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Abstract: As wearable electronic devices are becoming an integral part of modern life, there is a
vast demand for safe and efficient energy storage devices to power them. While the research and
development of microbatteries and supercapacitors (SCs) have significantly progressed, the latter has
attracted much attention due to their excellent power density, longevity, and safety. Furthermore,
SCs with a 1D fiber shape are preferred because of their ease of integration into today’s smart
garments and other wearable devices. Fiber supercapacitors based on carbon nanotubes (CNT)
are promising candidates with a unique 1D structure, high electrical and thermal conductivity,
outstanding flexibility, excellent mechanical strength, and low gravimetric density. This review aims
to serve as a comprehensive publication presenting the fundamentals and recent developments on
CNT-fiber-based SCs. The first section gives a general overview of the supercapacitor types based on
the charge storage mechanisms and electrode configuration, followed by the various fiber fabrication
methods. The next section explores the different strategies used to enhance the electrochemical
performance of these SCs, followed by a broad study on their stretchability and multifunctionality.
Finally, the review presents the current performance and scalability challenges affecting the CNT-
based SCs, highlighting their prospects.
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1. Introduction

Wearable electronics have become indispensable in modern life, with rapid advances
in the devices and their applications, such as in displays, fitness trackers, body-mounted
sensors, artificial intelligence (Al) hearing aids, virtual reality (VR) headsets, and smart
textiles. These devices require equally flexible, wearable, and high-performance energy
storage devices to maintain their performance and safety. Unfortunately, most conventional
3D energy storage devices are stiff, rigid, heavy, and bulky. Therefore, recently a rapid shift
has been seen from 3D to 2D planar-type energy storage devices in the form of metal-coated
plastics, cloths or fabrics coated with conductive carbon, and conductive papers, which
are flexible, portable, and lightweight. However, they were proven to be uncomfortable
as wearable devices as they lacked the flexibility to conform to various body types and
could not comply with the breathability requirements (to allow circulation of air passage
between the body and the garment) [1-5]. Therefore, fiber-based 1D energy storage devices
with desirable flexibility, lighter weights, smaller volumes, and conformability are the most
promising solution for mitigating the abovementioned issues [6,7].

Supercapacitors (SCs) are superior to conventional SCs in energy density and are
superior to batteries in terms of power delivery. One of the most appropriate chemical ele-
ments suitable for electrochemical capacitor applications is carbon, due to its high electrical
conductivity, mechanical strength, wide natural presence, low density, and controllable
structure and properties. Being placed in the middle of the eight-element period in the pe-
riodic table, it exhibits moderate electronegativity, with an electronic structure (182,252,2P2)
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and four valence electrons. Various forms of carbon, such as carbon black, natural or artifi-
cial graphite, carbon nanotubes (CNTs), graphene, and activated carbon, are substantially
used in commercial SCs as conductive additives or active materials. However, most of
them are applied as conductive coatings and films on metallic supports consolidated with
binders, thereby making the SCs often bulkier, heavier, and non-flexible.

On the other hand, CNT-fiber-shaped SCs are long in size, mechanically robust,
and have a tunable structure. They are macroassemblages of CNTs in the 1D fiber form.
They can integrate all of the desirable features of fiber-based SC, such as extraordinary
electrical conductivity, mechanical strength, flexibility, tunable porosity and surface area,
and excellent stability. These unique energy storage devices are also self-standing, binder-
free, and can be easily integrated into textiles and wearable devices [5,7-9].

Wearable supercapacitors represent a hot research topic, and recently there have
been excellent reviews regarding supercapacitors [2,10-12], microsupercapacitors [13],
flexible supercapacitors [14,15], carbon-based supercapacitors [16-18], and fiber-based
supercapacitors [1,4,7,9,19,20]. However, the reviews on carbon nanotube fiber-based SCs
are scarce [5,21,22]. These publications present significant studies on fiber spinning, energy
conversion, novel fiber fabrication methods, and smart applications of CNT yarn. However,
a comprehensive review discussing the fundamental aspects and the recent advances of
CNT-based SCs is still in demand. The initial sections of the current review focus on the
SCs’ fundamentals, including the types of SCs based on the charge storage, configuration,
and fabrication method. The next section explores strategies that can be adopted for the
greater performance of CNT electrodes and CNT fiber SCs as a whole, followed by a
study on ‘stretchable” and ‘multifunctional” CNT-based SCs. Finally, the review analyzes
the challenges of CNT-based SCs, followed by exploring the prospects of these energy
storage devices.

2. Background and Fundamentals of Supercapacitors

Historically, the idea of storing electrical energy became a reality with the invention of
the Leyden jar in 1746. However, the concept of using stored energy for practical purposes
arose only in 1954 when Becker was granted a patent for storing electrical energy in a
battery or cell. The patent claims the electrical energy storage at the interface of a porous
carbon electrode and aqueous electrolyte in the form of a double layer [6].

Supercapacitors are devices that can store and release electrical energy by quickly
transferring the charge in the form of electrons and ions during the charge and discharge
process. The conventional form of a supercapacitor consists of two parallel plates, one
positive and the other negative, with a thin insulating membrane between them called the
dielectric (Figure 1a). The charge stored is in the form of potential energy between the
plates. The electrolytic capacitor is the next-generation capacitor, where the thin insulator
is replaced by an ionic conductive medium called an electrolyte, in which the ions are
free to move. The free movement of ions in the bulk of the electrolyte provides a higher
charge density. The capacitance obtained from an electrolytic capacitor is much greater
(mF range) compared to a conventional dielectric capacitor (LF range). Supercapacitors
(SCs) or ultracapacitors, also known as electrochemical capacitors, consist of two electrodes
connected ionically through an electrolyte and separated by an ion-permeable membrane
called a separator made of polymer, paper, fiber, glass, ceramic, or cardboard (Figure 1b).
High specific capacitance rates (tens of farads instead of mfarads) are possible with these
devices obtained from a minimal volume of 1 cm®. Because of this quality, they are also
called ultracapacitors. The key reasons for the high capacitance achieved are due to the
two different charge storage mechanisms involved: (a) an electric double-layer capacitor
(EDLC), utilizing a large surface area in porous carbon materials; and (b) a mechanism
utilizing reversible redox reactions, as in the case of pseudocapacitive materials [3,6,23,24].
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Figure 1. Schematics of (a) conventional capacitor, (b) supercapacitor, (c) electric double layer
capacitor (EDLC), and (d) pseudocapacitor. Reproduced with permission from [24].

2.1. Type of SCs Based on Charge Storage

EDLC:s are electrochemical double-layer capacitors (Figure 1c) that store the charge
on the surface through double-layer charging. The double layer is formed by the quick
adsorption—desorption of ions on the active electrode surface during charge—discharge.
When power is applied to the system, a double-layer charge is formed at each electrode—
electrolyte interface without any charge transfer. The process is non-Faradaic because there
is no change in chemical composition or phase, and it is reversible, which renders the
capacitors with high cycling stability [17].

For such capacitors, the capacitance at each electrode is given by:

€S

Ce:C1

@
where ¢ is the permittivity of the dielectric constant, S is the surface area of the electrode—
electrolyte interface, and d is the EDL thickness.

As d is usually in the nanometer range and the surface area is directly proportional
to the specific capacitance, the ideal candidates for supercapacitors are nanoporous
carbons with the advantage of a very large specific surface area (SSA) in the range
of 1000-2500 m?-g~! high electrical conductivity, and low cost. Activated carbon
(AC), nanocarbons (CNTs, graphene), and nanoporous metals can provide superior
capacitance via double-layer charging due to having a larger surface area [6].

In pseudocapacitors (Figure 1d), the charge storage is achieved via redox or Faradaic
reactions occurring at the surface of the electrode without ion diffusion. As a result,
pseudocapacitors give a higher capacitance and energy density than carbon-based EDLCs.
The cause of the pseudocapacitance can be due to various mechanisms such as redox
reactions, intercalation, doping, and underpotential deposition, as illustrated in Figure 2.



Energies 2022, 15, 6506

4 of 42

Redox
Pseudocapacitance

RuO,(OH)y+8H* + e~ 2
Ruox-d‘(OH)y-nS

@

RuO, nanocluster
3
.
i}

4

<

“Hydrous grain boundary

(®)

Nb,0s + xLi* + xe™ 2 LiyNb,0s |

Intercalation
Pseudocapacitance

© Doping

Polypyrrole

Pseudocapacitance

PPy™* . nA~ +ne~ 2 PPy + nA~

(d) underpotential deposition
Pseudocapacitance

Au + xPb** + 2xe™ = Au.XPbg4s

Au Electrode
g

Pb2+

Pb monolayer

Figure 2. Scheme of different types of redox reactions giving rise to pseudocapacitance. Reproduced

with permission from [24].

Metal oxides, nitrides, hydroxides, and sulfides and conducting polymers such as
polyaniline, polypyrrole, and polythiophene are pseudocapacitive materials. These ma-
terials are mostly hybridized with carbon materials to improve the available capacitance
and cyclic stability, because carbon-based materials can enhance the conductivity and
stability [4,7,12]. Table 1 compares the different pseudocapacitor material types, showing
their advantages and drawbacks.

Table 1. Comparison of different pseudocapacitor material types.

Pseudocapacitor Type Advantages \ Drawbacks
Transition metal oxides
e  High specific capacitance
e  High-rate capability High cost
RuO, e  High proton conductivity Environmental hazard
o  Wide potential window
e  Longcycle life
e  Outstanding theoretical specific
capacitance (1370 F-g~1)
e  High oxygen evolution potential Low conductivity
e Low cost Low-rate capability
MnO e  Abundance in nature Insufficient cyclic stability owing to
2 e  Environmentally friendly MnO, dissolution
e  Easy synthesis Broad band gaps
e Good electrochemical performance Low ionic diffusion coefficient
(especially in aqueous and
neutral electrolytes)
e Canbe used as a pseudocapacitive
electrode in neutral and
aqueous electrolytes Low specific surface area
V,05 e  Easy preparation. It can be prepared Low solubility (limits the specific
via electrodeposition, sol-gel, capacitance improvement)
hydrothermal, and
quenching methods.
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Table 1. Cont.

Pseudocapacitor Type

Advantages

Drawbacks

Difficult to transfer theoretical
values into practical applications

thermal stability

e  Natural abundance
. due to
[ron-based materials *  Lowcost e  Relatively small surface area
(Fey03,Fe304) & (FeC,04), FeOOH e  Environmental friendliness Y .
. . . e  Low electrical conductivity
e  High theoretical capacitance
e  Poor rate performance
e  Limited cyclic stability
Simple preparation e  The strong alkaline nature probably
Oxides/hydroxides of Ni/Co High theoretical specific capacitance hinders practical applications in
in basic electrolytes future wearable electronics
e  Poor conductivity/Slow
Other oxides (InO,, WO3, MoO3, SnO5) e Good electrochemical performance kinetics/difficult to
synthesis/Unstable
Transition metal sulfides
e  High electrical conductivity
. e  High specific capacitance
(MoSy, FeS/Cos/CuS, NiS) e  High mechanical and

Transition metal nitrides

High electrical conductivity
(4000-5500 S-cm 1)

Better sustainability than
metal oxides

Synthesis demands strict operating
conditions that are incompatible
with wearable

electronic components

Vanadium Nitride (VN)

High theoretical specific
capacitance (1340 F-g~1)
Remarkable electrical conductivity
(1.67 x 10°® Ohm-m) unlike other
anodes such as carbon-based
materials, MoS,, and Fe,N

Large potential window

Fast reversible redox reaction

Mismatch between theoretical and
experimental values of capacitance

Conductive polymers (CP) are potential candidates for future wearable electronics
energy storage devices due to their inherent polymeric elastic nature, good electrical
conductivity, and capability to undergo fast and reversible redox reactions. CPs become
good conductors after doping and have a low equivalent series resistance. As a result, they
experience quick redox reactions yielding good capacitance. They also have a wide voltage
window leading to high energy density. CPs also enable the storage of charges without
structural and phase changes. This allows for greater capacitance due to a larger surface
area and a greater charge storage capacity.

CPs undergo redox reactions due to the presence of conjugated pi electrons. The ions
travel to the backbone of the polymer during doping or oxidation and move back to the
electrolyte during de-doping or reduction. Table 2 discusses the advantages and drawbacks

of popular CPs used for energy storage devices [4,7,12].
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Table 2. Comparison of different conductive polymers.

Type of Conducting Polymer Advantages Drawbacks

High electronic conductivity
Redox and ion-exchange properties
resulting in high capacitance

e  Ease of preparation e  Mechanical stress during
PANI e  Excellent environmental stability charge-discharge leads to poor

o  Lightweight cycle life

o Low cost

e  High flexibility

e  Environmental friendliness

e  High conductivity

e  High redox active e  Low specific capacitance due to
PEDOT-PSS Good chemical and high molecular weight and low

electrochemical stability doping level.
e  Ease of preparation
ity in th ¢
* foor;cégcstl:i}ilm the range o e  Unable to be doped with n-doped
o terials, hence it lication i

Polypyrrole (PPY) Better rate capability materials, hence its application is

More flexible and denser than other CPs. limited to cathode of SCs

2.2. Supercapacitor Designs

A supercapacitor can have different designs based on the types of electrodes. A
symmetric supercapacitor consists of an anode and cathode made of the same material,
and carbon materials are commonly used. In contrast, an asymmetric supercapacitor can

have various combinations of electrode materials, as shown in Figure 3 [24].
A hybrid capacitor is a combination of two electrode types—one a capacitive type

and the second a capacitive Faradaic (pseudocapacitive) or non-capacitive Faradaic type
(battery type). Combining both capacitive and Faradaic kinds of electrodes helps to achieve
higher energy and power densities greater than EDLC devices, while also providing better
cyclic stability and affordability, the absence of which has hindered the wide usage of
pseudocapacitors in the past.

2.3. Performance Metrics of Supercapacitors

The capacitance of a supercapacitor system (C) is given by:

1 1 1

ca'a ?

In the charged state, the two electrodes with capacitance Cjand C, act like two ca-
pacitors in series. The electrode with the lower capacitance determines the capacitance of
the system.

A supercapacitor’s energy density or specific energy (E) is the amount of energy stored
per unit mass, volume, or area of the active electrode materials or the whole device.

E= %cu2 3)

where U is the operating voltage.
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The specific power or power density (P) is the amount of power a supercapacitor
can deliver per unit mass, volume, or area of the electrode’s active materials or the whole
device [17].

uZ

P=ire @

where Rs is the equivalent series resistance of the supercapacitor. The performance of
an energy storage device is determined by the Ragone plot, which expresses the relation
between the specific energy and specific power (Figure 4).

(a) Symmetrlc (b) Asymmetric+ (C) Asymmemc (d) Asymmetrlc

CNT CNT CNT Graphene Graphene Graphene Composite Composite
EDLC EDLC EDLC  EDLC EDLC EDLC Pseudocap Pseudocap
(e) Asymmetric (H Asymmetnc (g) Hybrid (h) Hybrid

Graphite
Graphene Composite Graphene  M(OH), Battery-like
EDLC Pseudocap EDLC Pseudocap  EPLC Battery-like ke EDLC

Figure 3. Schematic representation of the symmetric, asymmetric, and hybrid configurations. (a) Sym-
metric supercapacitor. As shown in the figure, asymmetric supercapacitors cover a wide range of
electrode combinations, including (b) two different EDLC electrodes (c) with the same material at
both electrodes but different mass loadings, (d) two pseudocapacitive electrodes with different com-
positions, (e) one EDLC electrode with a pseudocapacitive electrode (e.g., an activated carbon/MnO,
aqueous supercapacitor), (f) one EDLC electrode with a composite electrode (that can be a composite
of carbon-based materials with a metal-based species), (g) a hybrid configuration that is fabricated
using a capacitor-type negative electrode and a battery-like positive electrode, and (h) a hybrid
architecture (typical of a Li-ion capacitor) that is fabricated using a battery-type negative electrode
and an EDLC positive electrode. Reproduced with permission from [24].

107
Capacitors
106
CNT-Based
;5, 108
= \d
?g 104 \\
&
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3
& 100 Electrochemical
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10 Cells
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Figure 4. Ragone plot for the current generation of capacitors, supercapacitors, batteries, and fuel
cells. Reprinted with permission from [25].
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From the Ragone plot, it can be observed that the electrochemical capacitors have
higher specific power levels than batteries and fuel cells but lower energy densities than
them. Therefore, the current research is focused on designing supercapacitors with higher
energy density without compromising on their excellent power density. Additionally, it
can be noted from Figure 4 that carbon-nanotube-based electrochemical capacitors have
superior power and energy properties over other electrochemical capacitors.

3. CNT Fiber for SCs

Carbon nanotubes (CNTs) are apt candidates with an SP? hybridized carbon, possess-
ing all of the desired properties for a wearable SC. Due to the 1D nanostructure, they can
be easily assembled into a 1D fiber. Furthermore, the CNTs retain high mechanical strength
and flexibility and an exceptional specific surface area when assembled from the nanoscale
to macroscopic scale in the fiber form. With all of these attributes, CNT assemblages in
the fiber form can simultaneously be used as fiber scaffolds, current collectors, and active
material electrodes for wearable SCs [5,7,8].

3.1. Fabrication of CNT Fibers

The macroscopic assemblage of CNT fibers from nanoscale carbon can be accomplished
without complex treatments such as carbonization, which is an added advantage of the
CNT fiber fabrication. The fabrication can be accomplished via (1) wet spinning from CNT
dispersions, (2) dry spinning from CNT aerosols, (3) dry spinning from CNT arrays or
forests, and (4) the twisting of CNT thin films. The CNT fiber’s electrical, mechanical, and
electrochemical properties depend on the fiber morphology (the structural alignment and
pore structure). The fiber morphology, in turn, is determined by the assembly methods and
related process parameters.

3.1.1. Wet Spinning from Dispersions

The wet spinning of CNT fibers from dispersions is a scalable process that has been
practiced since 2000 [26]. It is usually accomplished by preparing a homogenous dispersion
of CNTs with a surfactant or polymer and extruding it into a coagulation bath. The extruded
flow becomes a solidified fiber enabled by the nanomaterials’ agglomeration during the
fiber’s wet drawing. The latter is accomplished using a rotating spool, a rotating coagulation
bath, or fiber gravity. The obtained fiber is mechanically strong but exhibits poor electrical
and thermal properties due to the presence of the polymer. Polymer-free dispersion and
spinning processes have also been succeeded tested, as reported by Behatbu in 2013 and
Bucossi in 2015 [27,28]. The fiber morphology and fiber properties can be fine-tuned via
the optimization of the wet spinning parameters, which include the following:

The extrusion speed;

The needle or spinneret diameter and shape;

The quality and concentration of spinning dispersion;

The rotation speed in the rotated spinning method;

The nature of the coagulation bath (fast coagulation results in a non-homogenous

structure, while slow coagulation imparts a homogenous structure);

e The drawing speed and ratio (a higher ratio improves the alignment, strength, and
fiber conductivity);

e  The post-treatment, if any (such as annealing, which is used to remove the oxides to

make the fibers more conductive).

Kou et al. demonstrated a coaxial wet spinning process [29] to achieve a higher
capacitance and rate capability using CNTs and reduced graphene oxide (RGO) as the
spinning dope. In the coaxial spinning process, the spinneret consists of two inlets, one for
the core and the other for the sheath, as shown in Figure 5a.

The core combines CNTs and RGO; the sheath is made of sodium carboxy methyl
cellulose (CMC). The polyelectrolyte (CMC) acts as an ion-permeable membrane but is
insulative to the electron flow. An electrode RGO+CNT@CMC is spun with a GO and CNT



Energies 2022, 15, 6506

9 of 42

mixture (w/w, 1/1) of 20 mgrnl’1 and CMC 8 mgml’l. SEM images of the coaxial fiber can
be seen in Figure 5b—d. Two coaxial fiber electrodes (CNT + RGO @ CMC) are intertwined
to form a two-ply yarn SC with a layer of PVA-H3PO; gel electrolytes (Figure 5e—g). The
CMC sheath layer protects the SC from short circuits. The SC yarn with a mixture of
RGO + CNT outperformed the other SC with only RGO @ CMC and CNT @ CMC. The
aerial capacitance Cx of CNT + RGO @ CMC exhibited superior capacitance of 177 mFem 2
(158 F/cm?) at a current density of 0.1 mA/ cm?, whereas the C, values for RGO@ CMC
and CNT@CMC were 39 mF/cm? and 127 mF/cm?, respectively. The higher capacitance
could be attributed to the higher surface area formed by the synergistic combination of
CNT and RGO. Additionally, the superior electrochemical performance could be due to the
lower internal resistance, as confirmed via electrochemical impedance spectroscopy (EIS)
and shown in Figure 5i.

To assess the advantage of the coaxial spinning process, the authors fabricated a
control yarn SC via the conventional wet spinning of CNT + RGO dispersions and further
coated it with CMC. They also reported that the coaxial-spun SC exhibited a capacitance of
103 mF/cm?. In contrast, the conventionally spun and post-coated SC yarn gave a much
lower capacitance rate of 39 mF/ cm? at a current density of 0.1 mA/ cm?. The main reason
is that the coagulation and drying of the outer CMC layer during the spinning process are
faster than for the core, which leads the sheath to tightly wrap around the core, resulting in
better ion transport between the electrolyte and electrode. Additionally, the pore formation
in the CNT and GO inner core during the spinning process is complicated due to the
uniform shrinkage of the CMC layer. A thicker layer increases the shrinkage force, which
affects the pore structure. Therefore, a thicker CMC provides higher capacitance to the SC.
Finally, it can be noted that the CMC has no pseudocapacitive effect in the process, and the
improved performance can be attributed to the coaxial spinning process.

Wet Spinning and Incorporation of Pseudocapacitive Materials

SCs based on nanocarbon usually exhibit limited capacitance because double-layer
electrochemical charging is the only charge storage mechanism. Therefore, combining
pseudocapacitive materials such as metal oxides and conducting polymers with carbon
is standard practice. Furthermore, wet spinning methods are advantageous because they
allow the easy incorporation of such active materials in the spinning dispersions, pro-
viding composite CNT electrodes with the required electrochemical performance and
other functionalities.

I Metal oxides

Lu et al. [30] synthesized SCs with high mechanical strength and superior electrochem-
ical performance in the wet spinning of a liquid crystal dispersion containing single-walled
CNTs and by further electrodepositing MnO,. The “as-spun” single-wall carbon nanotubes
(SWCNTs) had a tensile strength and conductivity of 225 MPa and 450 4 15 S-cm ™!, re-
spectively. These values were 246% and 50% higher than the previously reported fibers.
The reason could have been the highly aligned SWCNTs and the low contact resistivity
between the CNT bundles. Further, MnO,, which has high theoretical capacitance, was
electrodeposited on SWCNT fibers to form a MnO, /SWCNT hybrid electrode. Two elec-
trodes contained PVA/LiCl as the electrolyte to form a parallel symmetric SC. As reported
by the authors, the SC exhibited an energy density of 14.1 Wh-kg~! and a power density of
202 W-kg~!, and showed an increased capacitance of 16% after 10,000 cycles. The impres-
sive electrochemical performance was attributed to the fast ion transport made possible
by the uniformly deposited mesoporous MnO, nanoflakes on the well-aligned, highly
conductive CNT fiber.

The method of active material loading via post-deposition on CNT fibers has lim-
itations for high loading rates. In contrast, the pre-deposition of the active material on
a vertically aligned carbon nanotube (VACNT) array, which is then twisted into a fiber,
is complicated and time-consuming. Therefore, Li et al. [31] tried using a conventional
wet spinning process to fabricate a hybrid SWCNT/MnO; fiber, in which the aqueous
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dispersions of SWCNTs and MnO, were mixed with the help of the surfactant sodium chlo-
rate, and were then spun, washed, and dried. The SWCNT/MnO; hybrid fiber had a 75%
mass loading rate, conductivity of 761 S-cm ™1, and volumetric capacitance of 74.8 F/cm?3.
Furthermore, an SC fabricated in a parallel symmetric configuration using the hybrid
fiber gave an energy density of 10.4 mWh-cm 3 at a power density of 0.05 W-cm ™2 and
exhibited good cyclic stability (94% capacitance retention in 5000 cycles). According to the
authors, the superior performance was due to the highly loaded conductive hybrid fiber
facilitating quick electrical pathways thanks to the close contact between the SWCNT and
MnO; nanosheets and the hierarchical pore structure helping the faster ion transport.

Since the conductivity of the MnO, used as pseudocapacitive material is low,
Kim et al. [32] identified a solution incorporating platinum nanoparticles (PtNP) with
MnO, through a one-step scalable wet spinning process to produce CNT/MnO, /PtNP
composite electrodes. CNT powder, MnO, powder, Pt nanoparticles, and water are mixed
together and injected into a coagulation bath of PVA /water. The process is scalable; how-
ever, greater the length, the greater the resistance. The added Pt nanoparticles increased the
conductivity, the PVA enhanced the mechanical strength, the CNT acted as a mechanically
stable conductive core, and the MnO, provided the necessary pseudocapacitance. Two
parallel electrodes coated with PVA-LiCl fabricated as an SC exhibited a capacitance of
53.1 mF-cm~2 at 10mV/s, an energy density of 1.84 uWh-cm ™2, and a power density of
13.3 uW-cm 2. The capacitance was 49 times higher than for CNTs in a bare SC due to
the presence of conductive Pt nanoparticles, which also reduced the resistance. The rate
capability was retained at 60% when the scan rate varied from 10 to 100 mV/s.

II.  Conducting polymers

Meng et al. [33] demonstrated the wet spinning of stable dispersions of SWCNTs
and polyaniline nanowires (PANI NWs) with an outer PVA sheath. These flexible and
highly conductive electrodes were combined with a PVA-H3POy electrolyte to make twisted
yarn SCs. The yarn SCs with the composite SWCNT/PANI NWs exhibited 18-fold more
capacitance than the SCs based on bare SWCNTs.

Zheng et al. [34] fabricated a core—sheath SC electrode with the core being hyaluronic
acid (HA) and with CNTs and electrodeposited PANI as the sheath. While HA acts as a
biocompatible surfactant to improve the dispersion of CNT during wet spinning, it also
serves as an ion-conducting binder. PANI is deposited on the fiber via electrochemical
polymerization. The authors presented data showing that the HA /CNT/PANI electrode
revealed a 6-fold greater specific capacitance than the HA/CNT core. In contrast, the
HA/CNT core provided high levels of electrical conductivity, mechanical robustness,
and stiffness. The authors claimed the electrode’s superior mechanical, electrical, and
electrochemical performances were due to the in situ polymerization of PANI, which
facilitates hydrogen bonding between the carboxyl groups of HA and amine groups of
PANIL. They also reported it as having high cyclic stability (90% capacitance retention
after 3000 cycles at 100 mV/s). The high-performing, low-cost electrode was possible not
only due to the synergistic interaction between the HA /CNT core and PANI sheath but
also thanks to the interaction and alignments of the HA /CNT core-sheath, including the
favorable pore structure and high specific surface area of the PANIL

II. Metal oxides and conducting polymers

Torres et al. studied [35] a mixture of carbon black (CB), CNT, and chitosan dispersions
which were wet-spun to form a carbon skeleton, after which the MnO; (of two different
crystalline structures, eMnO; and YMnO;) was electrodeposited, followed by dip coating
to form a layer of poly(3,4-ethylene dioxythiophene) (PEDOT) conducting polymer or
polypyrrole. Finally, symmetric SCs were fabricated from various combinations of the
above electrodes shown in Table 3, resulting in high capacitance and cyclic stability rates.
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Figure 5. The coaxial wet spinning assembly process, showing fabricated yarn SCs (YSCs), their
morphology, and their electrochemical performance. (a) Schematic of coaxial spinning. (b—d) SEM
images of RGO + CNT@CMC. (e—-g) SEM images of two-ply SCs in (e) cross-sectional view and
(f) side view. The arrow in (e) is a PVA/H;3POj electrolyte, and the inset of (f) shows the schematic
illustration of the yarn SCs. (g) SEM image of a two-ply yarn SC knot. (h—j) Electrochemical
performances of yarn SCs, (h) with the dependence of CA and CV on the charge-discharge current
density for RGO@CMC (3, 4), CNT@CMC (5, 6), and RGO + CNT@CMC (1, 2) YSCs. (i) Nyquist
plots, (j) showing the normalized capacitance (C/Cy, where Cy is the initial capacitance) versus cycle
number for RGO@CMC (left), CNT@CMC (middle), and RGO + CNT@CMC (right) YSCs. Scale bars:
20 um for (b), 10 um for (c), 0.2 um for (d), 50 mm for (e), 500 mm for (f), 200 mm for (g), 3 mm for
left, and 0.3 mm for middle and right (j). Reproduced with permission from [29].

Table 3. Fabrication steps to make symmetric supercapacitors. Reproduced with permission from [35].

1st Step: Wet Spinning ]2;11:12 :)e‘f;pl\:;;tci)jn :g:niltsgifgo?’t;?ygn?:r Electrodes

CB-CNT fibers Mn(CH;3COO), PEDOT MnAc,-PEDOT
Mn(CH3COO), PPY MnAc,-PPY
Mn(NO3), PEDOT Mn(NO3),-PEDOT
Mn(NO3), PPY Mn(NO3),-PPY

The SC with PEDOT gave a high capacitance fiber, while the one with polypyr-
role revealed higher cyclic stability. Therefore, to obtain both in a single SC, the Mn
(CH3COO),/PEDOT fiber was coated with polypyrrole (PPY). As a result, the cyclic stabil-
ity improved from 79% to 89%, and the capacitance obtained was maintained at 549 F/g.
Thus, this study proves the opportunity for tuning the SC components from the different
layers available (MnO,, PEDOT/polystyrene sulfonate/PSS, PPY).
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3.1.2. Dry Spinning from CNT Aerosols

In this process, the precursor carbon source (organic vapor or solid carbon) decom-
poses at a very high temperature to produce carbon atoms. These grow into CNTs with the
help of catalyst nanoparticles formed in situ and floating in the vapor. With the help of van
der Waals forces or pi—pi interactions, the formed CNTs self-assemble into an aerogel or
network of nanobundles. These can be collected as long fibers on a spindle or as a ribbon,
or on a rotating drum [36] The number of walls, diameter, and length of the CNTs can be
controlled by fine-tuning the following process parameters:

The carbon precursor;

The catalyst concentration;

The rate of hydrogen gas flow;
The temperature of the pyrolysis.

The fiber morphology and mechanical and electrical properties can be optimized by
controlling the following aspects:

The CNT alignment, length, and structure;

The post-treatment;

The rate of the gas flow;

The speed of the winding;

The presence of particulate impurities and defects.

Li et al. [37] grew ultra-long and well-aligned CNT fibers by winding the CNT aerogel

continuously, which was produced using the floating CVD process. A schematic of the
CNT floating catalyst CVD process is shown in Figure 6.

a) Feedstock b) Feedstock
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Figure 6. (A) (a) Schematic of the direct spinning process, called the floating catalyst CVD process.
Liquid feedstocks such as ferrocene and thiophene are dissolved in ethanol, mixed with Hj, and
then injected into a hot zone where the CNT aerogel is formed. This aerogel is captured and wound
out of the hot zone by an offset rotating spindle. (b) Schematic of the wind-up assembly operating
at a lower temperature, outside the furnace hot zone.(B) SEM images of well-aligned multiwall
carbon nanotubes (MWCNTs) along with a twisted fiber collected from the furnace. Reprinted with
permission from [37].

3.1.3. Dry Spinning from CNT Arrays

In this method, the CNT fiber is drawn primarily by twisting from a super-aligned
CNT array synthesized via chemical vapor deposition (CVD) [38,39]. A schematic of
the CVD process of the CNT array synthesis and the spinning process can be seen in
Figure 7A,B. Our group developed and improved the synthesis process for spinnable
CNT arrays and the related dry spinning and fiber post-treatment process. As a result,
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high-purity CNT fibers were reproducibly fabricated and characterized, and the results are

published elsewhere [40,41].

The recipe for spinnable arrays has been perfected over the years regarding the gas
composition, flow rates, catalyst composition, reaction time, temperature, and pressure.
The fibers that are produced have a large surface area. They are further post-treated to
improve the mechanical and electrical properties [41-44]. The methods used to the enhance
mechanical strength and electrical conductivity practiced by our group were as follows:

e  Performing fiber post-treatments such as (a) solvent densification, which decreases
the cross-sectional fiber area, bringing the CNT bundles closer; and (b) post-spinning

from a spun fiber (Figure 7C,D)

Introducing optimized twisting during the spinning process;
Annealing at a high temperature to remove the oxides and amorphous carbon and to

increase the conductivity;

e  Cross-linking of the CNTs fibers with appropriate polymers to increase their strength.

3.1.4. Twisting from CNT Films
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The recipe for spinnable arrays has been perfected over the years regarding the gas
composition, flow rates, catalyst composition, reaction time, temperature, and pressure.
The fibers that are produced have a large surface area. They are further post-treated to
improve the mechanical and electrical properties [41-44]. The methods used to the en-
hance mechanical strength and electrical conductivity practiced by our group were as fol-
lows:

e  Performing fiber post-treatments such as (a) solvent densification, which decreases
the cross-sectional fiber area, bringing the CNT bundles closer; and (b) post-spinning
from a spun fiber (Figure 7C,D)

e Introducing optimized twisting during the spinning process;

e Annealing at a high temperature to remove the oxides and amorphous carbon and to
increase the conductivity;
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Figure 8. (A) Schematic of a twist induced in a CNT spinning web. The active loaded material is rep-
resented by black dots. (B) SEM image showing a Fermat-type twist (Fermat scroll shown in the inset).
(C) Change from a Fermat to Archimedean scroll. (D) Archimedean scroll. (E) Dual Archimedean
scroll. (F) Sequential pics of a liquid-state twist insertion in a multiwalled CNT(MWCNT) with
filtration of the deposited boron nitride nanotubes. (G) Cross-sections of several twists marked in
(F,H,I) pictures of actual MWCNTs colored with red paint, both unscrolled and scrolled. (J) SEM
image of 70% TI@MWCNT biscrolled yarn produced by symmetrically inserting a twist in a bilayer
rectangular sheet supported in a liquid bath. Reprinted with permission from [45].

4. Strategies to Improve the CNT Fiber’s Electrode Performance

As mentioned earlier, in CNTs, the only active material is carbon, so the available
type of charge storage is a double layer. Double layers are insufficient for most practical
applications due to their low capacitance and energy density. Hence, various strategies
have been developed to improve the electrochemical performance of CNT electrodes, such
as the (1) activating CNT fibers via heat treatment or surface oxidation to modify the
surface properties and functionalities, (2) combining the CNT fiber with pseudocapacitive
materials, and (3) co-plying with highly conductive metal wire [1,3,47,48].

4.1. Activation of CNT Fiber by Gamma Irradiation, Oxygen Plasma, or Acid Treatment

CNT fiber can undergo surface modifications via activation by gamma radiation, acids,
and oxygen plasma. The treatments often lead to improvements in the electrochemical
properties, which can be attributed to:

The introduction of functional groups on the surface;

The modification of the pore structure and the opening of new pores;
Increasing the surface area;

Decreasing the gravimetric density;

Changing the surface energy by promoting hydrophilicity.

The effects mentioned above are reversed during the activation by heat treatment,
with a decreased pore density and surface area, increased graphitization in the carbon
microstructure, and increased gravimetric density [6].

4.1.1. Activation by Gamma Radiation

Su et al. [49] activated a CNT fiber using gamma irradiation and obtained improved
mechanical, electrical, and electrochemical performances for two-ply yarn SCs. Significant
improvements were seen in the mechanical strength (the breaking strength increased from
574.5 MPa to 773.4 MPa), conductivity (increased from 3596 Sm~! to 5494 S-m~1), and
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gravimetric capacitance (increased from 6.2 F-g~! to 9.2 F-g~1) after irradiation. Addition-
ally, the XPS results showed an increase in the percentage of O, from 0.4% to 3.6%.

4.1.2. Activation by Oxygen Plasma Treatment

Adusei et al. [50] studied the effects of atmospheric pressure oxygen plasma function-
alization on CNT fibers. The CNT fibers were subjected to plasma functionalization for
various plasma parameters, such as the plasma power and oxygen flow, characterized as
(a) low (60 W and 0.1 L/min), (b) medium (100 W and 0.3 L/min), and (c) high (140 W
and 0.55 L/min), respectively. The secondary gas (helium) flow rate was maintained at
15 L/min for all the other plasma parameters. The fibers were passed through the plasma
head in a continuous roll-to-roll process at two linear speeds (0.465 cm/s and 0.206 cm/s).
The electrochemical characterization of the treated CNT fibers under various conditions
revealed that the medium-oxygen plasma-treated fibers (100 W and 0.55 L/min) with
a lower speed of fiber passing through the plasma head (0.206 cm/s) gave the greatest
specific capacitance. The treated fibers showed an increase in surface area from 168.22 m? /g
to 208 m?/g and a 132.8% increase in specific capacitance. The impressive capacitance
improvement was due to the introduction of functional groups on the CNT fiber containing
oxygen, the increased hydrophilicity, and the enhanced surface area due to pore opening.

4.1.3. Activation by Acid Treatment

The acid treatment of CNT fibers after thermal oxidation was studied by Liang et al. [51].
First, the thermal oxidation of the iron nanoparticles formed during the tube growth was
conducted in air at 400 °C. Then, the acid treatment was performed by soaking the fiber
in a mixture of HNO3-H,SO; (1:3 volume ratio) with stirring for 6 h, followed by rinsing
with DI water and drying. As a result, the activated fiber showed an increase in oxygen
level from 11.63% to 20.77%. In addition, the Brunauer, Emmett, and Teller (BET) surface
area increased from 138.3 m?-g~! to 236.8 m?-g~!. These two effects contributed to an
outstanding electrochemical performance, achieving a capacitance rate of 1988 mF-cm~2 at
2 mA-cm 2 and cyclic stability of 10,000 cycles with only 3% capacitance loss.

4.2. Combining Pseudocapacitive Materials with CNT

Pseudocapacitive materials can combine redox reactions and double-layer charging to
achieve higher capacitance rates and energy storage densities.

4.2.1. Deposition of Active Materials after Fiber Fabrication
Metal Oxides and Hydroxides

MnO; is the most attractive pseudocapacitive oxide due to its low cost, abundance,
and high specific capacitance value. However, it has the limitation of poor conductiv-
ity, and this problem imposes a great challenge, especially in highly loaded composites.
Usually, introducing a nanoscopic scale of MnO; can provide adequate electrochemical
performance, but low loading often causes low energy and power densities. Therefore,
Kim et al. [52] found a solution to circumvent the conductivity issue while providing high
loading with the oxide. They designed a composite electrode with CNT as the core layer
with electrodepositing alternating layers of MnO, and Ag within the resulting sheath. The
highly conductive intermediate silver layer shortened the ion diffusion length in the MnO,.
In addition, it acted as a conductive bridge between MnO, aggregates and the Ag layer, so
that during charging and discharging the flow of electrons is rapidly transferred by the Ag
layer, which does not affect the rate capability of the device, irrespective of the amount of
MnO; loading. The Ag/MnO, parallel symmetric two-ply sheath—core yarn SC showed
a capacitance of 322.2 mF-cm~2 (208.1 F-cm~2) and an energy density of 18.3 uWh-cm 2.
The rate capability was increased from 21.2% to 42.6% from pristine MnO, sheath—core vs.
Ag/MnO, sheath—core SC.

As discussed earlier, the MnO, composite not only has the disadvantage of low conduc-
tivity but also a short cycle life. Zhou et al. [53] circumvented this problem by innovatively
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adding black phosphorous into the CNT/MnO; composite. The CNT yarn was immersed
in KMnOy, HCl, and black phosphorous (BP) nanosheet aqueous solutions. The KMnO,
was reduced to MnO,, and the CNT/MnQO,/BP composite electrode was formed. Two
polyvinyl alcohol (PVA)-KOH-coated CNT fibers were twisted into a two-ply yarn SC,
which gave a promising electrochemical performance. The capacitance was reported to be
441.79 F-cm 3 at 0.01 V-s~ L. The energy density reached 9.82 mWh-cm~3, and the power
density value was 441.79 mW-cm~3. This study also reported a 37.9-fold increase in capaci-
tance for the CNT-MnQO,-BP yarn SC compared to the CNT yarn and a 2.4-fold increase
compared to the CNT-MnO, yarn SC. According to the authors, these remarkable results
can be attributed to the highly conductive CNT substrate, the pseudocapacitance provided
by the MnO,, and the rapid ion diffusion enabled by the phosphoric-acid-based electrolyte
formed via the reaction of black phosphorous and KMnO, during the formation of MnO,.
The rapid ion diffusion helped to increase the specific capacitance and cyclic stability.

Zhou et al. [54] fabricated a sandwiched CNT composite by electrodepositing a pseu-
docapacitive transition metal oxide mixture of Co304@NiO and coating a graphene layer
over it. The CNTs act as a substrate with a high specific surface area for the electrodepo-
sition of the transition metal oxide, Coz04@NiO, which offers numerous active sites for
redox reactions. In addition, the graphene layer decreases the equivalent series resistance
(ESR) and increases the power density and cycle life. A two-ply yarn SC was fabricated by
twisting two composite sandwich fibers and applying PVA-KOH as an electrolyte between
them. The SC yielded a high capacitance of 263 F-cm 3 at 0.01 V/s, an energy density of
5.86 mWh-cm ™3, and a power density of 263.64 mW-cm™3.

Le et al. [55] introduced another innovative approach to improving the electrochemical
performance using a two-step strategy, namely increasing the surface area by growing ZnO
nanorods on the CNT surfaces and coating them with a pseudocapacitive material like a
nickel cobalt double hydroxide. As a result, the electrode exhibited an excellent capacitance
of 1278 F-g~! at a scan rate of 5mV-s~! and cyclic stability of 7000 cycles with a capacity
retention rate of 60.5%.

Metal Sulfides

Jian et al. [56] fabricated an SC, solving the issue of the delamination of metal ox-
ides and sulfides coated on the CNT surfaces. For this, a hybrid substrate of CNTs and
reduced graphene oxide (RGO) was prepared, where the RGO served as an adhesive layer.
Molybdenum sulfide was then coated onto the hybrid layer to allow the pseudocapacitance.
Thus, a composite electrode of MoS, /RGO/CNT was formed. Next, a symmetric parallel
SC was fabricated using PVA-H,SOy as an electrolyte. The authors reported for this SC a
capacitance of 190.4 F/g at 0.2 A-g~! and 85% capacitance retention after 5000 cycles.

4.2.2. Incorporation of Active Material before or during Fiber Fabrication

The deposition of active materials after the fiber formation has limitations because of
the following reasons:

e Higher loading is not possible since it does not increase the capacitance, as the accessi-
ble surface area is considerably reduced;

e  The resistance increases along with the ion diffusion distance, substantially reducing
the power density, resulting in greater energy consumption.

As an alternative to surface deposition, embedding the active materials into the CNT
structure before its formation seems to be a more practical approach. In this process, the
nanosized active materials are overlaid on the CNT sheet or film before the fiber is twisted.
Compared to surface cladding, this type of incorporation allows much higher loading and
a closer contact of the active materials with the nanocarbon bundles, facilitating higher
EDL pseudocapacitance. In addition, these materials can create more pores and channels
for faster ion adsorption and diffusion, thereby increasing the capacitance, rate capability,
and cyclic stability.
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Shi et al. [57] successfully designed amorphous MnO,@ MWCNT fiber electrodes
for SCs with improved flexibility, energy density, and high cyclic stability. Amorphous
MnO;, which has a highly disordered structure, was incorporated into the MWCNT sheet
by immersing a stacked MWCNT sheet into a mixture of a KMnO,/H,SO4 aqueous
solution, followed by twisting the sheets into a fiber with the help of an electric motor.
Two such twisted yarns were used to fabricate symmetric solid-state SCs using PVA-LiCl
as an electrolyte, which showed a capacitance of 8.5 F-cm~3 (13-fold than MWCNT fiber
SC) and an energy density of 1.5 mWh-cm ™3, and surpassed 15,000 charge-discharge
cycles retaining 90% of the capacitance. Furthermore, due to the close contact between
the MnO, and MWCNT, the synergy between them made the highly aligned MWCNT
substrate with uniformly distributed MnO, particles highly conductive and mechanically
stable. Additionally, the nano MnO, particles with large surface areas provided numerous
accessible active sites for redox reactions, shortening the electron and ion diffusion lengths
and allowing the MnO, to be accessible for charge storage.

5. Strategies to Improve Device Performance

As mentioned in Section 2.3, a supercapacitor device is assessed by its energy density
and power density.
The energy density is given by Equation (3):

1
E=_Cu?
5 cu
and the power density is given by Equation (4)

uZ

P=
4R,

where U is the working voltage, C is the capacitance, and Rs is the internal resistance.
Increasing the working voltage is more impactful than increasing the capacitance to
raise the energy density. The working voltage can be increased by:

Configuring an asymmetric type of capacitor;

Using electrolytes with a wide working voltage;
Modifying the electrode to widen the voltage window;
Using redox electrolytes.

To increase the power density, the internal resistance has to be reduced by increasing
the conductivity. One way to increase the conductivity is via co-plying with metals [1,58].

5.1. Metal Wire Co-Plying

CNT fiber SCs, because of their increased length, will have high internal resistance,
resulting in a large potential drop under a high current density. To improve the rate
capabilities at higher currents, it is often helpful to couple a highly conductive metal wire
with CNTs for fast electron transfer.

Wang et al. [59] fabricated (Figure 9A) an SC with individual electrodes consisting of
CNT and Pt yarn twisted together at 5000 turns/min and coated with PANI. The yarn was
named Pt/CNT@ PANI. When subjected to cyclic voltammetry at a very high scan rate of
500 mV/s, the symmetric SC maintained a symmetrical shape compared with those formed
at 10 mV/s. Figure 9(Bb) displays the capacitance-voltage (CV) curves at 100 mV /s for a
PANI-coated CNT fiber with and without platinum. Additionally, a galvanostatic charge—
discharge (GCD) test was conducted. The CV and GCD curves showed that the SC with
platinum provided a greater capacitance area in the CV curve and a longer discharge time
in the GCD test. Figure 9C shows the rate capability result, highlighting that a capacitance
retention rate of 68% was achieved when the current density was increased from 0.8 to
40 mA-cm 2, revealing good stability over large currents. The electrochemical impedance
spectroscopy (EIS) measurements with a frequency loop from 10° Hz to 10> Hz using an
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amplitude of 5 mV at an open-circuit potential (Figure 9(Bf)) showed that the SC with Pt
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Figure 9. (A) Schematic of the fabrication of SCs. (B) The electrochemical properties of two-ply
nanocomposite yarn SCs: (a) CV of the Pt/CNT@PANI yarn SC; (b) CV curves of CNT@PANI
and Pt/CNT@PANI yarn SCs at 100 mV-s~1; (c) galvanostatic charge-discharge (GCD) curves
of the Pt/CNT@PANI yarn SC at different current densities; (d) GCD curves of CNT@PANI and
Pt/CNT@PANI SCs at 2.4 mA /cm?; (e) areal capacitance of the Pt/CNT@PANI yarn SC at different
current densities; (f) EIS of CNT@PANI and Pt/ CNT@PANI SC devices. (C) Characterization of the
Pt/CNT@PANI nanocomposite yarn supercapacitor: (a) IR loss (drop of the cell internal resistance)
as a function of the discharge current density; (b) cycle performance at varying current densities;
(c) capacitance retention with different charging-discharging cycles and a constant current density
of 4 mA/cm?; (d) capacitance retention under different bending states; (e) GCD of two devices
connected in series and (f) in parallel. Reproduced with permission from [59].
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In contrast, without Pt, this parameter result was 40 ohms. The IR drop against
the increasing current gave a smaller value and a less steep slope for the SC with Pt
compared to the one without Pt. The SC with Pt also exhibited good cyclic stability with
a capacitance retention rate of 80% after 5000 cycles. The PANI-coated CNT SC with Pt
yielded a capacitance rate of 91.67 mF-cm ™2, an energy density of 12.68 puWh-cm~2, and
good cyclic stability.

Wu et al. [60] also twisted a number of CNT yarns with a platinum wire followed
by PANI deposition. The 5 CNT yarns twisted with Pt gave the best results. No-
tably, Pt/5-CNT@PANI showed excellent electrochemical performance, revealing a
specific capacitance rate of 217.7 F-g~! at 0.2 A/g current density, an energy density of
30.22 Wh/kg, and a power density of 91.88 W /kg.

Wang et al. [61] reported on copper wire intertwined with CNT to be used as a
current collector. The spinel-type nickel-cobalt oxide was hydrothermally deposited on
the obtained composite yarn. According to these authors, the SC was fabricated from two
individual CNT/copper intertwined yarns on which NiCo,O4 (NCO) nanowires were
grown. The Cu enhances the conductivity, and the porous CNT allows quick charge
transport between the electrolyte and the electrode. NCO was the only electroactive
material used. The obtained SC exhibited a capacitance of 277.3 mF-cm~2 and an energy
density of 35.76 uWh-cm~2 at a power density of 0.154 mW-cm 2. In addition, this device
showed excellent cyclic stability, with 89% capacitance retention after 5000 cycles.

5.2. Fabrication of an Asymmetric-Type Configuration

Symmetric SCs consist of positive and negative electrodes of the same active material
with the same weight. The working voltage of a symmetric SC depends on the electrolyte
and the active materials” potential window (PW). The PW is limited when an aqueous
electrolyte is used due to water electrolysis (1.23 V (thermodynamic value), resulting in
hydrogen and oxygen evolution. For pseudocapacitive materials such as PANI, PPY, and
MnQO;, the PW can be narrower as the PW of the electrolyte can impact it. Additionally,
the specific capacitance of a two-electrode SC made of pseudocapacitive materials such
as PANI and PPY is always inferior to those obtained using three electrodes, because
in a two-electrode cell the positive and negative electrodes will be working in different
potentials, leading to different specific capacitances. This means that the one with the lower
capacitance will determine the total specific capacitance, as per the Equation (2)

1 1 1

c GG

The performance matrix of an SC, like the energy and power density, can be increased
by raising the working voltage, which can be expanded by using an asymmetric config-
uration. This can be achieved via different active materials at the positive and negative
electrodes with different PWs, or when using the same active material with varying mass
ratios. The PW can be wider if the positive electrode is reversibly charged to a maximum
high and the negative one to a low minimum value. An asymmetric capacitor can give
a maximum capacitance when C; = Cy, or CM M, = CM_M_, where CM,, M, CM_,
and M_ are the gravimetric capacitance and mass ratios of the positive and negative
electrodes, respectively. Asymmetric SCs can be fabricated from a host of positive and
negative electrodes and can have wider working voltages and capacitances, resulting in
very high energy and power densities [3,4]. The common pseudocapacitive materials and
their properties are listed in Tables 1 and 2 of Section 2.1.

5.2.1. Transition Metal Oxide and Hydroxide Based Asymmetric Capacitors

Most asymmetric SCs reported in the literature are fabricated using transition metal
oxides, hydroxides, sulfides, and nitrides (Ni, Co, Fe, V, Ti, Mo) as the pseudocapacitive
materials. Yao’s group [62] investigated the growth of Co3O4 on conductive substrates
such CNT fibers. They used these for a positive electrode when fabricating an SC with
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vanadium nitride nanowires grown on the CNTs as the negative electrode. Co30y is an
inexpensive and promising positive electrode material with high theoretical capacitance.
Vanadium nitride, employed as a negative electrode, has a very high theoretical capacitance
of 1340 F. A PVA-KOH gel electrolyte was used, which provided a cell voltage of 1.6 V. The
SC exhibited an energy density of 15.79 mWh-cm 3 and a power density of 3.232 W-cm™3.
The SC gave a capacity retention rate of 93.01% after 3000 bend cycles at 90°.

Layered transition metals hydroxides (TMOH) such as Ni (OH), and FeO(OH) are
capable of fast redox reactions within the space between the layers, thereby increasing the
capacitance value.

Lu’s group [63] constructed a coaxial type of SC to ward off the decreased specific ca-
pacitance effects with parallel and twisted construction types and successfully fabricated an
SC with MoS,@ Fe;O3/CNT paper as the negative electrode and Ni(OH), @NiCoyO4/CNT
fiber as the positive electrode with a PVA-KOH electrolyte. With a voltage window of 1.6 'V,
the SC gave a specific capacitance of 373 F-cm~2 at a current density of 2 mA-cm~2. The
achieved energy density was 0.13 mWh-cm ™2, the power density 3.2 mW-cm 2, and the
capacity retention rate was 83.3% after 10,000 cycles.

Various combinations of positive and negative electrodes were attempted, with the
researchers claiming higher working voltages. However, the obtained energy density
values are still unsatisfactory for practical applications.

Yao's group [64] successfully fabricated a ternary metal oxide (ZnNiCo) with nickel
hydroxide nanowire arrays (NWAs), cladding the CNT fiber as the positive electrode
(ZNCO@Ni(OH)2NWAs/CNTF/KOH-PVA) and a thin layer of carbon coated vanadium
nitride on the CNT fiber as the negative electrode (VN@C NWAs/CNTS) in a coaxial
fiber configuration (Figure 10A). The coaxial fiber-based asymmetrical supercapacitor
(CFASC) gave an impressive specific capacitance of 94.67 F-cm 3, with an energy density
of 33.66 mWh-cm~3 and with more than 90% capacitance retention after 3000 bend
cycles (Figure 10B). Other transition metal oxide (TMO)-based asymmetric capacitors are
displayed in Table 4.

Yao’s group [65] fabricated a fiber supercapacitor (FSC) with a ternary oxide (MoNiCo)
on CNT fiber as the positive electrode and thin carbon-coated vanadium nitride nanowires
on CNT fiber as the negative electrode with PVA-KOH as the gel electrolyte. The use of
a ternary oxide is intended to increase the electronic conductivity and electrochemical
activity due to the mixed valence metal cation. This might not be the case when mono- or
bi-metal oxides such as Co3Oy4 are used, which suffer from low capacitance and electrical
conductivity levels. Furthermore, the hierarchical dandelion-like ternary oxide structure on
the CNTs provides a greater surface area, leading to more accessible sites on the electrode
for the electrolyte, resulting in fast electron ion transport. The authors of this work reported
an SC with a voltage window of 1.6 V, capacitance of 62.3 F-cm ™2, energy density of
22.2 mWh-cm~3, and 90.2% capacitance retention after 3500 bend cycles.

Peng’s group [66] fabricated an FSC using a polyimide-based polymer for high me-
chanical strength and MnO, for high pseudocapacitance. As a result, the FSC revealed a
reasonably high working voltage of 2.1 V, mechanical strength of 264 MPa (tensile strength),
energy density of 36.4 uWh-cm 2, and power density of 0.78 mW-cm 2. These results are
credited to the combination of MnO,/CNT as the positive electrode and polyimide/CNT
as the negative electrode with carboxy methyl cellulose (CMC)/NaSO; as the electrolyte
in a parallel configuration with a voltage window of 2.1 V.

Zhang's group [67] successfully investigated the pre-insertion of cations such as Na*
onto MnO, nanosheets to enhance the capacitance (Figure 11A).
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Figure 10. (A) (a) Cross sectional structure of the CFASCs (coaxial fiber shaped asymmetric super-
capacitors). (b) Wrapping of the VN@C NWAs/CNTs around the surface of the ZNCO@Ni(OH),
NWAs/CNTF/KOH-PVA. (B) Electrochemical characterization and flexibility analysis of the as-
assembled CFASCs: (a) CV curves of the assembled CFASCs measured at different scan rates between
0 and 1.6 V; (b) GCD curves collected at different current densities between 0 and 1.6 V; (c¢) areal
and volumetric specific capacitances calculated from the GCD curves as a function of the current
density; (d) volumetric energy and power densities of CFASCs compared with previously reported
FASC:s (fiber shaped asymmetric supercapacitors); (e) GCD curves of the as-assembled CFASCs bent
at various angles and a current density of 10 mA /cm?; (f) Normalized capacitances of our CFASCs
bent 90° for 3000 cycles. Reproduced with permission from [64].

The low conductivity of MnO; results in poor ion diffusion, and the insertion of Na/K
ions improves the conductivity, thereby enhancing the capacitance. An FSC with a twisted
configuration, as shown in Figure 11A, showed good performance due to the effective
design of the positive electrodes as Na-doped thin MnO; nanosheets on the CNT fiber.
The adequately chosen negative electrode, which was a flowerlike thin MoS; nanosheet
array, provided the SC with a high working voltage of 2.2 V. As reported in this publication,
the FSC exhibited a high specific capacitance of 265.4 mF-cm~2 and energy density of
178.4 uWh-cm~2. Moreover, no capacitance loss was noticed after 3500 bending cycles at
120° (Figure 11(Bf)).
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Figure 11. (A) Detailed illustration of the fiber shaped asymmetric supercapacitors (FASCs) (B) Elec-
trochemical study of the FASCs: (a) FASC CV curves at various scanning rates of 5-100 mV/s;
(b) GCD curves with different current densities of 1-10 mA /cm?; (c) areal specific capacitance as

Bending number

a function of the current density; (d) FASC power density and areal energy density compared to
previous FSCs; (e) CV curves of the FASCs under various bending angles; (f) capacitance retention of
the FASCs exposed to bending angles of 120° for 3500 cycles. Reproduced with permission from [67].

5.2.2. Conducting Polymer-Based Asymmetric Supercapacitors

Chen’s group [68] developed an easy synthesis technique wherein a mixture of CNTs
plus PPY is deposited on the CNT core (positive electrode), and a mixture of RGO plus
CNTs is electrodeposited on the CNT core as the negative electrode (Figure 12A). The
created fiber shaped asymmetric SC (FASC) gave a higher specific capacitance and greater
mechanical strength. The gel electrolyte PVA-H3PO, provided a voltage of 1.6 V, which
yielded a capacitance of 58.82 mF-cm~2. The FSC (fiber-based SC) was fabricated as il-
lustrated in Figure 12A, and the hierarchical construction resulted in a 3D pore structure
providing a better electrochemical performance. The authors reported an energy density
of 20.91 uWh-cm 2 and a power density of 6.4 mW-cm 2. The specific capacitance re-
tention rate was 98.6% after 200 bend cycles and 90% after 10k regular charge—discharge
cycles (Figure 12C).
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Figure 12. (A) Schematic of the fabrication of an FASC. (B) Electrochemical performances of FASC:
(a) CV curves at various scan rates ranging from 10 to 1000 mV-s~1; (b) GCD curves at the current
densities from 0.5 to 8 mA-cm~2; (c) areal and volumetric specific capacitances at various current
densities; (d) Nyquist plots carried out in a frequency range from 100 kHz to10 MHz. The inset shows
the enlarged plot in the high-frequency region (C): (a) CV curves for the asymmetric capacitor at

a scan rate of 50 mV-s~!

, under different bending states, with the inset showing an illustration of

an asymmetric supercapacitor at different bending angles; (b) GCD curves at a current density of
2 mA-cm~? for the asymmetric supercapacitor under different bending states; (c) Ragone plots of
the presently and previously reported supercapacitors; (d) capacitance retention during 10,000 GCD
cycles. The inset shows a LED lit up at 2.4 V by two asymmetric supercapacitors in series. Reprinted
with permission from [68].



Energies 2022, 15, 6506

25 of 42

Table 4 summarizes the current asymmetric SCs reported recently with details about their
configuration, electrodes, electrolyte, working voltage, and electrochemical performance.

5.3. Use of Electrolytes with a Wide Potential Window

Electrolytes with a wide potential window can increase the working voltage to improve
the device’s performance. The most commonly used electrolytes in SCs are aqueous
solutions based on sodium sulfate (NaySOy), potassium hydroxide (KOH), and sulfuric
acid (HySOy). These have the following advantages:

High ionic conductivity;
Environmental benignity;
Non-flammability;

Small ionic radius.

However, their PW is limited to 1.23 V due to the earlier mentioned reasons. Another
option is to use organic electrolytes with a greater potential window of 2.5-3 V. Nevertheless,
organic solvents are flammable, volatile, toxic, and unsafe. Additionally, the power density
could be poor due to the low conductivity of the organic electrolytes. Another group of
non-volatile electrolytes is ionic electrolytes, which are less flammable with a PW greater
than 3. Therefore, it is the safest group among the above three. Gel polymer electrolytes
represent a recent group of electrolytes that are used widely for solid-state SCs. They are
made by mixing a polymer with an ionic or organic electrolyte and can provide a wide
voltage window that ensures good performance [3]. For example, Shanov’s group [50]
compared the specific capacitance of an oxygen-plasma-functionalized CNT fiber SC in
three electrolytes. The SC with the PVDF-EMIMBE, electrolyte gave 25% and 65% more
capacitance than the PVDF-EMIMTEFSI and PVA-H;SO; electrolytes, respectively.

Table 4. Summary of the asymmetric supercapacitors and their characteristics recently reported in
the literature.

Electrodes
Capacity
- . Electrolyte, . . Power .
Positive Negative Cell Vol)':age Capacitance Energy Density (Ed) Density (Pd) g;tcelrel:on/N o. of Ref
NCO/VGe@ PVA-KOH 188 F-g’1 @ 1 1 93.1% after 5k
CNTF VG@CNTF (1.8V) 5A-g! 65 Wh-kg 100 Wkg bending cycles (691
PVA-KOH 96.76% of Ed
PANLCNTE FeCy04/ (21V) ) 0.05-4.07 uWh-cm—2 0.18-0.92 uW-cm 2 retention after 4k (70]
FeOOH-CNTF PVDF-EMIMBF4 0.17-3.06 p,LWI‘rCIn*2 0.26-0.97 mW-cm—2 bending
2.8V) cycles
. Chitosan 1 1 1 90% after 200
PEDOT: PSS CNTF (1.4 V) 214F-g 5.83 Wh-kg 1399 W-kg bending cycles [71]
. PVA-LiCl 86.2 F-cm™3 3 3 91.94% after 5000
NiCo0,S;@CNTF VN@CNTF (1.6 V) @0.1 mA-cm-3 30.64 mWh-cm 80 mW-cm bending cycles [72]
98.6% after 200 bend
CNTF/Porous PVA-H3PO, 58.82 mF. cm 2 i -
CNTF/RGO ° 3 20.91 uWh-cm 6.4 mW-cm cycles, [68]
CNT/PPY (1.6 V) (12.8 F-cm—3) S0 aftee 10k cycles
- .em—2
GCF@NC@NCO  P-GCF 2\/&% \Ijgm 336'? ﬁif;“n,z@ 11.2 pWhecm~2 472.1 pW-cm2 93% after 10k cycles  [73]
LiPF6 (in 1:1
?n‘?g?rd/fyg g\dg]{}?rd CNT EC/DEC) . 0.296 mWh-cm 2 0.172 mW-cm~2 100% after 4k cycles  [74]
25 V)
CNT@PPY CNT@CuCo,04 E\QA{/I)(OH 59.55 mF-cm 2 20 uWh-cm 2 5115 mW-cm 2 80.1% after 8k cycles [75]
VO,@PPY/CNT ~ VN@NC/CNT ~ PVALICI 60.6 F-cm> 273 mWh-cm 225 mW-cm 3 88.9% after 4k [76]
(1.8V) bending cycles
Ni(OH),@ 2 o,
. MoS,@Fe; 03/ PVA-KOH 373 F-cm 2 U 80.3% after 2k
NiCo>04/ CNTpaper (1.6V) @2 mA-cm~2 0-13 mWh-cm 3.2mW-cm cycles@ 20mAcm 2 [63]

CNTF
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Table 4. Cont.

Electrodes
Capacity
-, . Electrolyte, . . Power .
Positive Negative i’ Capacitance Energy Density (Ed) . Retention/No. of Ref
Cell Voltage Density (Pd) Cycles
ZNCO@Ni(OH),  VN@C PVA-KOH 94.67 F-cm ™3 S S 93.6% after 3k ,
NWAs/CNTF NWAs/CNTF (16V) @3 mA-cm 2 33.66 mWh-cm 396 mW-cm bending cycles at90°  [*4]
_ _ 93.12% after 4k cycles
Co304 VN PVA-KOH 444 F-cm™3 15.79 mWh-cm ™3 _3 o
NWAs/CNTF (NWA)/CNTF 1.6V) @04 A-cm™3 3.232 W-cm 93.01% after 3k [62]
bending cycles
VN@C(NWA)/ PVA-KOH 62.3 F-cm—3 3 3 90.2%after 3.5k

MNCO/CNTF CNTF (16 V) @1 mA.cm—2 22.2 mWh-cm 213.3 mW-cm bending cycles [65]
ZNCO PVA-KOH 50.0 F-cm R R 91.0% after 3K
NWA /CNTF VN/CNTE (16V) @0.1 A-cm ™ 17.78 mWh-cm 80.0 mW-cm bending cycles at90° /7]

. PVA-H;PO, i . . 91.0% after 1.2k
Ti@TiO, CNTF (1.4 V) 11.7 Wh-kg 2060.0 W-kg bending cycles [78]
CNT/MnO, CF/PPY (Ll‘?{,I;VA 6627 mF-cm~2  23.56 uWh-cm™2 - 83% after 5k cycles [79]

CMC/NaySO, 59.2 mF-cm—2 36.4 uWh-cm™2 0.78 mW-cm™2 o

MnO, /CNT PI/CNT @21V) @0.74 mA .cm—2 302 WWh-cm-2 15.6 mW-cm—2 96.3% after 2k cycles [66]
Na- PVA/NapSO;4 265.4 mF-cm ™2 iy 2 o
MnO,@CNTF MoS,@CNTF 22V) @1 mA-cm-2 178.4 uWh-cm 1100.9 uW-cm 90% after 5k cycles [67]

6. Stretchability of Wearable Supercapacitors

One of the most critical and emerging requirements of wearable fiber-based energy
storage devices is the stretchability. In addition to other criteria for these devices such as
the safety, bendability, low gravimetric density, and durability, an important one factor is
the undeterred electrochemical properties during the deformations caused by the user’s
movements. An evaluation metric for the feasibility of such devices is their ability to
withstand the frequency of human motion, including small- and large-scale motions falling
in the frequency range of 0.1 and 10 Hz. At a minimum, such devices need to tolerate
strains of 100% [80]. This section summarizes the advancements in developing CNT fiber
supercapacitors by prioritizing the mechanical properties that can withstand high torsional
strains and bending, while maintaining high capacitance retention rates.

Several variations in the manufacturing process impact the CNT fiber supercapacitor’s
mechanical and electrochemical properties. As already mentioned, adding pseudocapaci-
tive materials such as metal oxides or organic polymers can improve the individual fibers’
electrochemical properties. The electrodeposition of MnO,, PANI, RuO,, and Au have all
been investigated. The results of their mechanical testing are presented in Table 5, which
is displayed later. The tradeoff between using metal oxides and organic polymers is the
material cost and the added weight to the fibers. Metals at optimal concentration contribute
a substantial portion to the total weight of the fibers. The varying configurations all utilized
different pseudocapacitive materials and were adopted to test the mechanical properties
of the fibers in different ways, making it difficult to draw direct comparisons from the
information available in the public domain.

6.1. Physical Configurations
6.1.1. Buckled CNT Sheets with an Elastomer Core

Buckling CNT sheets around an elastomer core are manufactured for creating individ-
ual stretchable electrodes utilized in supercapacitors. Their fabrication method includes
stretching an elastomer core and wrapping a single or several CNT sheets around the
elastomer. When the elastomer is relaxed, the CNT sheet buckles, as depicted in Figure 13,
which enables a high surface area to be in contact with the fiber [81].
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Figure 13. Schematic of the fabrication process of a stretchable linear elastomer-based FSC. (a) fabrica-
tion of the PANI@Au,@CNT electrode, where ‘y” represents the deposition time of Au nanoparticles.
PANI was electrodeposited onto Auy@CNT sheets. (b) Stretching of elastic fiber, wrapping of the
electrodes, and twisting to fabricate the SC. Reprinted with permission from [81].

The buckling pattern is one of the topologically effective patterns used to save space
for an otherwise stretchable and lengthy fiber capacitor, which helps to meet one of the most
desirable requirements in wearable devices. The densification is often used to adhere the
CNT sheets to the elastomer. The latter does not improve the electrochemical properties of
the devices and adds additional weight and the benefit of enhanced mechanical properties.
Many elastomers have been utilized across the industry, including Eco Flex 0040 (silicone-
based), polystyrene, styrene-ethylene/butylene-styrene (SEBS), and others [81-84]. The
strain tolerances of such devices have ranged from 100% to 200%, with various changes
in capacitance retention. In a strained, bent, or twisted state, a decrease in the capacitance
retention of the fibers is observed due to the loss of a buckled contact, reducing the available
pathway for electron diffusion. Additionally, the coating of a PVA-based gel electrolyte seals
the two interfaces without any issues of delamination caused by various deformations [83].

6.1.2. Coaxial CNT Layers with an Elastomer Core

Another method utilizing an elastomer core includes layering two super shearable
CNT(ShCNT) sheets around a polydimethylsiloxane (PDMS) elastomer with PVA acting
as the gel electrolyte and sealant to prevent a shortage, as demonstrated in Figure 14 [85].
This method resulted in a CNT supercapacitor in one fiber able to withstand 20,000 rad/m
of twisting without significantly decreasing its capacitance retention. Minimal cracks and
damage were observed to the CNT alignment in the film after twisting. The super shearable
CNT film releases stress through the rearrangement of CNT fibrils instead of permanent
deformation. Further information regarding the mechanical properties of the CNT fiber is
displayed in Table 5.
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Figure 14. (a) The structure of a torsionable supercapacitor in cross-sectional and side views. (b) Digi-
tal photos showing the supercapacitor at different torsion levels. Reprinted with permission from [85].

6.1.3. Helical CNT Fibers with an Elastomer Core

An alternative method of manufacturing supercapacitors involves helically winding
CNT fibers in parallel around an elastomer core. This method utilizes dry or wet spun CNT
fibers, followed by doping with pseudocapacitive materials, which are then sealed with an
electrolyte gel, typically a PVA solution. Symmetrical or asymmetrical fibers employing
different pseudocapacitive materials are then wound helically around an elastomer core,
followed by a final coat of PVA gel electrolytes to adhere to the components. The process
is depicted in Figure 15 [86]. The SC in this figure is super elastic, sustaining strains as
high as 850%. Varying methods produce tightly wound CNT coils with good surface
contacts between the electrodes. When introduced to stress, the packing of the coils loosens,
enabling movement without permanent deformation to the CNT electrodes [86-89]. The
data regarding the performance of the devices under strain are summarized in Table 5.

Ultra-stretchable
supercapacitor

9

Graphene nanoribbon [l MnO, ] PVA-H,PO, electrolyte [l Ecoflex

Figure 15. Schematic illustration showing the fabrication of an ultra-stretchable wire-shaped superca-

pacitor [86].

A modified manufacturing method for helical CNT fibers wrapped around an elas-
tomer core was developed, demonstrating improved mechanical properties. The fibers
were produced from a solution of CNTs and graphene sheets. The graphene sheet helped
to create a porous structure that enhanced the ion diffusion during the electrochemical
performance and contributed to its improved mechanical properties. A PVA gel electrolyte
coat was applied to the individual fibers. The symmetrical electrodes were twisted together
in a spring-like configuration around a temporary metal rod. The two fibers were cast in
SEBS solution to provide a protective coating and to maintain a flexible spring-like design,
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as depicted in Figure 16a,b. Strain rates of up 800% without permanent deformation were
demonstrated [90].
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Figure 16. (a) Schematic illustration of the fabrication of an FSC in which the yarn is coiled on a rod

and cast using SEBS polymer to fix the coil structure. The rod is removed, and the device is placed
in a mold to cover the coil yarn with rubber. (b) Illustration of the prepared supercapacitor with
different strain rates up to 800%. Reprinted with permission from [90].

6.1.4. Freestanding Helical CNT Fibers

The presence of an elastomer contributes additional weight to the CNT supercapacitors
without improving the electrochemical performance. Ideally, physical configurations
without elastomers are preferred but are limited due to the inherent mechanical properties
of the CNT fibers. Innovative arrangements of CNT fibers have produced mechanically
competitive supercapacitors [91]. Tightly coiling individual CNT fibers in a helical pattern
followed by a coating of PVA allows the fibers to be elongated without damaging the
connectivity. Two symmetrical CNT fibers coated with PVA can produce a freestanding
helical supercapacitor (Figure 17a) with similar mechanical properties to elastomer-based
supercapacitors. Figure 17b,c depict the configuration of the freestanding supercapacitor in
a position of rest and elongation [92].

Two variations of the applications of this method produced CNT supercapacitors with
remarkable mechanical properties. One method utilized a solution of bacteria culture (BC)
cellulose structure, CNT, and poly(3,4-ethylene dioxy-thiophene) (PEDOT) to spin helically
coiled fibers sealed in PVA. The PEDOT and BC support the mechanical structure while
providing a highly porous surface for improved interaction with PVA [93].

The other variation utilized multiple CNT fibers spun helically, followed by a priming
coat of amine groups to improve the adherence to metal-organic frameworks (MOF)
grown directly on the fibers, as depicted in Figure 18. The MOF improved the mechanical
integrity of the fibers while also providing a porous surface for increased diffusion of the
gel electrolyte [94]. The observed mechanical properties are provided in Table 5.

6.1.5. Other Configurations

A configuration that does not fit into the general categories previously discussed is
the CNT knitted coaxial supercapacitor. CNT fibers are knitted uniformly using a machine,
producing a freestanding flexible structure coated in PVA. A double-walled electrode is
made by sheathing one of the knitted structures inside the other to produce a single fiber
for the supercapacitor (Figure 19). The drawback of such a material is the quantity of
CNT fiber required to manufacture the knitted fiber. A strain of 100% was observed with
minimal impact on the capacitance retention. A specific area capacitance of 511.28 mF/cm?
was demonstrated [95].
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Figure 17. Fabrication of self-stretchable fiber-shaped supercapacitors. (a) Schematic of the freestand-
ing helical CNT yarn SC fabrication process. Two of such yarns were twisted into a double-helix
supercapacitor. (b) Photograph of manually stretched (1.5 times the original length) double-helix
CNT yarn supercapacitor. (c) SEM images of a 6.9-mm-long supercapacitor in its original state
(I1 = 6.9 mm, ¢ = 0) and after stretching to 1, = 13.6 mm, ¢ = 100%, showing uniform deformation
of helical loops and a continuous electrolyte coating on the surfaces of the yarns. Reprinted with

permission from [92].

mDWNTY

Figure 18. Schematics illustrating the synthesis process used to fabricate IRMOF3@mDWNTY
(IRMOFS3 = ligand-based isoreticular metal-organic framework; mDWNTY = modified double-walled

nanotube yarn). Reprinted with permission from [94].



Energies 2022, 15, 6506

31 of 42

’ Knitting & ’ Assem
Electrodeposition bly

CNT yarn PVAI/LICI coated electrode Double-wall electrode

Figure 19. Schematic and images of knitted MnO,@CNT fiber SC. (a) Fabrication scheme of a double-
walled knitted MnO,@CNT FSC. (b) Optical image of non-stretched (¢ = 0) and stretched (e = 100)
knitted structures (scale bar: 1 mm). (c) SEM image of a knitted MnO,@CNTfiber supercapacitor
(scale bar, 500 um, and 50 um). (d) EDX mapping images of knitted MnO,@CNTfiber supercapacitor
(scale bar: 20 pm). Reprinted with permission from [95].

One alternative approach for a wearable supercapacitor configuration utilizes two
CNT fibers arranged sinusoidally and encased in a poly(acrylamide) (PAAm) hydrogel.
The latter is biocompatible, stretchable, and has excellent ionic conductivity when doped
with LiCl salts. Figure 20 demonstrates the physical configuration of the CNT fibers in
PAAm hydrogel [80]. This multifunctional composite can also be used as a strain sensor, as
discussed in the next section.

Figure 20. Schematic diagram of the CNT fiber/PAAM hydrogel (CFPH) composite preparation
process. Reprinted with permission from [80].
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Table 5. Summary of the stretchable supercapacitors and their characteristics, as recently reported in
the literature.

Strain,

Bend,

. . Pseudocapacitive . . Ultimate .
Configuration Material/Electrolyte Cﬁpaa@nce Capac1t;j1nce Strength Capacitance Ref
etention Retention
Symmetrical coiled CNT MnO,/ 150%, B - 5.4 mF-cm™! [96]
sheets, Nylon core PVA-LiCl 88% 68 MPa 40.9 mF-cm ™2
Wire-Drawn-Die
X . 180°, 100%/
Free Standing Symmetrical PPY/ o ’ 1
Helical CNT-PPy PVA-H;PO, - 100% after 1Ok cycles - 69F-g [91]
e @90
composite fiber
Free Standing Symmetrical R 150%, B B 1
Helical CNT yarn PPY/PVA-H;PO, 94% 19F-g [92]
Asymmetrical Buckled CNT -
MnO,/PEDOT/ 200%, , . 2.38 mF-cm™!
sheets Eco Flex 0040 PVA-LIC 9779 150%, 96.8% - 11.88 mF-cm=2 [82]
Elastomer Core
Symmetrical Buckled CNT Au and PANI/ 400%/ : B 1 1
Sheets, SEBS Elastomer Core PVA-H3PO, 100% after 1k cycles 87F g™ @lAg 181]
. . MnO,@PEDOT:PSS@
Asymmetrical Helical i
s - OCNTEF (positive) 100%, B ~ Y
Oxé?lzfd CNE Fiber, MoS,;@CNTEF(negative) 92% after 3k cycles 278.6 mF-cm [87]
astomer Core PVA-LiCI
Symmetrical Coaxial 650%
- b, ) ) g o
Layered CNT Sheets, Eco flex PVA-H;PO, 88% 2.42-2.68 mF-cm [85]
Elastomer Core
Twisted symmetrical MnO, & RuO 200%
/) bl o, _ _ o1
Buckled CNT Sheets, SEBS PVA-H,PO, 100% 250F-g [83]
Elastomer Core
Symmetrical CNT Dipped
Yarns/Ag plated (PVDF-HFP)/ 150%, o ano, 48F.cm™3
Double-covered EMIMBE, 75% 5k cycles 1207, 80%; Sk cycles 46.6 MPa @200 mA-cm ™3 (58]
yarn polymer
Symmetrical Buckled CNT PANI 100%, B B 394F-g~! 184]
Sheets Elastomer Core PVA-H,SO,4 98%, 100 cycles
Helically Coiled CNT/ PANI 800%, 99.2%
Graphene Fibers, Coated 800%, 77.3%, 5k - - 138 F-g! [90]
. PVA-H;PO,4
in SEBS cycles
Helically Coiled Symmetrical MnO 850%,
CNT/Graphene Fibers, Eco PVA-H 12.)0 82% after 1k cycles @ 90°, 100%, 1k cycles - 14.02 mF-cm 2 [86]
flex Elastomer Core 3T 700% strain
Helically Coiled Symmetrical
; MnO, 80%, 180°, 95.3%, 500 2
CNT Fibers, Spandex PVA-KOH 92.1%, 500 cycles cycles - 685 mF-cm [89]
Elastomer Core
. . . MnO, 100%, o 321.08 mF-cm™!
Coaxial Knitted CNT Fibers PVA-LIiCl 98%, 500 cycles 160°, 100% - 511.28 mF-cm—2 [95]
Parallel /Symmetrical 50°%
Sinusoidal CNT Fibers, T o o - 130 MPa 10.6 mF-cm 2 [80]
PAAm Hydrogel PAAm-LiCl 90.4%, 3k cycles
Helically Coiled o -2
Symmetrical CNT Fibers, PVA-HCI 0%, 180°, 97%, 1k cycles i 170 mF-em ™ @100 (g7
. 97%, 1k cycles mV-s
Silicone Elastomer Core
Helically Coiled Symmetrical
PEDOT@BacterialCellulose PoOTSC 1000%, 94.4%, 1k cycles - - 1751 F-g~! 93]
(BC)/CNT Fiber 3T
Helically Coiled Symmetrical
; . MOF, 88%, 500 3 )
CNT Fibers in PVA-DMSO - cycles 492.8 MPa 2252 F-cm [94]

Metal-Organic Framework

7. Multifunctional CNT Supercapacitors

Although the review is focused on CNT fiber supercapacitors, some novel applications
of these devices have also been highlighted.

7.1. Strain Sensors

One application of CNT supercapacitors lies in their tolerance to deformation, under-
going twisting and stretching while returning to an original state with negligible changes in
the capacitance retention. Choi et al. manufactured an asymmetrical buckled supercapaci-
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tor with a dielectric rubber core by doping both electrodes with MnO,, where the anode
was treated with poly(3,4-ethylenedioxythipene) (PEDOT). Both electrodes were exposed to
PVA-LiCl gel electrolyte around an elastomer comprised of Ecoflex 0040 [82] (Figure 21A).
The supercapacitor fiber was then subjected to various twists and stretching, corresponding
to a predictable change in the capacitance of the wire. The increase in capacitance was due
to the decrease in fiber thickness, which increased the surface area contact between the
electrodes. The device reliably displayed capacitance changes of 115.7% and 26% during
elongation of 200% and twisting at 1700 rad /m, respectively (Figure 21B) [82].
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Figure 21. (A): (a) Twistable and stretchable sandwich fiber with dielectric Ecoflex 0040 rubber
core and two symmetric buckled CNT electrodes. (b) Photograph of a 20 cm long sandwich fiber
integrated into a glove. (c) SEM images, unstrained and (d) strained (60%) (scale bar: 8 mm);
(e) photograph of the sandwich fiber wound around a 7mm diameter glass tube (scale bar: 50 mm),
with SEM images showing microscopic CNT buckles at two levels of magnification, (f) low (scale
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bar: 50 pm) and (g) high (scale bar: 20 um), which were formed during fiber relaxation from the
fabrication strain. (B) Effects of severe stretching, twisting, and bending on sandwich-based fiber
supercapacitors that contained MnO,—infiltrated buckled CNT electrodes, which were coated with
15 wt.% PVA—LiCl gel electrolytes: (a) comparison of CV curves for pristine, stretched, twisted, and
bent sandwich fiber supercapacitors; (b) CV curves obtained at a scan rate of 10 mV-s~!, measured
during the successive application of (i) 200% stretching, (ii) 1700 rad-m~! twisting, (iii) release of the
tensile stretching, and (iv) fiber untwisting to provide the initial state, with the CV curve before these
mechanical deformations (black line) presented for comparison; (¢) Nyquist curves (frequency rates
range from 0.2 Hz to 100 kHz), with the inset showing the high-frequency region; (d) capacitance
retention graph. The inset shows CV curves at 10 mV-s~! measured before and after these 1000 cycles.
Reprinted with permission from [82].

An alternative approach to strain sensing is to use CNT fibers as a piezoelectric
harvester to generate a voltage upon the physical strain. This voltage generation is due to
homochiral and heterochiral CNT fibers that twist in the opposite direction when strained.
The output voltage of the fiber is dependent on the strain and was used to charge a
CNT supercapacitor, showing promising potential for the application in a self-powered
strain sensing device [97]. These devices are flexible and lightweight, enabling them to be
incorporated into fabrics for real-time strain sensing applications.

7.2. Chromatic Supercapacitors

One novel utilization of CNT supercapacitors includes the application of fluorescent
dye particles to produce electrodes that are visible in dark environments (Figure 22). Two
methods of production exist, co-spinning and direct dipping. The co-spinning method
involves dipping CNT sheets in a uniform aqueous solution of fluorescent dye particles
before spinning the CNT fibers. The co-spinning process creates a uniform distribution
of dye particles throughout the fiber. The direct dipping method includes dipping CNT
fibers in a dye solution to anchor the particles to the fiber’s surface. The electrochemical
and mechanical properties of the dye-doped fibers are not diminished. Both methods can
utilize a wide range of dye colors; however, it has been shown that the co-spinning process
produces more distinguishable colors [98].

7.3. Self-Healing CNT Supercapacitors

During the wide range of motion, a break in fibers can inevitably occur in wearable
electronics devices. For most of them, this can cause the failure of the entire device.
Investigating the CNT supercapacitors with self-healing capabilities is a promising solution
to this problem. One method of developing self-healing CNT supercapacitors involves
using a self-healing polymer (SHP) fiber as a core wrapped in CNT sheets to produce a
fiber electrode. The CNT/SHP fiber has self-healing properties that enable the reconnection
of a broken fiber. The polymer forms hydrogen bonds between the two pieces separated
via fracture sections when the two pieces are brought into contact.

Additionally, the CNTs interact via van der Waals forces. Although weak, the huge
number of individual CNTs in the sections contribute to the adhesive forces. Pressing
the two sections together enhances the hydrogen and van der Waals force for improved
healing. In a reported study, a CNT fiber was subjected to breaking five times, displaying
mechanical strength rates of 79.1% and 72.5% after the first and fifth break, respectively [99].
Two CNT self-healable polymers were twisted with PVA-H,SOy4 as a gel electrolyte. The
maximum capacitance observed with the self-healable SC was 140 F-g~!, and 92% was
restored after self-healing (Figure 23A,B). The specific capacitance was assessed with and
without PANI, and the SC with PANI gave a higher capacitance rate. The approach of
employing self-healing polymers for the fabrication of CNT supercapacitors paves the way
for improving the durability of wearable electronics.
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Figure 22. (A): (a,b) Photographs of twenty fluorescent supercapacitor fibers with four colors woven
into a black textile under natural and ultraviolet light, respectively. (c,d) Sixteen fluorescent superca-
pacitor fibers are divided into four groups and woven into a glove to power four red-light-emitting
diodes. (e) Eighteen fluorescent supercapacitor fibers integrated into a commercial heart rate moni-
toring strap to extend its running time (inset: photograph of the integrated system under ultraviolet
illumination). (B): (a,b) Optical images and spectra of various colored fiber electrodes, (¢) GCD curves
of fluorescent fiber SC based on bare MWCNT at various current densities, (d) CV curves at different
scan rates, (e) spectra of green fluorescent SCs under various bending angles, and (f) capacitance
retention rates after 10k GCD cycles. (Inset: spectrum before and after 10k GCD cycles). Reproduced
with permission from [98].

7.4. Shape-Retaining CNT Supercapacitors

Wearable electronics will be exposed to various strains and movements, stressing the
devices. A CNT supercapacitor that relieves stress by returning to its originally intended
shape is desirable to maintain the long-term health of the device. Combining a CNT su-
percapacitor with a shape memory polyurethane (SMP) substrate produced a device that
retained its original shape, despite experiencing deformation (Figure 24A). The electrochem-
ical performance of the shape memory polymer fiber SC (SMPFSC) is given in Figure 24B.
The desired shape can be set by heating the SMP-encased CNT fiber above its transition
temperature and then cooling it in the desired configuration. Various shape-retaining
polymers can be used that have different transition temperatures. This process does not
harm the electrochemical properties of the CNT supercapacitor. It has also been shown
that the same CNT fiber can be remolded repeatedly by heating it above the transition
temperature [100]. The potential for a device to be reused in various applications while
also preserving the device’s health is a promising application of shape retention polymers.
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Figure 23. (A): (a—c) Photographs of a self-healing polymeric fiber (SHP) serving as a conducting wire
to power a LED before breaking, after breaking, and after healing, including being bent. The voltage
was set at 3.2 V. (B): (a) Dependence of the specific capacitance on the thickness of the aligned-CNT
film. (b) GCD curves of a wire-shaped supercapacitor with increasing current densities at a CNT
thickness of 0.38 um. (c) GCD curves before breaking and after healing at a current density of
0.08 A- gfl. (d) CV curves at a scan rate of 50 mV-s—1 after 1, 3, and 5 healing cycles. (e) CV curves of
wire-shaped supercapacitors based on aligned CNT/SHP fibers before and after incorporating PANL
(f) GCD curves for a PANI-incorporated SC before breaking and after healing at a current density of
0.17 A- g~ 1. Reprinted with permission from [99].
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Figure 24. (A) Schematics of the fabrication process for a full shape memory polymer fiber SC
(F-SMPFSC). (B) Electrochemical performance of solid-state F-SMPFSC at different shape memory
cyclic stages in a two-electrode configuration. CV curves for (a) an as-prepared F-SMPFSC with the
inset showing that the PANI layer can significantly increase the volumetric capacitance of SMPFCS,
(b) a programmed SMPFSC with a temporary strain of 103%, (c) a recovered F-SMPFSC with a
residual strain of 15%, (d) a healed F-SMPFSC obtained by immersing a recovered F-SMPFSC in a
liquid HpSO4/PVA solution for 2 h, (e) the cycle life of the F-SMPFSC (scan rate: 10 mV/s), and (f) a
comparison of the volumetric capacitance rates with the scan rates at different shape memory cyclic
stages. Reprinted with permission from [100].

8. Current Challenges Related to CNT-Based Fiber Supercapacitors

Despite the rapid progress, there are challenges to overcome, both in terms of the prac-
tical applications and fundamental research on wearable CNT-based and multifunctional
SCs. Some of them are listed below:

e  The energy densities of the CNT SCs are low compared to other energy storage devices
such as microbatteries. The CNT fiber electrodes used as scaffolds and active materials,
even with a high specific surface area, result in moderate energy density. This could be
due to the non-accessibility of the electrolytes to the electrode. Modifying the surface
area to make it electrolyte-accessible and matching the electrode’s pore diameter with
the electrolyte ions’ size could result in higher performance. The optimization of the
fiber design and configurations to ensure the complete utilization of the electrode
needs to be considered;
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e  Most of the current wearable SC research is conducted using PVA-KOH electrolytes,
as they are mechanically robust with good electrochemical stability and low costs.
However, this causes the limitation of a narrow PW, resulting in a relatively low energy
density. As an alternative, electrolytes with wider PWs with an organic or ionic nature
can be used. Additionally, the development of new electrolytes that are safer and
ionically conductive with wide PWs need to be pursued;

e  Electrolytes based on sulfuric acid, phosphoric acid, and KOH are corrosive. Most
research studies do not use encapsulation, making their use unsafe. Wearable SCs
employing corrosive electrolytes must be encapsulated with a polymer that does not
affect the device’s electrochemical performance;

e  The unit cost of CNT yarn is still high, which hinders the scalability and mass produc-
tion of CNT-yarn-based devices. Nevertheless, inexpensive CNT fibers are expected
to appear on the market in the near future;

e  As wearable electronics represent a rapidly advancing field, there is a huge market for
products such as smart textiles, which necessitate scalability combined with low-cost
production. Moreover, the mechanical strength aspects of the CNT fibers (flexibility,
stretchability, stiffness, and good endurance life after dynamic mechanical stress
cycles) must match the textile standards for the satisfactory integration with the fabric
via knitting, sewing, or weaving. Therefore, more collaborations between textile or
garment experts and CNT fiber researchers are necessary, which will bring to life
technologies that will align the CNT fibers’ physical and mechanical properties with
the conventional fabric materials, thereby resulting in viable wearable electronics.

9. Conclusions

The comprehensive review conducted here confirms that the CNT fibers are valuable
candidates for making wearable energy storage devices. We believe that there is a huge
amount of room for developing wearable CNT-based SCs and multifunctional devices. The
research on using smart CNT yarns as sensors, actuators, and energy harvesters, along
with integrating CNT-based SCs with advanced electronic devices, is still in its nascent
stage. Breakthroughs could be accomplished in this arena via the joint efforts and insights
of researchers and industrialists, supplemented by advanced materials engineering and
technology developments.
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