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ABSTRACT

Electrochemical energy storage (EES) devices are much needed due to their improved reliability and sustain-
ability. As a class of EES, supercapacitors (SCs) have exhibited relatively more advantages, including high power
density, longer cycle life, rapid charge-discharge speed, and high energy efficiency. Carbon materials are the
electrodes of most significant concern in high-performance SCs. Among the carbon materials, the electrospun-
derived carbon nanofibers (CNFs) and their composites are of high interest due to their scalable preparative
process, high specific surface area (SSA), and porosity, and apt to construct essentially conducting self-standing
electrodes for EES devices leading to improved electrochemical performance and energy storage capacitance.
Conducting polymers (CPs)-based materials can be used as SCs' electrodes due to their versatility, supreme
conductivity, redox property, inherent elasticity, low cost, and facile production. This review aims to provide a
precise overview of the recent trends in CPs, especially concentrating on polyaniline (PANI), polythiophene
(PTh), polypyrrole (PPy), and poly (3,4-ethylene dioxythiophene) (PEDOT) based electrospun CNFs and their
composite as the potential electrodes for high-performance flexible SCs. The review systematically addresses
synthesis techniques, design concepts, recent progress, challenges, and future perspectives on developing binder-
free, self-standing CPs-derived CNFs/composites-based electrodes for constructing future flexible SCs.

1. Introduction

critical applications and functions, such as healthcare, implantable
medical devices, activity trackers, sensors, smart watches, etc., have

The evolution of portable, flexible, and wearable electronic systems
has motivated research on fabrication processes, control of nano-
structured morphology, and improved materials to attain affordable
green and renewable electrochemical energy storage (EES) systems
[1-4]. The 21st-century world is incomplete without wearable, smart,
and portable electronic devices. For example, smartphones with various

made daily routines more convenient [5-7]. Indeed, the excess energy
consumption of these smart electronic devices requires highly efficient
EES systems, and the rapid extraction and consumption of fossil fuels
through combustion processes, the significant adverse effects and de-
structions on the global environment and economics in the coming
future are gaining more and more focus [8-11]. Thus, the depreciation
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of energy efficiency and the pursuit of renewable and environmentally
friendly energy sources as alternatives to fossil fuels are considered
excellent promotions for the sustainable development of our economy
and society [12]. EES systems, encompassing fuel cells, batteries, and
electrochemical capacitors, are increasingly influencing our daily exis-
tence [13-16]. Owing to their promising performances, such as highly
rapid discharge/charge rates and high-power densities, electrochemical
capacitors or SCs have become one of the most attractive alternatives to
batteries and other energy storage technologies in the transportation
and electronics industries [17-20]. Further, it has a more significant
energy density than conventional SCs, longer cycle life, and higher
power density than traditional secondary batteries. SCs comprise
various passive and active components. In most studied or reported SCs,
the passive yet essential elements are the separators, substrates, pack-
aging compounds, and binders [18,21]. Among these passive compo-
nents, two main components, including the separator and binder, could
be easily removed by constructing an electro-spun polymer-derived self-
standing nanofiber electrode material.

The well-ordered nanostructured materials contain specific func-
tional behaviors with excellent stability; hence, they can be widely
employed in drug delivery and tissue engineering, batteries, SCs, pho-
tovoltaics, photonic devices, water splitting and catalysis, etc. [21-23].
To date, various fabrication technologies, including hydrothermal, sol-
gel, template, co-precipitation, and successive ionic-layer adsorption
and reaction, etc. have been investigated to construct multiple forms
(1D, 2D, and 3D) of nanostructures, including nanotubes, nanoflowers,
nanorods, and nanowires, etc. On the other hand, electrospinning and
electro-spraying are vastly employed in various research areas,
including material science, tissue engineering, drug delivery, and
nanotechnology [24]. Both techniques use an electric field to generate
charged droplets or fibers from a liquid solution or melt. Electrospinning
offers a straightforward approach to creating nanofibers, mats (webs),
yarns, and more [25-27]. The resulting nanofibrous material's final
structure, functionality, and morphology are significantly influenced by
the polymer's inherent characteristics, the solvent's inherent character-
istics, and the specific parameters used during processing. This tech-
nique enables the production of continuous fibers with diameters
ranging from nano to microscale [28-30]. In recent times, the needle
and needleless-related electrospinning processes have become more
valiant for the functionalization of electrodes and supports, which could
be achieved with the help of another physical process, such as magnetic-
field electrospinning and co-axial electrospinning processes [31,32].
Henceforth, it can be widely used to construct nanofibers for various
applications, including sensors, dental, air and water filtration, cos-
metics, energy, tissue grafts, and acoustics [28,33].

Carbon materials, including carbon nanotubes, graphene (GE), car-
bon nanofibers (CNFs), reduced graphene oxide (RGO), and activated
carbon (AC), are the most vastly concerned electrodes in the SCs
application. It is well known that the electrospinning process-assisted
polymer-derived self-standing electrodes are generally flexible.
Carbonized polymer fibers are a widely investigated electrode material
for SCs due to their high specific surface area (SSA), good chemical
stability, and excellent electrical conductivities [33-37]. In addition,
they can function as conductive additives, templates for supporting
pseudo-capacitive metal oxide/chalcogenide, and electrode materials in
EES devices. The CNFs derived by the carbonization of electro-spun
polymer fibers have excellent inherent physicochemical and textural
properties; henceforth, they could contribute majorly to the electro-
chemical double-layer capacitance (EDLC). Non-self-standing electrode
materials use nickel foam and aluminum/copper foils as substrates that
do not give charge storage characteristics [38]. In such cases, the active
electrode materials are coated over the substrates using polymer binders
like polyvinylpyrrolidone (PVP), polyvinylidene fluoride (PVDF), and
polyvinylidene fluoride hexafluoropropylene (PVdF-co-HFP), which are
highly intolerant for the storage properties [23]. Compared to the con-
ventional binder-based coating process of electrode materials, it is
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essential to account that various pseudo-capacitive materials (metal
oxides/chalcogenides) can be directly grown over the electro-spun
derived polymer fiber and CNFs through hydrothermal and electrode-
position techniques without the use of binders [22]. Compared to other
carbon allotropes, CNFs possess very low crystallinity and may comprise
many defects and functional moieties, leading to better electrochemical
performance in storage devices. CNFs have relatively lower electrical
conductivity and SSA than carbon nanotubes (CNTs), but the fabrication
cost and facile dispersion behaviors make them more special than other
carbon materials. Hence, they could be employed mainly in energy
storage materials and polymer nanocomposites' reinforcement
[22,39,40].

Electrospinning (ES) is the most versatile and adaptable process that
permits one to design and develop new morphologies, including porous
fibers, core-shell hollow fibers, etc., [41-43]. Moreover, the carboniza-
tion of fibers after the ES process could be supported to graft various
nanostructured compounds, including carbon nanotubes (CNTs), GE,
and MOFs over CNFs, effectively employed as the binder-free energy
storage electrodes. Introducing heteroatoms (S, N, and F) into CNF's
matrix could improve the electrochemical storage properties of the
CNFs. This could be achieved by calcinating the CNFs in sulfur or ni-
trogen atmospheres or using external additives like thiourea or urea
[40]. The heteroatoms-modified CNFs could extend the interlayer dis-
tance, creating extra reactive sites, thus enhancing the overall electrical
conductivity. One of the significant beneficial properties of these
electro-spun fibers (CNFs and heteroatom-doped CNFs) is that they do
not need any support or favor from the substrate (current collector) to
migrate electrons. Further, these CNFs hold pseudo-capacitive com-
pounds within and over them and function as the current collector [44].
Interestingly, it is essential to understand that these CNFs or their
composite could significantly increase the storage characteristics of
electrodes via the EDLC behavior of CNFs and the pseudocapacitance
behavior of heteroatoms or metal oxides/chalcogenides. As stated
earlier, other advantageous properties of CNFs, such as high SSA and
porosity, excellent conductivity, lightweight and self-standing nature,
etc., have made these materials the unavoidable candidates for high-
performance SCs intended for use in flexible wearable electronic de-
vices [22,45].

To date, quite a handful of reports on electrospun-derived nanofibers
for electrochemical energy storage devices have been reported
[33,40,45]. Recently, the electrospun-derived CNFs, CNF composites,
and carbon-free metal oxide electrodes for SCs were elaborated on and
reported elsewhere [46]. The utilization of lignin-based electrospun
CNFs in EES devices has been reported by Ma and his coworkers [47].
Roy et al. have recently reviewed the graphitic carbonitride electrospun-
assisted flexible, free-standing electrodes for wearable electronic devices
[48]. Though these studies, as stated above, talk over electrospun fibers,
these articles significantly highlight binder-based electrodes, etching/
doping, Mo-based composite fibers, metal-oxide-free carbon com-
pounds, etc. [22,28,33,40,49,50]. Nevertheless, a detailed review of
electrospun CPs such as polyaniline (PANI), polythiophene (PTh), and
polypyrrole (PPy) derived CNFs, and their composites as the binder-free
innovative electrodes aimed at flexible SCs application is still not yet
reported in detail till date. Compared to pristine electrospun CNFs, CPs-
derived electrospun CNFs have offered excellent electrical conductivity,
surface chemistry, and flexibility [51]. The CPs-derived electrospun
CNFs further provide improved interfacial characteristics in the resul-
tant CNFs, which enhance compatibility and adhesion. Further, these
CPs-based electrospun CNFs offer excellent porous properties with a
large surface area, facilitating ions transport and improving the overall
electrochemical performance [52]. These advantageous characteristics
show a potential foundation for constructing new electrode materials
with desirable qualities for various applications in EES, electronics,
biomedical, and sensor fields [53]. Henceforth, an extensive review of
research on conducting polymers-based electrospun, binder-free, self-
standing CNFs for high-energy SCs is essential to identify their practical
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viability at this juncture.

Based on this idea, this current review's ultimate and prime focus is
to highlight the recent state-of-the-art preparative process and recent
progress in conducting polymers-based electrospun CNFs and their
composites for flexible, high-energy SCs. Also, in this review, we debate
the fabrication strategy and principle of the ES process, the optimal
experimental parameters of various CPs, and their composites for high-
performance SCs. In the end, an outlook and overview of the future
direction and advancement status of mixed CPs-based CNFs and their
composites are elaborated.

2. Key parameters in controlling the formation of fibers

Interestingly, the concentration of the polymer solution plays a
crucial role in determining the structures of the materials produced
through the ES process. Specifically, in ES, an increase in solution con-
centration leads to a corresponding increase in solution viscosity, which
results in the formation of thicker and more uniform fibers, as demon-
strated in Fig. 1(a-h) [54,55]. As evident from the Figure, spherical
particles are observed at lower concentrations. When the attention nears
a critical point, bead-on-string morphologies often emerge,
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Fig. 1. (a-d) Typical representation of the influence of polymer solution vis-
cosity enhancement on the morphological features of electrospun CNFs,
reproduced with permission from Ref [63], (e-h) the morphological charac-
teristics of various beaded fibers as a function of solution viscosity under the
electric field of 0.7 kV ecm™, the boundary of each picture is around 20 pm
long, reproduced with permission from Ref [55], (i) specific viscosity as the
function of PEO/H,0 mixture concentration displaying three regimes with their
respective electrospun morphologies, reproduced with permission from
Ref [58].
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characterized by electrospun fibers displaying bead-like structures.
Beyond this crucial solution concentration, uniform fibers can be
formed. Furthermore, the surface tension of the solution also increases
with an increase in solution concentration, leading to a reduction in
fiber diameter [56,57]. Hence, a higher solution concentration during
ES produces thinner and more uniform fibers, as shown in Fig. 1(a-h).
Further, the shear viscosity has been compared with the morphology
regimes, especially in determining the difference in slope values of the
concentration vs relative viscosity plot, as displayed in Fig. 1(i) [58]. Itis
evident from the plot that the concentration changes of the entangled
regime at the start, and then the critical entanglement concentration and
fiber formation concentration could be identified as being in a heavily
entangled regime. Based on the entanglement concentration, the
morphology varies from beads to beads-on string and finally into fiber
formation, as indicated in Fig. 1(i). The critical entanglement value is
1.7-25x for the proposed concentrations of all polymer hosts, consistent
with the literature [42,59].

The voltage applied between the spinneret and the collector affects
the stretching and elongation of the polymer jet during the ES process.
Increasing the applied voltage enhances the electric field strength,
leading to increased elongation and decreased fiber diameter. However,
excessively high voltages can cause instability in the jet, resulting in
beading or the formation of irregular fibers. Therefore, finding an
appropriate voltage range is crucial to achieving the desired fiber
morphology and quality [60]. The distance between the spinneret and
the collector (target) affects the trajectory and solidification of the
electrospun fibers. This parameter influences the flight time and evap-
oration of the solvent or carrier liquid from the polymer jet before it
reaches the collector. Increasing the distance generally allows for more
solvent evaporation, leading to longer flight times and increased fiber
alignment. However, if the distance is too large, the fibers may become
misaligned or form a non-uniform mat. Therefore, optimizing the dis-
tance is necessary to control the alignment and density of the electro-
spun fibers [60]. The polymer or precursor solution's flow rate
determines the material delivered to the spinneret during ES. Higher
flow rates tend to result in thicker fibers due to increased polymer
concentration in the jet. Conversely, lower flow rates can lead to thinner
fibers. Additionally, the flow rate influences the fiber morphology, as
high flow rates may cause the formation of beads or irregular fibers.
Therefore, finding an appropriate flow rate is essential for obtaining
uniform and desired fiber characteristics [61,62].

3. Conducting polymers-based CNFs for SCs

Materials for flexible electrodes have garnered significant interest
due to their high demand in energy storage devices, particularly in SCs
that power a wide range of flexible and wearable electronic systems.
Generally, based on their charge storage mechanisms, the materials used
in SCs electrodes can be divided into two categories: i) Carbon-based
materials and their derivatives used in electric double-layer capacitors
(EDLCs), such as activated carbon (AC), porous carbon, carbon nano-
tubes (CNTs), GE, carbon nanofibers (CNFs), and others [64-70]; ii)
Metal oxides/nitrides/sulfides and conducting polymers, including
PANI and PPy, are used as PC electrodes [71-73]. Conventional con-
ducting polymers, such as PANI with a capacitance of 1284 F g1, PPy
with a capacitance of 480 F g™, PTh with a capacitance of 250 F g™},
and their byproducts, have been employed as the promising pseudoca-
pacitive electrode materials for SCs [68,74,75]. PPy and PANI exist in a
p-doped state because the reduction potential of the electrolytes used is
greater than the n-doping potential. On the other hand, PTh and its
derivatives can exhibit both p-doping and n-doping behavior [68].

3.1. Polypyrrole (PPy) fibers

Conducting polymer PPy has garnered notable interest recently due
to its distinctive attributes and promising potential across diverse
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sectors. It is a type of organic polymer synthesized by the oxidative
polymerization of pyrrole monomers. PPy has a highly conjugated
structure with alternating single and double bonds, which gives elec-
trical conductivity. It is known for its high degree of flexibility, which
makes it a desirable material for various applications, primarily in
flexible SCs, as shown in Fig. 2(a). It can synthesized in two ways, either
by chemical oxidative polymerization or interfacial polymerization
[76]. The typical chemical oxidative polymerization using the initiator
2,4-diamino diphenylamine, FeCl; under various acids (camphor sul-
fonic acid, HNO3, HClIO4, and HCI) as the solvent media to form PPy
nanosphere is represented in Fig. 2(b). The corresponding FE-SEM im-
ages using these acids are displayed in Fig. 2(c-f). Based on the
morphological analysis, it is confirmed that the diameter of PPy nano-
spheres could be tuned based on different doping acids. The average
diameter of PPy nanospheres using camphor sulfonic acid, HNOgs,
HClO4, and HCI were found to be 220, 200, 110, and 85 nm, respec-
tively. Despite its relatively high mass density, this phenomenal attri-
bute sets PPy apart from other conducting polymers [77]. PPy can be
doped with various ions, including Cl~, I", and Br™, to enhance its
conductivity (Fig. 2(b)). For example, PPy doped with Cl~ counter-ions
exhibited distinct cyclic voltammetry (CV) curve shapes when using
different electrolyte solutions, one containing univalent anions (Cl™)
and bivalent cations (Mg2+ and Ca2+), and the other containing univa-
lent cations (Na™) and bivalent or large anions (CO%’ and SO%’). This
phenomenon indicates that replacing counter-ions in the polymer matrix
with bivalent or large anions is not feasible [78]. One of the most
attractive properties of PPy is its ability to change its electrical con-
ductivity in response to external stimuli, such as temperature, pH, and
light. This makes it a promising material for use in sensors and actuators.
PPy is a good electrode material for SCs due to its high surface-to-
volume ratio and ease of adaptability to various forms and structures.
Furthermore, by combining PPy with other nanostructured materials
such as GE and CNTs, the charge storage capacity of the resulting PPy
nanocomposite can be significantly improved due to increased contact
SSA and enhanced ion diffusion rate [43,79,80]. Therefore, optimization
of the counter-ion valence and the ion valences in the electrolyte solu-
tion can improve the electrochemical performance of SCs. However, it is
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essential to note that the performance of SCs predominantly relies on the
electrodes, specifically on the active materials immobilized on the
electrode surfaces [81]. The benefits of PPy render it a promising option
for creating lightweight, high-performance SCs that can be easily
adapted for portable and flexible electronic power sources. This appli-
cation has been a particularly active area of research in the energy
storage field of late.

Due to its large SSA, a planar electrode has emerged as a promising
candidate for high-performance SCs. Moreover, incorporating a flexible
substrate allows the electrode to be bendable or twistable, aligning with
the need for adaptable energy storage approaches. Several studies have
investigated nanostructured PPy and its composites as materials for this
electrode type. As an example, an advanced core-shell nanoarray
comprising a PPy core and a shell composed of layered double hy-
droxides (LDHs) has been electrodeposited onto a nickel form using a
two-step procedure [82]. Functioning as a flexible electrode in high-
performance SCs, this nanoarray utilizes its inner PPy core nanoarrays
to serve as a current collector, thus bolstering conductivity. Simulta-
neously, the outer LDH layer acts as a safeguard, curbing the potential
metric expansion and contraction of PPy over extended cycling periods.
The distinctive core-shell architecture yields an impressive specific
capacitance of 2342 F g~!. Furthermore, an in-situ approach has syn-
thesized an autonomously assembled hybrid film comprising single-wall
carbon nanotubes (SWCNTs), MnO,, and PPy [83]. Enhancing conduc-
tivity, ion diffusion rate, and charge-transfer resistance, the binder-free
electrode, comprising layers of SWCNT and PPy, achieves a specific
capacity of 351 F g1 relative to the overall electrode weight. This
translates to an energy density of 39.7 Wh kg~ and a power density of
10 kW kg~!. With its exceptional flexibility, this planar electrode is
ideally suited for portable device applications [84].

This section briefs the various carbon compounds such as RGO, GE,
and CNT incorporated over the electrospun CNFs/PPy electrodes. For
instance, core-shell structured CNFs have been constructed by Chen
et al. through the carbonization of electrospun PAN nanofibers [85]. The
obtained core-shell CNFs were further conductively modified by elec-
trodepositing PPy and RGO over its surface (CNFs-yarn@PPy@RGO)
and employed as the potential electrode material for fiber-structured
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Fig. 2. (a) Typical representation of PPy-based flexible SCs, reproduced with permission from Ref [76], (b) schematic representation for the formation mechanism of
PPy-based carbon nanospheres, (c—€) their corresponding FE-SEM images of PPy-based carbon nanospheres (NSs) using different acids including (c) chlorosulfonic
acid, (d) perchloric acid, (e) nitric acid and (f) HCl with the initiator 2,4-diamino phenylamine (10 mol%), reproduced with permission from Ref [77].
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solid-state SCs. The schematic representation for the preparative process
is sketched in Fig. 3(a). They have observed that the uniform coating of
RGO over CNFs-yarn@PPy might be attributed to the pi-pi interactions.
Also, the prepared CNFs has an outstanding SSA of 137.5 m? g~* with a
mean pore size of ~2.5 nm. The same pristine CNFs-yarn electrode ex-
hibits excellent electrochemical behavior and is stable over 10,000 GCD
cycles, as demonstrated in Fig. 3(b-d). Based on the CV, an EDLC
behavior with a potential window of 1 V has been observed. The highest
capacitance of 30.4 F g~! with excellent durability over 10,000 cycles
has been recorded for the CNFs-yarn electrode. After incorporating the
PPy, the average fiber diameter is around 400 pm. When these elec-
trodes are subjected to electrochemical analyses using PVA/H3POy4
electrolyte, they show outstanding EDLC capacitive performance and
excellent retention behavior. The highest capacitance achieved for the
proposed electrode is 92.5 F g™, which might be credited to the com-
ponents' core-shell structure and synergistic behavior.

Using PAN fibers, the same research team further investigated a
binder-free, flexible electrode comprised of CNFs@PPy@RGO for the
flexible solid-state SCs [86]. The electrode's capacitance improved
further in the PVA/H5SO4 gel electrolyte medium for the prepared
flexible device and achieved a maximum of 188 F g~!. In brief, they
constructed the flexible solid-state SCs device with two pieces of
CNFs@PPy@RGO electrode with the size of 1 x 2 cm, followed by the
coating of gel electrolyte over the electrode and afterward sealed in a
polyethylene terephthalate (PET) film. When these two electrode de-
vices are subjected to CV analysis at different scan rates, they show an
EDLC behavior with a shaped curve in the voltage range of —0.2 V to 0.8
V, as depicted in Fig. 3(e). Based on the integral area of the CV curve, its
corresponding capacitance has been found, and the maximum of 188 F
g’1 at 2 mV s~ ! has been obtained (Fig. 3(f)). In addition, it has stable
over 10,000 charge-discharge cycles with a retention of 59.5 %, as
depicted in Fig. 3(g). Interestingly, they further checked the flexibility of
the two-electrode device at different bending angles such as 0, 30, 60,
and 90° and studied their corresponding electrochemical behavior as
demonstrated in Fig. 3(h-k). As shown in Fig. 3(h—j), they have found
that the similar CV fashion at various bending angles confirms its
excellent flexibility. When these three flexible SCs are connected in se-
ries, they can light a red LED with a voltage of 2.5V, as given in Fig. 3(k),
confirming its practical viability. This scalable and facile process of
preparing electrodes paves the way for their use as promising candidates
in high-performance flexible SCs. Later, Mahore et al. developed a
similar electrode system comprising electrospun nanofibers from PPy/
CNT/MnO; composite and reported elsewhere for its excellent electro-
chemical activity [87].

Sung and coworkers have innovatively applied the electro-
polymerization technique to fabricate the PPy decored CNFs
(CNFs@PPy), marking a significant advancement in the field of flexible
SCs [88]. The study meticulously examined the role of various experi-
mental conditions, such as the supporting electrolyte, time, electro-
polymerization system design, applied current, and electrolyte
concentration, to achieve and assemble highly efficient flexible SCs with
exceptional EES electrodes based on PPy. The authors further studied
the influence of the electropolymerization applied current on the
morphology of PPy and the electrochemical characteristics of
CNFs@PPy. Fig. 4(a—c) illustrates the low-magnification FE-SEM images
of synthesized CNFs@PPy at the applied current of 10, 30, and 50 mA,
respectively. Because of the similar electropolymerization time, the high
applied potential is expected to create many holes in the electro-
polymerization process. In addition, the thickness of PPy over CNFs
increases with an increase in applied current, which is visible in the high
magnification FE-SEM micrographs, as displayed in Fig. 4(d-f). It is
interesting to note that the thickness of PPy was small at the low applied
current (10 mV) and vice versa at the high applied current of 50 mV.
Also, few particle-like structures are unseen at high applied currents,
indicating that the PPy are unevenly distributed over the CNFs' surface
at high applied currents. The particle-like structure vanishing for the
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CF@PPy at high applied currents might be attributed to the large charge
density in the voids between the particle-like structures. This process
leads to filling the gaps and to the CNFs@PPy flatter surface. The au-
thors constructed the flexible SCs using two symmetrical CNFs@PPy and
PVA/H3PO4 gel polymer electrolyte. The assembled cell delivered the
appropriate capacitance of 30 F g’1 at 0.1 A g’1 with a capacitance
retention of 70 %. This proposed method gives a facile, time-saving
protocol for synthesizing CPs-based flexible SCs.

Similarly, Wang and team developed two-step fabrication processes,
including ES and electropolymerization, to construct PPy@PAN@ cot-
ton yarn electrodes and employed them in high-performance flexible
SCs [89]. The authors further studied the influence of the PPy concen-
tration on the morphology of PAN@cotton yarn and the electrochemical
characteristics of PPy@PAN@cotton yarn electrode. Fig. 4(g-1) illus-
trates the pristine PAN/cotton yarn and various concentrations (0.1 M to
0.5 M) of PPy monomer incorporated PAN@cotton yarn electrodes. It is
evident from the micrographs that the PPy deposited on the yarn surface
differs with the concentration of PPy, i.e., as the concentration of pyrrole
monomer increases, the deposited amount of PPY over the yarn in-
creases. When the concentrations were less than 0.3 M (Fig. 4(h—j)), the
PPy was attached to the yarn surface in a dispersed manner. At the
concentration of 0.4 M, the PPy was uniformly distributed over the yarn
surface, as shown in Fig. 4(k). When the concentration of PPy increases
beyond 0.4 M, the agglomeration effect happens on the yarn's surface, as
shown in Fig. 4(1). Based on these morphological results, the authors
confirmed the optimized concentration of pyrrole monomer as 0.4 M.
The resultant electrode delivered the maximum areal capacitance of
37.6 F cm™> at 0.87 mA cm ™2 The flexible SCs further provided
outstanding energy and power densities of 0.047 mWh cm 2 and 4.32
mW cm 2, suggesting their wide uses in wearable smart textiles.

Incorporating PPy into CNFs increases the active SSA and enhances
the accessibility of the electrode material for electrolyte ions. This leads
to improved charge storage capacity and specific capacitance. PPy's
redox properties contribute to the overall capacitance enhancement, as
the redox reactions occurring at the PPy/electrolyte interface provide
additional pseudocapacitance contributions. The unique combination of
PPy's high pseudocapacitance and CNF's high electrical conductivity
produces enhanced power and energy densities for SCs. The rapid charge
transfer kinetics enabled by the conductive nanofiber network allows for
high power delivery, making PPy-based CNFs suitable for applications
that require quick energy release. The increased capacitance and
improved energy storage capability also contribute to higher energy
densities, enabling prolonged operation and advanced energy storage
capacity [90]. To further enhance the performance of PPy-based CNFs,
various composite materials have been investigated and listed together
with different PPy-based compounds in Table 1.

3.2. Polythiophene (PTh) fibers

PTh has arisen as a highly favorable material for SCs among various
conducting polymers and has garnered significant attention [105-107].
It is an organic polymer synthesized through oxidative polymerization of
thiophene monomers, possessing a highly conjugated structure with
alternating single and double bonds that provide electrical conductivity.
PTh is a versatile material that can be doped with various ions to
enhance conductivity. In the investigation of Fu et al. [105], Electro-
polymerization of PTh films onto an MWCNT electrode was effectively
achieved within an ionic liquid solution. The CV plots exhibit distinct
polymerization behavior on MWCNT/glassy carbon (GC) and bare GC
electrodes. The results from CV and GCD tests indicate that the PTh/
MWCNT composites produced from the ionic liquid solution exhibit
excellent capacitive properties that outperform those of MWCNT and
pure PTh. The specific capacitance of the resulting SCs is 110 F g1
Additionally, the SCs demonstrate high stability as the specific capaci-
tance can maintain 90 % of the initial capacitance after 1000 consecu-
tive charge-discharge cycles. PTh's remarkable feature is its ability to
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Fig. 3. (a) Step-by-step preparative process of CNY@RGO@PPy yarn-based flexible SCs through the carbonization of PAN film, PPy deposition, coating of RGO, and
then assembling of two electrode cells (digital photograph demonstrates the fabricated flexible cell), reproduced with permission from Ref [85], (b—d) CNY electrode-
based fiber structured solid-state SCs' electrochemical performance, including (b) CV profile at different sweep rates, (c) GCD at different current density rates, (d)
long-term durability test at the sweep rate of 10 mV s, reproduced with permission from Ref [85], (e) CV profile of as-made solid-state SCs at different sweep rates
in the potential window of 1 V, (f) determined specific capacitance of as-made solid-state SCs at various sweep rates, (g) cyclic performance at 100 mV s~ for as-
constructed all solid-state SCs devices, (h) CV profile of ad-constructed solid-state SCs bent at various angles including 0-90° at 50 mV s, (i) digital photographic

images of solid-state SCs connected in series bent at various angles, and (j) optical photo image of LED powered using (k) three different solid-state SCs associated in
series, reproduced with permission from Ref [86].
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Fig. 4. (a-c) Low magnification FE-SEM micrographs of PPy@CNFs prepared by different electropolymerization applied potentials such as 10, 30, and 50 mV, (d-f)
high magnification FE-SEM micrographs of PPy@CNFs prepared by different electropolymerization applied potentials such as 10, 30, and 50 mV, reproduced with
permission from Ref [88], (g) FE-SEM images of pristine PAN@cotton yarn fiber, (h-1) different concentrations (0.1 to 0.5 M) of pyrrole monomer incorporated

PAN@cotton yarn fiber, reproduced with permission from Ref [89].

alter its electrical conductivity in response to external stimuli such as
temperature, pH, and light, making it a promising material for sensors
and actuators. PTh-based CNFs possess a high specific SSA, which allows
for enhanced electroactive sites and efficient charge storage. The porous
structure of CNFs provides a large contact area for electrolyte ions,
leading to improved ion adsorption and desorption kinetics. This in-
creases capacitance, allowing the SCs to store more charge per unit mass
or SSA. The inherent conductivity of PTh further facilitates the rapid
transport of charge carriers, contributing to the overall capacitance
enhancement [108,109]. The morphology and structure of PTh-based
CNFs play a crucial role in enhancing the power density of SCs. The
interconnected nanofiber network offers a high electrical conductivity
pathway, minimizing the resistance during charge and discharge cycles.
This enables efficient electron transfer and ion diffusion, leading to rapid

charge transfer kinetics. As a result, PTh-based CNFs can deliver high
power output, making them suitable for applications requiring quick
energy delivery [110].

PTh-based CNFs contribute to the improved energy density in SCs
through multiple mechanisms. Firstly, the unique morphology of CNFs
provides a three-dimensional porous structure with a large SSA, allow-
ing for a higher amount of charge to be stored. This increased SSA fa-
cilitates the adsorption and desorption of ions, leading to higher energy
storage capacity. Additionally, using PTh as a precursor material ensures
good electrical conductivity, which minimizes energy losses during
charge/discharge cycles. As a result, PTh-based CNFs exhibit enhanced
energy density, enabling the storage of a more significant amount of
energy per unit mass [110,111]. For example, the controlled formation
of PTh nanofibers anchored over TiO; nanotube array electrodes has
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Table 1
The preparation techniques and electrochemical performance of several representative electrode materials for SCs based on PPy.
Device ES condition Specific surface Carbonization Configuration Morphology Current Capacitance Reference
area (SSA) temperature density retention
NiCo,04@PPy 10 kv 300 °C in air Single Core-shell 4Ag?! 90 % (5000 [91]
electrode cycles)
PPy@LDH 122.5m? g ! 60 °C in vacuum Single Core-shell 10Ag! 90.7 % (2000 [82]
electrode cycles)
FEG/PPy-NS 19KkV,1.9mlh?! 60 °C in vacuum Single Composite 4 mA cm ™2 97.5 % (10,000 [92]
electrode cycles)
SWCNTs@MnO,/PPy 3 cm, 15kV, 10 Single Hierarchical 1A g’1 94.4 % (10,000 [93]
mLh! electrode cycles)
PPy hydrogel 20-45 cm, 30-45 36 m*g! Single Gel and porous 28Ag" 93 % (2000 [94]
kv electrode cycles)
MnO,@PPy 15 cm, 18 kv 20-40 m? g~ ! 1000 °C Symmetric cell  Core-shell 1Acm™ 86.7 % (1000 [95]
cycles)
CNT-PPy-HQ 60 °C in vacuum Symmetric cell ~ Composite 1Ag! 103 % [96]
PPy-RGO 10 cm, 15 kV 45 °C in the oven Symmetric cell ~ Composite 25.6Ag7! 98 % (1000 [971
cycles)
PPy 20-45 cm, 30-45 36 m2g ! Symmetric cell  Interconnected 10Ag? 98 % (10,000 [98]
kv chain cycles)
WO3-RGO//PPy- Asymmetric Sandwich 8.3 mA 99.4 % (2000 [99]
RGO cell em 3 cycles)
PPy-NGP//MnO,- 80°C Asymmetric Composite 100 mVs~? 85 % (2000 [100]
NPG cell cycles)
FEG/PPy-NS//FEG/ 5 cm, 20 kV 250 m? g~ ! 60 °C in vacuum Asymmetric Layered sheet 6Ag ! 97 % (10,000 [92]
MnO, cell cycles)
RGO/cMWCNT// 910 m? g~! 95°C Asymmetric Composite 1Ag! 93 % (2000 [101]
CFP/PPy cell cycles)
WO3@V,0s/PPy 10 cm, 10 kV, 2 500 °C in air Micro-SCs cell Core-shell 600 mA 93 % (3000 [102]
mLh™! em ™3 cycles)
MnO,@PPy 15 cm, 18 kV 1000 °C Wearable SCs Core-shell 80 mA 92 % (4950 [103]
em™3 cycles)
Fe304@PPy 12 cm,12-14 700 °C in Ar Wearable SCs Core-shell 4.4 mA 77 % (1000 [104]
kV,4 pL min! em ™2 cycles)

been designed by Ambade and his co-workers and employed for its po-
tential applications in high-performance SCs [112]. The schematic
illustration of the formation of PTh fiber over a TiO, nanotube array
(PTh-TiO2-NT/NF) is demonstrated in Fig. 5(a). The electrochemical
behavior of the fabricated PTh-TiO5-NT/NF electrode was evaluated
through CV, GCD, and EIS analyses, as shown in Fig. 5(b-g). The CV
profile suggests that the current density of PTh-TiO-NT/NF is more
significant than that of the pristine TiO>-NT/NF (Fig. 5(c)). The elec-
trochemical performance of the PTh-TiO2-NT/NF electrode is further
evaluated by conducting the CV analysis at different scan rates, as shown
in Fig. 5(d), which shows the increase in current density with scan rate
implying the excellent pseudocapacitive nature of the PTh-TiO-NT/NF
electrode. Further, the electrode exhibited a high capacitance of 1052 F
g’l (Fig. 5(d)) with excellent retention over 5000 cycles (Fig. 5(e)),
indicating its electrochemical storage ability. The superb energy and
power densities of 51.4 Wh kg™! and 255.2 W kg~! are the added
beneficial properties of the PTh-TiO2-NT/NF electrode. The symmetric
behavior of the prepared electrode is further evaluated by conducting
the GCD at different current density rates, as shown in Fig. 5(f), indi-
cating the equivalent charge and discharge times. Their corresponding
low Rer value in the EIS analysis (Fig. 5(g)) confirms its excellent
electrochemical characteristics. The fibers with an average diameter of
0.5 and 0.5 pm and smooth surface have been recorded for the prepared
fibers through FE-SEM analysis. The authors concluded that PTh in the
fiber structure improves connectivity and has electrochemical advan-
tages for PAN fibers during the GCD process. Further, the conductivity of
the fibers is strongly influenced by the concentration of PTh in the PAN's
matrix.

A detailed investigation has been devoted to forming stretchable
conducting PTh electrodes by depositing thiophene and 3-methyl thio-
phene over the stainless steel 304 (SS 304) by electro-polymerization by
Wan and his team [74]. Further, using a serpentine wire, flexible SCs are
fabricated (Fig. 5(h, i)) using these stretchable electrodes with PVA/
HySO4 gel electrolyte. The electro-polymerization of PTh, P3MTh is

explained in brief as follows: As displayed in Fig. 5(j, k), the electro-
polymerization of PTh, P3MTh is conducted at a fixed scan rate of
100 mV s ! in the potential windows of —0.2 to 1.25 and — 0.6 to 1.4 V
respectively. Concerning the number of CV scans, the current density
also increases, suggesting that the number of electrode materials over
the SS 304 wire's surface is also enhanced. The resultant flexible SCs
deliver the areal volumetric capacity of 87.2 pF cm ™2 with an excellent
capacity retention of 93 % over 10,000 cycles. Thakur and his team
developed a similar PTh/MWCNT composite electrode through electro-
polymerization and achieved the excellent specific capacitance of 125 F
g1 at a low current density rate [113]. Very recently, electrospun PAN/
PTh fibers have been developed by Maslakci et al. using the fixed con-
centration of PAN (10 %) and varied concentrations of PTh (1 and 3 %)
through the ES process [114].

Various carbon materials have been investigated with different types
of PTh-based compounds to improve the performance of PTh-based
CNFs further. Azimi prepared PTh/GO nanocomposites through in situ
polymerization and chemical reduction. The electrochemical charac-
terization revealed that the PTh/GO nanocomposites exhibited
remarkable capacitive properties. Specifically, at a scanning rate of 5.0
mV s}, the specific capacitance of the PTh/GO sample reached an
impressive value of 28.68 F g~*, surpassing the specific capacitance of
the pure PTh material by a significant margin [115]. Rahman synthe-
sized G nanoplatelets (GNPLs)/PTh composites with different mass ra-
tios using an in situ oxidative polymerization method. Among the
various samples prepared, the 50 % GNPLs/PTh composite demon-
strated the highest specific capacitance, reaching 673.0 F g! at an
operating current density of 0.25 A g~!. Furthermore, this composite
exhibited favorable cyclic stability, maintaining a capacity retention
rate of 84.9 % after 1500 GCD cycles, with a scanning rate of 50 mV s~}
[116]. So far, the studies on PTh/metal oxide composite electrode ma-
terials for SCs are minimal because of the relatively lower electro-
chemical performance of PTh compared to PANI and PPy [117].

Regarding the morphological and particle size aspects of PTh and its
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Fig. 5. (a) Graphical illustration of one-dimensional PTh-nanofibers grown over the 1D TiO, nanotubes through electropolymerization process, (b-g) electro-
chemical properties of PTh-TiO5 NTs prepared through electropolymerization of Th monomer (0.5 M): (b) CV profile of pristine TiO5 NTs and PTh-nanofibers at the
constant scan rate of 100 mV s, (¢) CV profile of PTh-TiO, NTs at various scan rates (5-100 mV s 1 in the potential window between —0.8 and 0 V, (d) calculated
specific capacitance values of PTh-TiO, NTs at various scan rates, (e) its corresponding long term durability test over 5000 GCD cycles, (f) GCD profile of PTh-TiO,
NTs at various current density rates ranging from 2 to 10 A g~1, (g) its respective impedance Nyquist plot with equivalent circuit, reproduced with permission from
Ref [112], (h, i) design and schematic illustration of the flexible SCs using gel polymer electrolyte and P3Me-Th-based electrode, (j, k) continuous CV profile PTh and
P3Me-Th electrodes in 0.2 M electrolyte-buffer solution, reproduced with permission from Ref [74].

composite-derived CNFs, it is essential to note that the morphology and
particle size distribution significantly impact the electrochemical per-
formance of SCs. The morphology of PTh-based CNFs can be controlled
through various synthesis methods, such as ES, template-assisted syn-
thesis, or chemical vapor deposition, which can tailor the morphology of
the CNFs to optimize their performance. For instance, controlling the

diameter and length of the nanofibers allows for increased SSA and
improved electrolyte accessibility, which directly influences the SCs'
capacitance and energy storage capabilities [111]. Similarly, the particle
size distribution of PTh-based CNFs affects the electrochemical behavior
of the SCs. Uniform and well-defined particle sizes ensure uniform
charge distribution and effective ion transport within the nanofiber
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network, improving performance. On the other hand, a broad particle
size distribution may result in uneven charge storage and hinder effi-
cient ion diffusion, consequently impacting the capacitance and power
density [90]. For instance, Matysiak et al. have produced a sequence of
composite CNFs using the ES process from PAN/DMF solutions with
various CPs, including PANI, PPy, and PTh [118]. The pristine PTh
nanopowder has an average particle diameter of 131 nm, which is
inferred through SEM and particle size distribution analyses, as shown in
Fig. 6(a, b). The smallest diameter of separate particles of PTh with
different concentrations (1 % and 3 %) was incorporated into PAN/DMF
solutions, which did not produce any defects in the resultant composite,
as shown in Fig. 6(c, e). The average particle diameter of these com-
posites is much smaller than the pristine PAN samples, and it was in the
range of 200 to 650 nm (Fig. 6(d, f)). These composites would be suit-
able for ideal energy storage and conversion applications. Later, Momin
and his team reported a series of nanocomposite fibers comprising PTh,
MWCNT, and Ru/Pd nanoparticles for improved storage performance
[119]. The FE-SEM micrographs of PTh, PTh/MWCNT, PTh/MWCNT/
Ru/Pd are displayed in Fig. 6(g-i). These layer stacking PTh/MWCNT/
Ru/Pd composite showed a thick PTh was wrapped and decorated over
the MWCNT, which enhances the overall conductivity of MWCNT by the
layer-by-layer stacking. Owing to these specific morphologies, the re-
ported electrode showed outstanding capacitance, specific energy, and
power of 86 F g1, 10.7 Wh kg%, and 280.4 W kg%, respectively.
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3.3. Polyaniline (PANI) fibers

Plenty of conducting polymers such as PANI, PPy, PTh, and poly
(3,4-ethylene dioxythiophene) (PEDOT) have been explored for the
construction of 1D nano-architecture so far [117,120]. Between them,
PANI is an important and pioneered conducting polymer for its excellent
intrinsic electrical conductivity. It has vast, interesting properties due to
its high stability, simple fabrication process, feasibility to alter the
oxidation state, good electrical conductivity, etc. PANI could be either
electrically conductive or insulator based on its electronic oxidation
states. It exhibits valence states, including pernigraniline, emeraldine,
and leucoemeraldine [46].PANI can be synthesized through both
chemical and electrochemical routes by oxidative polymerization of
aniline monomers [121]. Following Conway's seminal paper, PANI has
arisen as one of the favorable candidates for SCs [122]. A new electro-
spun polyethylene oxide (PEO)-PANI fiber has been synthesized using
secondary dopant cresol and reported by Bhattacharya et al. [123].
Using various ES solvents such as chloroform, chloroform-dimethyl
formamide (DMF), and various ratios of chloroform and cresol such as
(9:1 and 4:1), they have developed four different fibers as shown in
Fig. 7(a). It is evident from the figure that the inclusion of m-cresol leads
to the chain extension of PANI fibers, resulting in improved conductivity
than DMF solvent-based fibers. The 4:1 chloroform-cresol-based PANI-
PEO fiber has shown the highest conductivity of 1.73 S cm™! under
ambient conditions. The ultra-high specific capacitance of 3121 F g~! at
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Fig. 6. (a, b) SEM image and particle size distribution results of pristine PTh nanopowder, (d-f) FE-SEM and particle size distribution results of 1 % and 3 % PTh
incorporated PAN fibers, reproduced with permission from Ref [118], (g-i) FE-SEM images of pristine PTh, PTh/MWCNT, and PTh/MWCNT/Ru/Pd composites,

reproduced with permission from Ref [119].
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with the permission from Ref [131], and (e) a typical representation of the preparative methods of PANI-NCNFs, reproduced with permission from Ref [133].

0.1 A g ! was recorded for the same electrode. Wang and co-workers
developed PANI nanofibers as plausible electrode materials for high-
energy SCs [124]. The stepwise fabrication of hollow PANI fibers from
PAA is demonstrated in Fig. 7(b) [125]. Before in-situ polymerization of
aniline, the electrospun PAA was fabricated using the following ES
conditions of 18-25 kV applied voltage, 0.5 mm spinneret syringe
diameter, 0.25 mL h! flow rate, etc. Under 1 M HySO4 medium, the
proposed hollow PANI fiber electrode has delivered the maximum
capacitance of 605 F g’ which might be attributed to ordered pore
passages, thin wall thickness, and hollow morphological features. Sub-
sequently, Rudge and his colleagues have investigated the doping effect
of PANI on its supercapacitive properties and demonstrated that it ex-
hibits superior performance over its battery counterparts [126,127].
Nanocomposites incorporating PANI and carbon nanomaterials, such as

CNTs, RGO, and G, are commonly employed in SCs fabrication. Among
the first high SSA carbon nanomaterials, CNTs, either in SWCNT or
MWCNT form and G, have been effectively utilized to enhance the
electrochemical performance of PANI-based SCs [128]. In this regard, an
electrospun fibrous electrode comprised of PANI/MWCNT has been
constructed by Liang and co-workers [129]. By changing the ES exper-
imental conditions, such as needle-to-collector distance (8 to 14 cm), ES
voltage (6.1 to 9 kV), and flow rate (1 to 3.5 pL min~ 1), the micro-
structure of the PANI/MWCNT electrode could be tuned. For instance,
when the needle-to-collector distance has changed from 80 to 140 mm,
the SSA of the electrode has improved from 57 to 83 m? g’ and the
average diameter of the fiber decreases from 2.89 to 1.21 pm. During
these changes in ES conditions, using PVA/H2SO4 electrolyte, the elec-
trochemical capacitance has also improved from 130 to 180 F g~ 1. From
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their observations, it has been concluded that the change in the ES
parameter for the electrode formation has a substantial role in exam-
ining the physicochemical and electrochemical properties of the SCs.
Later, a PANI-anchored hyaluronic acid (HA)-CNT microfiber was
fabricated by combining the wet-spinning process and electrochemical
polymerization techniques, as demonstrated in Fig. 7(c) [130]. Fig. 7(c)
shows that this process involves the flow rate and high power sonic of
50 mL h™! and 500 W, respectively. The resultant PANI-HA-CNT mi-
crofiber offers a sixfold increase in capacitance with an excellent
retention percentage of 90 % even after 3000 cycles. Moreover, the
consequent PANI-HA-CNT microfibers are highly conductive and
possess high mechanical stability. Similarly, using GE fibers, a PANI-GE
fiber composite electrode has been designed and developed by com-
bined wet-spinning and thermal annealing processes and reported as a
potential candidate for flexible SCs [131]. The typical fabrication pro-
cess for the formation of composite PANI-GE fiber is sketched in Fig. 7
(d). Under 1 M H,SO;4 electrolyte medium, the resultant electrode has
delivered excellent electrochemical performance with the capacitance,
energy density, and power density of 357.1 mF cm™2, 7.93 pyWh cm™2,
and 0.23 mW cm™2 respectively. In addition, it has displayed an
outstanding retention property with 78.9 % even after 5000 GCD cycles,
confirming its excellent rate capability. When a bare PANI is incorpo-
rated into CNFs, it further enhances the overall performance of SCs,
leading to improved capacitance, power density, and energy density.
The presence of PANI in CNFs significantly enhances the capacitance of
the electrode material. PANI offers pseudocapacitance, which arises
from the reversible redox reactions at its surface. This additional
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capacitance contributes to the overall charge storage capability of the
SCs, enabling higher energy storage. The redox reactions of PANI result
in Faradaic charge transfer, which complements the non-faradaic charge
storage mechanism of the CNFs, resulting in enhanced overall capaci-
tance [128,132]. For instance, Yang and his team have assembled fiber-
shaped SCs using PANI nanopillars anchored over 3D hierarchical N-
doped CNFs [133]. The preparation process of N-doped CNF involves the
ES process of PAN-SiO, stabilization of PAN-SiO5 at 280 °C for 2 h, KOH
activation, and followed by HF etching for 12 h to remove SiO, to
produce the N-doped CNFs. Later, oxidative polymerization of aniline in
N-doped CNF in the presence of HCl and ammonium persulfate solution
yields the final PANI nanopillar-NCNF composite electrode, as demon-
strated in Fig. 7(e). They have also constructed bare NCNF for com-
parison purposes. Compared to the bare electrode, the composite
electrode achieves the highest capacitance of 339.3 F g~! with an
excellent energy density of 11.6 Wh kg™ *. The improved electrochemical
performance might be attributed to the synergism between the PANI
nanopillar array and the 3D interconnected NCNFs' porous structures.
PANI and its composite-derived CNFs offer unique morphological
and particle size advantages. Depending on the synthesis method and
conditions, PANI can exhibit various morphologies, such as nanofibers,
nanotubes, or nanoparticles. These morphological variations affect the
SSA, porosity, and accessibility of the active material, influencing
electrochemical performance. For instance, PANI nanofibers provide a
higher SSA and better electrode-electrolyte contact, promoting efficient
charge transfer and enhanced capacitance. In the case of composite-
derived CNFs, the morphology and particle size of PANI plays a

Fig. 8. (a) FE-SEM micrographs of PEI@PANI CFM fibers with various core/shell flow rate ratios ranging from 1 to 5, (f) its corresponding HR-TEM image indicates
lighter PANI shell with the thickness of 269.5 nm and dark core of PEI with the diameter of 153.7 nm, reproduced with the permission from Ref [134], (g-i) FE-SEM
images of PANI fiber and different concentrations of CNFs mats incorporated PANI/CNFs mats, reproduced with permission from Ref [135].
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crucial role. The dispersion of PANI within the CNFs' matrix affects the
accessibility of active sites and the overall electrode performance.
Proper distribution and integration of PANI particles within CNFs
enhance the synergistic effects, ensuring effective utilization of PANI's
capacitance and improving the overall electrochemical performance of
SCs. Wang and his colleagues have developed innovative poly-
etherimide@PANI core-shell fibrous membranes (PEI@PANI CFMs)
through a coaxial ES process [134]. Using PEI, emeraldine base PANI
(EB-PANI) with high concentration could be precisely decorated over
the fiber's surface, affirming the high hydrophilicity, excellent pore
structures, good mechanical stability, and outstanding electrical con-
ductivity. Fig. 8(a—e) shows the FE-SEM results of PEI@PANI CFMs with
various core-shell flow rate ratios. The micrograph shows that the
electrospun PEI@PANI CFMs comprise a 3D network containing
different fiber orientations and show a polyporous structure. In that
polyporous morphology, the submicron particles are interconnected
with one another. No beads were formed at a low flow rate, and uniform
fibers were obtained (Fig. 8(a—c)), whereas, at a high flow rate, the
interconnected nodes with uneven fibers were formed (Fig. 8(d, e)).
Fig. 8(f) shows that its corresponding TEM showed a visible boundary
between the core and shell with the PANI light shell and dark PEI core
with an average diameter of 270 nm and 153 nm, respectively. These
morphological results indicate the successful formation of PEI@PANI
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CFM. Owing to this specific architecture, the resultant electrode showed
outstanding areal capacitance and energy density of 1159 mF cm ™2 and
46.9 pW h cm ™2, suggesting excellent capability for flexible SCs.

Surabhi and her team explored the simple fabrication process to
prepare free-standing PANI/CNFs-based hybrid mats for improved
storage performance obtained from the EDLC of CNFs and PC of PANI
[135]. The microstructure of the prepared hybrid mats was evaluated by
FE-SEM analysis, which showed a distinct microstructure between the
pristine CNFs and PANi/CNFs mat. A smooth, uniform surface was
observed for the pristine sample, whereas the more undulated rough
surfaces were observed for the hybrid mats (Fig. 8(g, h)). Further, the
diameter of the core-shell PANI is relatively larger than the pristine CNFs
(Fig. 8(i)). The proposed electrode mats delivered the highest gravi-
metric capacitance of 493.7 F g ! at 1 mA cm ™2 The energy and power
densities were nearly 68.6 Wh kg~! and 8300 W kg~. These studies
pave the way to move a step forward to prepare flexible, cost-effective,
high-energy SCs.

Moreover, incorporating PANI into CNFs improves the energy and
power density of the SCs. The high conductivity of PANI facilitates rapid
electron transfer, enabling efficient charge/discharge processes. This
leads to a reduction in the internal resistance and improved power de-
livery of the SCs. The combination of PANI's conductivity and the high
SSA of CNFs allows for faster ion transport and reduced diffusion
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Fig. 9. (a) GV profile comparison of GE foam and GE foam@PANI electrodes at the fixed scan rate of 5 mV s~%, (b) GCD comparison plot of GE foam and GE
foam@PANI electrodes at the fixed scan rate of 0.1 mA cm 2, (¢) CV profile of GE foam@PANI at various scan rates ranging from 5 to 50 mV s~!in the potential
range of 0 to 0.8 V, (d) areal capacitance as a function of current density for GE foam@PANI with various reported carbon electrodes, (e) comparison Nyquist plots of
pristine GE foam and GE foam@PANI electrodes based flexible SCs, reproduced with the permission from Ref [131]; (f) CV profile comparison of HA/CNT and HA/
CNT@PANI electrodes, (g) GCD profile of HA/CNT@PANI at different current density rates, (h) Nyquist impedance diagram of bare HA/CNT and HA/CNT@PANI
electrodes, and (i) long term durability test over 3000 cycles, inset CV profile demonstrates the first and 3000 CV cycles, reproduced with the permission from

Ref [130].
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limitations, resulting in higher power density [136]. PANI's redox
properties and high capacitance enable the storage of a more significant
amount of charge per unit mass or volume. Combining PANI's pseudo-
capacitance and the double-layer capacitance of CNFs leads to a syner-
gistic effect, enhancing energy storage capabilities. This translates into
higher energy density, allowing SCs to store more energy for a given size
or weight. Some classical examples are explained herein. As demon-
strated earlier, when PANI is introduced into GE fiber, it drastically
improves the electrochemical properties of the resultant material [131],
as shown in Fig. 9(a—e). As demonstrated in Fig. 9(a, b), the integral area
of the CV curve (with the potential window of 0.8 V) and discharge time
for the PANI-GE fiber composite have improved 12-fold more than its
pristine counterpart. Further, the electrochemical stability is proved by
the increase in current density and discharge time concerning sweep, as
demonstrated in Fig. 9(c). The as-prepared PANI-GE fiber composite
delivers the highest capacitance of 314.5 mF cm ™2, twelve times greater
than bare GE foam, as shown in Fig. 9(d). The low Ry value of the
composite, as shown in Fig. 9(e), implies its excellent electrochemical
transport behavior. Similarly, the PANI-HA-CNT microfiber is another
classic example of the improved electrochemical properties of carbon-
based material after the addition of PANI [130]. Its corresponding
electrochemical and cycling stability properties are shown in Fig. 9(f-i).
The increment in the integral area of the CV plot (Fig. 9(f)) improved
discharge time in GCD (Fig. 9(g)), confirming the composite is much
better than the bare electrode. Fig. 9(h) shows that the composite's Rcr
and R values are much lower than pristine, indicating excellent charge
transport behavior. In addition, the composite electrode possessed a
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much-improved retention percentage over 3000 GCD cycles than the
pristine one (Fig. 9(i)), which might be mainly due to the synergistic
effect between the PANI, HA, and CNT microfibers. Very recently, an
interesting approach was found, including simultaneous ES and elec-
trospraying processes for fabricating a PANI-carbon nanoparticle hybrid
for the enhanced performance of hybrid SCs, by Chen et al. [137]. The
electrode affords a high capacitance of 235 F g1 at 1 A g~! with a
capacitance retention of 67 % over 1000 GCD cycles.

A selective surface diffusion processed PANI-C-AC (polyaniline cel-
lulose derived porous activated carbon) electrode has been prepared by
Zhang and the team through the two-step ES cum selective surface
diffusion process [138]. The PANI nanorods have uniformly grown over
the porous 3D fibers. The ES process for preparing the fibers was per-
formed under the following conditions: a flow rate of 1.2 mL h~! and an
applied potential of 5-7 kV. The resultant electrode possesses the
highest surface area of 2402 m? g~! with outstanding electrochemical
properties, such as capacitance of 765 F g~ and 91 % retention even
after 5000 GCD cycles. On the other hand, the ES-processed PANI/hol-
low CNFs provide a hollow nanofiber with an enhanced surface area
2.03 times greater than that of the pristine fiber [139]. The calcination
temperature was maintained at 1300 °C for 3 h for preparation. It yields
a maximum capacitance of 1196 F g’1 at1 A g’1 with a capacitance
retention of 90 % over 3000 cycles. In the meantime, Ataram et al. have
prepared a ternary composite comprised of PANI@NiFe;S4@CNFs
through the combination of ES (flow rate-0.8 pL min ", voltage-20 kV,
distance-15 cm) and calcination processes (600 °C for 1 h) [140]. The as-
prepared electrode was reported to have the highest capacitance of 645

Table 2
Some typical PANI and PEDOT-based SCs electrode materials' preparation methods and electrochemical performance.
Materials ES condition Specific Carbonization Morphology Preparation method Maximum Cycle Ref.
surface area temperature specific stability
(SSA) capacitance
PANI/C-ACs 5-7 kv, 2402m?g~!  150°Cinvacuum 3D porous Selective surface 765Fg lat1A 91 % after [138]
0.3-1.25 ml dissolution (SSD) gt 5000 cycles
h?! method
PANI/PEO fibers 1.5pLmin~!, - - Fiber mat ES process 3121 Fglat 85 % after [123]
25 kv, 20-26 01Ag! 80 cycles
cm
PANI @hollow CNFs 0.8 pL min?, 2.03 times 1300 °C for 3 h Hollow nanofibers ES process 1196 F g’1 at1 90.1 % after [139]
12 kv, 20-18 >CNFs Ag! 3000 cycles
cm
CNFs@NiFe,S,@PANI 0.8 pL min 7, - 600 °Cfor1h Nanoparticles ES process 645Fg 'at1A 78 % after [140]
20 kV, 15 cm anchored fibers gt 5000 cycles
N-doped PAN/PANI 0.5 pL min "%, 534.1 m? 800 & 900 °C Porous fibers ES process 199.5Fg @1 82 % after [141]
CNFs 15 kv, 15 cm g ! Ag! 1000 cycles
EB-PANI - 44m?g! 220 °C Porous Dissolution of 260(+5) F g7! - [154]
hydrochloride and at 3mVs~!
ammonium persulfate
GE foam@PANI - 34.8 m% g™ 800 °C mesoporous GE foam wet spinning, 66.6 mF cm-2 - [155]
doped with aniline
PANI-HCNFs 12cm, 15kv, 734m?g! 900 °C under Ar/  Interconnected, Aniline, HCNFs 339.3F g !at 74.2 % after  [90]
1mLh! H, porous oxidation 05Ag™! 3000 cycles
P-f-CNFs/PEDOT/ - 281 m? g~? - Porous - 776.7 F g ! at 104.6 % [156]
MnO, 25mV s ! after 5000
cycles
PEDOT@N-doped 150 W,1.5h, 107 m?g* 800 °C (2 h) Fibers with typical Vapor oxidative 203Fg! 87 % after [146]
CNFs 15kV, 19 cm layer-like structure polymerization 10,000
cycles
PEDOT:PSS NFs 1.5 pL min~}, - 150 °C (30 min) Porous fibers - 1.8 mF cm 2 at 90 % after [150]
18 kV, 15 cm 5 pA cm 2 10,000
cycles
PEDOT:PSS NFs 2mLh %8s/ - - Nanofibers Wet-spinning 188.5 F cm ™3 80 % after [152]
r 1.9 million
cycles
PEDOT/Nafion - - Room Rough, thin film Sonication process 74F cm 98.7 % after [153]
temperature 1000 cycles
PEDOT:SSEBS NFs 5mLh%; 18 - 60 °C for 3 h Microfiber mat Coaxial ES process 990 mF cm ™2 99 % after [149]
kV; 15 cm at 1 mA cm 2 5000 cycles

PANI-poly aniline; EB-emeraldine; GE-graphene; PEDOT:PSS-poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate); SSEBS: polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene; NFs-nanofibers; CNFs-carbon nanofibers; ES-electrospinning
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F ¢! and a moderate retention of 78 % (5000 cycles). Later, lignin-
derived N-doped PAN CNFs that combined with PANI (N-doped PAN/
PANI CNFs) electrodes were prepared by ES (flow rate-0.5 pL min 7,
voltage-15 kV, distance-15 cm) and calcination processes (800 &
900 °C) [141]. These porous fiber electrodes provide the superior
capacitance of 199.5 F g ! at 1 A g~! with excellent capacitance
retention over 10,000 GCD cycles (82 %).

Table 2 implies various electrospun PANI-based composite materials'
structural and electrochemical parameters for improved SCs'
performance.

Using bare PANI-based CNFs in SCs improves capacitance, power,
and energy density. The unique properties of PANI, along with the ad-
vantageous morphological and particle size aspects, contribute to the
enhanced electrochemical performance of the composite material. This
paves the way for developing high-performance SCs with increased
energy storage capabilities for various applications.

3.4. Poly(3,4-ethylene dioxythiophene) (PEDOT) fibers

PEDOT is a remarkable conducting polymer that has revolutionized
the field of organic electronics. PEDOT has garnered significant atten-
tion as an extensively studied and widely employed material due to its
exceptional electrical conductivity, unique chemical and physical
properties, swift electrochemical kinetics, and outstanding intrinsic
conductivity, surpassing other conducting polymers [142,143]. The
synthesis of PEDOT involves the polymerization of 3,4-ethylenedioxy-
thiophene monomers, typically using oxidative chemical or electro-
chemical methods. The polymerization process produces a highly
conjugated structure, where the thiophene rings form an extended
n-conjugated backbone. This delocalized n-electron system is respon-
sible for the impressive electrical conductivity observed in PEDOT,
enabling efficient charge transport.

One of the notable features of PEDOT is its inherent stability in air
and moisture, which sets it apart from many other conducting polymers.
This stability arises from the methylenedioxy groups attached to the
thiophene rings, which act as protective barriers, preventing unwanted
oxidation and degradation. The robustness of PEDOT makes it a suitable
material for applications requiring long-term stability, such as flexible
electronics and wearable devices. PEDOT exhibits exceptional process-
ability, allowing its facile integration into various device architectures.
It can be solution-processed, spin-coated, or deposited through vapor-
phase techniques onto various substrates, including flexible and
stretchable materials. This versatility in processing techniques makes
PEDOT compatible with large-scale manufacturing processes, making it
an attractive choice for commercial applications. Beyond its remarkable
electrical conductivity, stability, and processability, PEDOT possesses
additional desirable properties that further contribute to its appeal. For
instance, PEDOT is transparent in its pristine state, enabling its use in
transparent electrodes for applications like touchscreens and displays.
Moreover, PEDOT is inherently flexible and mechanically robust, mak-
ing it suitable for flexible electronics, where traditional brittle materials
would fail. The broad range of applications for PEDOT is a testament to
its unique properties and versatility. PEDOT is commonly used as a hole
transport layer in organic solar cells, effectively transporting positive
charges from light absorption to the electrode. OLEDs serve as a trans-
parent electrode or a hole injection layer, facilitating the efficient flow of
electrical current and enhancing device performance. PEDOT can also be
employed in electrochromic devices, where its reversible color change
upon oxidation or reduction enables applications in bright windows,
displays, and electrochromic mirrors [71].

In the early 2010s, all textile SCs with excellent flexibility were first
introduced by Laforgue et al. using PEDOT nanofibers [148]. The ES
process assisted PEDOT nanofibers with an average diameter of 350 nm
and excellent conductivity of 60 10 S cm . This improved conducting
might be attributed to the ultra-porous nature of the PEDOT mats. While
using PVdF-co-HFP-Ionic liquid gel electrolyte, the symmetric device
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achieved the highest capacitance of 85 F g~. By employing EDOT and
SEBS monomers, highly flexible and stretchable PEDOT: SSEBS elec-
trodes have been constructed by ES process (conditions: flow rate-1.5 pL
min~}, ES voltage-18 kV, distance-15 cm) at 60 °C for 3 h by Kolathodi
and his team [149]. The proposed electrode shows a microfibrous mat
morphology with 100 % capacitance retention and excellent capacitance
of 1296 mF cm 2. A highly conductive, flexible RGO/PEDOT: PSS/PVA
composite fiber has been designed and developed by Yin et al. through
the ES process [144], as shown in Fig. 10(a). The resultant composite
fiber electrode possesses excellent ductility, better filterability, and high
energy density. Further, the composite fiber has outstanding mechanical
and electrical characteristics with a tensile stress of 4.7 MPa, radial
elongation at break of 61.13 %, and electrical conductivity of 1.7 S
cm™!, which paves it to utilize as a promising candidate in high energy
EES devices. Martinez and his fellow workers have recently constructed
PEDOT: PSS nanofiber electrodes with excellent transparency and high
flexibility through the ES process [150]. For the ES process, ethylene
glycol was used as the potential solvent, and PET substrate was utilized
as the substrate. The flexible, solid-state SCs yield the gravimetric and
areal capacitances of 3.6 F g~! and 1.8 mF cm ™2, respectively, stability
over 1000 cycles with a retention percentage of 92 %, suggesting its
practical viability.

Meanwhile, Abdah and his coworkers have synthesized porous
functionalized PEDOT/MnO,, fibers through combined ES and electro-
polymerization methods [145]. Using PAN: PTFE (polytetrafluoro-
ethylene) polymers in the volume ratio of 2:3, an electrospun PAN: PTFE
fiber was prepared initially. The designed fiber is then subjected to
stabilization and functionalization processes to obtain the porous func-
tionalized CNFs. The resultant CNFs undergo electro-polymerization
with EDOT, followed by electrodeposition with MnO,, producing the
p-f-CNFs/PEDOT/MnO; composite, as shown in Fig. 10(b). On the other
hand, highly conductive PEDOT fibers are produced through vapor-
phase polymerization that begins with the electrochemical deposition
of uniformly distributed Fe;O3 nanosheets on N-doped CNFs, as reported
by Zhu and his team [146]. The surface morphology can be tuned by
changing PEDOT's vapor polymerization time and mass loading. For
instance, when the time is low, the FE-SEM results show particles along
with the fiber, whereas, at high vapor polymerization time, they show
only fibers, as shown in Fig. 10(c—e). These types of PEDOT-based CNFs
show interesting electrochemical properties. For instance, the p-f-CNFs/
PEDOT/MnO; composite discussed above exhibits an outstanding
capacitance of 776 F g’1 in1 MKCl at 25 mV s~ ! [145]. The constructed
asymmetric device gives the potential window of 1.6 V with the specific
capacitance, energy density, and capacitance retention of 1061 F g2,
60.5 Wh kg~!, and 104.5 %, respectively. These promising results sug-
gest that the p-f-CNFs/PEDOT/MnO, composite could be a good
candidate for next-generation SCs. The same research group later pre-
pared a similar electrospun CNFs/PEDOT/MnO, composite electrode
and utilized it as the positive electrode in high-performance SCs [151].
When tested with an AC negative electrode, the asymmetric device of-
fers the highest potential window of 1.6 V and a specific capacitance of
537 F g~! at 5 mV s~ 1. Even after 8000 GCD cycles, the cell maintains
81.06 % of its initial capacitance, confirming its excellent durability.
Further, they have investigated the effect of electrodeposited PEDOT
over electrospun PVA-GO nanofiber and employed it as the potential SCs
cathode electrode [147]. As demonstrated in Fig. 10(f), the CV plot of
the fabricated cell shows a rectangular fashion with an increase in cur-
rent density upon various scan rates. Fig. 10(g) shows that the
compartment offers a capacitance as high as 224.5 F g ' at 5 mV s ..
The decrease in capacitance concerning sweep rates might be due to the
less time the ions occupy over the PEDOT-GO surface. Further, it has
produced a high voltage window of 1.8 V, suggesting their high elec-
trochemical stability (Fig. 10(h)). These observations confirm that the
proposed electrode could be suitable for future flexible electronics.
Meanwhile, the wet ES process for preparing PEDOT: PSS NFs was
performed under the following conditions: a flow rate of 2 mL h™!, an
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Fig. 10. (a) Typical representation of the preparative procedure for PEDOT: PSS/RGO/PVA fiber-based composite electrode through ultrasonic, electro-
polymerization, and ES processes, the EDOT electropolymerization equation is provided below the schematic diagram, reproduced with permission from Ref [144],
(b) graphical representation of the construction of PEDOT/MnO,/f-PCNFs fiber composite positive electrode for flexible SCs, reproduced with permission from Ref
[145], (c-e) change in surface morphology of PEDOT fibers with respect to vapor polymerization times, (c) low vapor polymerization time, (d) medium vapor
polymerization time, and (e) high vapor polymerization time, reproduced with permission from Ref [146], (f) CV profile of PEDOT/PVA-GO at various scan rates

ranging from 5 to 100 mV s~
composite electrode at the constant potential of 20 mV s™

applied potential of 15 kV, and a rotation speed of 8 s/r [152]. The
resultant electrode possesses a porous fibrous morphology with excel-
lent electrochemical properties, such as capacitance of 188.5 F cm > and
80 % retention even after 1.9 million GCD cycles. On the other hand, the
sonication processed PEDOT/Nafion provides a rough, thin surface
morphology at room temperature [153]. It yields the maximum capac-
itance of 74 F cm ™2 with a capacitance retention of 98.7 % over 1000
cycles.

In conclusion, PEDOT has emerged as a leading conducting polymer
due to its exceptional electrical conductivity, environmental stability,
processability, and diverse applications. Its unique combination of
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1, () determined specific capacitance as the function of scan rate for both pristine and composite electrodes, and (h) CV plot of the
! at various potential windows from 1 to 1.8 V, reproduced with permission from Ref [147].

properties has unlocked new possibilities in organic electronics, paving
the way for developing advanced technologies such as flexible displays,
wearable devices, energy storage systems, and more. With ongoing
research and innovation, PEDOT is promising for future materials sci-
ence and technology advancements.

4. Conclusion and future perspectives
This work systematically reviews binder-free, flexible, self-standing

CPs-derived nanofiber electrodes through the ES process for high-
performance SCs. A brief discussion on the electrochemical
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evaluations and properties of the SCs is demonstrated. The reviewed
literature displays the fundamental objective of the ES process for con-
structing CNFs with high SSA and low density for improved electro-
chemical supercapacitive performance. In addition, electrospun CNFs
offer excellent beneficial properties, including the ability to develop
binder-free materials and the potential to accommodate other active
compounds, leading to improved electrochemical performance. More-
over, electrospun CNFs exhibit outstanding electrical conductivity,
flexibility, and high mechanical strength, enabling rapid electron
transfer and improving the electrodes' overall conductivity, durability,
and structural stability. Due to the specific characteristics of CNFs, they
may create a self-standing electrode that affords a large amount of
electrolytes and reduces the ion-migration pathways. Further, the
exceptional flexibility of these fibrous electrodes provides better per-
formance under bending conditions due to less fracture over the elec-
trode surface.

Despite their advantages, CNF-based electrodes also have certain
limitations. While CNFs are becoming more cost-effective, their pro-
duction can still be relatively expensive compared to conventional
electrode materials. Moreover, achieving precise control over the
properties of CNF-based electrodes can be challenging and may require
optimizing processing parameters. Constructing CNF-based electrodes
may face critical challenges like scalability and long-term stability.
Continual refinement and optimization of fabrication processes can
improve control over properties and enhance reproducibility. Exploring
new precursor materials or composites, such as functionalized CNFs or
hybrid structures, can improve performance and overcome limitations.
The structure and electrochemical properties of CNF-based electrodes
can be improved through various strategies, such as doping and hy-
bridization with other materials. Introducing dopants or functional
groups onto CNFs can modify their electrochemical properties, such as
enhancing specific capacitance or stability. Incorporating additional
materials, such as metal oxides, CPs, or carbon nanomaterials, into CNF-
based electrodes can improve their electrochemical performance.

CPs such as PANI, PPy, PTh, and PEDOT have gained huge attention
in advanced EES devices, especially in high-performance asymmetric
SCs. These CPs possess excellent characteristics, including high con-
ductivity, facile production, redox properties, cost-effectiveness, and
eco-stability, making them potential candidates for high-performance
SCs. Incorporating CPs such as PANI, PPy, PTh, and PEDOT, individu-
ally or in association with other compounds, shows these materials'
flexibility and potential ability in advanced EES devices. With the
increasing dominance of portable electronics, the importance of their
energy density and flexibility is ever-increasing. Recent studies indicate
that the high-performance SCs based on these CPs exhibit more specific
capacitance than other electrodes, suggesting improved electrical
charge storage ability. In addition, CPs-based electrospun CNFs provide
extremely prolonged electrochemical cycling stability, highlighting
their durability over many GCD cycles. Asymmetric SCs based on CPs-
based CNFs show high energy and power densities, implying their
ability to preserve large energy per unit mass.

CPs-based CNFs have several uses in hybrid, symmetric, and asym-
metric SCs, although they comprise many disputes. Using these elec-
trodes during the GCD process provides a sudden decrement in
capacitance, which might be attributed to the mechanical deterioration
of CPs. Mechanical fragility is one of the important drawbacks of CPs-
based CNFs when employed over a prolonged time, which exhibits
variable conductivity during the electrochemical process. Even though
the CPs-based CNFs possess high power density, their energy density is
relatively lower than that of conventional electrode materials. In addi-
tion, structural instability is one of the major concerns for CPs, which is
generated by volume expansion during the redox electrochemical pro-
cess. Due to compatibility problems with several electrolytes, the
operational conditions of these electrode materials are limited. Hence-
forth, it is essential to develop alternate methods to improve the overall
performance of CPs-based CNFs in high-performance SCs.
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SCs have numerous potential applications, from transportation to
electronics to medical devices. Ongoing research is focused on
improving their performance, reducing their cost, and developing new
and innovative applications for this promising technology. We firmly
trust that implementing alternate secondary strategies and technologies
could overcome the drawbacks of pure electrospun CNFs in EES devices.
As such, SCs will likely continue to play an important role in fields like
flexible and wearable devices, hybrid energy storage systems, and the
development of sustainable and efficient energy systems in the future.
Researching the impacts of surface modifications and morphological
alterations on the electrochemical performance of CPs-based CNFs-
based SCs is crucial for determining the most favorable design param-
eters to achieve improved efficiency. Next-generation research must
focus on structural deterioration, electrolyte dissolution, and capacity
loss in SCs. Stable binders, improved electrolytes, and protective coat-
ings can enhance long-term cyclability and stability. Other broad syn-
thesis methods and roll-to-roll processing of these electrodes can cost-
effectively create flexible and lightweight electronics. By developing
the possibility of combining CPs with other materials and new device
architectures, multifunctional EES devices that may be used in various
applications can be created. Overall, this review explains the CPs-
derived electrospun CNFs-based electrode materials employed so far
and gives a complete insight into the future advancement of high-
performance SCs for electronic devices.
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