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ARTICLE INFO ABSTRACT
Keywords Flexible supercapacitors (FSCs), especially wearable ones, have
Flexible become a hotspot of research because of their advantages such as

Supercapacitor,
Electrochemical,

Electrode  materials,
Electrolytes, mechanism in FSCs is either a faradaic mechanism in

energy density, high specific capacitance, good mechanical

properties, decent stability, and eco-friendliness. The storage

Nanostructure pseudocapacitors (PCs) or a non-faradaic mechanism as in double-
layer supercapacitors (ELSCs). This review summarized the research
progress for manufacturing electrodes from various types of
materials, whereas carbon, metal oxides, or conductive polymers are
utilized as electrodes. An overview of what researchers have
performed in changing the original shape of materials and combining
them to obtain flexible electrodes with good electrochemical
performances. The review includes the presence of different types of
electrolytes in the FSCs structure. Perspectives on the direction of
future development of research in the field of FSCs are also

discussed.
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1. Introduction

With the rapid development in the present scenario of the global economy, the difficulty of
providing a pollution-free environment has become a matter of utmost importance, and this is
linked to energy sources. Therefore, the easy availability of traditional fossil energy sources
(extraction, available industry, stable price) has made it one of the most common sources of
energy generation [1]. One of the disadvantages of fossil energy is the slow renewal of its source,
which requires very long years[2]. With the sharp increase in energy consumption in our current
era, non-renewable energy sources are no longer fully meeting human needs[3]. Therefore, the
need has emerged to search for a source of renewable energy. For instance, solar energy, wind
energy, and other renewable type of energy are relatively clean, easy to store and transport, and
have applications in all features of life [4]. These energy sources must require efficient electrical
energy storage equipment. The aforementioned have made the energy storage topic a hot
research area. Storage devices play a vital role in providing a continuous power supply. There
are many energy storage devices including lithium-ion batteries, hydrogen fuel cells, and
supercapacitors[5-8]. It is known that flexible, wearable and moveable electronics, energy
storage systems are the base of many applications e.g., phones, health monitoring systems,
computers, and TV screens.  Although, flexible lithium-ion batteries have been applied in
standards industry and market accessibility[9, 10], their mechanical performances were not
sufficient and also limited in size, making it difficult to place them in wearable devices such as
personal clothing and watches[11, 12]. Unlike lithium-ion batteries, supercapacitor features fast
charge and discharge and good bending and twisting ability, which can be used in wearable
devices due to their low cost, environmental friendliness, high stability, and excellent
electrochemical performance[13]. Although many studies have shown that the power density of
SC is relatively low compared to other devices, it can be further improved by researching new
materials to enhance the performance of electrode materials and electrolytic fluids. The
researchers aim to build a flexible SC with good size and mechanical properties including
bending and torsion. Besides these properties, the SCs must have high capacitance capacity as
well as high energy and power densities [14, 15].Supercapacitors have been divided into many
types, including what are called self-charging supercapacitors(SCS), color supercapacitors(CS),
energy storage supercapacitors(ESS), self-repairing supercapacitors(SRS), and others depending
on the use[16]. Flexible supercapacitors (FSCs) and their applications have been broadly
considered as energy storage devices. FSCs are different from conventional supercapacitors

since FSC electrodes are covered with flexible material, allowing them move in a different
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direction without affecting their performance [17]. Based on their charge storage mechanism,
SCs can be categorized into double-layer electrolytic capacitors (EDLCs) and pseudocapacitors
(PC). The EDLC one typically uses a non-faradic electrostatic process to store energy that
originates from the charges accumulated at the interface between the electrode and the
electrolytic fluid. The PC one uses the faradic redox depending on the interaction process at the
electrode/electrolytic interface. In addition, the hybrid supercapacitors (HSC) include the
combination of EDLCs and PC [18, 19]. To evaluate the electrochemical performance of the
SCs, there are many criteria including the nature of the electrode material and the electrolytic
fluid, and also the working environment[20, 21]. Often, the electrode is manufactured in one of
two ways. The first way includes using a flexible substrate made of a porous material that can
conduct electrical current or a material with high electrochemical properties is grown or cast on
top of the flexible substrate[22-24]. About the second axis, the development of electrode material
is considered a desirable axiom with a high-performance material strip with a good surface area,
while providing highly exposed surface reactive sites[25, 26]. There are various groups of
materials with false capacitance such as carbonaceous materials. Many materials have received
attention due to the development of materials science[27].This review proposes to highlight the
research progress of different types of FSCs in recent years. This review focuses on the terms of
defining the basic working principles, analyzing the problems facing research progress at the

current stage, proposing some future solutions, and ways to improve their performance.

2. Strategies to prepare the Flexible electrode

It is known that energy storage for any type of supercapacitor, whether flexible or inflexible,
occurs through rapid redox interaction between the electrode and electrolyte fluid or through the
formation of a non-faradic double layer that collects charges. Therefore, the electrode material
is considered one of the important parts that play an important role in determining the
performance of a flexible coiled supercapacitor. Researchers may face major challenges in
designing electrodes in terms of material cost and capacity efficiency. The material that is
manufactured for a flexible supercapacitor must have foldable capability. The material is cast on
a flexible substrate to make an electrode used in a flexible supercapacitor[28]. FSCs may depend
in general on electrochemical properties, including (cycle life, capacitance, energy density, and
power density), and flexibility may include these properties as a property of the electrode
materials. To prepare the electrode, the design must take into account the microstructure and
some properties specific to the nature of the materials to produce efficient materials. High good

conductivity, storage capacity, increased redox activity, and increased interaction between the
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electrolyte and the manufactured materials, including the electrode. To increase the surface area,
the pore size is widely distributed, and small-sized materials known as nanostructured materials
are used. According to the storage mechanism in capacitors, superior electronic EDLC materials
are classified according to their advantages and disadvantages into transition metal compounds,
pseudomaterials[29], carbon materials, and conductive polymers. The thickness of the electrode
plays an important role in the occurrence of what is called mechanical strain. The reason is due
to the difference in the size of the charged /discharged states, and this causes the electrode to
disintegrate quickly and reduces performance. As the thickness increases, the mechanical strain
increases[30]. To improve electrochemical performance, strategies for electrode materials
through the basic principles of creating various microscopic structures such as structures with
dimensions (0D, 1D, 2D, 3D), porous structures, nanostructures, and manufacturing and building
various compounds from various materials that have elastic properties. Figure 1 reveals the

materials that have been used as electrodes for FCSs.
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Figure 1: Strategies used to enhance the electrochemical performance of FSCs.

In general, activated carbon is manufactured from organic materials (raw materials), meaning it
has a high percentage of carbon that does not contain inorganic materials such as carbon
nanofibers, and graphene[31, 32]. Carbon nanotubes (CNTs) and other carbon-based materials
which are similar in their structure to honeycombs, are considered good conductors of electrical
current. They have good chemical stability and high surface area, as well as mechanical
performance and tolerance to high temperatures, making them promising candidates[33, 34].
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These materials can be used in a supercapacitor either as flexible or inflexible. However, they
have a low capacity compared to other materials, and this affects the energy density, so it may
limit their application [35].To improve the capacity to reach the false capacity, the surface of
these materials is modified through the manufacture of carbon nanostructures to accelerate the
diffusion of ions, whether by surface activation or through exfoliation. To enhance the
polarizability and produce additional PC carbon materials are combined with heteroatoms[36].
Rarely, carbon fibers especially elastic textiles are inserted as electrodes due to their low
electrochemical properties and small surface area. To convert carbon fiber, it acts as an electrode
by creating pyramidal pores, as it has a large capacity compared to carbon fiber[37]. Conductive
polymers such as polythiophene (PTh), polypyrrole (PPy), and polyaniline (PANI) provide
advantages for electrode materials, including high conductivity, high resistance, ease of
fabrication, and high redox activity which are adjustable with a higher operating window
compared to some materials due to their low cost and eco-friendly properties[28, 38]. Charge
storage occurs through oxidation and reduction reactions by transferring ions into the polymer
backbone and releasing them into the electrolyte due to the occurrence of oxidation and reduction
reactions in all the electrolyte materials, so it is noticeable that the capacity of conductive
polymers is higher than the rest of the capacities of the electrodes of other materials. However,
the flexibility of the polymer may reduce the conductivity of the polymer and also reduce the
redox activity, and this may cause a deterioration in the stability of the flexible supercapacitor.

Conductive polymers are charged depending on the type of ion input ( positive or negative)[39].

Transition metal compounds, as another type of pseudocapacitive materials, are based on
hydroxides, nitrides, oxides, sulfides, and others. These materials are considered inexpensive,
chemically stable, and easy to handle. By changing the synthesis process, it is possible to obtain
many different morphologies of individual metal oxides[40-42], since the metal oxide
capacitance stores electrical charges in a faradic manner, it must be characterized by high
conductivity to transfer electrons without interruption and also have multiple oxidation activity,
whether in two or more states. However, their limited cycle life and low capacity are due to their
poor electrical conductivity and reversibility [43]. Many electrodes are made of metal oxides that
have been studied by researchers such as NiC0204, NiO2/Ni(OH)2, RuO., and others. The
capacity of transition metal oxide materials may be higher compared to carbon materials.
Although their application in advanced applications may be limited due to their low stability and

poor conductivity, nanostructured transition metal oxides can be optimized with Ag quantum
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dots to enhance the electroactive region, electron-ion mobility, electrical conductivity, and

chemical stability, leading to exceptional pseudocapacitive results[44, 45].
3. Types of electrolytes for electrochemical supercapacitor

Increasing the number and accelerating the electron transfer rate are the ways to obtain a high
surface area to ensure a good performance rate. This is necessary for the manufacturer to improve
the electrode materials used in the formation of a flexible supercapacitor. To enhance the
electrochemical performance, different strategies are adopted to increase the surface area of the
electrode material and the redox activity. All of these are supposed to be accompanied by
increasing the stability of the device and shortening the path of arrival of ions in the case of
diffusion into the electrolyte liquid or electrolyte materials. For instance, the electrodes are
designed with good morphological structures that have flexible properties and high capacity and
energy density[46]. In addition, choosing an appropriate electrolyte that is used in the flexible
supercapacitor is considered a necessary factor because it is the main controller in displaying the
capacitive properties as it is responsible for the production of ions when dissolution occurs in
the solution. It is also responsible for balancing and transferring charges between the two
electrodes which are the main factors for the activity oxidation and reduction increases in energy
density[47]. The electrolyte must have high potential in terms of high conductivity, good
compatibility with the electrode, environmental friendliness, and ideal viscosity. The
concentration and size of ions in the electrolyte and their interaction with the electrode materials
determine the performance of the electrolyte, i.e. their corrosion behavior and conductivity [28].
There are several types of electrolytes, including (1) aqueous electrolytes, (2) non-aqueous
electrolytes, which have two types (organic electrolytes and ionic liquids), and (3) solid-state or
solid-state electrolytes, which may include semi-solid electrolytes that have several types
(solid/dry polymer electrolytes, polymer gel electrolytes, inorganic solid-state electrolytes, and
polycarbonate electrolytes)[48]. One of the advantages of aqueous electrolytes is that they are
easy to prepare and inexpensive, as aqueous solution is used as a solvent, and it has good
conductivity compared to other electrolytes, which enhances the energy density of the
supercapacitor. However, one of the disadvantages of flexible supercapacitors is the potential
leakage and narrow temperature range. Aqueous electrolytes are classified into several
categories, including alkaline (NaOH, KOH, LiOH), and acidic (H2SOa). Due to their high ionic
concentration, they may be subject to the Faradaic process[49]. Non-aqueous electrolytes are
distinguished by their high specific resistance and good work capabilities. Although they are

difficult to manufacture, they have low conductivity, toxic, and expensive due to their large ions.
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The performance of the double electrolytic capacitor using them is not high [50]. Many studies
conducted by recent researchers include that flexible supercapacitors, in which the electrolyte is
in the solid state, have an important role in many applications, especially folding, because they
are resistant to leakage, inexpensive, easy to pack, and have good mechanical stability. However,
its disadvantage is the low mobility of its ions [51]. Electrolytes may be classified as polymers,
with most electrolytes forming solid states, and a few inorganic solids. However, it is difficult to
find a solid electrolyte that has characteristics that match the specifications needed for a flexible
supercapacitor such as mechanical deformation such as folding, torsion, and other

characteristics[52]. Figure. 2 summarizes all types of electrolytes used in the literature.
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Figure. 2 Different types of electrolytes for electrochemical supercapacitor.
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4. Flexible supercapacitors research
4.1 Research progress of carbon family materials based FSCs

In recent years, carbon-based materials have become a hotspot in the field of research because
of the advantages they possess, such as large surface area and mechanical stability in flexible
supercapacitors, as well as excellent conductivity. Examples of carbon-based materials are
graphene and carbon nanotubes (CNTSs). Herein we review the research progress of graphene
and (CNTs), as well as materials made of activated carbon (AC) and carbon fibers (CFs) will be

discussed.

4.1.1Graphene-Based flexible Supercapacitors
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Graphene nanocoils (GNSs), composed of two-dimensional graphene sheets, have good elastic
properties and a helical microstructure with a large surface area, so they may exhibit mechanical
stability in the case of folding, twisting, or other conditions[53, 54]. The study by Jiang et al.
[55] discussed the mechanical properties and electrochemical performance of varying aspect
ratio GNS. A flexible supercapacitor was prepared using a simple printing technique i.e.
electroplating and filling, a membrane electrode enhanced by high aspect ratio GNS. The study
has demonstrated in Wade time mechanical durability and high electrochemical performance
with little change in capacitance under conditions of mechanical deformation, whether stretching
or folding. The SEM shows graphene being wrinkled and interwoven into nanocoils. The flexible
supercapacitor is made of an electrode composed of GNS and an electrolyte with an effective
leakage property is polyvinyl chloride (PVA)/H2SO4. The CV curve measurement shows good
performance under different scanning speeds, and the shape of the CV curves is almost
rectangular which indicates good capacitive performance. Note the appearance of a perfect
triangle with good symmetry when measuring the charge and discharge curves for a current
density ranging from 25 to 250 °C at different measurements. It was found that the capacitance
values calculated from the CV curves at cm? with conditions of 0.025 and 1 mA cm? are 10.8
and 4.4 mF. The CV curves did not change significantly when testing rates starting at 0% and
ending at 200%. Finally, to measure the stability, which is one of the electrochemical
measurements of the supercapacitor, it is used at a rate of 2000 cycles for both expansion rates
starting at 0% and then 200%, 100%. Test results for both electrochemical and mechanical
properties showed that the flexible supercapacitor's high potential and excellent resistance to
mechanical deformation make it an excellent power source for flexible electronics, especially

wearable ones[55].
4.1.2 Carbon Nanotube-Based flexible Supercapacitors

One of the graphitic carbon materials is carbon nanotubes (CNTSs), which are exploited
in many storage systems by incorporating electrolytes that are suitable when used in flexible
systems, especially wearable ones. Paul et al. [56] prepared an electrode using the
thermochemical vapor deposition method to synthesize CNTs with heterogeneous nitrogen (N)
and boron (B) atoms through a pyrolysis process developed on a carbon cloth (CC) substrate.
BNCNT-CC was obtained and the electrochemical properties were studied. The SEM images
showed the presenting the brush-like BNCNT on the CC substrate covers the entire substrate
with a length of 50-150 mm. It has been observed that the O, C, and N atoms are B atoms [57].

The formation of NC-graphite bonds was observed. This may be because in the graphitic carbon
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lattice, most of the N atoms have been replaced by C atoms[57, 58]. The flexible supercapacitor
was prepared from an electrode made of BNCNT-CC, the electrolyte used is PVA/H2SO4 gel,
and an electrolytic collector made of copper foil was used to make the flexible supercapacitor
ideal. The flexible supercapacitor was checked with two tests: first, the electrochemical
properties, and second, the mechanical performance, whether deformation, bending or torsion.
It was found that the shape of the CV curve was approximately rectangular, at different scan
rates starting at 20 mV s and ending at 200 mV s*[59], and this indicates a good capacitive
performance of 106.8 mV cm? The symmetry of the GCD curve is perfect and is almost
triangular, at different current conditions starting at 0.5 mA cm? and ending at 20 mA cm?. This
may be attributed to the rapid absorption of ions. The capacitance retained 86.4% of its initial
capacity after 5000 cycles when performing the stability test for a flexible supercapacitor with
an energy density of (741.8 mWh cm?®). Finally, both CV and stability did not change
fundamentally after 100 cycles at a bend angle of 180 for the test, the mechanical performance,
meaning that when testing its flexibility, the electrochemical performance did not change
significantly under conditions of different angles.

4.1.3 Other carbon materials-Based flexible Supercapacitors

On the other hand, the electrodes of a flexible supercapacitor can be made from environmentally
friendly materials and their advantage is that they are widely distributed throughout nature. These
materials are extracted from the Tetrapanax papyrus (TC) and their structure is similar to a
honeycomb. The study by Hsiao et al. [60] shows the production of a carbon fiber bundle (CFB)
as a framework for activated carbon (AC) coating. They used (TC) and (CFB) as raw materials
and (AC) as a substrate for current deposition and collector, i.e. the arrangement of the materials
is like this: AC-TC-CFB to prepare an electrode, to manufacture a flexible supercapacitor.
Fibrous type (FFSC) PVA/H3PO4 gel type electrolyte was used to test both electrochemical and
mechanical properties. The SEM images of AC-TC-CFB reveal the porous morphology of a
large surface area and a honeycomb-like shape (Figure 3).
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Figure 3: (a) Schematic illustration showing the steps followed to prepare Tetrapanax papyrus,
carbon fiber bundle, and framework for activated carbon; (b) graphic diagram of
Fibrous type; (c) Photograph shows the Tetrapanax papyrus, the inset shows the
Tetrapanax papyrus ribbon; (d), (e), (f) and (g) represent the SEM images of TC, AC-
CFB, TC-CFB, and AC-TC-CFB, respectively. This figure is reprinted with
permission from ref 60. © 2024 The Royal Society. [60].

The prepared device was conducted in an electrochemical station to obtain the electrochemical
measurements. As shown in Figure 4 a, the cyclic voltammetry curves at different scanning
speeds starting from 2 mV/s and ending at 200 mV/s are approximately rectangular. The
charge/discharge curves at different current densities start at 0.1 A g and end at 12 A g (Figure
4 b) showing good performance with respect to capacity. The stability maintained about 91% of
its initial capacity after 10,000 cycles (Figure 4 c) confirming the ability of the device to operate
in a long working environment. The flexibility was conducted for the second time with bending
200 times (180). It was found that the tests after bending were identical to those before bending,
and this indicates that the capacitor has good bearing capacity even with repeated bending
(Figure 4 d). Figure 4 e reveals the specific capacitance as a function of the scan rate while Figure

4 f represents the CV in the cases of bending and unbending.
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Carbon-based materials are used especially in flexible supercapacitors due to their construction
structure and performance, and these materials can be combined to form a new material. Table
1 summarizes the surface morphology, specific capacitance, and energy density of carbon

materials and their types, including activated carbon, carbon nanotubes, graphene, and other

compounds consisting of one or more carbon materials that were studied.
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Table 1. Summary on the electrochemical performance of carbon materials for supercapacitors.

Electrode material Electrolyte type Energy density Specific Electrode
capacitance structure
Graphene [61] [EMIM][TFSI]/PS 112.6 | Wh /cm? 268 m Flg 2D
PMMA-PS
Graphene/CNT [62] 6 M KOH 23.46Wh /kg 312.6 Flg 1D-1D
rGO fiber [63] 1 M H2SO4 7.03 mWh /cm?® 185 F/g 1-D
Graphene paper [64] PVA/H2S04 15 1 Wh/ cm? 13 Flcm? 2-D
rGO/CNT [65] PVA/H2SO4 12.3 mWh /cm? 354.9 F/g 2-D/1-D
Graphite / CNT [66] PVA/H2S04 13.1 Wh /kg 177 Fly 1-D/1-D
Porous AC [67] 6 M KOH 43.54Wh/ kg 207 Flg 2D Porus

4.2 Research progress of composites of metal oxides and conducting polymers materials as

flexible supercapacitor electrode materials

Flexible supercapacitors which themselves are based on metal oxides, as well as conductive
polymers, have a high storage capacity and good energy density. This may be due to the capacity
of the redox reaction between the electrode materials and the electrolyte while maintaining their
stability during almost any mechanical deformation. Metal oxides are usually complex in
structure and have many active sites due to a large surface area, which makes them have a large

charge capacity.[68, 69]
4.2.1 CuCo-layered double hydroxide-based flexible Supercapacitors

The work by Kumar, L., et al[70] revealed a flexible supercapacitor cell with good
electrochemical performance that uses an electrode composed of a nanostructured material that
has good properties in storing charges electrochemically, which is layered double hydroxide
(CuCo-LDH), by gradually increasing the percentage of copper nitrate 100, 200 and 300
respectively. To know the effect of increasing Cu, it is necessary to balance the ratios between

Cu and Co to obtain advanced hollow nanopolyhedrons. These structures have a large surface
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area compared to other types of materials including the LDH family, and are highly porous.
Figure 5 refers to a type, in which the material is poured onto a flexible substrate used in

applications related to wearable devices.
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Figure 5: Fabrication of a flexible device based on CuCo-Layered Double Hydroxide and its
application in wearable patch devices[70]. This image is reprinted with a permeation
from ref. 70@ ACS publication.

Figure 6 displays the surface morphology (FESEM) and crystal structure (XRD) measurements
for the prepared CuCo-LDH. The electron microscope image shows that CuCo-LDH is a
symmetrical polyhedron. Note that the -OH ions are effectively stored between the two layers,
and this may lead to a reduction in redox activity when the ions spread faradically[71]. While
the electrode shows a voltage of about 2.5 volts. It may be the best type among many materials

included in the LDH family.
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Figure 6: (a) XRD patterns of the as-prepared CuCo -LDHX samples with different LDH mass
(X=100, 200, and 300 g) and zeolitic ZIF-67 sample; (b) The BET surface area for
CuCo -LDH samples (The pore size curves in the inset). HR-FESEMH images of
CuCo -LDH samples [70]. This image is reprinted with a permeation from ref. 70@
ACS publication.

The electrochemical properties of the factory electrode were studied using two types of
electrolytes (1) [EMIM][BF4], due to the adhesive property the electrode materials are placed
on GPPCS, and then the electrolyte is replaced with (2) 1.0 M KOH, keeping the components
unchanged. When examining the previously mentioned samples with different percentages of
copper nitrate, it was found that the CuCo-LDH100 sample is the best in terms of specific
capacitance and circuit impedance, as well as both power and energy density. Figure 7, the CV
diagram, shows the maximum area under the curve, as well as the oxidation and reduction peaks.
This indicates the capacitive nature of the material, after selecting the sample whose
electrochemical properties will be studied, which is CuCo-LDH100. Now, the electrode will be
flexible with different folding angles starting from 0° and ending at 180° when the electrolyte is
1.0 M KOH, as it was found that the values of the specific capacitance (Csp) starting from 0 are
662 F gt and ending at 180 are 200 F g~ !, with a current density that may be as large as 12 to
40 A g L. After performing a charging and discharging process on it to determine the stability of
the cell, it was found that the stability reached 90% after 20,000 cycles. The enormous retention
of specific capacity may be attributed to the porous nature that characterizes the material CuCo-

LDH, which acts as a store for the ions generated from the electrolyte. With a voltage window
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between 0 to 0.55V, the highest value of both power and power density is 27.81 (W h / Kg) and
7635 (W /Kg), respectively[70].
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Figure 7: The electrochemical performance of CuCo -LDHX samples using KOH as electrolyte:
(a) The Electrochemical impedance plots (the inset shows the high-frequency area);
(b) CV curves at 0.15 V/s vs Ag/AgCI; (c) CV curves of CuCo -LDHX at a scan rate
ranging from 0.01 to 0.15 V/s; (d) Charge/discharge at different current densities from
12 to 40 A gt ; (e) specific capacitance and Coulombic eff. as a function of cycle
numbers to examine the stability of CuCo -LDHX samples [70]. This image is
reprinted with a permeation from ref. 70@ ACS publication.

The electrochemical measurements were performed onto the same CuCo -LDHX samples using
[EMIM][BF4] electrolyte instead of KOH. This electrolyte has high conductivity and good
mechanical stability when subjected to deformation, whether folding or twisting, without leakage
from the cell. Figure 8 shows the measuring CV for the flexible cell. It is noticeable that there is
a decrease in the area of the curves compared to the previous cell when the cell is folded at
different angles, starting from 0° and ending at 180°. The reason for this may be attributed to
the obstruction felt by the electrolyte ions when mechanical deformation during the folding[72].
After calculating the specific capacitance values at different folding angles starting from 0° and
ending at 180°, it was found that the calculated values of 0° were 244 F/g, while they reached
11.2 F/g at 180°. The stability of the cell was checked after performing a series of
charging/discharging processes, and it was found that the stability rate reached 89% after 10,000
cycles. With a voltage window between 0 to 2.5 V, the highest values for both power and energy
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density are 52.89 (Wh / kg) and 2766 (W/Kg), respectively. Due to the property of not leaking or

evaporating the electrolyte, using the new electrolyte is considered a positive point which makes

it useful in flexible applications[73].
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Figure 8: The electrochemical properties of CuCo -LDHX samples using [EMIM][BF4] as
electrolyte: (a) EIS measurements of the flexible cell, the inset showing the high-
frequency area of Nyquist plot; (b) CV curves of flexible cell at different scan rates
from 0.01 to 0.1 V/sec; (c) CV curves measured at a fixed scan rate (0.1 V/sec) and
voltages from 1.0 to 2.3 V; (d) Charge/discharge plots at different current density
from 2.0 to 5.0 A/g ; (e) Ragone plot ; (f) The stability of the sample after 10000
cycles (the inset shows the charge/discharge in the case of bending)[70]. This image
is reprinted with a permeation from ref. 70@ ACS publication.

4.2.2 CNT /Polypyrrole composite based flexible Supercapacitors

Itis clear that in recent years, conductive polymers have been the subject of hot research whether

used alone or in combination with other materials such as carbon-based ones because of their

tensile strength that may exceed the tensile strength of both metal oxide materials and carbon-

based materials themselves. Wang et al. [74] reported the preparation of a CNT /Polypyrrole

composite.

The morphology results indicate that the carbon nanotube has a well-bonding

mechanism which may help in accelerating the transmitted ions [75]. The Polypyrrole (PPy) was

tightly bonded to the CNT fiber network after coating on the CNT surface, and the film surface

was smooth. The electrode may have high conductivity, and thus this process may improve both
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electrochemical and mechanical properties. It was found that the CNT decomposed after 5
minutes, while the CNT/PPy remained without decomposition after more than 30 minutes.
Figure 9 displays the morphological and structural properties of the CNT electrode and
CNT/PPy.
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Figure 9: SEM images of (a)CNT and (b) CNT/PPy composite electrodes; (c) Fourier-transform
infrared spectroscopy of both CNT and CNT/PPy; (d) XPS spectra of the CNT and
CNT/PPy; (e) photographic image of CNT and CNT/PPy-100; (f) Stress-strain plot
for CNT and CNT/PPy-100 [74]. This image is reprinted with a permeation from ref.
74@2024 The Royal Society.

The electrochemical properties and the flexibility of the supercapacitor of the prepared electrodes
were evaluated using PVA/H2SOs4 gel as the electrolyte. The electrochemical measurements
started with CV at different scanning speeds starting at 0.002 V/s and ending at 0.02 V/s. The
shape of the curves is approximately rectangular, and this indicates good storage capacity. As
for the charge/discharge test, the shape of the curves was almost triangular at different current
densities starting at 2 mA cm? and ending at 20 mA cm? [76], which indicates that the device has
excellent capacitive properties with 72.2% of its initial capacity retained. When repeating the
previous tests with bending angles of 0, 90, and 180, it is noted that both the CV and
charge/discharge curves did not change significantly compared to the curves before bending,
which indicates that the loudness is ideal under conditions of mechanical deformation. Figure 10

shows the electrochemical properties of the CNT/PPy composite in flat and flexible conditions.
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Figure 13: (a) Photograph of the CNT/PPy electrodes connected to red LEDs, (b) CV curves at
different scanning voltage rates, (c) charge/discharge test different current densities,
(d) The specific capacitances as a function of voltage rates; Photograph of the
supercapacitor in (e) flat condition, (b) 90°, and 180° bending status. (h) CV curves
in both flat and bent cases [74]. This image is reprinted with a permeation from ref.
74@ 2024 The Royal Society.

Often, metal oxides and polymeric materials are combined with carbon materials to form

composite materials that have good electrochemical performance and excellent stability when

any mechanical deformation occurs in FSCs. Table 2 presents some types of supercapacitors

manufactured from composite materials in recent years.

Table 2. Summary on the electrochemical performance of composite materials for

supercapacitors.
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Electrode

material

Current

collector

Electrolyte

Energy density

Capacitance  Morphology

PANI/graphene
paper /MnQO2 [77]

MnO2

Copper foam/rGO  Copper

[78] foam

PANI/UiO66
(MOF) [79]

CC

Polyimide/MWC -
T [80]

Porous Ag
carbonized
cotton/ZnO/CuS

[81]

Graphene/ZnAl- -
LDHs[82]

Graphene -
I\V20s[83]

PVA/H>SO4

PVA/H3PO4

PVA/H>SO4

1MH2S0O4

PVA/KOH

3 M KOH

1M KOH

5 mWh/cm?

11.25Wh/kg

78.8Wh/ kg

0.50 mWh/ cm?

0.27 Wh/ cm?

2 Whi kg

12.53 Wh/ kg

874 mF/cm? 3D/ 2D /2D

84 Flg 3D/2D
3D/3D

647 Flg

194 mF/ cm? 3D/ID

380 F/ g 0D/0D/0D

139.6 F/ g 2D/2D

3515 F/ g 2D/0D

5. Conclusions and outlooks

FSCs have great research interest in many fields especially smart wearable clothing and medical

care and their comprehensive properties can be determined by choosing the type of electrode.

Many researchers have manipulated the origin of the electrodes adding carbon materials to other

materials, i.e. pseudo materials, whether by adding metal oxides or conductive polymers.

Additional research on the composites for FSCs electrode have been performed in order to
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determine the mechanism of ionic diffusion and electronic transferring between electrodes.
Further combination or modification procedures can lead to reach better performance of FSCs
and therefore the new kinds of flexible electrode materials are greeted to be joined to the current
state of art. The change is not limited to the electrodes, but the shape of the electrolyte and the
separators, as the electrolyte evolved into a mixed gel of PVA and other electrolytes after the
aqueous solution was strongly alkaline or acidic. This may lead to improved electrochemical
performance of FSCs. Many FSCs have practical prospects in various fields, yet they are limited
in cost, production, and size. Therefore, researchers must make every effort to solve this problem
facing FSCs.
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