in the synthesis of NiS,/G/PANI composite. Gra-
phene in the NiS,/G/PANI composite structure increased the
conductivity.®** Acidic groups of graphene oxide sometimes act
as dopants instead of HCL. Thus, preventing corrosion of metal
sulfide in the composites based on PANI, TMS, and GO.
Batabyal et al. synthesized a composite of MgS, GO and, PANI
using HCL as a dopant. The uniform morphology of the MnS/
GO/PANI composite improved the electrolyte diffusion rate,
and graphene oxide improved the electrical conductivity.>*®
Vadivel et al. synthesized a composite of FeNiS,, CNT, and
polypyrrole in a two-step synthesis process. The CNT in the
composite structure acted as a support for polypyrrole, so the
PPy/CNT/FeNiS, composite as a heterogeneous structure
showed superior electrochemical performance with a 1541 Fg~"
at 2 A g 1.»* Naeem et al. synthesized composites based of
NiCoFe,0,, rGO and polypyrrole, using different ratios of nickel
and cobalt. First, composites based on NiCoFe,0, and rGO were
synthesized through chemical combustion. Finally, the ternary
composite was synthesized by adding polypyrrole through
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chemical oxidation. The optimal ratio of nickel to cobalt, along
with the synergistic effect of the ternary composite, resulted 585
F g '.»” Kiani et al. designed and synthesized an asymmetric
device made of positive and negative electrodes. The negative
electrode was a composite based on polypyrrole and titanium
dioxide on carbon fabric by electrochemical deposition. Then it
was plunged into the MXene solution in several steps. To
prepare the positive electrode, the carbon fabric was immersed
in sulfuric acid, nitric acid, and KMnO, solution. The electro-
chemical behavior of the negative electrode was investigated by
several steps of immersion in MXene solution (Fig. 10). The
asymmetric device showed 87% stability after 13 000 cycles.>*®
Jiang et al. prepared a core-shell structure based on poly-
pyrrole, MnO,, Fe;0, in layered structures of graphene oxide
using an industrial and cost-effective method. The four-
component composite with a three-dimensional structure
provided a high specific surface area for electron transport. The
combination of two different metal oxides produced a high
faradaic property. The synergistic effect of metal oxides with
graphene oxide resulted in high-performance electrode mate-
rials.>®® Shaheen et al. synthesized AgNiO/rGO/PANI composite
using a simple hydrothermal method. The synergistic effect and
high specific surface area led to 1375.55 F g ' at 0.5 A g~ '.2%
Composites of carbon materials, conductive polymer, and TMO
with different percentages of conductive polymer were synthe-
sized and investigated to achieve efficient electrode materials.
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Fig. 10 A general scheme for the preparation of TizC,T,/polyaniline composite.
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Subbramaniyan et al. synthesized a quaternary hybrid of GO,
MnO,, M0O3, and different ratios of polyaniline. The composite
with the optimal ratio of polyaniline showed 596 F g~ ' at
1 A g '2*' Atram et al synthesized the carbon nanofibers/
NiFe,S,/polyaniline composite in two steps. First, a hybrid
based on carbon nanofibers and NiFe,S, was synthesized using
electrospinning, and then polyaniline was added by in situ
polymerization. The synergistic effect of the pseudocapacitor
materials (NiFe,S,/PANI) and the EDLC materials (CNF)
improved the supercapacitor performance, and the electrode
materials showed 645 F g ' at 1 A g '.>*> Umair et al. synthe-
sized an asymmetric supercapacitor device from PANI@CoNbS
composite and PANI@AC composite. The quasi-capacitive
performance of the PANI@CoNDS electrode, along with the
high specific surface area of the PANI@AC electrode, resulted in
an efficient asymmetric device (35 W h kg ') (Table 3).*3

4.4. The electrochemical energy-storage performance of
MOF/conductive polymers composites and MOF/conductive
polymers/TMO or TMS composites

Metal-organic frameworks were prepared from metal ions
linked by organic ligands. The connection between metal ions

View Article Online

Review

and organic ligands was established through coordination
bonds. MOF are porous structures with high specific surface
areas, thus providing active sites for electron transport.>”® The
redox properties of metals combined with organic ligands offer
high potential for energy storage. Two-dimensional metal-
organic frameworks provide a shorter path for electron transfer
and electrochemical activity. Metal-organic frameworks made
of cobalt, zinc, zirconium, and nickel have been reported in
supercapacitor studies. Johnson et al. synthesized Co-MOF/
polyaniline composite by in situ oxidative polymerization. The
Co-MOF/PANI composite electrode material with a high specific
surface area and conductivity recorded 504 F g ' at 1 A g~ '.>”®
Ebenezer et al. investigated the behavior Ni-MOF/polyaniline
composite in detail. The electrochemical analyses showed that
the specific capacitance of the PANI/Ni-MOF was twice that of
polyaniline and Ni-MOF. Despite the faradaic behavior of Ni-
MOF and polyaniline, the composite electrode materials had
high performance as electroactive materials and retained 99%
specific capacitance up to 5000 cycles.”® Maheshwari et al.
synthesized copper MOF derived from plastic waste residues.
Despite the high specific surface area of the copper metal
framework, its conductivity was low. Composites based on

Table 3 The electrochemical data of TMO/CP/C or TMS/CP/C composites

Specific capacitance

Current density

Sample Stability (cycles) (or areal specific capacitance) (or areal current density) Reference
Co30,/polyaniline/graphene 94% up to 3000 476 Fg " 2Ag7" 244
MnS/PANT/CNT 85% up to 1000 325 Fg ! 1Ag™? 245
ZnCo0,/C-PANI 80% up to 5000 1055 F g 1Ag" 246
PANI-rGO-CoS 90% up to 1000 431Fg™! 0.5Ag" 247
PANI-rGO-Co0;S, 81.7% up to 5000 767 Fg ! 1Ag" 248
GO/PANI/CuCo,0, 84.25% up to 5000 31272 F g’ 1Ag™! 249
PANI/SnS,@CNTs 83.6% up to 6000 891Fg " 20mvs* 250
PANI/CNT/e-MoS, 80% up to 4000 532 Fg ! 1Ag! 251
NiC0,S,/PANI/CNT 80.13% up to 5000 1290 mF cm™* 2 mAcm* 252
Cs/CNTs/PANI 87.5% up to 5000 767 F gt 1Ag 253
CS/GM/Fe;0,/PANI 99.8% up to 5000 1513.4Fg " 4Ag" 254
La,S;/PANI/N-rGO 94.87% up to 5000 23112 F g " 5Ag" 255
As;MogV,/PANI/rGO 85.7% up to 5000 1295 F g " 1Ag" 256
VO,/CNT@PANI 88.2% up to 5000 3542 Fg! 0.5Ag" 257
CuS/C@PANI 89.86% up to 3000 42553 F g 1Ag! 258
PANI/GO/CuFe,0, 88% up to 3500 614.76 Fg 1Ag! 259
Mn;0,/PANI/G 97% up to 3000 1240 F g™ " 2Ag" 260
PANI-GO-Mn;0, 89% up to 4000 460 F g * 1Ag? 261
MoS,~-PANI@RGO 88% up to 5000 1365 F g " 1Ag" 262
CF/Ni;S,@PANI 93.4% up to 2500 318F g ' 1Ag™? 263
NiSe,/rGO/PANI 100% up to 12 000 657.36 Cg " 1Ag! 264
PANI/nTiO,/AC 72% up to 10 000 827 Fg! 10mv s 265
NiO/g-C3N,/CNTs/TiO, — 362.12F g 1Ag! 266
rGO@Fe,03/CuO/PANI 96% up to 1000 1210 F g’ 1Ag? 267
0-Fe,05/Sn0,/rGO 98.7% up to 10 000 821Fg! 1Ag" 268
CNTs-PANI/CONi(PO,), 100% up to 5000 2136 Fg " 1.5A¢g" 269
PPy/MnO,/CC 91% up to 5000 324.5 mF cm > 2.5 mA cm 2 270
CC/MnO,/PPy 96.46% up to 8000 123.96 F g * 10mvs* 271
g-C3N,/V,05/PANI 78% up to 2000 880 Fg ' 1Ag™ 272
rGO/PANI/ZnO 97% up to 3000 1546 F g 2mvs 273
MoO;/PPy/rGO 85% up to 6000 412.3Fg " 05Ag" 274
V,05/PPy/GO 83% up to 3000 750 Fg* 5Ag" 275
V,05/f-CNT/PPy 83% up to 10 000 1266 mF cm 2 1mAcm ™ 276
MnO,/PANI-GCN 82% up to 1000 318F g’ 1Ag! 277
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conductive polymers (polyaniline and polypyrrole) and copper
metal-organic framework were designed and synthesized to
improve conductivity and increase the electron transfer rate.
According to the electrochemical performance results of
composites based on conductive polymers and copper metal-
organic framework, additional channels for ion transport were
created by the addition of conductive polymer.”®" Hybrids of
MOF and CP have been synthesized to prevent polymer aggre-
gation and achieve high conductivity and specific surface area.
However, the addition of metal oxide increases stability and
mechanical strength. Yang et al. synthesized a three-component
of polyaniline/zinc oxide/cobalt metal organic framework in two
steps, as shown in Fig. 11. The high conductivity of conductive
polymers, the high specific surface area of the MOF, and the
mechanical strength of zinc oxide resulted in efficient hybrid
electrode materials with 4589 Fg ' at1 A g .2

Boopathiraja et al. synthesized a composite of polypyrrole,
MOF, and zinc oxide by the hydrothermal method. The super-
capacitive behavior was improved by changing the type of
conductive polymer (polypyrrole instead of polyaniline), and
1181 F g ' at 1 A g " was recorded.”® The g-C;N, is a carbon-
based structure where the electron-donating properties of
nitrogen accelerate electron transfer. Composites of g-C;N, and
CP have been synthesized to prevent the aggregation of two-
dimensional g-C;N, structures.”®*** Fu et al synthesized
a quaternary composite of PANI/g-C;N,/Ni-MOF/nickel oxide in
three steps. First, a composite of PANI and g-C3;N, was synthe-
sized through chemical oxidation. Second, it was attached to
a nickel MOF, and finally, nickel oxide was injected. The poly-
aniline in the composite structure prevented the g-C;N, sheets
from overlapping, and the metal oxide increased the stability.
Therefore, the quaternary composite-based electrode material
with high specific surface area, high stability, and multiple

Electrodeposition

I Immersing
of PPy/TiO2

in TisC2Tx

=~

CC

~ -

H2SO+/HNO3/KMnQO+4 solution
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active sites showed 2420 F g ' at 5 A g '.>® Other carbon
materials, including GO, G, and AC, were incorporated as
electroactive components in composites of CP, MOF, and CNT.
Rani et al. synthesized composites based on polyaniline, metal-
organic framework, and graphene oxide by the hydrothermal
method. The synergistic effect of highly conductive carbon
materials, cobalt MOF with multiple active sites, and poly-
aniline as a plate separator resulted 290 Fg~ ' at 1 Ag~ ">’ Some
et al. first synthesized GO by the Hummers' method to manu-
facture a metal-organic framework of zinc/rGO, and polypyrrole
composite. Then, combined polypyrrole and graphene oxide by
a chemical method. Finally, a ternary composite was synthe-
sized by adding imidazole and zinc nitrate to the solution
through a hydrothermal method. The ternary composite with
multiple sites and high surface area for electron transfer
recorded 175 Fg 'at1 Ag .2

4.5. The MXene/CP composites for supercapacitors

MXenes are two-dimensional materials with high surface area.
MXenes were synthesized from transition metals, carbides, and
nitrides.”® These materials have advantages, including thermal
stability and high mechanical strength, which outperform other
2D materials (graphene). Therefore, MXenes have good perfor-
mance in sensors, batteries, supercapacitors, and water purifi-
cation. MXenes have metallic conductivity and hydrophilic
properties, which make their performance unique. In other
words, MXenes have the properties of being stable like ceramics
and conducting like metals. However, MXene sheets tend to

aggregate during long cycles. Therefore, MXene-based

composites were designed and synthesized. The conductive
polymer is placed between the MXene plates in MXene/CP
composites to prevent the plates from agglomerating. Jin et al.
synthesized

the = MZXene/polyaniline  composite by

PPy/TiO2/Ti:C2Tx

PPy/TiOz/TisCsz HTCC

}.,‘1

Fig. 11 A general scheme for the preparation of ZnO,/PANI/Co-MOF composite.
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a hydrothermal method. The BET analyses showed that the
specific surface area increased with the addition of MXene.
Therefore, the ion diffusion was facilitated. Polyaniline acted as
a coupling agent between the MXene layers in the composite,
thus facilitating charge transfer between the layers. The MXene/
PANI showed 563 F g~ * at 0.5 A g~ '.2* Singh et al. first prepared
polyaniline through in situ polymerization and Ti;C,T, by the
mild-etching method. Then, the composite based on TizC,T,
and polyaniline was synthesized through the polymerization
(Fig. 12). The graphite current collector was used to investigate
the electrochemical performance of Ti;C,T,/PANI. This study
was compared with similar studies conducted with other
current collectors (Ni and C cloth). The use of a graphite current
collector for Ti;C,T,/polyaniline composite resulted in reduced
resistance and increased stability. The Ti;C,T,/polyaniline
composite showed 854 Fg ' at1 A g >

Co(NO,),.6H,O

Aniline
e * L1
® Lo otu “‘
«—e
KCl
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Zhang et al. synthesized (PANI)/MXene composites by the in
situ polymerization. This synthesis method, the high surface
area of MXene increases the electronegativity, which promotes
the polymerization of aniline on the MXene surface. The high
surface area of MXene improved the electrochemical activity of
the PANI/MXene composite. The asymmetric device of (PANI)/
MXene recorded 11.25 W h kg™ '.>> Wang et al. synthesized
multilayer MXene. Functional of MXene provided conditions
for the synthesis of composites with different ratios of MXene
and polyaniline. The functional groups of MXene provided
active nucleation sites for the growth of polyaniline on MXene.
The MXene/PANI electrode material with the optimal ratio
showed 222 F g~'.2** The MXene/polyaniline composite can be
grown on carbon fabric, thereby preventing the accumulation of
MXene. Yang and co-workers grew MXene and polyaniline-
based composites on carbon cloth. The synthesis and design

—
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Fig. 12 A general scheme for the preparation of PPy/TiO,/TizC,T, composite.

Table 4 The electrochemical data of MXene/CP composites

Specific capacitance

Current density

Sample Stability (cycles) (or areal specific capacitance) (or areal current density) Reference
Ti,CT,@polyaniline 97.54% up to 10 000 635 Fg ! 1Ag! 298
MXene-CNT/PANI 93% up to 10 000 429.4F g " 1Ag" 299
MXene/PANI 98% up to 10 000 336 Fg ' 1Ag™? 300
MXene/polyaniline 84.6% up to 5000 6457 Fg ! 1Ag™" 301
MXene/PANI 86.5% up to 5000 523.8 F g 1Ag™! 302
MXene/PANI 86% up to 5000 1908 Fg ' 1Ag! 303
Ti;C,/PANI-NTs-1 86% up to 4000 596.6 F g ! 1Ag! 304
MXene/PANI 81.6% up to 10 000 361.9 mF em ™ 6 mA cm® 305
Ti;C,T,/PANI 96.4% up to 10 000 385 Fg ! 10Vs! 306
MXene/PANI 89.4% up to 9000 483.1Fg " 1Ag! 307
PANI@MXene-CNTs 92% up to 10 000 463 F g ! 5mvs’ 308
MXene/PANI 71.6% up to 3000 327Fg ! 1Ag™? 309
Ti;C,T, MXene/polypyrrole 86.8% up to 6000 563.8 Fg ' 05Ag7" 310
Ti;C,~MXene/polypyrrole 73.68% up to 4000 458 Fg ! 2mvs ! 311
PPy@MXHCNF 92.8% up to 10 000 567.5F g ! 1Ag? 312
Ti;C, MXenes/polypyrrole 83.33% up to 4000 184.36 Fg~* 2mvst 313
PANI/MXene 86% up to 10 000 322Fg! 05Ag" 314
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of a 2D/0D/1D structure improved the electron transfer rate and
composite homogeneity. Therefore, the composite grown on
carbon cloth showed areal specific capacitance 1347 mF
cm 2.2 Bae et al. synthesized (TizC,T,)/polyaniline composites
by Tiz;AlC, etching followed via polymerization. The electro-
chemical analysis of the (TizC,T,)/polyaniline composite
showed 458.3 F g ' at 5 mV s '.>* Wang et al. sulfonated
polyaniline to prepare a 3D composite structure based on PANI
and MXene. Sulfonation of polyaniline accelerated the redox
reaction and also caused the disordered growth of polyaniline
on MXene. The irregular growth of polyaniline between the
MXene sheets resulted in a three-dimensional structure that
facilitates the ions movement. The composite based on MXene
and PANI showed 512.45 F g > Hou et al. synthesized
Ti;C,T,/polyaniline film by the suction filtration method. The
polyaniline increased the spacing of Ti;C,T, sheets as indicated
by the chemical analysis. Therefore, the rate of ion transport
increased, and the Ti;C,T,/polyaniline film as an efficient
electroactive material showed 272.5 Fg~ " at 1 A g~ ' (Table 4).>7

5. Conclusion and future prospects

The development of industry and the depletion of fuel resources
have been discussed as a global challenge. The supercapacitor
has been introduced as a suitable technology to replace fossil
fuels. Conductive polymers as electrode materials have metallic
conductivity and polymer properties simultaneously. The
instability of conductive polymers during long cycles is due to
the volume change of polymer chains, thus limiting the
performance of CP in supercapacitor systems. High-stability
hybrid compounds were achieved by preparing composites
based on conductive polymers and other electroactive mate-
rials. Composites prepared from conductive polymers with C,
TMO, MOF, and TMS were reported as a high-performance
hybrid compound in recent studies. Despite the optimal
performance of composites based on conductive polymers,
conductive polymers have low processability and cannot be
used in large quantities in wide areas. Therefore, some impor-
tant challenges related to conductive polymer-based composites
include industrial scalability and standardization of mass
production, and the toxic effects of conductive polymers on the
environment, which have prevented the widespread adoption of
polymer-based composites as electrode materials. In addition,
high production cost, material incompatibility, sensitivity to
high temperatures, low solubility in solvents, and the inability
to process this material directly in the melt state are considered
challenges for conductive polymers. Industrial production of
conductive polymer-based composites on a scale beyond labo-
ratory environments may result in changes to their electro-
chemical properties. Therefore, this requires large investments
and technological development that may not be economically
justified. High production costs may prevent widespread
adoption of conductive polymer-based composites in the global
market. Researchers' awareness of the advantages and disad-
vantages of conductive polymer-based composite electrode
materials will be effective in the intelligent development of this
technology. Much effort and research must be made to achieve

© 2025 The Author(s). Published by the Royal Society of Chemistry
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high-performance electrode materials of conductive polymer-
based composites. Researchers can overcome energy supply
constraints in industry by designing and synthesizing conduc-
tive polymer-based composites with greater solubility, lower
toxicity, and cost-effectiveness.
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