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Abstract

In this current era, with the ever-increasing demand for portable and wearable
energy storage devices, the supercapacitor (SC) plays a very positive role to fulfill
this gap. Carbon nanotubes (CNTs) are extremely promising material candidate in
flexible SC where it works as an electrode to enhance the energy and power densities
of the SC because of their remarkable mechanical property, high electrical conductiv-
ity, large surface area, and ease to functionalize. Moreover, CNTs can assemble into
various macroscopic structures with different dimensions such as single-wall CNTs
(SWCNTs), double-wall CNTs (DWCNTSs), and multi-wall CNTs (MWCNTs). In
this book chapter, a comprehensive discussion on the synthesis, characterization and
further utilization of CNTs in metal oxide-based SC has been outlined. Here, the
metal oxide can be 1D nanofibers, 2D thin films, and 3D aerogels. Further, a detailed
study has been framed on the design methodology and fabrication techniques for
the supercapacitor. Recently, various developments and state-of-the-art applications
have been proposed for such structures wherein CNTs have been used as electrodes in
flexible SCs with varied device configurations such as sandwiched and interdigital in-
plane. Furthermore, the flexible CNT-based electrodes have shown great bendability,
and compressibility, as well as a long cycle lifetime.
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1. Introduction

Recent advancement in the wearable technologies and portable electronics, for
example, intelligent clothes, human-like electronic skins, flexible cell phones, and
smart ornaments, and increasing interests of diverse scientific communities have
developed a flexible supercapacitor (SCs) able to deliver high energy and power
output [1-4]. However, the current commercial SC technology is too rigid and very
difficult to fulfill the demands of flexible electronics. Thus, it is urgent and right
time to develop flexible SCs, which can offer several advantages such as pliable,
light-weighted, and mechanically robust [5-7]. It is well known that typical flexible
SCs consist of different flexible electrodes developed in various device configura-
tions [8-10]. The important key to construct the flexible SCs lies with the selection of
electrodes with light weight and intrinsic flexibility. Generally, based on the charge
storage mechanism, SCs are categorized into two different ways namely as electrical
double layer capacitors and pseudocapacitors and both offer a high-power density and
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a long cycling life [11-13]. The charge storage mechanism in pseudocapacitor is where
conductive polymers and transition metal compounds are utilized as an active mate-
rial and the faradic reactions proceed on the surface of electroactive species [14-16].
On the other hand, in the case of carbon-based nanomaterials, energy storage is due
to the accumulation of electrostatic charge at electrode/electrolyte interface, and the
performance of the device is strongly dependent on the effective surface area [17-19].

Several carbon-based materials are used in the SC as an electrode but one-
dimensional (1D) carbon nanotubes (CNTs) have gained much more attention as it
offers high-specific surface area that has great potential to fulfill the requirement for
flexible SCs [20-22]. The sp” hybridization in carbon-carbon (C-C) bonds supports
the excellent mechanical strength of CNT, and better electronic and thermal conduc-
tivity along with chemical stability [23, 24]. The large aspect ratio (width-to-length
ratio) and comparatively easy surface functionalization further make CNTs are more
suitable candidate wherein different nanomaterials can be easily chemically attached
[25, 26]. To date, several positive approaches have been implemented for the design
and realization of CNT-based flexible SCs devices. CNTs exhibit excellent electrical
conductivity, and ballistic ionic transport can be optimized by the mesostructured
mesh-like frameworks when CNTs are stacked. These mess-like frameworks offer a
large surface area that minimizes charge redistribution and allows full-charge storage
capacity at higher frequencies, as compared with porous carbons (PCs) or graphene
[27-30]. Previously, different carbon composite films have been widely used to com-
bine the complementary strengths such as CNTs and graphene composite has been
demonstrated wherein good ionic conductivity and high volumetric energy density
have been reported by utilizing the CNTs to PCs to enhance the electrical conductivity
[31-33]. However, the electrical conductivity of the CNT mesostructured frameworks
can be affected by the dispersion methods used in their synthesis [34-37].

In this book chapter, we provide a detailed comprehensive view of the current
status and state-of-the-art achievements made in flexible SCs with CNT electrodes.
Moreover, in this book chapter, various flexible CNT assemblies with different
dimensions including 1D fibers, 2D films, and 3D aerogels have been discussed.
Furthermore, we present a detailed summary of the CNT-based nanostructures that
are utilized in flexible SCs device configurations. Finally, the current challenges and
future outlook for the research opportunities on flexible SCs based on CNT electrodes
are discussed.

2. Carbon nanotubes (CNTs)

Herein, a detailed discussion about the classifications, useful properties such as
electrical, mechanical, thermal, and electronics have been outlined in brief manner.

2.1 Classifications of CNTs

As it is well known that the CNTs are the most powerful candidate from the carbon
family, they play a very critical role to enhance the performance of various devices
in various applications. For the classification point of view, CNTs can be classified
into two types: (1) single-walled carbon nanotubes (SWCNTs) and (2) multi-walled
carbon nanotubes (MWCNTs). In 1991, SWCNTs were accidently synthesized by
lijima and Ichihashi [38] via arc-discharged method. The as-synthesized SWCNTs
have a cylindrical structure made of one layer of graphene by folding it from
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edge-to-edge. The effective diameter and length of the SWCNTs are nearly 1 nm

and up to 1 mm, respectively. However, the production cost of the SWCNTs is more
expensive, as compared to the MWCNTs [39]. On the other hand, a MWCNT has a
concentric tube made of graphene sheets. The diameter of the MWCNT is varying in
nature, as it is the multiple folds of the graphene sheets. As the MWCNT is made of
the multiple folds to from concentric cylinders, the interplanar distance between each
of the concentric cylinders is maintained by the internal Coulombic force and fixed
in the range of 0.32 nm to 0.35 nm [40]. Here, it should be noted that the interplanar
distance is nearly equal to the interplanar distance between two successive graphene
layers in graphite [39]. However, for the electronic device applications, the utiliza-
tion of MWCNTs is comparatively higher as compared to the SWCNTs as SWCNT
has weaker adhesion profile with the used substrate surface [41]. On the other hand,
in the case of MWCNTSs, more active sites are available at the end of the tube [42]
which further enhanced the adhesion properties of tube with the used substrate
surface [41]. Sometimes, in the extreme case, MWCNT can also be considered as a
double-walled carbon nanotube (DWCNT) wherein the formed structure is similar
to the cylinders of the graphene layers with interlayer space of 0.335 nm. The physical
and chemical properties of the DWCNT are very close to the SWCNT [39]. Figure 1
depicts the illustration of SWCNTs, DWCNTs, and MWCNTs.

2.2 Properties of CNTs

In this section, the various remarkable properties of the CNTs such as electri-
cal, mechanical, thermal, and electronics and its interrelation for utilizing areas of
applications have been discussed.

2.2.1 Electrical properties of CNTs

The electrical properties of the CNTs are mainly utilized in electronics areas, as
its show remarkable current density in order of 10° A/cm [44] and specific capaci-
tance. The specific capacity of 25-um-thick CNT sheet electrode is found to be in the
range of 39-90 F/cm?® [45]. Moreover, CNTs can be behaved like a semiconductors or
metal depending upon its structure [46]. The various electrical parameters of CNTs
such as conductivity, resistivity [47], and capacitance [45] can be manipulated by
functionalizing them with the appropriate chemical functional groups, as it creates
defects over the CNTs surface. For example, the doping of gold nanoparticles in

SWCNT DWCNT MWCNT
(a) {b) (c)

Figure 1.
Hlustration of (a) single-wall CN'T, (b) double-wall CNT, (c) multi-wall CNT [43] © Applied Sciences 2021.
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CNTs makes covalent bonds on its surface which further leads to the increment in
conductivity [47].

To increase the electrochemical performance of the CNTs by opening the caps
at the CNTs ends, chemical treatment can be performed [48]. On the other hand,
under the heat treatment in the gaseous environment, the electrical conductivity
of the CNTs is reduced due to the formation of sp’ bonds with the gaseous atoms
[47]. It should be noted that the significant modulation in SWCNTs structure by
enabling defects and functionalization shows 23% increment in the energy density,
as compared to the graphite [42]. Moreover, variations in the electrical properties
make change in the chirality factor, temperature, originating defects, and atmosphere
change [47]. However, the electrical conduction in SWCNTSs is comparatively lower
than the MWCNTs [47]. The pure SWCNTSs show electrical resistivity in the order of
10-® Q.cm, while commercially available SWCNTs which are grown by chemical vapor
deposition (CVD) showing an electrical resistivity in the range of 1-7 x 10™* Q cm
may be due to the presence of defects during manufacturing process.

Besides that, it is widely reported that the electrical properties of the CNTs are
also varied due to their interfacial contact resistance [47], as it is created when two
CNTs are connected in series. It is observed that if contact area between two CNTs
increases, the contact resistance decreases. Due to its Schottky barrier connection
with the matrix, it is a promising candidate for field emission transistors [49], as it
enhances the recovery time and reduces the turn-on voltage.

2.2.2 Mechanical properties of CN'Ts

The mechanical properties of CNTs are dependent on various production and
structural factors such as the methods of production, the number of created defects,
and structure, diameter, and symmetry of nanotubes [50, 51]. As reported [51],
the arc discharge grown MWCNTs have higher mechanical strength, as compared
to catalyst grown MWCNTSs, which may be due to the fewer structural defects in
arc-grown MWCNTs [51]. The covalent sp® hybridization in CNT plays a major role
in their strength [51] and due to this strong hybridization, MWCNTs can be bent
at higher angles without destroying the structure [52]. Initially, it was very difficult
to evaluate the mechanical strength of the CNTs due to its nanoscopic dimension
but latterly, the transmission electron microscopy (TEM) is utilized to calculate the
Young’s modulus of SWCNTs and MWCNTs. Experimentally, for the MWCNTs,
the observed highest Young’s modulus is 4.15 TPa, and for the SWCNTs, it is around
1.3 TPa [51, 52]. However, the TEM method has many errors in measurement [30]
and not provided accurate Young’s modulus. Alternatively, atomic force microscopy
(AFM) is used to obtain the Young’s modulus in which pressure is applied on the
CNTsvia AFM tip made of Si;N4 and corresponding load displacement curves have
been plotted. As observed, MWCNTs with varying diameter in the range of 26-76 nm
have shown a Young’s modulus of 1.28+0.5 TPa and SWCNTs have nearly 1 TPa [51].
However, many researchers have used SWCNTs for the Young’s modulus calculation
because SWCNTs have fewer defects as compared to MWCNTs and, hence, exhibit
more strength [52].

2.2.3 Thermal properties of CN'Ts

The thermal properties of CNTs are dependent on the acoustic phonons of the
nanotubes [53]. The mean free path of phonons helps to determine the range of
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thermal conductivity of the CNTs [53]. As it is well known that the CNTs have a
one-dimensional (1D) cylindrical tube structure by folding a two-dimensional

(2D) graphene sheet, the phonon band structure becomes tough in the CNT [54].
The phonon density of states (P-DOS) is isolated in the isolated SWCNTs until

the surrounding temperature must be low because the P-DOS is linearly depended
on the specific heat above 1 K [53]. However, the temperature increases beyond 1

K, and the longitudinal and acoustic phonons increase, which further leads to the
linear increment in specific heat. The value of specific heat in the SWCNT rope, 3D
SWCNT, and graphene has found to be coincided and reflected phonon structure

in 3D graphite at high temperature [54]. Moreover, certain experiments have been
demonstrated in which thermal conductivity of CNTs were investigated at the room
temperature and the obtained value is around 6600 W/mK [54]. On the other hand,
the SWCNTs and MWCNTs have shown values of the thermal conductivities are 200
W/mK [54] and 3000 W/mK [53], respectively.

3. CNT-based metal oxide/sulfide thin film for flexible supercapacitor
(SCs)

Generally, flexible SCs architecture has two electrodes and polymer gel electrolyte
is filled inside the electrode gaps. This gel electrolyte is playing the role of separator
in the SCs configuration. Broadly, the SCs configuration can be categorized into three
ways namely as (a) sandwiched architecture, (b) interdigital in-plane architecture,
and (c) cable-type architecture. The different SCs configurations can be shown and
utilized in different characteristics and applications. In the following sections, we
have outlined the different device configurations facilitated with the CN'T-based
electrolytes.

3.1 Sandwiched configuration

The sandwiched configuration is the well-known and widely popular design in
flexible SCs. However, previously flexible SCs faced problem with appropriate choice
of electrolyte and electrodes, which can be avoid the usage of heavy current collec-
tors. Kaempgen et al. [55] have reported the sprayed SWCNT thin films that act as
both active electrodes and current collectors in bendable and ultralight SC device.
The developed SC devices exhibited high values of specific capacitance, that is, 36 F/g
due to the high electrical conductivity and porous channels under a discharge current
density of 1 mA/cm”. Based on the internal resistance measurement analysis, there are
no significant differences observed between the liquid H;PO, and solid PVA/H;PO4
electrolyte. The obtained research outcomes confirm the feasibility of gel electrolyte
as reported by previous studies [56, 57].

Further, Kanninen et al. [58] have developed a dry deposition technology to
fabricate SWCNT thin films. Here, it should be noted that the fabricated bendable
SCs exhibited a remarkable and favorable electrochemical property with high optical
transparency up to 92%. The fabricated SCs devices may be used as a power source in
smart transparent electronics such as display screen, sensor, and photovoltaic devices
[59]. Therefore, the combination of CNTs with pseudocapacitive materials has proven
efficient to improve the capacitance and energy density of flexible SCs and also main-
tain the robust mechanical behavior [20, 60, 61]. Here, Figure 2 shows the sandwich
structure-based SCs devices.
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Figure 2.

(a) Schematic and photographs of the all-solid-state device with ZnS/CNT electrode [62], © Tsinghua University
Press and Springer-Verlag Berlin Heidelberg 2017. (b) Fabrication process for flexible all-solid-state SC based on
CNT/PANI hydrogel [63], © The Royal Society of Chemistry 2015.

3.2 Interdigital in-plane configuration

In the case of conventional sandwiched configuration, the electrodes usually
suffer from large ion transport resistance, which may be induced from the thick
and dense electrode design to store comparatively more energy. While in the
case of interdigitated in-plane structural configuration, the electrode materi-
als, current collectors, and gel electrolyte are on the same plane and the design
methodology well addressing the issue related to the SCs for flexible electronics
[64-67]. Moreover, interdigitated in-plane configuration offers fast ion transport
via effectively controlling the interdigitated gap between the successive electrodes,
which further helps to enhance the power density. Moreover, the ionic transport
does not affect this configuration as it is in-plane structure and also supports
the folding, rolling, and twisting [68, 69] without affecting the electrochemical
performance of device. Therefore, in this section, we are focusing on the advanced
SCs technologies that have been widely used for fabricating flexible SCs devices
with interdigitated in-plane configuration by insertion of CNT to enhance the
electrochemical performance.

Recently, Rani et al [70] have fabricated in-plane, interdigitated architecture-
based microsupercapacitor (MSC) devices developed by utilizing electrophoretic
deposition (EPD) wherein TiO, nanofibers (NFs) are used as an active electrode
material and Mo is used as a current collector in interdigitated configuration
for flexible electronic applications. In this reported work, TiO, NF is used as an
active material, which offers one-dimensional (1D) nanostructured morphol-
ogy and continuous nanofibric network, which can further provide the high
electroactive surface area, reduced diffusion path length, and increased power
density of the MSC device [71]. Further, to perform an EPD of active material,

a disperse solution of TiO, NFs with 2 wt.% MWCNTs is prepared using ethanol
[72] and deposited over Mo-coated PET substrate by applying a constant direct
current (DC) voltage of 50 V. Moreover, TiO, is prominent candidates for the
supercapacitor devices as it is economically viable and abundancy in nature, and
has structure-wise stability and environmentally friendly properties in various
electronic applications [72]. Besides that, the utilized fabrication approach, that
is, EPD is the offers several benefits for electrode fabrication such as cost-effec-
tiveness, room temperature operation, better control over the process parameters,
and no involvement of electrochemically inactive binder [72, 73]. The fabricated
MSC device exhibited an excellent areal capacitance of ~9.4 mF/cm? [70].
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Here, Figure 3 shows the fabrication process flow, which is utilized during the
fabricating of MSC device as reported by Rani et al [70].

Here, Figure 4a depicts the micrograph of surface of the active material-coated
over the interdigitated electrode configuration of MSC device using the field emission
scanning electron microscope (FESEM; Carl Zeiss). As seen in Figure 4a, it is clear
that the TiO, NFs and MWCNT are coated over the flexible Mo-coated PET substrate
wherein MWCNTs form a highly dense conductive network between TiO, NFs [72].
Further, due to entangled structure of MWCNTs, it helps to improve the electrical
conductivity of the coated thin film of active material by creating electronic wir-
ing between TiO, NFs [72]. Furthermore, the cross-sectional analysis of fabricated
structure is revealed that the device has compact electrode/electrolyte structure that
further enhances the possibility of electrochemical stability of the fabricated device,
as depicted in Figure 4b.

Further, Rani et al [70] have performed the electrochemical analysis for the fab-
ricated MSCs device by utilizing cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) method by considering various scan rates and current densities,
respectively, with potential window of 0-0.7 V. Figure 5a shows the CV curves for
all the MSCs recorded at 10 mV/s scan rate which exhibit quasi-rectangular behavior.
Herein, it should be noted that an enhanced area or also known as memory window of
the CV curve for MSC3 device shows the improved capacitive performance as com-
pared to MSC1 and MSC2 because in the case of MSC3 the reduction in ionic diffusion
path by decreasing the interspace between adjacent interdigitated fingers further
enables the faster diffusion of electrolytic ions inside the interspace [71, 75]. Besides
that, the MSC4 device structure exhibited the highest electrochemical performance
because it facilitated with minimum finger interspace (500 pm), which might reduce
the ionic diffusion path and corresponding increment in the active sites as these sig-
nificantly contributed to improve the electrochemical performance. Herein, Figure 5b
depicts the galvanostatic charge/discharge curves for all the fabricated MSCs device

Mask alignment for Mo-based CC via Active material
deposition via EPD
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Final device structure (TiO,-NF/MWCNT)
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Figure 3.

(a) Ultrasonically cleaned polyethylene tevephthalate (PET) substrate. (b) Alignment of metal mask on cleaned
PET substrate to pattern the current collector (CC). (c) Deposition of Mo metal contact on PET substrate.

(d) Deposition of active materials on Mo-coated PET via EPD. (e) Active materials deposited MSC structure.
(f) MSC device structure with gel electrolyte. (g) MSC structure with length and with description. (h)
Hllustration for ionic movement [70], © IEEE 2021.
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PET substrate

Figure 4.
(a) Surface FESEM micrograph of MSC device. (b) Cross-sectional FESEM of MSC device [70], © IEEE 2021.
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Electrochemical analysis of MISC devices. (a) Currvent-voltage curves at 10 mV/s scan rate. (b) GCD plots at

0.02 mA/em? current density (I). (c) Cya vs. scan vates, and inset depicts the mathematical formulation used to
calculate Cy (at mV/s), whereas dV/dt is the scan vate (V/s), i: current (mA), A: gel electrolyte coated active area
(cm?) of MSC with fingers and their interspace, and V: voltage window (V) [74]. (d) Cya vs. current densities,
and inset depicts the mathematical equation used to evaluate Cy (at mA/cm?), where I: current density
(mA/ecm?) and At: discharge time (s) [70, 72], © IEEE 2021.

structures that are not perfect in triangular shape as verified by the CV analysis [76]. It
should be noted that the MSC4 device shows the maximum discharge time (At) other

than three MSC devices (MSC1, MSC2, and MSC3), which contributes in higher areal
capacitance.
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Here, Figure 5¢ shows the effect of scan rates on the areal capacitance of all
MSCs structures. The areal capacitances vs. discharge current densities (I) for all the
MSCs are examined by their respective GCD curves as shown in Figure 5d. Here, it
can be investigated that the MSC4 device structure shows better areal capacitances
~9.4 mF/cm” at 10 mV/s scan rate and ~5 mF/cm? at 0.02 mA/cm” current density
as depicted in Figure 5c and d. The enhanced values of the areal capacitance of the
MSC device can also be correlated with the enhanced surface morphology of active
material (TiO,/MWCNT) and optimized number of gaps considered at a particular
EPD voltage [72]. Furthermore, the enhanced surface morphology helps to improve
ionic transport in the active material, which further leads to the higher utilization of
available active sites near to the interspace region and there is no requirement of the
addition of inactive binder to enhance the electrochemical performance and, hence,
further improves its charge storage properties [72]. The areal capacitance of MSC4
device is higher than many previously reported MSC devices [74, 77-81].

To examine the application of fabricated MSCs device in flexible electronics as an
energy storage, various bending angles such as 120°, 135°, and 145° have been inves-
tigated. As seen in Figure 6a, the CV curves for the MSC4 device at 120° and 135°
bending angles show the minor changes in the CV area suggesting better flexibility of
the device [71, 77]. Furthermore, under the bending conditions the long cyclability in
MSC4 at 0.2 mA/cm” for 2000 GCD cycles at 145° as shown in Figure 6b proves that
the device is able to maintain nearly 73% capacitance retention, which further can
be associated with the excellent flexibility of the device. However, the decrement in
the capacitance retention under bending condition is associated with the increment
in the resistance as shown in Figure 6¢ and corresponding decrement in the electri-
cal conductivity of the active material film wherein the generation of cracks on the
surface is caused by bending force [82].

Therefore, under the bending conditions it is more difficult for the electrolytic
ions to move freely and come in contact with the available electroactive sites in active
material. As a result, the areal capacitance of the MSC device is decreased as com-
pared with the unbending state [83-85]. The fabricated interdigitated in-plane MSC
device exhibited maximum areal energy density and areal power density are 0.64
uWh/cm” and 307.2 pW/cm?, respectively, which are comparatively better than the
previously published reports [74, 86—-89] and the fabricated devices have potential
applications in flexible microelectronic devices area with high performance and
stability.

3.3 Cable-type configuration

Recently, cable-type configuration for SCs devices has gained very much attention
from the scientific communities as these offer the excellent opportunity to enhance
the mechanical property for portable/wearable electronics devices [90-92]. The
straight cable’s structure can be categorized into large-scale textiles for specific area
applications [93, 94]. However, one of the major concerns for this SCs structure is
to realize into linear-shaped electrode that can offer excellent flexibility along with
desired capacitive properties. Therefore, by considering the striking physical and
chemical properties, CNTs have been considered as a promising candidate in flexible
SCs to enhance the electrochemical performance of the device.

Most recent, Rani et al [95] have developed all-solid-state flexible yarn SC (YSC)
device by utilizing EPD technique wherein TiO, NFs and MWCNTs are used as
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Figure 6.
(a) Current-voltage plots for MSC4 device at various bending angles. (b) Capacitance retention curve of MSC4

at 0.2 mA/cm’ for 2000 GCD cycles at 145°. (c) Impedance spectroscopy analysis of MSC4 with and without
bending cycles [70], © IEEE 2021.

an active material, while flexible and low-density carbon yarn is used as a current
collector. Herein, to fabricate the YSC devices, the gel electrolyte is used. Further, to
enhance the capacitance and the energy density of the YSC device, a small amount of
redox additive is mixed into the gel electrolyte at room temperature. The as-fabricated
YSC device exhibits the excellent electrochemical and mechanical flexibility. After
the successful investigation of the electrochemical characteristics and mechanical
flexibility of the fabricated device, three-similar YSCs are connected in series into

a wearable fabric wherein a red LED is glowing for more than 5 min even under
bending condition at different bending angles. Hence, the excellent electrochemical
performance with and without bending further proves the potential applications in
practical flexible and smart textile.

For the fabrication of the cable-type configuration SC, firstly, TiO, NFs are
synthesized by utilizing the facile electrospinning technique. The detailed synthesis
process for the TiO, NFs is outlined elsewhere [72]. After the synthesis of TiO, NFs,

a dispersed solution of TiO, NFs is prepared into the ethanol through ultrasonication
process and 2 wt.% MWCNTs are also mixed to improve the adhesion between TiO,
NFs to enhance the conductivity of the coated yarn electrode. Here, it should be noted
that the surface of the active material must be electrically charged when it is dipped
into dispersed solution as it moves toward the working electrode, which has opposite
charge under the excitation of an external electric field in EPD process. Hence, a small
quantity of charging additive; that is, hydrochloric acid ~100 pL, 36.4 wt.% is incor-
porated into the active material solution before ultrasonication to generate positive
charges on the surface of the active material during cathodic EPD method.

The induced surface electric potential is measured via Malvern Zeta sizer Nano
2590 system and known as a zeta potential which is 36 mV. Further, a commercial
bare carbon is taken and cleaned via acetone and deionized (DI) water followed by
heat treatment at 450°C temperature for 2 h to activate its surface for the deposition.
The activated bare carbon yarn, as shown in Figure 7a is served as a cathode and
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Figure 7.
Step-by-step fabrication process for flexible YSC device [95], © IEEE 2022.

stainless steel is served as an anode. For the deposition, both electrodes are placed into
the prepared disperse solution by keeping distance 1 cm between them and applied
DC voltage of 50 V for 10-min supply. Furthermore, active material-coated yarn
electrode is dried at 60°C temperature in vacuum for 12 h, as shown in Figure 7b.

The gel electrolyte has been prepared with polyvinyl alcohol (PVA: 6 g) powder
and DI water (60 mL) and constantly stirred at 90°C to get a homogeneous and
transparent solution and added 1 M H;POj to the prepared solution with 40 mM
sodium molybdate (Na,MoO,) mixed into the solution and stirred for 30 min. Next,
for the fabrication of all-solid-state flexible YSC devices, two yarn electrodes with
active material are dipped into the gel electrolyte for 1 h and dried at 30 °C for 12
h, as shown in Figure 7c and these two yarns are further twisted with each other to
fabricate the YSC device, as depicted in Figure 7d and further coated with the gel
electrolyte and dried at 30°C for 12 h, as shown in Figure 7e. Here, it should be noted
that the gel acts as an electrolyte as well as the separator between two carbon yarn
electrodes.

Here, Figure 8 shows the surface morphology of the bare and coated carbon yarn
electrodes that are investigated by FESEM analysis. Figure 8a and b clearly shows the
difference between bare and coated carbon yarn wherein active material is densely

200 pm

Figure 8.
(a) FESEM image of bare carbon yarn electrode. (b-d) FESEM images of active material coated carbon yarn
electrode, [95], © IEEE 2022.
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(a) Long cyclability graph, (b) EIS data plots (before and after cycling); inset displays the electrical equivalent
circuit. (c) Energy density vs. power density of the YSC device in a Ragone plot [95], © IEEE 2022.

coated over the yarn surface, which acts as a current collector. Figure 8c and d depicts
the enlarge FESEM image of the coated yean.

After the morphological and structural analysis of the fabricated YSC device, the
electrochemical analysis has been performed in two electrode configurations. The CV
graphs for the fabricated YSC devices are exhibited in Figure 9a with varied sweep
rate from 10 to 100 mV/s. The nature of obtained CV is similar to pseudocapaci-
tive behavior and follows the same change storage mechanism within the potential
window of 0-1.5V due to the involvement of the redox reactions and transfer of
electrons on the surface as well as in the bulk of the active materials [72]. Further,
the increment in the CV area is associated with the faster redox reaction at the higher
sweep rate [96]. Figure 9b shows the GCD plots with different current rates ranging
from 0.1 to 1.5 mA/cm, which are nearly triangular shapes and further confirm the
pseudocapacitive charge storage mechanism, as outlined in Figure 9a.

The linear variations in YSC capacitances at different current rates are plotted in
Figure 9c and as seen in Figure 9c and the maximum linear capacitance of the fabri-
cated device is 36.8 mF/cm at 0.1 mA/cm current rate via GCD and 43.3 mF/cm at 10
mV/s via CV. At the higher current rates, the lower capacitance values are observed in
Figure 9c, which may be due to the slower ionic diffusion of the electrolytic into the
inner active site regions of the active material at higher applied current rates [72].

Next, to evaluate the cyclic stability of the fabricated YSC devices, a GCD analysis
has been carried out at 0.5 mA/cm up to 10,000 cycles as shown in Figure 10a. Here,
after the 10,000 cycles, the fabricated YSC devices exhibited 90% capacitance reten-
tion of its initial value which further confirmed the better stability for the device.
Therefore, the higher linearity, areal, and volumetric capacitances and better cyclabil-
ity of the YSC device have confirmed that the coated materials are highly dense and
has hierarchical architecture of the active materials (TiO, NFs and MWCNT) over

12
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carbon yarns during the EPD process. Here, it should be noted that the hierarchical
structure of the active materials is more favorable to improve the charge transport
and ionic diffusion without binder materials as MWCNTs improve the electronic
conduction by enabling the charge transportation in NFs network [70]. Therefore, the
modified EPD-deposited architecture of the active materials (TiO, NFs/MWCNT)
can be added following features:

1.Modified EPD avoids the inactive binders;

2. Improves the movement of the electrolytic ions inside the active materials;
3.Improves the interface between electrode and electrolyte;

4.Improves the electrolytic ions transport by reducing diffusion path;
5.Minimizes the contact resistance between the substrate and the active materials;

6.Enables the active sites inside the active materials that improve the electrochemi-
cal performance.

Furthermore, to significantly increase the redox reaction, a little amount (5 mL)
of Na,MoO, has been added into the PVA-H;PO, gel electrolyte, which increases the
capacitance and energy density of the fabricated YSC devices [97]. Figure 10b shows
the cyclic stability of the fabricated YSC device before and after cycling wherein
the impedance spectroscopy data are evaluated by utilizing ZView software and the
examined data are displayed with their equivalent electrical circuit [98] in the inset
of Figure 10b. In the equivalent electrical circuit, R, signifies the ohmic resistance,
R, and Cg denotes the faradic charge transfer resistance at the electrode/electrolyte
interface and the double-layer capacitance, respectively, while W is associated with
the Warburg impedance [99]. The two important terms such as energy and power
densities are the very critical terms, which determine the performance of the SC
devices. Figure 10c shows the energy and power densities of the fabricated devices as
compared to the other reported literature [100-104].

Herein, Figure 11 clearly depicts the role of active materialsand MWCNTs in
the performance of the YSC devices. As seen in Figure 11a—c, the electrochemical
performance of the YSC devices is based on bare carbon yarns, MWCNT@carbon
yarns, and TiO, NFs@carbon yarns, wherein bare carbon yarns, MWCNT@carbon
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Figure 11.
Performance of bare and active materials coated yarn device: (a) CV curves at 10 mV/s. (b) GCD curves at 0.1
mA/em. (c) EIS data plots, [95], © IEEE 2022.
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yarns, and TiO, NFs@carbon yarns depict the capacitance values of 5, 10, and 31 mF/
cm, respectively, at 0.1 mA/cm.

To realize the particle applications, the fabricated YSC device structure must
exhibit the better flexibility and mechanical bending stability against the varied
bending angle to use as a power source in textile-based wearable/portable electronics
applications. Therefore, to analysis the capability of the flexible YSC device structure
to store and release the energy in the flexible electronics system, the electrochemical
characterizations have been carried out under different bending states. Figure 12a
shows the YSC device under different angles of bending, such as 0°, 45°, 90°, and
145°. It can be observed that the under the different bending angles the CV response
of the fabricate devices has not been affected effectively, as shown in Figure 12b, and,
hence, retains its supercapacitive behavior [71]. Further, the capacitive retention has
also been analyzed under bending condition of 145° for 2000 cycles at 0.5 mA/cm via
GCD as shown in Figure 12¢ and after 2,000 cycles, YSC device attends 95% of its ini-
tial capacitance, showing remarkable mechanical stability. Moreover, the robustness
and durability of the YSC device is also associated with the superior flexibility and
mechanical strength of the carbon yarn as a current collector, and the gel electrolyte
which tightly bound all the components of the device to improve its electrochemical
performance under extreme bending conditions. Herein, Figure 12d-e shows the
CV and GCD plots for three similar YSC devices are fixed in a wearable fabric under
series connection. As observed, the CV and GCD curves of series-connected YSCs
at 10 mV/s and 0.1 mA/cm, respectively. The series-connected YSCs has successfully
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Figure 12.

(a) Various bending angles of the flexible YSC device, (b) current-voltage plots (@10 mV/s) for YSC device at
different bending stages, (c) cyclability plot of YSC up to 2000 GCD cycles at 0.5 mA/cm at 145° bending angle.
(d) CV curve (@10 mV/s) of three series-connected YSCs devices. (e) GCD curve (@0.1 mA/cm) of three series-
connected YSCs devices. (f) Three series-connected YSCs devices fixed into a wearable fabric and glow a red LED
at different bending states, [95], © IEEE 2022.
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lighted a red LED under bending conditions at different bending angles for more than
5 min, as depicted in Figure 12f. Therefore, after the analyzing of characterized data,
it can be concluded that the fabricated devices are much compatible with the wear-
able, flexible, and portable electronic devices.

4. Conclusions and future perspectives

In summary, the rapid development of portable and wearable electronics has
opened the new opportunities for miniatured flexible SCs. The unique cylindrical
shape and remarkable and excellent mechanical properties are toward stability and
bendability of the CNTs to form flexible interconnected network within the active
materials. Several synthesis and fabrication processes such as electrospinning, EPD,
and hydrothermal and solution process have been utilized to synthesize the active
materials and CNTs to develop the flexible SCs device to fulfill the demand of the
current flexible electronic market. In the pseudocapacitive materials, CNTs can also
be incorporated to improve the electrochemical performance of the fabricated flexible
devices. Moreover, different device configurations such as sandwiched, interdigital
in-plane, and cable-type have been widely investigated as per the desired applications.
The involvement of flexible CNTs into electrode and active materials helps to enhance
the high flexibility in SCs that are bendable or foldable, stretchable or compressible,
wearable, and twistable and under all the extreme conditions, the fabricated devices
are to maintain the electrochemical performance of the energy storage devices. Based
the configurations, the sandwiched SCs are extensively studied as it has simple device
structure but poor electrochemical performance due to the lower rate of ionic trans-
port. While in the case of interdigital in-plane device structure, wherein fast ionic
transport can be facilitated via optimized and well-controlled gap distances between
interdigitated electrode fingers without hindering the ion transport. The cable-type
configuration also facilitated to maximize the mechanical property, which further
enables the flexibility and bendability of the fabricated devices.

Specifically, the incorporation of CNTs nanostructured into metal oxide nano-
fibers/nanobelts/nanotubes attended the higher arial and specific capacitance that
are the backbone of the any energy storage devices especially in the case of flexible
SCs. However, accelerated progresses have been achieved in flexible SCs devices,
which are equipped with CNT materials but some critical challenges are still
exist, which are extensively need to be addressed to realize these for their practi-
cal applications. The solid-state electrolyte is the key component of flexible SCs,
and currently available solid state gel electrolytes have issues with high viscosity
and low ionic conductivity that further limited the power output of flexible SCs.
Therefore, a novel solid-state electrolyte who can support high ionic conductivity
and excellent mechanical behavior is required to accelerate the flexible SC research.
However, the electrochemical mechanism in CNTs-oriented solid-state electrolyte
for flexible devices is still unclear and it is essentially required to understand the
correct energy storage mechanism to design and fabricate of more effective flex-
ible SCs. It should be noted that the large-scale preparation of CNTs nanotube and
fibers by utilizing wet/dry spinning techniques are readily available, which can
hold the great potential to facilitate the application of flexible SCs. We strongly
believe that research and development in these areas will be beneficial and signifi-
cantly contribute to the development and commercialization of flexible SCs in the
near future.
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