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Abstract

This review explores the role of conductive polymers in enhancing the performance of electrochemical supercapac-

itors, a promising solution for sustainable energy storage. Supercapacitors close the distance between batteries and
conventional capacitors, providing quick charge-discharge cycles, a high energy density, and extended cycle life. The
study delves into key types of supercapacitors, including electric double-layer capacitors, pseudocapacitors, and hybrid
systems. Conductive polymers like polyaniline, polypyrrole, polythiophene, and poly (3,4-ethylene dioxythiophene)
are emphasized for having exceptional electrochemical qualities, flexibility, and cost-effectiveness. However, these

materials face challenges related to mechanical stability, cycle life, and ion transport efficiency. Future opportunities lie

in developing hybrid materials, nanostructured designs, and scalable synthesis methods to enhance conductivity, sta-

bility, and storage capacity. This comprehensive review underscores the potential of conductive polymers in advancing

next-generation energy storage technologies to meet growing global energy demands.
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1. Introduction

Environmental degradation and energy scarcity are the two
biggest threats to human sustainability. Efficient energy
consumption and the search for clean, renewable energy
sources are viable solutions to these issues; thus, there is a
pressing need for low-cost, effective energy storage tech-
nologies, including the synthesis of novel materials and
effective preparation techniques. Numerous useful and
efficient devices that store energy, such as fuel cells, bat-
teries, and electrochemical supercapacitors (SCs), have
been studied as science and technology have advanced

[1]. The greater energy density of electrochemical capac-
itors has drawn a lot of interest in recent years. These ad-
vanced energy storage devices, also known as SCs, have
gained recognition for their remarkable electrochemical
properties. In addition, they have a longer cycle life and a
better power density than conventional secondary batter-
ies. Ultracapacitors are therefore widely used in a variety
of industries, including automotive systems and portable
electronics [2]. Furthermore, encouraged by the market
need for wearable electronics as well as breakthroughs
in nanomaterials and nanotechnologies, building high-
ly flexible SCs with integrated functionality employing
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Figure 1. Types of supercapacitors

compliant materials becomes an overpowering trend [3].
The material used for the electrodes is crucial to the elec-
trochemical performance of SCs, which are made up of
an electrolyte, a separator, and two electrodes [4]. When
voltage is given to a current collector, it attracts opposite-
ly charged ions, and the ions from the electrolyte are col-
lected on both surfaces of the current collector, resulting
in the formation of the charge. Supercapacitors consist
of current collectors (metal plates), electrodes, an elec-
trolyte, and a separator. Supercapacitors have different
structures compared to conventional capacitors and bat-
teries. Activated carbon increases surface area, leading to
higher capacitance values. Additionally, electrolytes with
low internal resistance enhance power density. Superca-
pacitors can store and release energy fast because of these
two qualities.

Conventional capacitors and SCs operate on simi-
lar underlying principles. However, they use electrodes
with large surface areas and thin dielectrics to minimize
electrode distances. Supercapacitors can achieve compa-
rable power densities. They provide several advantages
over fuel cells and electrochemical batteries, including
faster charging, longer cycle and shelf life, and higher
power density [5]. Supercapacitors have the potential to
overcome the drawbacks of traditional energy storage
technologies like lithium-ion batteries due to their high
power density and energy density [6]. As a result of this,
the majority of research focused on developing electrode
materials with bigger or more ion-accessible surface ar-
eas aims to increase the energy storage capacity of SCs.
However, obtaining a high energy density has been dif-
ficult [7]. Higher storage capacity, excellent power and
energy densities, and superior cyclability are charac-
teristics of the perfect electrical energy storage device.
By operating at a greater specific power than most bat-
teries and with the ability to reversibly store more ener-
gy than ordinary capacitors, electrochemical SCs fill the
performance gap between standard batteries and capaci-
tors. Supercapacitors also have a high energy density, op-
erate in a broad temperature range, are environmentally

benign, and provide quick charging and discharging as
well as a long cycle life [8].

2. TYPCS of supercapacitors

Supercapacitors are classified according to their charge
and discharge mechanisms: electric double-layer super-
capacitors (EDLCs), pseudosupercapacitors (PSCs), and
hybrid SCs [9] are shown in Fig. 1.

2.1. Electric double-layer supercapacitors

In terms of power and energy density, electrochemical
double-layer capacitors (EDLCs), also known as super-
capacitors or ultracapacitors, are fast energy delivery and
storage devices that fall somewhere between batteries/
fuel cells, which have a large energy storage capacity,
and conventional dielectric capacitors, which offer a high
power output. They can be utilized as supplementary or
alternative power sources in several applications, such as
electric hybrid cars, portable electronics, standby pow-
er systems, and telecommunications equipment [10].
As memory backup devices, EDLCs are used due to their
long lifespans and high cycle efficiencies. The charge-dis-
charge mechanism (electrosorption) in an electric double
layer on porous electrodes serves as their foundation
[11]. Ordered mesoporous carbons (OMCs), which have
accelerated ionic mobility inside particles, have demon-
strated high capacitance and exceptional rate capability
as active materials in EDLC systems. Additionally, OMC
electrodes have given researchers a platform to conduct
fundamental and methodical investigations of electro-
chemistry, including the impact of electrode shape on
ionic and electronic transports [12]. The electrolyte in an
EDLC can be an aqueous or non-aqueous liquid or a sol-
id substance such as a conducting polymer. The charged
ions are organized in an array at the electrode surface fol-
lowing Helmholtz [13]. Helmholtz established the theo-
retical basis for the double-layer phenomena. It is utilized
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in all electrochemical capacitors to store electrical ener-
gy. The word “double layer” was first used by Helmholtz
in 1853 to refer to two layers of charge at the interface
of two distinct metals. He contrasted the metal-to-met-
al contact and the metal-to-aqueous solution interface in
1879 [14]. The Helmholtz model is the most straightfor-
ward technique for estimating the spatial charge distri-
bution at double-layer interfaces. lons of opposite signs
at a distance of d neutralize the charge of a solid elec-
tronic conductor. This idea offsets charges from the solid
via stiff layers using a parallel plate capacitor model. Ac-
cording to the Gouy-Chapman or diffuse model, oppos-
ing ions concentrate in a liquid around a charged solid
rather than being permanently affixed to its surface [15].
Charging and discharging are very reversible due to the
non-faradaic electrical system. This allows for reliable
cycling up to 10° cycles or more and rapid charging and
discharging. Finally, there’s little depletion. Since EDLCs
require highly conductive electrodes, their primary draw-
back is the scarcity of electrode materials [16].

2.2. Pseudosupercapacitors

In 1941, David C. Grahame proposed the word “pseudo-
capacitance”, which was later used by Conway and Gile-
adi in the 1960s to describe electrochemically reversible
capacitance not related to EDLCs [17]. Pseudocapacitors
are asymmetric supercapacitors that use carbon cathodes
and conducting polymers or metal oxides as anodes [18].
When a voltage is applied to the two electrodes of a super-
capacitor, electrolyte ions travel to the oppositely charged
electrodes, creating two layers at the point of interface.
As a result of pseudocapacitor, the electrolyte’s precise-
ly adsorbed ions penetrate the double layer and transmit
charge to the electrodes [19]. It uses redox active materi-
als to store electrical charge and energy, unlike EDLCs.
The majority of charge transfer and storage is handled by
faradaic processes, whereas the EDLC only contributes
a minor portion of the charge [20]. Polymer-based elec-
trodes often have less cycle stability than carbon-based
electrodes. When doped, polymers can enhance conduc-
tivity on the one hand, but they can alter volume, produc-
ing swelling and an increase in electrode thickness, which
is a risk for any device [16]. Metal oxides (e.g. RuO, and
MnO,) and electrically conducting polymers (e.g. poly-
anilines, polypyrroles, and polythiophenes) are the most
often utilized materials for pseudocapacitors [21].

2.3. Hybrid supercapacitors

Hybrid supercapacitors, also known as asymmetric su-
percapacitors, transcend the limitations of EDLCs and
pseudocapacitors to give superior performance. Hybrid
supercapacitors store energy using both pseudocapac-
itances (faradaic technique) and double-layer capaci-
tances (non-faradaic approach) [22]. The study focuses
on improving combinations to improve the efficiency of
EDLCs while maintaining their extended cycle life. The

goal is to combine the power capabilities of traditional
capacitors with the benefits of pseudocapacitors, lower-
ing cost barriers and boosting certain performance met-
rics such as energy density, bringing them closer to bat-
tery performance. This strategy aims to bridge the gap
between capacitors’ quick charge/discharge capabilities
and batteries’ larger energy storage capacity [23]. As por-
table and wearable technology becomes increasingly
prevalent, there is an increased need for multi-functional
hybrid gadgets. Combining SCs with energy-collecting
devices to form a hybrid device is an efficient way to har-
vest and store energy. To date, all self-charging hybrid
SCs employing renewable energy sources such as me-
chanical, thermal, hydroelectric, solar, piezoelectric, and
triboelectric have been thoroughly investigated [24].

3. Conducting polymers
in supercapacitor

Polymers are either artificial or natural elements com-
posed of huge molecules or macromolecules that are
repeats of smaller chemical-building elements known
as monomers [25]. Conducting polymers is often popu-
lar because of their high charge density and inexpensive
cost (compared to the greater cost of metal oxides). One
important disadvantage of these materials is that they
produce very low power (or charge-discharge rates) due
to the slow transition of ions inside the electrode’s bulk
[26]. Conductive polymers (CPs) such as polyaniline
(PANI), polypyrrole (PPy), polythiophene (PTh), and
poly 3,4-ethylene dioxythiophene (PEDOT) are consid-
ered prospective pseudo-capacitive materials because of
their high specific capacitance and the characterization
of multiple active sites [27]. Supercapacitor electrodes
produced from these materials offer various advantages,
including high conductivity, flexibility, cheap cost, and
ease of production [28].

3.1. Polyaniline

Polyaniline, often known as black aniline, is produced
by 1- and 4-coupling of aniline monomers in various
oxidation states. Its structure is defined by changing
benzenoid and quinonoid ratios, which are investigat-
ed using FT-IR spectroscopy, revealing its distinct elec-
trochemical capabilities and usefulness for a wide range
of applications [29]. Polyaniline is a highly conductive
polymer commonly utilized as a cost-effective agent in
electrochemical capacitors due to its changeable oxida-
tion state, stoichiometric composition, ability to become
strongly doped and de-doped, and assignment of the larg-
est specific pseudo capacitance [30]. Polyaniline is a key
polymer in advanced materials research due to its elec-
tron-rich structure, high electrical conductivity, and pro-
cessing flexibility. Over the last decade, it has received
attention for its varied qualities, which make it perfect for
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Figure 2. Properties of polyaniline

use in electronics, sensors, SCs, and other cutting-edge
technologies [31]. Polyaniline is widely used in industrial
and biomedical applications due to its easy synthesis, af-
fordability, excellent electrical conductivity, biocompati-
bility, low toxicity, and environmental stability. Howev-
er, it faces challenges such as low solubility in standard
solvents, infusibility, poor processability, and a gradual
decline in conductivity over time. To address these issues,
various strategies have been developed, including redo-
ping with functionalized organic acids, copolymerizing
with PANI derivatives or other polymers, and creating
blends or nanocomposites with other materials [32]. The
properties of polyaniline are shown in Fig. 2 [33].
Polyaniline has been one of the most actively re-
searched conductive polymers in recent years, owing to
its ease of manufacture and great thermal stability. PANI
can be produced using chemical polymerization by oxida-
tion or electrochemical polymerization. Its characteristics
vary depending on its synthesis methods and protonation

Table 1. Chemical specifications for polyaniline

Chemical formula CcHsNH,
Specific density 1.02 g/cm?
Molecular weight 93.13 h/Mol
PH value 8.8

The state in which the polymer is available Liquid
Color Light blue
Boiling temperature 184 °C

state. Polyaniline comes in two forms: reduced (leucoem-
eraldine) and oxidized (pernigraniline). Emeraldine base
is the neutral form, which is half reduced and half oxi-
dized. Emeraldine salt, a highly conductive polymer, is
produced when proton-doped polyaniline is made with
acids. Emeraldine salt is frequently produced via oxida-
tive polymerization in acidic conditions (pH 1-3) using
oxidants like potassium dichromate and ammonium per-
sulfate (APS) [32]. Emeraldine is the most conductive
kind of PANI. Because EB is semiconducting, it has a
lesser conductivity than ES, which is metallic. When the
emeraldine base is protonated to generate the emeraldine
salt, a structural alteration occurs as a result of proton-in-
duced spin unpairing. As a result, the band becomes half-
filled, possibly leading to a metallic state in which each
repeating unit has a positive charge owing to protonation,
as well as an accompanying counter ion. The conductiv-
ity is also modified by the synthesis procedures and set-
tings used. The conductivity of EB has been shown to
increase with acid doping [34]. The chemical characteris-
tics of PANI do not change with the dopant since it does
not make any connection with the main polymer chain;
nevertheless, the dopant just remains near the polymer
chain to enable carrier activity [35]. The chemical spec-
ifications for polyaniline are mentioned in Table 1 [36].

3.2. Polypyrrole

Heterocyclic organic conjugated polymers include PPy.
Its monomer structure is a ring with five members. One
atom is swapped out for a nitrogen atom in the five-mem-
bered conjugated carbon ring. The 1960s saw the first re-
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ports of PPy. Pyrrole’s nitrogen atom also had a role in
this material’s conjugation. It is an amorphous polymer
with weak strength and solubility characteristics [37].
Due to its low cost and favorable electrical character-
istics, PPy is the most often used naturally conducting
polymer in energy producers (batteries and solar cells)
and in other fields including sensors, actuators, and the
biomedical industry [38]. A pyrrole monomer was first
chemically oxidized with hydrogen peroxide to produce
PPy, a black powdered material. Polypyrrole has insulat-
ing qualities when it is undoped and pure. Even though it
is doped with halogenic electron acceptors such as iodine
or bromine, its conductivity remains constant at 107> s/m.
Bulk PPy possesses 15 % crystallinity, with the crystal-
line component in the monoclinic phase, despite being
non-crystalline and amorphous. Electrochemically gener-
ated PPy is 1 pm thick and yellow-black. The polymer
changes and becomes more stable in air and thermally
stable up to 300 °C as the protonation concentration ris-
es. However, the loss of impurity anions may result in
heat deterioration [39]. The properties of PPy are shown
in Fig. 3. [40]

Conductive polymers are an interesting family of ma-
terials distinguished by their ability to transmit electrici-
ty, which is uncommon among typical organic polymers.
This conductivity is due to their unique molecular struc-
ture, the polymer backbone is made up of a conjugated
structure of alternating single and double bonds. This
conjugation delocalizes n-electrons, allowing charge car-
riers like electrons or holes to flow freely throughout the
material.

Because of its potential for broad and creative appli-
cations, this distinct trait has caught the interest of re-
searchers and scientists from a variety of fields, including
academia and industry. Polypyrrole is a particularly re-
markable conducting polymer. Its broad usage in a variety
of applications is because of its high electrical conductiv-
ity, environmental stability, and simplicity of synthesis.
PPy has found applications in the production of electrical
devices like as transistors and diodes, as well as the de-
velopment of sophisticated sensors capable of detecting
chemical or biological molecules with great sensitivity.

Figure 3. Properties of polypyrrole

It is also used in batteries as a conductive material for
energy storage, as well as microactuators, which use elec-
trical energy to generate mechanical motion on a small
size. PPy is also utilized in antielectrostatic coatings,
which minimize static electricity accumulation, and in
biomedical applications, including as drug delivery sys-
tems and bioactive scaffolds for tissue engineering. PPy
may be manufactured utilizing a variety of processes, the
most frequent being the polymerization of its monomer,
pyrrole. This process can take place by electrochemical
oxidation, in which an electric current drives the po-
lymerization reaction, or through chemical oxidation, in
which chemical oxidants are used to start and promote the
reaction. These methods can be carried out in a range of
solvents, including organic solvents and aqueous media,
offering versatility in tailoring the properties of the result-
ing polymer for specific applications. This versatility and
PPy’s intrinsic features confirm its position as a critical
material in advancing basic research and commercial ap-
plications [41].

3.3. Polythiophene

Polythiophenes are polymers of sulfur heterocycles.
Polythiophenes has the formula (C4H,S), and is solid in
color and insoluble. The rings are connected at locations
2 and 5. The alkyl substituents in positions 3 and 4 are
composed of poly(alkyl thiophene)(s). These are likewise
colorful solids, but they dissolve in organic solvents [42].
Polythiophene shares some structural similarities with
PPy. The main distinction is that PTh has a sulfur-sub-
stituted group, whereas PPy contains NH. Polythiophene
is a low-bandgap semiconductor material. Polythiophene
has excellent electrical conductivity, thermal consistency,
environmental stability, and processability. Furthermore,
the transparency of PTh has resulted in unexpected op-
tical properties, such as photoluminescence. Polythio-
phene is an intrinsic conducting polymer, featuring con-
jugated double bonds in the middle [43]. Researchers and
industry are very interested in PTh polymer because of its
excellent environmental stability, low band gap energy,
and better thermal stability. Additionally, the PTh com-
posites attracted a lot of interest due to their fascinating
characteristics, which comprised electrical, semiconduct-
ing, and optical activity, in addition to their exceptional
mechanical properties and processing simplicity. Due to
their enhanced interaction with metal electrodes and en-
vironmental resilience, they are frequently used in solar
cells. Combining the two allowed for the creation of a
unique hybrid variety with enhanced electrical character-
istics since n-type semiconducting particles are more effi-
cient at transporting holes than PTh matrix. The transpar-
ency of PTh also provides notable optical properties [44].
It has been shown that the structure of the thiophene
molecules affects the band gap and optical characteris-
tics of completely conjugated cyclo[n]thiophenes, which
have been investigated both experimentally and theoreti-
cally. Furthermore, it is anticipated that electronic mem-
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ory devices will make use of PTh and its derivatives.
For the past two decades, these materials have been the
primary emphasis. In this class of materials, it is simple
to inject electrons from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular or-
bital (LUMO) [45]. The polymerization process is com-
plicated by the inert sulfur present in the thiophene ring,
which has a high oxidation potential. PTh has typically
been created using three methods: chemical oxidative
polymerization, metal-catalyzed coupling reaction, and
electropolymerization. Nevertheless, there are benefits to
chemical oxidative polymerization over other techniques,
such as the ability to choose different monomers and an
appropriate catalyst that promotes high yield, simplici-
ty of synthesis, and optimal electrical conductivity. The
characteristics of the materials in chemical oxidative syn-
thesis are determined by the type of dopant anion and the
reaction circumstances. High electrical conductivity for
PTh with iodine vapor postdoping was observed in sev-
eral experiments [46]. The role of PTh in various fields is
shown in Fig. 4.

3.4. Poly 3,4-ethylene dioxythiophene

For SC electrodes, poly(3,4-ethylenedioxythiophene)
(PEDOT) is a very appealing conducting polymer be-
cause of its superior electrical conductivity, stability, and
electrochemical performance. PEDOT is perfect for ad-
vanced energy applications because it works in concert
with other conductive materials like graphene or carbon
nanotubes to improve energy storage capacity, charge
transfer efficiency, and overall electrode durability [47].
Poly(3,4-ethylenedioxythiophene) undergoes oxidative
polymerization using an electrochemical current or suit-
able oxidants (chemically). Of the several possible mor-
phologies of nanostructures, the anisotropic transport and

optical characteristics of fibers and tubes have drawn
special attention. Using a porous alumina substrate,
PEDOT nanowires and nanotubes were created using
electrochemical polymerization [48]. Poly (3,4-ethylene
dioxythiophene) has higher cycle stability than typical
n-conjugated polymers such as polyaniline and poly-
pyrrole due to its lower structural flaws. The ethylene-
dioxy group replaces the two BH atoms in 3,4-ethylene
dioxythiophene (EDOT), allowing polymerization to
occur exclusively at the a-site. Unfortunately, PEDOT’s
high relative molecular weight yields a low theoretical
specific capacitance. Furthermore, the agglomeration of
synthesized PEDOT due to the poor solubility of EDOT
monomer in the polymerization system utilizing water as
a solvent causes a significantly lower observed specific
capacitance than the predicted specific capacitance [49].
PEDOT is a polymer that is insoluble in water. By doping
polystyrene sulfonate, a water-soluble polyelectrolyte,
during the polymerization of PEDOT and creating the
conjugated polymer PEDOT/PSS, the solubility issue of
PEDOT was resolved [42]. In order to create a hydro-
philic polyelectrolyte system that can form films, PEDOT
polymers are usually p-doped. Sodium polystyrene sul-
fonate, a typical doping agent, acts as a charge-balancing
counter-ion to PEDOT for polymerization. The p-doped
PEDOT/PSS improves conductivity and thermal sta-
bility while increasing PEDOT dispersion in aqueous
solution. PEDOT’s great cytocompatibility and high
charge delivery capability make it a potential material for
tissue regeneration [50]. Because of their electrochemical
characteristics, conductive polymers are widely used in
applications such as drug delivery systems, electrochem-
ical transistors, actuators, electrochromic devices, and
smart membranes. Nevertheless, little is known about the
basic physical and chemical processes that underlie the
doping and dedoping procedures, which modify conduc-

Figure 4. Role of polythiophene
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tivity by adding or removing charge carriers. To maxi-
mize the functionality and dependability of conductive
polymer-based devices and increase their potential uses
in cutting-edge technologies, it is imperative to clarify
these intricate processes [51].

4. Future opportunities
and limitations

Because of their excellent electrical conductivity, envi-
ronmental reliability, and ease of functionalization, con-
ductive polymers have enormous potential for improving
SC performance. In order to achieve better energy storage
capacity, cycling stability, and charge-discharge rates, fu-
ture opportunities will be found in creating innovative
polymer composites and hybrid materials that combine
the qualities of conductive polymers with those of other
nanostructured materials, examples include metal oxides
and carbon-based compounds. Their use in commercial
SC technologies may be accelerated by developments in
scalable and economical synthesis methods, including as
3D printing and green chemistry strategies. Furthermore,
problems like limited mechanical stability and decreased
electrochemical efficiency during extended usage can be
addressed by investigating polymers with programma-
ble redox activity and customizing their nanostructures.
Although these possibilities, there are still difficulties in
comprehending and managing the mechanisms behind
charge storage, doping-dedoping, and degradation routes
in conductive polymers. Even while their inherent con-
ductivity is excellent, it frequently falls short of that of
conventional electrode materials, requiring further tun-
ing. To guarantee sustainable adoption, concerns like
scalability, material prices, and the effects on the envi-
ronment during manufacture and disposal must also be
addressed. Conductive polymers can make a substantial
contribution to next-generation energy storage technol-
ogies that effectively and sustainably fulfill the world’s
energy demands by overcoming these constraints through
interdisciplinary research and development.

5. Conclusion

Due to their special blend of high electrical conductiv-
ity, chemical adaptability, and environmental durability,
conductive polymers have become viable materials for
improving the efficiency of supercapacitors. These sub-
stances, which involve polypyrrole, polyaniline, poly-
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