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HIGHLIGHTS

ABSTRACT

e Carbon fiber cloth, iron oxides &
conducting polymers are effective, abundant
materials for supercapacitor electrodes.

o This review focused on how iron oxides and
conductive polymers affect carbon fiber
cloth supercapacitor electrodes.

e Previous research found FeCo204 and
conductive polymers improved carbon fiber
cloth supercapacitor electrodes.

o The outlook offers insights into improving
supercapacitor ~ energy  storage  using
modified carbon fiber cloth electrodes.

Carbon fiber cloths (CFCs) are essential materials extensively studied and
utilized in numerous applications, including supercapacitors (SCs), batteries,
solar cells, and catalysis. CFC is gaining significant research attention as an
inexpensive choice for (SC) electrode materials, mainly owing to its peculiar
adaptability, which makes it suitable for conveyable or flexible devices. In fact,
this characteristic is not easily attainable with other carbon-based matrices.
However, bare CFC electrodes face difficulties concerning their capacitive
performance because of numerous factors, including markedly little surface
space, poor electrochemical efficacy, and limited porousness. In this way, these
factors reduce their efficiency as supercapacitor electrodes. To address this, the
incorporation of transition metal oxides (TMOs) and conducting polymers (CPs)

within the CFC is expected to be crucial in developing the electrochemical
performance. This work thoroughly reviews the design and the modification of
(CFC) that provide high-performance electrode supercapacitors. It emphasizes
implementing effective approaches, such as active material loading, specifically
focusing on iron oxides. The SCs have high working potentials and can
effectively increase their energy density by iron oxides. According to the
researchers’ findings, combining CFC and FeCo0204 has a high electrochemical
performance and potential range in aqueous electrolytes. Additionally, this paper
outlines and highlights the recent advancements in developing iron oxides-CFC
and iron oxides/CP-CFC for supercapacitor applications. It explores their design
approaches and electrochemical properties, offering insights into future
opportunities for energy storage technologies.
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1. Introduction

The need for sustainable renewable energy reserve systems has been maximized recently because of the importance of
preserving natural resources and managing energy consumption. Hybrid automobiles and adjustable electronic devices have
adopted new energy devices like supercapacitors, batteries, and fuel cells. These designed devices convert chemical energy to
electrical energy through electrochemical reactivities [1]. This particular increasing interest in supercapacitors (SC),
specifically electrochemical capacitors (ECs), is due to their exceptional electrochemical performance, characterized by
increased specified power, accomplished cycling life, and fast charging and discharging rates [2]. Nevertheless, compared to
batteries, the existing supercapacitors still exhibit lower specific energy levels [3,4]. To address this limitation, researchers
have extensively studied two main approaches to enhancing the specific energy of supercapacitors: (i) creating developed
supercapacitors offering highly effective capacitance and (ii) increasing the voltage window by carefully selecting the
electrolyte [5,6]. The essential aspect for advancing highly performing supercapacitors lies in their specific selection of
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electrode materials that evince exceptional conduction of electricity and possess distinctly bigger specific surface areas (SSA),
high electrical conductivity, and strong electrochemical activity as electrodes for supercapacitors [7-12].

Researchers aim to foster the supercapacitors' performance and raise their energy by incorporating various nanomaterials
into electrode designs and improving diffusion length. The diffusion length is expected to be improved through the
nanostructuring of materials. Recent studies have broadly investigated a range of nanomaterials with particular architectures
and developed supercapacitor electrodes. These include carbon-based materials, metal oxides, nitrides, and conductive
polymers [9,13-20]. Furthermore, concerning these materials, carbonaceous matrices stand out, including graphene, carbon
nanotubes [21], and porous carbon, because of their exceptional conductivity [22], cost-effectiveness, large surface area [23],
great chemical constancy, and eco-friendly, see Figure 1 [24].

Although carbon nanomaterials are viewed as promising supercapacitor electrodes, their capacitance is often insufficient
because of their intrinsic electric double-layer (EDL) mechanism, leading to disappointing performance [25]. To overcome this
challenge, researchers have dedicated significant efforts to activate the desired capacitance in carbon materials [26]. In this
vein, they have also promoted and elaborated on various approaches, such as structural design, surface adjustment [27], and
fusion with materials with pseudocapacitive features [28]. These approaches are intended to reinforce the overall capacitance
of carbon nanomaterials while also developing their performance in supercapacitor applications. Iron oxides have been
increasingly observed as positive electrode materials for SCs owing to their notable capacity, extensive functioning window in
unfavorable potential, and non-toxicity, as well as their earth-abundance and lower cost [29].

FeCo,0; is a promising material for energy storage due to its impressive ability to undergo countless valency conditions
and plenteous redox reactions, leading to a higher fixed capacitance. However, it lacks high conductivity and a considerable
electrolyte ion diffusion distance (20nm), which resultantly lowers the effectiveness of the entire electrode material in the
redox reaction. The protective feature of the layer that develops on the metal’s surface during certain types of oxidation should
be in a physical connection with the crystal composition of the inactive film. As a result, FeCo,04 mostly shows lower
capacitance and rate performance, preventing its widespread commercial use. Thus, developing effective strategies is crucial to
overcome these limitations and improve the energy denseness and the rate performance of FeCo,04 electrodes. An electrode’s
construction and morphology are crucial in figuring out its electrochemical conduct, as improving these two elements is likely
to increase the accessibility of electrolyte ions to the electrode material, thereby improving its overall electrochemical
performance [30-32]. Carbon fiber cloth (CFC) is a cost-effective carbon material that consists of numerous uniform carbon
microfibers, typically ranging from 5 to 10um in diameter. This material possesses exceptional conductivity and forms a three-
dimensional (3D) network structure. Additionally, CFC exhibits remarkable mechanical flexibility and chemical stability.
These unique characteristics make CFC a highly favorable material for serving as a scaffold and current collector in flexible
electrode designs for energy harvesting and storage devices [33,34].

In addition, carbon fiber cloth (CFC) exhibits excellent conductivity and favorable chemical stability, which enable CFC
electrodes to possess higher rates of capability along with an extended lifespan. However, the commercial utilization of CFC in
supercapacitors (SCs) is ineffective due to its unsatisfactory capacitive properties. These limitations arise from factors such as
small and limited surface space, little porosity, low electrolyte wettability, and limited electrochemical performance [35,36].
Thus, to address these deficiencies, establishing effective methods is crucial to attaining higher energy and power rates and
increasing the activity of CFC-based electrodes. To summarize, carbon fiber cloth coatings can enhance electron conductivity,
thus increasing the effectiveness of electrochemical reactions. Compared to the pristine FeC0,04 system, combining FeCo,04
with CFC leads to improved electrochemical performance, entailing specific capacitance and cycling constancy. Accordingly,
the hydrothermal synthesis of FeCo,04 offers a promising technique for producing nanostructured materials with controlled
characteristics [37].

Recent research has focused on combining the spinel structure of metal oxides with carbon materials to maximize their
potential. Enhanced electrode materials are highly desired due to the synergistic effects achieved through the combination. It is
worth mentioning that these compound materials are composed of multiple carbon materials, with transition-metal compounds
outperforming pure carbon materials [38]. Composite materials make building porous nanostructures of a highly defined
surface space easier. These nanostructures offer higher electroactive sites, enabling quick electron transference and enhancing
structural constancy [39,40].

The present review first briefly explains the characterization and limitations concerning CFC aimed at highly effective SC
assembly along with the effective principles of SCs, which are equally reviewed. Then, it summarizes and discusses the latest
establishments in the capacitive improvements of CFC, along with their application in SCs. Strategies, including progress in
the enhancement of CFC surface via active iron oxide loading on CFC, then advanced to iron oxides and conducting polymer-
based CFC, FeCo0,04 has been taken as active loading on CFC and is particularly highlighted. The third and last section of the
study tackles the limitations, future potentials, and recommendations for enhancing the capacitance of the existing TMO/CP-
based fiber-based supercapacitors.
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Figure 1: Three-dimensional (0D, 1D, 2D, and 3D) of carbon nanostructures in various forms [41]
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2. Electrochemical performance of supercapacitor electrode materials

The overall electrochemical conduction of supercapacitors (SCs) can be determined through several variables, including
definite capacitance, functioning voltage, corresponding sequential resistance, power denseness, and energy density, in
addition to time constancy [42,43]. For the accurate evaluation of this SC's capacitive behavior, various techniques have been
suggested for measuring three crucial variables: special-designed capacitance (Cs), functioning voltage (V), and corresponding
sequential resistance (ESR). Power denseness (P) and energy density (E) are calculated according to these parameters. Cyclic
voltammetry (CV), galvanic charge/discharge (GCD), and electrochemical-impedance spectroscopy (EIS) are commonly
applied methods for evaluating these essential variables, which were mentioned earlier [43].

Conway et al. [44] calculated these fundamental parameters using the following Equations: 1, 2, 3, 4, and 5. The
calculation of definite capacitances (F g™!) can be figured via using CV curves as shown below [44]:

c=i% )

where I represents the redox reaction current (in Amperes), dt symbolizes the time differential, m stands for the mass of
the active material (in grams), and V is the voltage at discharging time (in Volts). The theoretical special-designed capacitance
(Ct) of faradic electrochemical capacitor materials can be expressed as shown below :

__ nF
Ce = AV Mr ()

~

The parameter 'n' symbolizes the moles of charges transmitted through the moles of active materials. 'F' stands for
Faraday’s constant, which has a value of 96485 C mol''. V denotes the voltage during the discharging process in volts (V),
while Mr' symbolizes the molar mass of the active materials. The energy (E) reserved in a capacitor (Wh kg™) is directly
proportional to the charge (Q) at every interface and the likely difference (V) across the capacitor. This relationship can be
represented as shown below [44]:

Q=CV >E=;QV »E=>xCV2 (3)
Here, Q stands for the charge with respect to Coulombs (C), C is the capacitance (F), and V is the likely difference in volts

(V). This stored energy is proportional according to the capacitance of the capacitor. Equation (4) defines the cell’s power
density (P), energy density (E), and the time of discharging (t) in seconds as shown below [44]:

P= (4)

E
t

The cell’s power density (P) (W kg™') is related to its energy density (E) (Wh kg!) and the discharging time (t) in seconds
(s). According to a Nyquist plot of electrochemical impedance spectroscopy (EIS), the impedance (Z) is expressed as shown
below [44]:
Z=17+jz’ (5)

358



Abeer A. Radhi et al. Engineering and Technology Journal 42 (03) (2024) 356-370

where Z' stands for the actual part of impedance, and the imaginary aspect of impedance is represented as Z". Here, 'j' is
the imaginary unit, equal to the square root of -1.

3. Taxonomy of supercapacitor’s storage

Understanding the specific charge storage mechanism in the Leyden jar, an early capacitor, was limited to the nineteenth
century. During this time, Helmholtz [45] proposed a design explaining the dispensation of ions at the electrode/electrolyte
interface. Subsequently, Gouy [46], Chapman [47], Stern [48], and Grahame [49] made further modifications to this model to
enhance the understanding of its charge storage process. The first electric double-layer capacitor was credited to the patent of
H. I. Becker [45] of General Electric Co. It utilized porosity features in carbon electrodes in an aqueous electrolyte functioning
at a 2.5 V or less voltage. Later, Conway and Pell [50] presented the earliest pseudocapacitor employing a distinct charge
storage mechanism compared to Becker's designed capacitor. Two main models of supercapacitors have received considerable
attention in research, manufacturing, and commercialization: electric double-layer capacitors (EDLCs) and redox-based
pseudocapacitors. The way these two models store electric charges sounds different. EDLCs operate through a non-Faradaic
process, relying on the accumulated electrostatic charges on the interface between the electrode and the electrolyte, which
includes carbon materials. The procedure for charge storage rests on constructing this specific electrical double layer.
Furthermore, redox-based pseudocapacitors utilize Faradaic redox reactions for charge storage. This affects the transfer of
charges through the double layer, resulting in a Faradaic current flowing straight through the cell, which incorporates transition
metal oxides and hydrogens (like ruthenium oxide, manganese oxide, and nickel oxide), conducting polymers (such as
polyaniline and polypyrrole), and suitable electrolytes [S1]. The taxonomy of supercapacitors, including EDLCs and
pseudocapacitors, can be visualized in Figure 2. Furthermore, the comparison between EDLCs and pseudocapacitance is
presented in Table 1.
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Figure 2: Supercapacitor types are classified according to the ruling mechanism of charge
storage and the typical material used [51]

Table 1: EDLC and pseudocapacitance Comparison [52]

EDLC

Pseudocapacitance

Non-Faradaic
20-50 pF/cm?

The specific capacitance (C) generally remains relatively
consistent with potential, with the exception of passing in the
zero charge potential.

Highly reversible charging/discharging

Unlike non-electric electrostatic capacitors, electric double-
layer capacitors (EDLCs) have a limited voltage range in which
they can operate effectively. In other words, there are
restrictions on the maximum voltage that can be applied to an
EDLC without compromising its performance or risking
damage. This limitation sets EDLCs apart from non-electric
electrostatic capacitors, which do not have such restrictions on
their voltage extent.

Displays the mirror-image of voltammograms

Involves Faradaic process (es)

For a single-state process, the specific capacitance is typically around
(2000 pF/cm?). On the other hand, for a multi-state, overlapping
process, the specific capacitance ranges from (200 pF/cm?) to (500
uF/cm?).

The specific capacitance (C) of RuO, is relatively constant with
potential, meaning its variation is insignificant or small. However, in
the case of a single-state process, a noticeable and significant
maximum value is observed in the specific capacitance.

In overlapping, multi-state processes such as hydrogen (H) behavior at
platinum (Pt) electrodes, the specific capacitance can exhibit multiple
maxima. This indicates that the capacitance can reach distinct peak
values at different potentials. Although the process is generally
reversible, there is an inherent limitation in the electrode kinetics rate
due to the presence of Faradaic leakage resistance.

Has hindered voltage extent

Displays the mirror image of voltammograms.
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4. Carbon fiber cloth in supercapacitors

4.1 Characterization of CFC

One of the most notable advantages of (CFC) compared to variant carbon materials, like carbon nanotubes (CNTs),
graphene, and activated carbon, is its exceptional mechanical potency coupled with preferable flexibility and mechanical
completeness. While thin films based on CNTs or graphene are typically prepared through vacuum filtration, they often exhibit
insufficient mechanical strength. On the contrary, it is possible to directly utilize CFC as an independent and flexible electrode
for supercapacitors (SCs). Moreover, CFC might be incorporated into small appliances of compact sizes and various shapes.
These functioning characteristics make the CFC a perfect candidate for transportable and wearable electronics, where
flexibility and mechanical durability are crucial factors, see Figure 3. In a study accomplished by Han et al. [53], it was
observed that CFC elucidated a remarkable tensile strength of 18.2 MPa, indicating its ability to withstand high levels of
mechanical stress. Furthermore, the mechanical features of CFC were found to be minimally affected by concrete chemical
etching and electrochemical actuation. Another research by Yu et al. [54] involved the fabrication of a higher-rate fiber-shaped
SC using activated carbon cloth. This fiber-shaped SC was interwoven within a dragonfly knot and attached to a glove,
demonstrating the weavability and knottability of CFC. Most importantly, the fiber-shaped SC kept its high performance even
under the conditions of entwining and knotting, highlighting the effective flexibility of CFC. Additionally, CFC depicts two
crucial factors for its functioning as an electrode material: high conductivity rates and favorable chemical stability. These
properties contribute to the increasing capability and long lifespan of CFC-based electrodes. Overall, the combination of CFC's
mechanical strength, flexibility, weavability, knottability, conductivity, and chemical stability makes it a highly desirable
material for various applications, particularly in portable and wearable electronics. The utilization of commercial CFC in
supercapacitors (SCs) for various applications is hindered by its unsatisfactory capacitive properties, as discussed in studies
conducted by Wang et al. [55] and Wang et al. [56]. These limitations are primarily attributed to CC's small specific surface
space, inadequate porosity, deficient electrolyte wettability, and insufficient electrochemical performance. In order to attain
high rates of energy and power from SCs together, it becomes crucial to promote potent techniques to reduce the deficiencies
associated with CFCs. Efforts should focus on enhancing the specific surface areas of CFC, improving its porosity to facilitate
electrolyte penetration, enhancing electrolyte wettability, and boosting its electrochemical activity. By addressing these
challenges and finding suitable solutions, improving highly performing supercapacitors by enhancing their capacitive
properties and unlocking their full potential is possible.

ST ST A

Figure 3: a) SEM image of CFC, and b) photographic image of CFC

4.2 CFC mechanism of energy storage

The energy storage process of (CFCs) is closely tied to this electrical double layer (EDL) phenomenon observed in
supercapacitors (SCs). In an EDL capacitor, the charge accumulation develops at the electrode and electrolyte interface. This is
facilitated by the adsorption of electrolyte ions onto the surface of the electrode material. In the case of CFCs, when an EDL
capacitor is gathered via a potency that does not override the voltage window (breakdown voltage) of the electrolyte, the
negative charges accumulate on the cathode, attracting electrolyte cations [57]. Conversely, the electrolyte anions are drawn
from the lack of electrons on the anode. Understanding the capacitance mechanism within (CFCs) has evolved over time.
Initially, Helmholtz [45] proposed that capacitance was credited solely for the charges’ accumulation at the interface between
the electrode and electrolyte. However, the subsequent models introduced by Gouy [46] and Chapman [47] explained that
charges were not only localized at the interface but rather dispersed throughout the electrolyte’s dispersed layer see Figure 4.

Stern [48] integrated the Helmholtz and Gouy-Chapman models to further refine the understanding. According to Stern's
model, the double-layer capacitance arises from two distinct regions: (i) The Helmholtz layer, where the accumulation of
charge materializes at the electrode and electrolyte interface. The thickness of the layer is equivalent to that of the solvent
molecule. (ii) The diffuse layer is the point at which charges are dispersed through the electrolyte’s thermal fluctuation.
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Figure 4: The accumulation of charge on the electrolyte results in electrolyte ions' adsorption on the anode
and cathode surfaces [58]

This layer extends beyond the Helmholtz layer and contains scattered charges. By incorporating both the Helmholtz and
diffuse layers, the Stern model provides a more comprehensive understanding of the double layer capacitance, considering
both localized charge accumulation and charge dispersion throughout the diffuse layer. These models evolve the understanding
of CFCs' charge storage process and capacitance, shedding light on the complex behavior at the electrode and electrolyte
interface. The parallel double layer capacitance (Cq) at the interface of electrode and electrolyte can be represented as the
series combination of the Helmholtz capacitance, Cu, and the diffuse layer capacitance, Cgifr, according to the following
Equation 6 [59]:

11 1 _ (Cu xCaiff)
(Cu+Caifr)

—=—t—elg

Cal Cy  Caiff

(6)

Concerning an electric double-layer capacitor (EDLC), the charge storage mechanism does not affect the electrode
material's structure. As a result, EDLCs can achieve a higher number of lifecycles than batteries, as the electrochemical
kinetics of their reactions limit the number of lifecycles [59,60].

As discussed earlier, the inadequate capacitive features of bare (CFC) are likely because of its insignificant surface space,
lower electrochemical activity, and low porosity, as studied by Ye et al., [61]. Thus, to reduce the aforementioned limitations,
varied techniques have been adopted for handling the structural shortcomings of CFC. Among these techniques are increasing
the surface area, introducing surface operative groups, and optimizing pore distribution. These methods can be broadly
categorized into two groups: surface modification of carbon fiber surfaces (CFC) and adding metal oxides such as FeCo0,0s.
This study focuses on the addition of iron oxides to CFC.

4.3 Improvement in CFC Performance

4.3.1 Active iron oxides loading on CFC

The successful use of cost-effective carbon-derived materials in energy storage relies on finding effective and scalable
processes and establishing techniques. Recent studies have investigated CFC applicability within supercapacitors and found
that CFCs serve as excellent supports for various pseudo-capacitive materials, for example, metal oxides, chalcogenides, and
phosphides. More specifically, the considerable incorporation of transition metal oxides (TMOs) onto carbon materials with
electrical conduction is due to their higher theoretical capacity and reversibility, making them suitable for Faradaic
supercapacitor electrodes [62,63]. Binary TMOs, consisting of one single transition metal ion and one electrochemically active
or inactive metal ion, have received significant attention. These binary TMOs reveal different crystal constructions, for
example, spinel, scheelite, CaFe,O4-type, and more. Binary TMOs generally demonstrate higher electrical conductivity and
electrocapacitive activity than single metal oxides, making them desirable electrode materials for supercapacitors [64—68]. By
combining CFCs with binary TMOs, the overall efficiency of supercapacitors might be largely increased. These CFCs act as
effective supports, offering a large surface area and further facilitating the efficient application of effective materials. This
combination enables the improved energy storage capabilities, making it suitable for practical applications [69,70]. In order to
enhance the catalytic conditioning of spinel oxides, which is often hindered by low electronic conductivity, mixing or
supporting them with conducting carbon materials is common. This ensures fast electron transport within the nanocomposite
structure. Nanocomposite supercapacitor electrodes are composed of multiple materials, typically chosen from the two types of
supercapacitor materials mentioned earlier. This combination aims to exploit the finest features offered by every material,
aiming for synergistic effects that can lead to improved electrode performance [71]. One common approach to achieve
satisfactory capacitance is to load active materials onto conducting carbon. This strategy adds additional pseudocapacitance
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and expands the operating voltage range. For example, Fe,Os, known for its considerable theoretical capacitance around 3625
F/g and appropriately functioning voltage window, has been fused into CFC-based electrodes [65].

Zhang et al. [66] conducted a synthesis study where they effectively planned the structure of a three-layered core-shell
sandwich. This structure consisted of carbon nanotubes and Fe,O3; carbon arrays, backed by a substrate of CFC. The carbon
array and nanotubes served multiple purposes, including extending the surface area, enhancing conductance, controlling
effective materials, improving energy storage implementation, and ensuring long-term stability. Furthermore, they acted as
surface-protective conductive layers for Fe,Os, preventing the incorporation of Fe-based intermediate oxides and hydroxides.

The electrode, comprised of carbon nanotubes and Fe;Os3 at carbon arrays backed by a substrate of CFC, exhibited a
particular capacitance of approximately 787.5 F/g. This remarkable performance establishes it as a successful negative
electrode material for highly conductive supercapacitors.

Chen et al. [67] presented in their research the utilization of Fe,O3 backed by carbon cloth acting like a negative electrode
for supercapacitors. They fabricated Tetsubo a-Fe,O3/C nanoarrays of vacuous structures composed of Fe;O3 nanocrystals and
carbon nanoparticles supported on CFC. This unique structure provided sufficient mesopores between the Fe,O3; and carbon
nanoparticles, promoting active electron and ion transfer in addition to increasing the effective points available for energy
storage. The electrode demonstrated a definite supercapacitance of approximately 430.8 mF/cm? (391 F/g) at a 1 mA/cm?
current density. Further, it exhibited favorable cycling constancy, keeping 88.9% of its capacitance succeeding 2500 cycles.

The Fe;03/C nano-arrays supported on CFC were further utilized to design an asymmetric supercapacitor serving as the
negative electrode, while MnO, became the positive electrode. The mechanism achieved an energy density of 0.64 mWh/cm?
at a 14.8 mW/cm?® power density. Such outcomes highlight the prospect of the CFC-supported Fe»O3/C nano-arrays acting like
a favorable electrode material, producing supercapacitors with substantial performance.

Another study by Li et al. [68] presented the incorporation of porous Fe,Os nanospheres onto activated carbon cloth
(ACC) to perform a supercapacitor electrode. This electrode demonstrated an excellent super capacitance equivalent to 2775 at
ImA/cm?. This conductivity surpassed previously reported Fe,Os-reinforced carbon fiber cloth electrodes. Several factors
influence the specific supercapacitor performance of Porous Fe,O3; nanospheres on ACC. First, the mixture of a considerable
surface area (99.1 m%g) and porosity of Fe>O; provided ample effective points to store energy. Second, ACC's particularly
good electrical conductivity enabled efficient electron transport in the electrode. Finally, the lower diffusion barrier of Fe,O3
and the presence of displayed surface electronegativity further improved supercapacitor performance. Furthermore, the porous
Fe;O3 nanosphere-ACC electrode offered outstanding stability, maintaining 95% of its capacitance after 4000 cycles. This
underscores its durability for long-term usage. The electrode was used to construct a symmetric supercapacitor, although
further details about its performance were not provided in the given information. Overall, the study highlights the promising
potential of porous Fe,O3 nanospheres incorporated on activated carbon cloth as a supercapacitor electrode with considerable
performance.

In a work by Song et al. [72], a hierarchical CoFe;O4 core-shell microsphere electrode grown on a carbon fiber cloth
(CFC) substrate was laid and integrated via a mild hydrothermal method. The resulting products, labeled as CFC/CoFe>Os-1 h,
CFC/CoFe;04-4 h, CFC/CoFe;04-8 h, and CFC/CoFe;04-12 h, were cooled at room temperature, rinsed with water repeatedly,
dried at 60°C, and then strengthened at 300°C for 3 hours. These specific cobalt ferrite spheres synthesized in this process
exhibited three phases: nanospheres, microspheres, and core-shell microspheres. The SEM images reveal the formation of
CFC/CoFe;04-1 h nanospheres. A thick layer of CFC/CoFe;04-4 h nanospheres on the surface of CFC. The nanosphere
measures around 100nm. The morphology of CFC/CoFe>04-8 h microspheres, with a large diameter of approximately 1pm. As
observed on their surfaces, microspheres consist of nanospheres and nanoparticles. The rough surface of the microsphere
causes irregular microsphere formation after temperature lowering. Further heating causes cobalt ferrite nanoparticles to
develop and collect on microsphere surfaces, eventually creating a shell over time. The final core-shell microsphere is a perfect
sphere. The shell thickness is approximately 500nm. The latter possessed larger capacitances due to the energy-storing core-
shell structure of cobalt ferrite. Hierarchical CoFe;O4 core-shell microspheres formed on CFC have outstanding
electrochemical characteristics due to their nanoparticles, which improve the electrode and electrolyte surface area and charge
storage capacity. The core-shell microsphere structure enhances CFC hydrophilicity and stabilizes the material by protecting
the core layer cobalt ferrite microsphere, preventing degradation to the internal structure. This particular CFC/CoFe,O4 core-
shell microsphere electrode, functioning as a positive pseudocapacitor electrode, manifested impressive capacitance
performance. Specifically, at an actual density of 1 A g in 3 M KOH, it exhibited a capacitance of 1280.5 F g"!. The electrode
also showed good cyclic constancy, reserving 95.8% of its capacitance following 2000 cycles at the actual density of 1 A g'! in
3 M KOH. The maximum density of energy achieved was 84.6 Wh kg! at a power density of 1334 W kg''. The researchers
further utilized the CFC/CoFe,04 electrode in a supercapacitor with aqueous flexible asymmetric properties (AFAS). AFAS,
known for its low cost, rising capacity, and plain manufacturing process, represents an advantageous model for the succeeding
generation of highly effective supercapacitors. The remarkable effectiveness of the CFC/CoFe,Os4 electrode suggests its
capacity to project highly effective flexible supercapacitors.

Developing FeCo0,04 electrodes has provided a productive and practical technique for achieving high energy density levels
and supercapacitor performance. Additionally, the inherent flexibility of polymer conductivity makes them advantageous for
flexible supercapacitors. In this context, polypyrrole (PPy) can be an outstanding "shell" structure overlaying other
nanomaterials' surfaces. Munhoz et al. [73] investigated electrodes for supercapacitors, binder-free flexible CFC from
polyacrylonitrile (PAN) textiles. In order to create the finished activated carbon cloth (ACC), the fibers were thermally
oxidized, CO, activated, and then subjected to a spontaneous deposition of iron oxide. In order to use ions as electrodes for
supercapacitors without time-consuming and expensive binders, an acidic aqueous electrolyte (H2SO4 2mol L') was studied.
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Capacitances of up to 116.8 F g! were achieved. A study by Huang et al. [71] focused on the effectively designed
structured polypyrrole nanowire arrays (NWAs) on carbon fiber cloth (CFC) surfaces. To achieve this, pyrrole was
electropolymerized on a carbon cloth substrate in a 0.2 M phosphate buffer solution, forming PPy and CFC. The study
concluded that the coordinated arrays of nanoarchitecture placed exactly on conducting substrates offer a novel approach to
expediting Faradic reactions for charge storage in high-performance pseudocapacitor electrodes. The well-structured PPy
NWAs electrode illustrated a fantastic capability rate and an increasing definite capacitance of 699 F/g at 1 A/g. Furthermore,
it sequentially maintained 92.4% and 81.5% of its capacitance at 10 A/g and 20 A/g. The PPy NWAs demonstrated the ability
to attain a higher power density of 0.65 kW/kg at an energy density of 164.07 Wh/kg.

Combining FeCo,04 and polymer on the CFC substrate in the form of a nanocomposite enhances the electrochemical
properties of the electrodes and further improves their performance in supercapacitors. The use of FeCo,04 electrodes has
proven to be a functional and applicable approach for achieving high rates of energy density and performance in
supercapacitors. The flexibility of conducting polymers adds to their advantages for flexible supercapacitors, with polypyrrole
(PPy) serving as a positive "shell" structure that can cover the surface of other nanomaterials. Wu. et al., [74]. Investigated the
interface between the electrolyte and electrode using a straightforward chemical reduction procedure in the study of low-
crystallinity Fe,O3 nanorod arrays built on CFC (D-Fe;O3/CC). Then, PPy was electrochemically deposited on the surface of
low-crystallinity Fe,O3; to create a metal oxide/polymer core-shell nanocomposite (D-Fe;O3;@PPy/CC). The D-Fe203/CC
surface was made rougher by the NaBHj4 treatment, which favored the Faradaic reaction brought on by ion diffusion in the bulk
phase. Electrodes deposited in 30, 60, 120, and 180 seconds. After 30s of PPy electrodeposition, no change was observed see
Figure 5a. When the electrodeposition time reached 60s, nonuniform particles were embedded on the electrode and the
nanostructure covered the CC fiber see Figure 5b. With 120s of PPy electrodeposition, the nanostructure was uniformly coated
see Figure 5c. When the electrodeposition increased to 180s, the nanorod or nanosheet structure disappeared and PPy
aggregated on the electrode see Figure 5d.

Figure 5: SEM photos with different electrodeposition timings of D-Fe2O3@PPy/CC: a) D-Fe2O3@PPy-30s,
(b) D-Fe203@PPy-60s, (c) D-Fe2O3@PPy-120s, and (d) D-Fe203@180s [74]

The charge storage on or near the surface of the electrode was improved by the development of a PPy layer on the surface
of D-Fe,0s. This D-Fe;03;@PPy/CC electrode produced an increased capacitance of 615 mF compared to the pure Fe,O3/CC
electrode, which had a capacitance of 123 F g! at 1 mA c¢m? The D-Fe,O3@PPy/CC electrode showed superior cycling
stability, retaining 79% capacity at 10 mA cm? after 5000 cycles, surpassing Fe;O;/CC (42% and D-FexO3/CC 24%)
electrodes see Figure 6 (a-c).
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Figure 6: a) Cyclic voltammetry (CV) of D-FexO3@PPy-120 s at different scan rate, b) charge and discharge voltage (CDV)
curves at 1 different current densities, ¢) cycling performance at 10 mA cm™2 of electrodes [74]

In a study conducted by Wang et al. [16], hierarchical T-Fe,Os/polypyrrole (PPy) nanoarrays (NAs) were fabricated on
conductive CFC using a self-sacrificing molding within the situ vapor-phase polymerization route under temperate conditions,
see Figure 7. The resulting electrode, composed of T-Fe;O3/PPy NAs on carbon cloth, exhibited an increasing areal
capacitance of 382.4 mFcm™ at a current density of 0.5 mAcm™ and appeared great reversibility, with a capacitance retention
of 97.2% after 5000 cycles. Positively, when integrated into a solid-state asymmetric supercapacitor (ASC) with MnO,
electrodes, the T-Fe>O3/PPy NAs-based device achieved a considerable energy density of 0.22 mWhem at a power density of
165.6 mWcm™. The formation of T-Fe;O3/PPy NAs on conducting carbon cloth involves the fabrication of highly ordered
sacrificial ZnO nanoarrays upon the carbon cloth using a low-temperature hydrothermal method see Figure 7. These ZnO
nanoarrays are then absorbed in an aqueous Fe(NOs)s solution to develop tectorum a-Fe,Os nanoarrays. Finally, the 3D,
hierarchically nanostructured T-Fe,O3/PPy NAs are obtained by encapsulating the T-Fe,O3; NAs within PPy shells through a
straightforward in situ vapor-phase polymerization process.

He et al. [75] studied core/shell heterostructure electrode design and production for supercapacitors. They synthesized
graded hybrid FeCo,Os@polypyrrole core/shell nanowires through a hydrothermal method. This approach evinced promising
results in increasing the supercapacitors’ electrochemical characteristics. In their research, the FeCo,O4/polypyrrole core/shell
nanowires were used as anodes for flexible supercapacitors. These nanowires revealed a definite capacitance of 2269 F g! at 1
A g and retained 79.2% of the specific capacitance at 20 A g'. This demonstrates their ability to maintain high-level
capacitance even at higher rates of current densities. Furthermore, the researchers manufactured a moldable asymmetric
supercapacitor (ASC) by integrating the FeCo,Os/polypyrrole anode into an activated carbon (AC) cathode. This ASC
achieved a notable energy density of 68.8 Wh kg™ at 0.8 kW kg! and manifested an extended cycle lifespan with 91% capacity
retention over 5000 cycles. The FeCo,04 nanowires were precisely developed on CFC, serving as the "core" material,
needless for binder additives see Figure 8. This approach ensured increasing electrical conduction and mechanical constancy.
The conductive polypyrrole (PPy) acted as the "shell," appropriately enhancing conductivity and ion accessibility. Ultimately,
this study presented a successful synthesis method for hierarchical core/shell nanowires by combining FeCo,Os4 and
polypyrrole on CFC to develop the electrochemical functioning of supercapacitors. The study findings are summarized in
Table 2, which provides an overview of the literature survey on Fe oxides with carbon-based flexible conductive substrates.
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Figure 8: Schematic exposition of the fabrication process of FeCo204@PPy on CFC [75]

FeCo0,04, which belongs to the MCo,04 category (where M represents any metal), is a commonly used electrode material
for supercapacitors. It has shown great potential due to its excellent electrochemical properties. This is because of the favorable
conductivity and the existence of Fe and Co, which provide rich oxidation states for efficient redox reactions. Additionally, the
earth's crust contains more elemental Fe than other transition metals, making it a cost-effective option suitable for large-scale
production [76].

Among the available metals, iron is particularly interesting as a substitute for cobaltites in spinel structures. It possesses
desirable characteristics such as its benign nature, abundance, and low cost. The studies by Pendashteh et al. [77] and
Mohamed et al. [78] have elaborated on employing FeCo0,04 as an electrode material in supercapacitors.

Pendashteh et al. [77] attained a particular capacitance of 407 F g™! at a scan rate of 10 mV s°!, while Mohamed et al. [78]
obtained higher rates of capacitance of 433 F g! at a current density of 0.1 A g''. These findings highlight the potential of
FeCo,04 serving as a significant electrode material in manufacturing applicable supercapacitors.

5. Future research direction of energy storage technologies

The typical synthesis of iron oxides/CP-based CFC is assumed to address the drawbacks of each component. Still, more
developments in super capacitive performance are required to make these materials suitable for flexible and expandable energy
storage mechanisms:

1)  Developing new and improved electrolytes is another research area for increasing supercapacitors' performance.
Conventional aqueous electrolytes, organic electrolytes, and ionic liquids are some of the electrolytes being studied for
their potential use in high-performance supercapacitors

2)  Another area of research for enhancing the performance of supercapacitors is the application of new and superior
binder and conductive additives. These additions can enhance the electrode materials' mechanical stability and
electrical conductivity, resulting in better performance.

3) Integration with other energy storage technologies: Combining supercapacitors of iron oxide (FeCo0,04)/(CPs)-based
CFC with other energy storage technologies, such as batteries and fuel cells, is another area of research to increase the
performance of supercapacitors. This combination can improve energy density, power density, and cycling stability.

4)  More research and development are required to optimize the efficiency and cost-effectiveness of supercapacitor energy
storage technology for particular applications.
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Table 2: A summary of the performance of the CFC with different electrodes materials

Electrode Potential Electrolyte Nanostructures  Specific Cycling Ref.

materials range (V) capacitance stability

Fe203 -13t00V 2 M KOH Three-layer 787.5F g'at5 92% [66]
sandwiched mV s’! after 7000
core-shell cycles

a-Fe203 -1.0to 0V IM Nanoarrays are 391 F/gat 1 88.9% after [67]

Naz2S04 hollow structure mA/cm? 2500 cycles

Fe20s3 -0.8t0o 0V 3M LiNOs Porous and 2775 at ImA cm™ 95% of after [68]
nanospheres 4000 cycles

CoFe204 0-0.6 V 3 M KOH Core-shell 2378 Fglatl A 95.8% after [72]
microsphere g! 2000 cycles

Fe203 -0.1-1V 2mol L Microparticle 116.8 F ! cycles 1200 [73]

H2SO4 precipitates
Polypyrrole -0.8t0 04V 5M LiCl Nanowire arrays 699 F/gat1 Alg 80.1% [71]
after 5000
cycles

low- -0.1to0V IM Nanorod 640 F gl at 1 mA %79.3 [74]

crystallinity NaxSO4 cm? 5000 cycles

Fex0s/

polypyrrole

a-Fe20s/ -0.8to0V 3 M KOH Hierarchical 382.4 mFem? at 97.2% after [16]

polypyrrole Tectorum 0.5 mAcm? 5000 cycles

FeC0204 & 0to 0.5V 2 M KOH Nanowires 269F glat1 A 91% over [75]

Polypyrrole core/shell g! 5000 cycles
heterostructure

6. Conclusion

Carbon fiber cloths (CFC) are highly promising materials for supercapacitor electrode fabrication owing to their eco-
friendly, biocompatible, low toxicity, high mechanical strength, and excellent electrical conductivity. However, their
limitations lie in their low surface area and porosity; resultantly, the pristine CFC is unsuitable for supercapacitor electrodes.
To overcome this, various strategies have been developed to enhance their performance and enable them to function effectively
as electrodes for supercapacitors by incorporating the pseudocapacitances materials on the CFC substrate as nanocomposites.
This paper reviewed the mentioned drawbacks and current knowledge to overcome them in research on the effect of iron
oxides and conductive polymers (CPs) on CFC performance. The article emphasized the influence of different types of iron
oxide and its combination with conducting polymers with different electrolytes and morphologies, the indicator of the mode of
supercapacitor modification based on CFC. There are different types of electrodes: CPs-CFC, iron oxides-CFC, and iron
oxides/CPs-CFC. Based on the available information in this review, it is noted that the FeCo0,04/CPs-CFC with CFC based is
used as nanocomposites because of their demonstrated high specific capacitance, good rate capability, and excellent cycling
stability, good potential window, and low cost. However, there is a progressively need to use FeCo,04 with different types of
CPs and carbon materials structures. This review brings further research to fully explore new possibilities with these materials
and improve their performance for energy storage applications.
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