ey Taylor & Francis
Taylor & Francis Group

 NatralEibers .| Journal of Natural Fibers

il

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/wjnf20

Mini Review of Technological Trends of Flexible
Supercapacitors Using Carbon Nanotubes

Haeji Kim, Jun Young Cheong & Byungil Hwang

To cite this article: Haeji Kim, Jun Young Cheong & Byungil Hwang (2023) Mini Review of
Technological Trends of Flexible Supercapacitors Using Carbon Nanotubes, Journal of Natural
Fibers, 20:2, 2204455, DOI: 10.1080/15440478.2023.2204455

To link to this article: https://doi.org/10.1080/15440478.2023.2204455

© 2023 The Author(s). Published with
license by Taylor & Francis Group, LLC.

ﬁ Published online: 21 Apr 2023.

N\
[:J/ Submit your article to this journal &

||I| Article views: 264

A
& View related articles &'

P

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=wjnf20


https://www.tandfonline.com/action/journalInformation?journalCode=wjnf20
https://www.tandfonline.com/loi/wjnf20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15440478.2023.2204455
https://doi.org/10.1080/15440478.2023.2204455
https://www.tandfonline.com/action/authorSubmission?journalCode=wjnf20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=wjnf20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15440478.2023.2204455
https://www.tandfonline.com/doi/mlt/10.1080/15440478.2023.2204455
http://crossmark.crossref.org/dialog/?doi=10.1080/15440478.2023.2204455&domain=pdf&date_stamp=2023-04-21
http://crossmark.crossref.org/dialog/?doi=10.1080/15440478.2023.2204455&domain=pdf&date_stamp=2023-04-21

JOURNAL OF NATURAL FIBERS Tavlor & F .
2023, VOL. 20, NO. 2, 2204455 aylor . rancis
Taylor & Francis Group

https://doi.org/10.1080/15440478.2023.2204455

8 OPEN ACCESS i. Checkforupdates:

Mini Review of Technological Trends of Flexible Supercapacitors
Using Carbon Nanotubes

Haeji Kim?, Jun Young CheongP, and Byungil Hwang?

aSchool of Integrative Engineering, Chung-Ang University, Seoul, Republic of Korea; "Bavarian Center for Battery
Technology (BayBatt) and Department of Chemistry, University of Bayreuth, Bayreuth, Germany

ABSTRACT KEYWORDS

With the technological advances in wearable and portable electronic devices, Flexible electronics;

the demands for associated technologies including flexible energy storage  electrode; carbon nanotube;
devices increase. Among many types of energy storage devices, flexible supercapacitor; energy
supercapacitors (FSCs) are highly attractive in comparison with others as ~ Storage; structure

they exhibit high power density, high storage density, and mechanical P

stability. In particular, carbon nanotubes (CNTs) are being widely used as T B TR
the electrode materials for FSCs, owing to their mechanical strength and YL A fhRE; A
outstanding electrical performance. Herein, we classified CNT-based FSCs

according to the structural types of CNTs and the materials incorporated.

The unique structures and properties of the three types of CNTs (single-

walled CNTs (SWCNT), double-walled CNTs (DWCNT), and multi-walled CNTs

(MWCNT)) are compared and the mechanisms of FSCs are discussed. Finally,

a summary of the overall electrochemical properties and current develop-

ment of the reported FSC electrodes based on SWCNT, DWCNT, and MWCNT

are presented thoroughly.

BE

B AT 2 R 48 20 T B A IR AR D, XA 5 22 M i RE 1 45 E Y IR AH
KEARI TG RIGIN. 22V 2 A RE R AT B R, FEMEB L 2528 (FSCs)
S HABE L p R B AH AR B 51 F7, RN EN R ST R . Sk
S REFIM LRSS . R b, B AN K (CNTSs) BT H A URREE B AR 52 1 R
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BT T ONTHIFSCSHEAT T 7025, ELIR T = FICNT(FABECNT(SWCNT). X
BECNTAN Z BECNT) (G SRy SR A1 7=, FEihie TFSCIIMLEL. f)m, X 2ET
ZZVQ\:;I';JFDWCNT%DMWCNTE’\JFSC%*&E‘J?&W%%#’Mﬁ%ﬂ%’lﬁﬁﬁ)ﬁiﬁﬁ?
£ AVEE]/;L\/IJA.

Introduction

Stretchable and flexible electronic devices are considered highly attractive due to the emergence of
portable electronic devices (Kim and Rogers 2008; Lim et al. 2020). In particular, with the current
issues regarding energy supply, the development of flexible energy storage devices is becoming
a necessity (Chen et al. 2020; Gong et al. 2021; Vangari, Pryor, and Jiang 2013). Among the types of
energy storage devices, flexible supercapacitors (FSCs) have gained increasing attention for their
advantages including high power density and high storage density, allowing them to be operated
even in extreme temperatures (Chen and Dai 2014; Choi et al. 2020; Shi et al. 2013; Wang et al. 2020).

FSCs are operated by accumulating the electrical charge in their electric double layer (EDL) (Chen
et al. 2015; Hillier, Yong, and Beeby 2020). Thus, to enhance their electrochemical performance,
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increasing charge accumulation by enlarging the effective surface area of the electrode is crucial (Jia
et al. 2007; Symeonidou et al. 2018; Xia, Yoshio, and Noguchi 2006). Moreover, the flexibility of the
supercapacitor is mostly determined by the flexibility of the electrode (Jia et al. 2007; Lin et al. 2009).
Choosing the right material for the FSC electrode, which should exhibit both a large surface area and
high flexibility, is crucial (Cherusseri et al. 2020; Ma et al. 2022). Using porous materials with a large
surface area enhances the electrochemical performance of the supercapacitor (Da Silva et al. 2020; Li
et al. 2018). Carbon nanotubes (CNTs) meet the demands of FSC applications because of their aligned
structure, excellent flexibility, high mechanical strength, outstanding electrical performance, high-rate
capability, and electrochemical stability under cycling stress (Han et al. 2020; Kanoun et al. 2021; Kim
et al. 2019; Mikhalchan and José Vilatela 2019; Sadiq et al. 2022; Sun et al. 2007; Wang et al. 2014).
However, the low intrinsic specific capacitance of pristine CNTs limit their exclusive usage in
developing flexible supercapacitor electrodes. There are various means of increasing the specific
capacitance values of CNTs such as functionalization or compositing. For example, covalent functio-
nalization modifies the surface properties of the CNTs, which changes the physiochemical properties.
Park et al. demonstrated that the functionalization of carboxylic, sulfonic, and amine groups to the
pristine MWCNTSs resulted in the increase of specific capacitance value by two to fourfold (Park,
Mahmood, and Seok Park 2013). Consequently, current research trends consider the incorporation of
other materials such as conducting polymers, hydrogel, metal oxides, or other carbon materials into
CNTs to maximize their desired properties (Gnanasekaran et al. 2017; Gregg, De Volder, and
Baumberg 2022; Kanoun et al. 2021; Vashist et al. 2018). Therefore, in this review, we explain the
fundamental structures and properties of single-walled CNTs (SWCNT), double-walled CNTs
(DWCNT), and multi-walled CNTs (MWCNT). The fundamentals of flexible supercapacitors
(FSCs) including the general device structure and operating mechanisms are discussed. Finally, the
current trends of CNT (SWCNT, DWCNT, and MWCNT) applications to flexible supercapacitors are
presented.

Structure and properties of CNTs

CNTs are synthesized with a rolled-up graphene layer of carbon atoms arranged in the shape of
a hexagon or pentagon (Iijima 1991; Lu and Chen 2005). As shown in Figure la—c according to the
number of walls, CNTs can be categorized as (a) SWCNT, (b) DWCNT, and (¢) MWCNT (Dai 2002;
Pu et al. 2009). Differences in the structures result in different properties (Curtin and Sheldon 2004;
Esawi et al. 2011). The typical diameters of SWCNTs, DWCNTs, and MWCNTs are approximately 1-
2 nm (Sandanayaka et al. 2011), 2-5 nm (Ci et al. 2002), and 5-100 nm (Zaheer, Shamsuddin Jafri, and
Sharma 2019), respectively.

A SWCNT is composed of only one graphene layer. The geometry of a SWCNT can be represented
by the chiral indices (n, m), which show how the graphene sheet is oriented when rolling (Liu et al.
2017; Tange, Okazaki, and Iijima 2011). Understanding the chirality of SWCNTSs is crucial because
chirality plays a substantial role in electrical conductivity (Doh et al. 2019; Gaviria Rojas and Hersam
2020; Lian et al. 2016). The chiral vector Cy, depends on the chiral indices and the unit vectors a; and
a,, as shown in Equation (1) (Zhang, Yuan, and Tan 2011):

C, = na; + ma, (1

In addition, the chiral angle 8 (the angle between the vectors C;, and a;) determines the degree
of twisting of the SWCNTs (Figure 1d) (Faria, Silvestre, and Canongia Lopes 2013; Joselevich
2006). As shown in Figure le, depending on the chiral angle, the SWCNT structures can be
categorized into armchair (0 = 30°), zigzag (6 = 0°), and chiral structures (0° < |6] < 30°) (Ansari,
Mirnezhad, and Sahmani 2013; Joselevich 2006; Zhang, Yuan, and Tan 2011). A gradual
decrease is observed in the energy band gap as the chiral angle increases from 0° to 30°.
Thus, the zigzag type of SWCNT shows semiconducting properties, whereas the armchair type
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Figure 1. Surface and internal views of an (a) SWCNT, (b) DWCNT, and (c) MWCNT. Schematic representation of (d) the chirality
parameters and (e) three structural types of CNT: armchair, zigzag, and chiral. (Boumia et al. 2014) (ff MWNT structural models:
Russian Doll model (left) and Parchment model (right) (Gupta, Gupta, and Sharma 2019). Reproduced with permission from (Boumia
et al. 2014) (Gupta, Gupta, and Sharma 2019).

of SWCNT shows metallic properties (Héaroz et al. 2013; Pennington and Goldsman 2003; Zhou
et al. 2004). Charoenpakdee et al. discovered the relationship between the chirality of the three
different structures of SWCNT and the spin polarization of conductivity, using the Green-Kubo
method. Chirality induced the asymmetric conductivity of the three types of SWCNT by causing
a shift in the Diarc point. Beside the asymmetric conductivity, the chirality of SWCNTs also
induces spin selectivity which produces different degrees of spin polarization. This spin polar-
ization has a large impact on the temperature-dependent charge transport properties. Thus,
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controlling the chirality of SWCNTs can optimize charge transport in SWCNTs
(Charoenpakdee, Suntijitrungruang, and Boonchui 2020).

DWCNTs consist of two concentric SWCNTs (Moore, Tune, and Flavel 2015). The average
diameter of a DWCNT is greater than that of an SWCNT (Laurent, Flahaut, and Peigney 2010; Pu
et al. 2009). DWCNTs share the optimal electrical properties of both SWCNTs and MWCNTs
(Benguediab et al. 2014; Shen, Brozena, and Wang 2011). Compared to SWCNTs, one of the
advantages of DWCNTs is that the inner tube is well-protected by the outer wall (Di Bartolomeo
etal. 2010; Kim et al. 2014; Li et al. 2005). Thus, the electrical and thermal properties of the inner tubes
can be preserved under deformation conditions, exhibiting enhanced mechanical and thermal stability
(Jeon et al. 2019; Tounsi et al. 2013). Similar to SWCNTs, the “individual chirality” of the tubes in
DWCNTs also affects their electrical properties (Jeon et al. 2019; Kociak et al. 2002; Zhang and Shen
2008). However, the interaction between the inner tube and outer wall is a factor that affects the
electronic properties of DWCNT's (Guillet et al. 2019; Kociak et al. 2002). DWCNTs are affected by
both the interwall coupling strength and the average diameters of the inner and outer walls (Datta et al.
2011; Soto et al. 2015). A DWCNT can have one of four possible electronic configurations with each
wall being either a semiconductor (S) or metallic (M) material: S@S, M@S, M@M, and S@M (inner-
tube@outer-tube) (Moradian, Azadi, and Refii-Tabar 2007; Strano et al. 2003). As the diameter
increases, the energy gaps of the S@S DWCNT's decrease and become gapless when the distance is
greater than 1.5nm. M@M DWCNTs always remain gapless. In addition, decreasing the distance
between the walls leads to a change in the electronic structure. S@M DWCNTs exhibit a metallic
behavior overall. Furthermore, if the two walls of S@S DWCNT' are far from each other, the overall
DWCNT remains semiconducting. However, for a shorter interwall distance, DWCNTs become
metallic. This behavior may be due to strong interactions among the 2pz orbitals, which are perpen-
dicular to the cylindrical wall surface. By modifying the chirality of the inner/outer tubes and the
distance between them, the overall electronic properties of DWCNT's can be modified according to the
desired applications (Wei et al. 2003; Wu et al. 2021; Z6lyomi et al. 2006). Thermal stability is another
unique property of DWCNTs. DWCNTs are highly stable at temperatures up to 2000°C (Imazu,
Fujigaya, and Nakashima 2015; Kim et al. 2014). DWCNTs can withstand much higher temperatures
compared to SWCNTs. CNTs with narrow diameters tend to transform into CNTs with larger
diameters, which are considered more stable (Jung et al. 2007; Lair, Herndon, and Murr 2008). This
transformation can reduce the mechanical strain on the carbon atoms (Natsuki, Hayashi, and Endo
2006; Zhang, Tan, and Wang 2007). Basirjafari et al. analyzed the structural changes in DWCNTs,
using Raman spectroscopy. RBM frequency is inversely proportional to the tube diameter. DWCNTSs
are stable up to 2000°C. When the temperature increases above 2200°C, the RBM peaks shift,
suggesting an increase in the tube diameter and fragmentation of narrow nanotubes. The thermal
stability of DWCNTs suggests their potential for use as electron field emitters operating at high
currents (Basirjafari, Esmaielzadeh Khadem, and Malekfar 2013).

MWCNTs have two different structural models: the Russian Doll model and the Parchment model,
depending on how the extra graphene sheets are layered (Eatemadi et al. 2014; Swetha 2022). As shown
in Figure 1f, the Russian Doll model is arranged in consecutive layers of carbon nanotubes, whereas
the Parchment model is rolled around itself, resembling a scroll of parchment (Gopalakrishnan et al.
2009). MWCNTs have similar properties as those of SWCNTs, except for the outer layer of the
MWCNT protecting the inner layers from forming chemical interactions with external materials.
Thus, MWCNTs exhibit improved tensile strength compared with SWCNTs (Kim et al. 2017;
Montazeri et al. 2010). Young’s moduli of SWCNTs have values around 1 TPa (WenXing,
ChangChun, and WanZhao 2004). However, Young’s moduli of MWCNTSs were in the range of
270-950 GPa, indicating that MWCNT's have higher tensile strength than SWCNTs (Yeh, Hsieh, and
Tai 2008). In addition, continuous bundles of MWCNTSs have dozens of magnitudes lower tensile
strength and Young’s modulus than those of an individual MWCNT (Liew, Wong, and Tan 2006;
Montazeri et al. 2010). Because of the unique geometry of MWCNTSs, which consist of several layers of
SWCNTs, they show distinct electronic properties (Lee et al. 2007; Park et al. 2005). The current flow
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only occurs through the outermost layer of the nanotube (Yeh, Hsieh, and Tai 2008). The mutual
interaction between the varying diameters of the nanotubes affects the band structure, similar to what
happens with DWCNTSs. The strong coupling interaction between the electronic states at the Fermi
level and the phonon modes can cause superconductivity (Chen et al. 2018b; Kwon and Tomanek
1998; Roche et al. 2001). However, the intrinsic defects of MWCNTs can degrade their electrical
properties, indicating that not only the number of nanotube layers but also the quality of the MWCNT
determines the overall electronic behavior (Chen et al. 2018a). Thus, purification processes are
required prior to the synthesis of the materials (Domagata et al. 2019; Stobinski et al. 2010). Here,
another merit of using MWCNTs is that their purification process is simpler and more cost-effective
compared to those of SWCNTs or DWCNTs, making them versatile for application in diverse fields
(Hou, Liu, and Cheng 2008; Ismail et al. 2008).

Fundamentals of flexible supercapacitors

A supercapacitor exhibits a much higher capacitance value than conventional capacitors (An et al.
2002; Yang 2020). When a voltage is applied, the electric double layer is created in the supercapacitor,
producing positive and negative charges between the interface of the electrolyte and electrodes (Kim,
Matteini, and Hwang 2022). Then, the electrical charge is accumulated in this electric double layer
(Zhao et al. 2015).

The materials used for supercapacitor electrodes can be categorized into electric double-layer
capacitor (EDLC) types and pseudocapacitive types (Sinha and Kamal 2020). Carbon-based materials
such as activated carbon, CNTs, and graphene are often considered EDLC types (Faraji and Nasir Ani
2015), whereas metal oxides, conducting polymers, and polymer composites are considered pseudo-
capacitive types (Libich et al. 2018). The energy storage mechanisms differ between the two types of
supercapacitors. As shown in Figure 2a, EDLCs store energy by the electrostatic accumulation of
charge at the interface between the electrolyte and electrodes (Lei and Lekakou 2010). The porosity of
the electrodes increases the charge accumulation by enhancing the penetration of the electrolytic
solution into the pores of the electrodes (Mahankali et al. 2019). Therefore, using porous materials
with a large surface area for producing the electrodes enhances the electrochemical performance of the
supercapacitor (Celzard et al. 2002; Mahankali et al. 2019). By contrast, pseudocapacitors store energy
through rapid surface redox reactions (Figure 2b) (Jiang and Liu 2019).

Among the two types of supercapacitors, the EDLC has gained increased attention as an energy
storage device because of its high power density (Patil et al. 2020). Due to this high power density
properties of EDLC, it can produce and store large amount of energy compared to its limited volume.
The energy is stored and released via ion adsorption/desorption in EDLC mechanism, making EDLC
possess high Coulombic efficiency, fast electric field response, and durability (Gao et al. 2015).
Compared to conventional batteries, EDLC supercapacitors can store and release short-term power,
owing to its high power density. Batteries, on the other hand, has high energy density, meaning that
they can store energy for long term period (Xie et al. 2018).

The performance of a supercapacitor is determined by several factors including the types of current
collectors, electrode materials, and electrolytes (Libich et al. 2018). Among these factors, the influence
of the nature of the electrodes on the supercapacitor performance is substantial. Therefore, improving
the properties of the electrode materials is as important as modifying the device configuration or the
structures of the supercapacitors (Yu et al. 2015). The simplest means to improve the performance of
the electrodes in EDLC is to increase the SSA of the electrode, which subsequently increases the overall
capacitance (Salinas-Torres et al. 2019). Specifically, SSA refers to the total surface area of the different
types of pores in the materials. Since higher SSA produces more active sites and promotes electrolytic
diffusion, choosing the materials with high SSA can enhance the capacitance of the supercapacitor
electrodes (Shi et al. 2021).

Adding to the excellent electrochemical performance of the supercapacitor, flexibility and
mechanical stability under deformation are required as well (Shi et al. 2013; Wang et al. 2021).
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Figure 2. Comparison of charging mechanism of (a) EDLC type and (b) pseudocapacitor type. Reproduced with permission from
(Wang, Zhu, et al. 2020).

Different types of stretchable supercapacitors using novel designs such as serpentines (Lee
et al. 2019), kirigamis (Xu et al. 2018), and mesh structures (Wang et al. 2018) have been
reported. However, these structural designs use brittle materials, which limit the cycling
stability and mechanical strength under stress. CNTs are promising materials for stretchable
supercapacitors because they satisfy the requirements mentioned above: high electrical con-
ductivity, flexibility, high capacitance value, and mechanical strength (Lu 1997; Mintmire and
White 1995; Odom et al. 2000; Popov 2004; Salvetat et al. 1999; Sun et al. 2002; Zaporotskova
et al. 2016).

Applications of CNTs to flexible supercapacitors

An aligned structure is one of the inherent properties of CNT (Yang et al. 2018). This property makes
CNT a promising candidate for stretchable electrode materials that can be applied to flexible super-
capacitors. CNTs not only show excellent flexibility (Yang et al. 2018), mechanical strength (Ryu et al.
2015), and outstanding electrical performance (Kim et al. 2017) but also exhibit high-rate capability
and maintain their electrochemical stability under cycling stress (Tian et al. 2019). The requirements
for EDLC electrodes not only include high surface area but also require rapid charge/discharge rate
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(Ike, Sigalas, and Iyuke 2016), large potential window (Likitchatchawankun et al. 2021), and high
conductivity (Aziz et al. 2020). CNTs can thus satisfy the requirements needed to enhance the EDLC
properties. In this review, we categorized the CNT-based flexible supercapacitors according to the
structural types of CNTs: SWCNTs, DWCNTs, and MWCNTs as shown in Figure 3.

SWCNT-based flexible supercapacitor electrodes

SWCNTs have relatively high surface area, making them ideal candidates for supercapacitor electrodes
(Kobashi et al. 2011). SWCNTs also exhibit a high Young’s modulus of elasticity and tensile strength,
preserving their electrochemical performance under external deformation (Agrawal et al. 2006;
Parvaneh and Shariati 2011). Moreover, they have relatively higher specific capacitance values
compared to DWCNTs and MWCNTs, enhancing the energy and power density of the supercapacitor
(Shiraishi et al. 2002; Zhang, Yuan, and Tan 2011).

Polymer/swcnt-based supercapacitor electrodes

Because of the environmental problems caused by utilizing inorganic materials for making super-
capacitor electrodes (Peng, Jin, and Chen 2007), organic electroactive materials (Peng, Jin, and Chen
2007) are gaining attention for their applicability to stretchable electrodes. Samy et al. proposed
conjugated microporous polymers (CMPs) with the use of SWCNTs for fabricating high-
performance supercapacitor electrodes (Samy et al. 2021). A CMP is a type of porous organic polymer
that shows many attractive characteristics including a high surface area, porosity, and facile fabrication
(Weber and Thomas 2008). However, a CMP cannot be used alone because of its low conductivity
(Wang et al. 2017). As shown in Figure 4a, Samy et al. simply blended tetrabenzonaphthalene (TBN)-
based CMPs with SWCNTs (2 wt.%) applying the Sonogashira-Hagihara cross-coupling method to
synthesize TBN-CMP/SWCNT nanocomposites for constructing supercapacitor electrodes. The elec-
trochemical performance of the TBN-CMP/SWCNT material was analyzed using a three-electrode
system with 1 M aqueous KOH as the electrolyte. The addition of SWCNT to TBN-CMP enhanced the
overall electrochemical performance of the fabricated supercapacitor. Especially, the highly porous
structure of SWCNT resulted in producing a diffusion channel and allowed efficient electrolyte ion
transport, increasing the capacitance value. In Figure 4b, the CV profiles at sweep rates from 5 to 200
mVs~" were measured and the curves showed rectangular shapes, indicating their capacitive responses
were of the EDLC type (Lukatskaya, Dunn, and Gogotsi 2016). The GCD curves showed triangular
shapes, indicating both pseudocapacitive and EDLC behaviors (Figure 4d). The discharging times
were longer with the addition of SWCNT, which proves that the SWCNT enhanced the overall
capacitance. The calculated specific capacitances of the TBM-Py-CMP/SWCNT, TBN-TPE-CMP
/SWCNT, and TBM-Car-CMP/SWCNT materials at a current density of 0.5 Ag™' were measured as
430, 156, and 53 Fg~' (Figure 4c). Compared to the materials without SWCNT, the values increased
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Figure 4. (a) Schematic diagram of the manufacture of TBN-CMP/SWCNT nanocomposites and TEM images. (b) CV curves of TBN-Py-
CMP (left) and the TBN-Py-CMP/SWCNT composite (right). (c) Specific capacitance profiles of the composites with SWCNTs added at
various current densities. (d) GCD curves of TBN-CMP/SWCNT at various currents. (e) Cycling stabilities of TBN-Py-CMP and the TBN-
Py-CMP/SWCNT composite, measured at 10 Ag™" over 2000 cycles. Reproduced with permission from (Samy et al. 2021).

14-fold. The high porosity of SWCNT allows for more efficient transport of electrolyte ions by
providing diffusion channels, which consequently enhances the capacitance (Wimalasiri and Zou
2013). The cyclic stability was also estimated at a current density of 10 Ag™". The capacitance retention
after 2000 cycles for TBM-Py-CMP/SWCNT was measured as 99.18% (Figure 4e). The enhanced
cyclic stability was attributed to the excellent performance of the fabricated supercapacitor electrode
because of the strong 7-stacking between the TBN-Py-CMP and SWCNTs (Samy et al. 2021).

Shokry et al. fabricated a supercapacitor electrode based on a poly (3-hexylthiophene) (P3HT)/
SWCNT nanocomposite. P3HT is a conducting polymer and is considered a promising material
because of its pseudocapacitive behavior, high electrical conductivity, and high energy density (Shokry
et al. 2022). When SWCNT is blended with P3HT, it can store charges in the electrical double layer.
Shokry et al. tested the fabricated P3BHT/SWCNT electrode in a three-electrode system with a 0.1 M
LiClO, electrolyte. The CV curve exhibited a stable shape with a single oxidation peak at 1.0 V and
a single reduction peak at 0.6 V, indicating the Faradic pseudocapacitive characteristic of the electrode
(Figure 5a). In addition, as shown in Figure 5, the current increases with the scan rate while preserving
the overall shape of the CV curve, which indicates a high electrical capacity. Adding SWCNTs
increased the area of the CV curve because of the intrinsic EDLC characteristics of carbon materials
(Wimalasiri and Zou 2013). In Figure 5b, the GCD curves show semisymmetric triangular shapes,
indicating the pseudocapacitive and EDLC characteristic of SWCNTs. The specific capacitance of
SWCNT added to P3HT nanocomposites at 0.5 Ag™' was 254.8 Fg~', which increased greatly
compared to the pristine P3HT, which indicated 160.5 Fg™'. The capacitance retention was 80.5%
after 1000 cycles, proving long-term cycle stability (Figure 5c¢).

Zhang et al. introduced another type of composite materials, poly(3,4-ethylenedioxythiophene)
(PEDOT) with SWCNT as the electrode material in supercapacitors (Zhang et al. 2020). PEDOT
not only shows high conductivity (>500 Scm™") but also has excellent redox activity and
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Figure 5. (a) CV curves of P3HT/SWCNT electrodes with different SWCNT ratios at 50 mVs-1 (Shokry et al. 2022). (b) GCD curves of
P3HT/SWCNT electrodes with different SWCNT ratios at 0.5 Ag-1 (Shokry et al. 2022). (c) Cycling stability of the P3HT/50% SWCNT
nanocomposite supercapacitor electrode at 1 Ag"1 for 1000 GCD cycles (Shokry et al. 2022). (d, e) CVs and GCD of PEDOT-MeOH
/SWCNT (Zhang et al. 2020). (f) Cycling stability of PEDOT-MeOH and PEDOT-MeOH/SWCNT nano-network (Zhang et al. 2020). (g)
Schematic illustration of the preparation of the PEDOT-MeOH/SWCNT nano-network (Zhang et al. 2020). Reproduced with permis-
sion from (Shokry et al. 2022; Zhang et al. 2020).

mechanical stability (Zhang et al. 2015). However, PEDOT exhibits a low specific capacitance of
80-120 Fg™', which makes it difficult to use it alone (Lota, Khomenko, and Frackowiak 2004). To
overcome this problem, methanol (MeOH) was added to PEDOT to increase the solubility by
conjugation of the PEDOT chain, while lowering the initial oxidation potential and the band gap
of PEDOT (Zhang et al. 2020). Herein, by adding SWCNTs, the current densities increased due to
the high electronic conductivity of SWCNTs (Peng, Jin, and Chen 2007). Thus, Zhang et al.
prepared a homogenized PEDOT-MeOH/SWCNT nano-network, using the electrochemical co-
deposition method that can be applied to supercapacitors with using electrolyte as 1 M H,SO,
solution. The tubular morphology of SWCNTSs were maintained as hard template and PEDOT-
MeOH was deposited to the template as shown in Figure 5g. PEDOT-MeOH/SWCNT exhibited
CV curves with a steady shape, even when a high scan rate of 150 mVs~' was used, indicating high
kinetic reversibility (Figure 5d). When SWCNT was added, the redox peaks were more pro-
nounced, and the peak current density increased at a higher rate with increasing scan rates.
This was attributed to the high electric conductivity and rapid reversible redox reaction of
SWCNTs. The GCD curve was slightly different from that of the conventional EDLC, exhibiting
deviations from linearity, which were due to the pseudocapacitive behavior of PEDOT-MeOH
(Figure 5e). The calculated specific capacitance at 1.0 mAcm > increased from 49.6 to 151.2
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mFcm ™. The cycling stability of the fabricated PEDOT-MeOH/SWCNT electrode was tested for
5000 cycles. Figure 5f shows that the addition of SWCNTs increased the capacitance retention
from 61.3% to 84.5% after 5000 cycles. Moreover, Zhang et al. proved that this high capacitance
retention was maintained even with different types of electrolytes (Zhang et al. 2020).

Zhou et al. utilized a new type of conducting polymer (polythiophene), which shows high
redox states and high charge mobility. When this polythiophene is blended with SWCNTs, the
high specific surface area of SWCNT's enhanced the exposure of this hybrid electrode material to
the electrolyte by the action of the graphite planes or edges. The surface modification of
SWCNTs with a poly(3-oligo(ethylene oxide))thiophene was conducted by esterification. As
shown in Figure 6a, the hydrophilic properties of the ethylene oxide groups improved the
overall polarity of the material, facilitating the penetration of the PVA/KCI gel electrolyte.
Moreover, the flexible oligo (ethylene oxide) groups provided enough space for volumetric
changes, preventing further damage during the charge-discharge processes. The CV curves of
the PD2ET-g-SWCNT sample displayed larger profile areas compared to those without
SWCNTs, indicating that the former shows higher specific capacitance (Figure 6b). Zhou
et al. identified the factors behind the enhanced electrochemical properties as the oligo (ethylene
oxide) groups, which improved the hydrophilic characteristics and thus facilitated the rapid
access of the electrolyte ions to the surface of the SWCNTSs. The symmetric shapes of the GCD
curves in Figure 6¢c show a linear relation of discharge/charge versus time. This suggests not
only high electrochemical capacity but also reversibility. Furthermore, the PD2ET-g-SWCNTs
maintained a high current density, avoiding a visible ohmic drop. This also proves the highly
reversible charge transfer in the fabricated electrode. The calculated specific capacitance from
the GCD curves was 399 F/g at a current density of 1 A/g. The sample without SWCNTs
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Figure 6. (a) Synthesis scheme for the preparation of PD2ET-g-SWCNT hybrids. (b) CV curves of PD2ET-g-SWCNTs at different scan
rates. (c) GCD curves for four electrodes at a current density of 1.0 A/g. (d) Cycle stability of four electrodes at 100 mV/s for 8000 CV
cycles. Reproduced with permission from (Qian et al. 2019).
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showed around 250 F/g of specific capacitance. The cycling stability indicated up to 8000 cycles
at 100 mV/s. The capacitance retention was highly stable for the first 4000 cycles but decreased
after 80,000 cycles (Figure 6d). However, the decreased value of the capacitance retention was
91%, which can still be considered superior cycling stability. Zhou et al. attributed this result to
the PD2ET covalent grafting to SWCNTSs, which prevented structure pulverization and provided
sufficient diffusion channels for the volumetric changes during the charge/discharge process
(Zhou et al. 2019).

Hydrogel/swcnt-based supercapacitor electrodes

Hydrogels are 3D hydrated mesh materials with multiple building blocks. They are considered
promising materials in the field of energy conversion and storage systems. Hydrogels not only have
a large specific surface area and a high porosity but also exhibit hydrophilic mechanical elasticity.
Hydrogels have the advantages of reversibility and tunability, so they can be applied in various energy
storage devices that can be stretched or bent. Moreover, when hydrogels are combined with carbon-
based materials, their structural advantages can be maximized. The 3D-interconnected porous-
percolating network allows for rapid ion transfer, which enhances electrical conductivity compared
to the pristine hydrogel.

Badawi et al. synthesized a cotton-based high-conducting SWCNT/PEDOT:PSS/hydrogel-based
supercapacitor. The fabricated supercapacitor exhibited high capacity and flexibility. SWCNT/
PEDOT:PSS was coated on the cotton fabric through the dip-coating method. Since cotton itself has
high porosity, the prepared ink solution was absorbed well. Poly(acrylamide)/Na-alginate hydrogel
electrolytes were synthesized by the polymerization process. SWCNTs are visible in the coating and
are non-uniformly scattered on the surface of the cotton fibers. The interconnected SWCNT's forms
a thick system that allows for an exchange of current transmission along the surface. The symmetric
supercapacitor cell was prepared in a sandwich structure where the hydrogel electrolyte was sur-
rounded by the SWCNT/PEDOT:PSS-coated cotton fabric (Figure 7a). The capacitive behavior of the
SWCNT/PEDOT:PSS/hydrogel-based supercapacitor was analyzed using the CV curve. As shown in
Figure 7b, the fabricated cotton-based capacitor had a large CV area. The specific capacitance was
212.16 F/g at 50 mV/s. Badawi et al. highlighted that the complete dissociation of SWCNT in
a PEDOT:PSS solution causes an increase in ionic transport, leading to higher specific capacitance.
The fabricated aerogel film exhibited a rectangular curve at a high scanning rate, indicating a strong
charge transfer ability and rate capability. The GCD curve also maintained a regular triangular shape,
suggesting high voltage resistance. The specific capacitance was 605.32 mF/cm” at 2 mVs~'. The
cycling stability of the film was measured at a current density of 2.87 mA/cm®. The capacitance
retention was measured as 91.9% even after 10,000 cycles. The electrochemical performance of the
fibrous network structure was preserved even after bending or compressing, which can cause struc-
tural deformation (Badawi et al. 2023).

Chang et al. developed a MoS, nanosheet/SWCNT/cellulose nanofibril hybrid aerogel film for
supercapacitors with PVA/H,SO, gel electrolyte. Molybdenum disulfide (MoS,) is a type of transition
metal sulfide with a layered structure. MoS, is an electrode material applicable to supercapacitors
because it can store charges on the surface and in between the layers by the reversible insertion of
electrolyte ions. However, using MoS, alone is difficult because it has low conductivity and agglom-
erates during the insertion/disinsertion process, which deteriorates the cycle performance of the
supercapacitors. Thus, adding SWCNTs can prevent the agglomeration of MoS, nanosheets by
increasing the layer space. The bonding between the SWCNTs and MoS, is weak, reducing the
flexibility of the electrodes. To make the composite electrodes more flexible, cellulose nanofiber
(CNF) was added to form a hydrogen bond between the SWCNTs and MoS,, enhancing the
mechanical strength and stability. Figure 7c shows the schematic diagram of the preparation of
a MoS,-SWCNT/CNF aerogel film by the hydrogen bond cross-linking method. The fabricated
samples all exhibited high cycle reversibility (Figure 7d). Moreover, as the amount of SWCNTs
added increased, the CV curve exhibited the characteristics of both EDLC and pseudocapacitance.
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curve before and after 10,000 charge and discharge processes) (Chang et al. 2022). Reproduced with permission from (Badawi et al.
2023; Chang et al. 2022).

The cycle stability of MoSCF; was tested and the specific capacity was maintained at 91.01% of its
initial value after 10,000 cycles (Figure 7e) (Chang et al. 2022).

DWCNT-based flexible supercapacitor

Carbon material/DWCNT-based supercapacitor electrodes

Activated carbon (AC) is a promising material for conventional supercapacitors owing to its large
specific surface area, chemical durability, low cost, and wide electrochemical window. AC is generally
used with other conductive fillers instead of being used alone. However, the problem with this mixture
of AC and conductive fillers is that their electrical resistance is too high to be applied for super-
capacitor applications. To overcome this issue, DWCNTs have been used to enhance the electro-
chemical performance of AC-based electrodes. Kang et al. spread a stable DWCNT suspension into
a thin film and dispersed it within the AC. These authors fabricated a free-standing electrode with
a large surface area and high specific capacitance. Xanthan gum was prepared as a dispersing agent for
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three samples. (h) Table of the pore structure, electrical resistivity, and specific gravimetric capacitance of xanthan gum-derived
activated carbon, pure DWNTs, and DWNT-filled activated carbon composite. Reproduced with permission from (Kang et al. 2020).

the DWCNT suspension. The carbonized sample was chemically activated to obtain a carbon-coated
DWCNT suspension. One of the intrinsic properties of the DWCNT is the strong van der Waals
interaction between the tubes, causing large-sized bundles. Therefore, using xanthan gum for disper-
sing the aggregated DWCNTs is necessary. Figure 8a shows the thin xanthan gum film coating the
DWCNT suspension and its microscopic structure is also shown by SEM with different resolutions
(Figures 8b-8c). Thin bundled DWCNTSs were observed between the activated carbons, demonstrat-
ing homogeneous dispersion.
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The hydrophilicity of the fabricated electrode was verified by measuring the contact angle of the
pure DWCNTs and DWCNT/AC (Figure 8d). The contact angle of the DWCNT/AC could not be
measured because of the abrupt disappearance of the water, while that of the pure DWCNT was 119°,
indicating its hydrophobicity. The main reason for DWCNT/AC exhibiting hydrophilicity is the high
ratio of oxygen atoms that come from xanthan gum-derived AC, which is placed on the surface of the
DWCNTs. The hydrophilic nature of the electrode helps supercapacitors to attain higher specific
capacitance. Moreover, the change in the electrical resistivity of the pure DWCNTs, xanthan gum-
derived AC, and DWCNT-filled AC composite was measured (Figure 8e). The fabricated DWCNT/
AC composite exhibited electrical resistivity between the two single fillers. The homogeneously
dispersed DWCNTSs acted as electrical conductors, lowering the resistivity. The electrochemical
performance was measured using a three-electrode cell with a 1 M H,SO, solution as an electrolyte.
As shown in Figure 8f, the obtained CV curves displayed a quasi-rectangular shape, indicating an ideal
capacitive behavior and non-Faradaic double-layer reaction. The specific capacitance of the xanthan
gum-derived AC decreases as the scan rate increases because of its low electrical conductivity.
However, DWCNT/AC exhibits high-rate performance, owing to its high electrical conductivity
(Figure 8g). Compared to the pure DWCNT or xanthan gum-derived AC, the specific capacitance
of DWCNT/AC is much higher at any scan rate (Figure 8h). Kang et al. provided three possible
reasons for this phenomenon: (1) the large increase in the micropore volume contributing to the
capacitive performance, (2) the relatively higher electrical conductivity of DWCNT/AC compared to
that of xanthan gum-derived AC, and (3) the hydrophilicity of DWCNT/AC that allows the aqueous
electrolyte to seep into the pores (Kang et al. 2020).

In addition to AC, graphene is often used as a hybrid structure with DWCNTs. Owing to its
high surface area, high electrical conductivity, and superior electrochemical characteristics,
a graphene/CNT hybrid structure can be applied to diverse fields including energy storage
devices, sensors, and fuel cells. This type of graphene/CNT hybrid structure is composed of
a graphene sheet placed on the side of the CNT in H,SO, electrolyte. To maximize the
electrochemical performance of the graphene/CNT hybrid structure, Muangrat et al. proposed
nitrogen doping by inducing pseudocapacitive characteristics. The specific capacitance of the
fabricated nitrogen-doped graphene nanosheet-grafted DWCNT (NG-DWCNT) was measured
as 563 F/g at 50 A/g. The CV curves exhibited a quasi-rectangular shape. The nitrogen doping
on the graphene/DWCNT hybrid structure increased the area of the CV curve. The synergistic
effect of the hybrid structures with graphene edges and nitrogen doping improved the overall
electrochemical properties. In addition, the cyclic stability was tested at a current of 0.5 mA for
5000 cycles. The capacitance retention of the NG-DWCNT (94.35%) was mostly preserved
even after 5000 cycles, suggesting the superior cyclic stability of the fabricated sample
(Muangrat et al. 2021).

Metal-organic frameworks (MOFs)/DWCNT-based supercapacitor electrodes

Na et al. developed an “all-in-one” fiber with a hybrid composite comprising a DWCNT yarn
and metal-organic frameworks (MOFs). The main goal of fabricating this fiber was to achieve
both electrical conductivity and mechanical stability. DWCNTSs are known to exhibit high
electrical conductivity (14,310 Scm’g™'), making them excellent materials for energy storage
systems. Additionally, high specific surface area and porosity of DWCNTSs enhance both
mechanical and electrochemical performance of supercapacitors. The structure of the fiber was
designed to decorate the surface of the strong and conductive DWCNT yarn with MOF-derived
carbons (MDCs). The hybrid composites were developed by spinning the DWCNTs and com-
bining them into a single fiber with considerable thickness as shown in Figure 9a. Then, the
isoreticular MOF-1 (IRMOF-1) was decorated on the surface of the DWCNT yarn in a jewel-like
fashion. The SEM images in Figures 9b , and ¢ demonstrate the morphology of the MDC beads
attached to the DWCNT yarn. This structure increases the exposure of the highly porous carbon,
which functions as a high-energy storage system.
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solid-state supercapacitor under (d) cumulative bending and (e) at different bending angles at 1 Ag™". (f) CV curves of the hybrid

composite-based supercapacitor. Reproduced with permission from (Na et al. 2022).

The fabricated hybrid composite of DWCNT and MOFs with polyvinyl alcohol-dimethyl sulfoxide
(PVA-DMSO) gel electrolyte was evaluated for its mechanical stability under extreme conditions. As
shown in Figure 9d, the DWCNT/MOF-based supercapacitor exhibited a capacitance retention of
88.0% after 500 cycles, indicating negligible mechanical deformation after repeated bending. This
result verifies the remarkable flexibility of the supercapacitor. Moreover, the energy storage
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performance did not decline at various bending angles (Figure 9¢). When the fiber was knotted, the
capacity retention deteriorated; however, the capacitance was regained after recovery, demonstrating
the mechanical reliability of the material. Figure 9f shows the quasi-rectangular shapes of the CV
curves of the supercapacitor, confirming the EDLC behavior. The developed hybrid composite had
a high volumetric capacitance of 225.2 F/cm® and a specific capacitance of 151.1 Fg™" at 1 Ag™". Its
tensile strength was measured as 492.8 MPa and the stable cycle performance under repetitive bending
confirmed the mechanical robustness of the supercapacitor (Na et al. 2022).

MWCNT-based flexible supercapacitor

MWCNTs have several advantages over SWCNTs and DWCNTs. Preparing MWCNTSs with high
purity requires less strict conditions, which makes them versatile in various fields compared to
SWCNTs and DWCNTs. For instance, the catalyst size for chemical vapor deposition (CVD) can
be large, and some synthetic methods such as arc discharge and laser ablation, do not require the
use of a catalyst. Obtaining MWCNTSs with high purity is crucial because capacitance increases
with higher purity. Another advantage is attributed to the structure of MWCNTs. Due to the
presence of an outermost wall, the inner layers can remain intact under deformation (“sword-in-
sheath” failure). Thus, the structural defects that cause a decrease in the tensile modulus can be
prevented. The one-dimensional carbon structure of the MWCNT is also different from that of
the SWCNT. SWCNTs are either semiconducting or metallic depending on their chiral vector.
However, MWCNTSs consist of several layers of nanotubes, making them electrically conductive
in both the radial direction and nanotube axis orientation. In particular, at a sufficiently high
temperature, MWCNTs exhibit properties that are intermediate between metallic and semicon-
ducting properties. Moreover, like SWCNTs and DWCNTs, MWCNTs exhibit a high tensile
modulus and mechanical robustness. MWCNTs have Young’s moduli values of around 1.8 TPa,
being much higher than those of other carbon materials. Young’s modulus increases with less
than 1wt.% of MWCNT loading. However, with high loading, the strength is deteriorated
because of nanotube agglomeration. Thus, it is also important to determine the ideal loading
of MWCNTs. These advantages of MWCNT's allow them to be applied to other various materials
including polymers, hydrogels, and transition metal oxides.

Metal oxide/MWCNT-based supercapacitor electrodes

Although MWCNTSs show high electrical conductivity, high power density, and a rapid rate of charge
and discharge, making them promising EDLC materials for supercapacitor electrodes, they need to
overcome the challenges of having low energy density. Unlike MWCNTs, pseudocapacitive metal
oxides such as MnO, or RuO, exhibit higher energy density than EDLC materials. However, the slow
Faradaic reaction of pseudocapacitive materials lowers their power density. Moreover, metal oxides
show low electrical conductivity, which hinders their independent use as supercapacitor materials.
Thus, using both porous carbon materials (which have EDLC properties) and metal oxides (which
have pseudocapacitive characteristics) simultaneously is the current trend for supercapacitor electrode
materials.

Aruchamy et al. introduced ZnMn,Q,, a type of binary metal oxide, which has a wide potential
window, excellent conductivity, and high mechanical strength. However, ZnMn,0O, shows poor
electrical conductivity. Aruchamy et al. expected the synergistic effects of ZnMn,0, and MWCNTs
to complement each other. To enhance the electrical properties of MWCNTs, Aruchamy et al.
performed acid modification with a mixture of H,SO, and HNO;. Lau et al. verified the effect of
MWCNT functionalization by acid treatment on electrical conductivity. MWCNTs with high elec-
trical conductivity can be used to improve the conductivity of metal oxides as well decreasing
resistivity. The ZnMn,O,/MWCNT composite was fabricated using a one-step hydrothermal method,
which avoided complicated processes. The fabricated ZnMn,O,/MWCNT composite with Na,SO,
electrolyte demonstrated the effect of adding MWCNTs to the pure ZnMn,0O, electrodes (Figure 10a).
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2000 cycles (Shin et al. 2019). (g) Schematic of sol-gel-driven combustion wave (CW) for one-step fabrication of MnO,,/MWCNT
hybrids (Shin et al. 2019). Reproduced with permission from (Aruchamy et al. 2020; Shin et al. 2019).
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The maximum specific capacitance of the ZnMn,O0,/MWCNT composite was 103 F/g at 1 mV/s scan
rate, while that of the pure ZnMn,0, electrode was 87 F/g at the same scan rate (Figure 10b). This
improvement in the specific capacitance indicates that adding MWCNTs enhances the conducting
pathway, which facilitates the overall charge transport process. The GCD cycles also support the cycle
stability of the fabricated hybrid composite electrode (inset of Figure 10c). The capacitance retention
was around 56% after 1000 cycles at a 2 A/g mass-specific current and the Coulombic efficiency was
preserved by almost 100%, which can be attributed to the high electrical conductivity of the MWCNT's
(Aruchamy et al. 2020).

Another advantage of using metal oxides is that they are low-cost materials with moderate
capacitance. Therefore, the hybrid structure of metal oxide and MWCNT has gained increased
attention. Combustion synthesis using an electric field is a facile method to fabricate the hybrid
composite electrodes. As shown in Figure 10g, Shin et al. transformed a precursor solution of
Mn(NO3),/MWCNT/nitrocellulose into a MnO,_,/MWCNT hybrid through sol-gel-driven combus-
tion waves. Then, the activable hybrids (MnO, ,/MWCNT) were transformed into supercapacitor
electrodes (MnO,/MWCNT) through electrochemical activation with Na,SO, electrolyte. This elec-
trochemical activation included 2000 charge/discharge cycles at a scan rate of 100 mV/s and produced
electrodes with high porosity. As shown in Figures 10e & 10f, the fabricated hybrids exhibited an
increase in capacitance of 42.5% during the first 100 cycles. After a total of 2000 charge/discharge
cycles, highly stable capacitance retention (98.3%) was obtained. Shin et al. highlighted the oxidizing
and anodizing of MnO,_, into MnO,, which is caused by the electrochemical transition of the
constituents. An increase in the porosity of the manganese oxide through electrochemical activation
increases the active surface area and consequently enhances capacitance. The rectangular shape of the
CV curves reveals the electrical conductivity of the hybrid electrodes. At the same time, the pair of
redox peaks indicate the pseudocapacitive behavior of the electrodes (Figure 10d). Finally, the specific
capacitance of the MnO,/MWCNT was 169.5 F/g at a scan rate of 100 mV/s, demonstrating the
successful production of hybrid electrodes with a high surface area and high stability (Shin et al. 2019).

Conducting polymer/MWCNT-based supercapacitor electrodes

Conducting polymers are other candidate materials for supercapacitors, owing to their high electrical
conductivity and pseudocapacitive behaviors. Common examples of conducting polymers include
poly(3,4-ethylenedioxythiophene), polypyrrole, and polyaniline. Compared to the aforementioned
metal oxides, conducting polymers have a larger specific capacitance. However, due to the repeated
insertion and deinsertion of ions during charge/discharge cycles, conducting polymers show poor
mechanical stability. Therefore, the addition of mechanically robust MWCNTSs can overcome the
disadvantages of conducting polymers. Moreover, metal oxides and conducting polymers are often
used as anodes, whereas carbon materials are suitable as cathodes. The hybrid composite of
a conducting polymer and MWCNT can be applied to both the positive and negative electrodes in
supercapacitors. Furthermore, the low-cost advantage of both MWCNTs and conducting polymers
makes them more versatile for application in diverse fields.

In supercapacitor applications, p-type polymers like poly(3,4-ethylenedioxythiophene), polypyr-
role, and polyaniline are often used as electrodes because of their outstanding charge and storage
characteristics. Thus, many reports on the use of p-type polymers for supercapacitors are available.
However, donor-acceptor polymers such as P(NDI2OD-T2), also known as Polyera Activink N2200,
need further research and performance improvement. The intrinsic redox properties of donor-
acceptor polymers make them pseudocapacitive. In addition, they show high stability over long cycles
and can withstand high-voltage windows. The ability to withstand high-voltage windows makes the
use of organic electrolytes possible, which in turn can solve the low-voltage stability problems shown
by conventional aqueous electrolytes. When the conjugated polymers are combined with MWCNTs,
the - interactions between the polymers and MWCNTs can also help prevent the aggregation of
CNTs. Thus, the fabricated composite electrodes will have an ordered porous structure, facilitating the
access of the electrolyte to the electrode. Wavhal et al. fabricated a high-voltage non-aqueous hybrid
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supercapacitor in LiClO4/propylene carbonate electrolyte based on the N2200 polymer with
MWCNTs by in situ polymerization (Figure 11a). The modified version of the Stille polymerization
was conducted and resulted in a high yield of high molecular weight polymers. The specific surface
areas of the three samples (MWCNTs, N2200 polymer, and N2200 polymer/MWCNTs) were analyzed
using the Brunauer-Emmett-Teller (BET) model. In Figures 11b , and c, the BET results showed 200.7,
81.1, and 224.8 m*g”", respectively, suggesting that the addition of MWCNTS increased the surface
area. Figure 11b shows the pore size distribution profile of the N2200 polymer/MWCNT composite
electrodes. Various pore diameters were observed in the sample, indicating that MWCNTs show both
microporous and mesoporous morphologies. The mesoporous structure can improve the infiltration
of the electrolyte into the electrodes. Moreover, the incorporation of MWCNTs also facilitated
electron transport in the polymer. The CV and GCD curves both exhibited prominent redox peaks,
indicating an increased charge storage ability. The capacitance retention value of 60% after 100 cycles
at a current rate of 2.0 Ag ' demonstrated the cycling stability of the fabricated N2200 polymer/
MWCNT electrodes (Wavhal et al. 2021).

Awata et al. developed a camphor sulfonic acid-doped polyaniline (PANI)/MWCNT nanocompo-
site for supercapacitor applications. The nanocomposite was fabricated using a similar method as
those used for donor-acceptor polymers, namely, in situ chemical oxidation polymerization
(Figure 11d). Electrochemical analysis with the fabricated supercapacitor in 1 M H,SO, solution
revealed that the CV area of the PANI/MWCNT nanocomposite was larger than that of pure PANI
Moreover, the specific capacitance and energy density were also improved, owing to the strong -7
interactions with the polymers and MWCNTSs (Figure 11le). This in turn improved the interfacial
contact between PANI and the electrolyte and minimized the charge transfer resistance. In addition,
by incorporating MWCNTs, conductive networks with a highly ordered interface layer were pro-
duced, which facilitated both the ion transportation and redox reaction. Specific capacitance retention
of 100% was obtained after 1000 cycles, demonstrating that the incorporation of MWCNTs results in
increased reversibility (Awata et al. 2020)(Figure 11f).

Hydrogel/mwcnt-based supercapacitor electrodes

A hydrogel has a three-dimensional porous architecture because of its hydrophilic polymer chains.
Among the various types of hydrogels, conducting polymer hydrogels exhibit the advantages of both
conducting polymers and hydrogels, having superior electrical characteristics as well as electroche-
mical properties. Polymer hydrogels are considered promising materials for supercapacitors due to
their morphologies that allow fast ion and electron diffusion. PANI hydrogels could be applied in
supercapacitors because of their large pseudocapacitance, flexibility, and moderate conductivity. The
biggest advantage of using PANI hydrogels is that they do not require binders, thus resulting in good
adhesion between the current collector and electrode. The problems of using binders include the
degradation of the specific capacitance of the supercapacitor and the formation of residues However,
PANTI hydrogels experience volumetric changes and mechanical degradation during charge/discharge
processes, which lowers their cyclic stability. Sardana et al. proposed the amalgamation of PANI
hydrogels with MWCNTSs to overcome this problem, considering that MWCNTs show mechanical
robustness and stability. Moreover, the well-dispersed MWCNTSs have a large surface contact area,
facilitating the electron conduction pathway. As shown in Figure 12a, the PANI/MWCNT composite
hydrogel was fabricated via in situ oxidative polymerization of aniline, phytic acid, and carbon cloth.
The XRD plots (Figure 12b) show similar patterns of the diffraction peak for both the PANI/MWCNT
composite hydrogel and the PANI hydrogel. This result suggests that the addition of MWCNT did not
alter the crystallinity of the PANI hydrogel. The synthesized PANI/MWCNT composite hydrogel
exhibited 246.67 F/g at a scan rate of 20 mV/s. However, the maximum specific capacitance value
decreased to 208.35 F/g at a 100 mV/s scan rate because the electrolyte ions had a shorter time to
diffuse in the surface area of the electrode at a higher scan rate (Figure 12c). The cyclic stability of the
PANI/MWCNT composite hydrogel electrode with 1 M H,SO, electrolyte was analyzed by applying
the GCD technique. Figure 12d depicts the cyclic stability of the electrodes during 5000 charge/
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Reproduced with permission from (Silki et al. 2022).

discharge cycles at a current density of 10 A/g. The CV plots for both the PANI/MWCNT composite
hydrogel and the PANI hydrogel exhibit redox peaks, which indicate pseudocapacitive characteristics

(Figure 12e). The specific capacitance value of the

PANI/MWCNT composite hydrogel was 277.59 F/

g, while that of the PANT hydrogel was 142.24 F/g at a current density of 0.25 A/g. The increase in the
specific capacitance demonstrates the well-designed structure of the two components. The EDLC
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storage in MWCNTSs and pseudocapacitance of PANI exhibited synergistic effects on the performance
of the flexible supercapacitor (Silki et al. 2022).

Another advantage of hydrogel-based electrodes is that by adding functional materials or functio-
nalization, desired functions such as self-healing, stretchability, and sensitivity to external stimuli can
be obtained. Depending on the functions achieved, hydrogels can be applied to various fields from
energy storage devices to sensors. For supercapacitor applications, the hydrogel-based electrode
materials should enhance their ionic and electronic conductivity, electrolyte permeability, and other
electrochemical performance. Liu et al. developed a gelatin/MWCNT-polypyrrole (PPy) gel with
wrinkled structures that exhibited high stretchability and self-healing properties in addition to
electrochemical characteristics. The composite hydrogel electrode was synthesized by a simple soak-
ing-heating-template coating-resoaking (SHTR) method as shown in Figure 13a. The incorporation of
MWCNTs to the gelatin not only increased the electrical conductivity but also the mechanical
strength, and thus enhanced the electrochemical and mechanical properties of the supercapacitor.
This was demonstrated by the loading-unloading tests of the fabricated H-gel/AS-MWCNT-PPy-AS
gel, which exhibited less residual strain and moderate fatigue resistance compared to the gel without
MWCNTs. The cyclic tensile behavior of the H-gel/AS-MWCNT-PPy-AS gel at a strain of 25% after
500 cycles showed low hysteresis and recovery, suggesting self-healing properties. Moreover, the
unique structural design with wrinkles increased the surface area of the interface between the electrode
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Figure 13. (a) Schematic diagram of the production of a gelatin hydrogel electrolyte. Cycle tensile loading-unloading curves of the
wrinkled and nonwrinkled gels at (b) 50% strain, (c) 100% strain, and (d) 150% strain. (e) CV curves at a scan rate of 100 mV/s. (f)
Capacitance retention of H-gel/AS-PPy-AS and H-gel/AS-MWCNTs-PPy-AS gels. (g) CV curves of the fabricated supercapacitor under
different bending conditions at a scan rate of 100 mV/s. Reproduced with permission from (Bu et al. 2021).
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and electrolyte, improving the capacitance behavior. As shown in Figure 13b—d small hysteresis was
maintained under 50, 100, and 150% strain, suggesting excellent mechanical stability. The large CV
curve area in Figure 13e indicates a high-rate performance. The calculated specific capacitance was
112.5 F/g for the H-gel/AS-MWCNT-PPy-AS gel and 56.25 F/g for gels without MWCNTs. The 5000
GCD cycles in Figure 13f demonstrated outstanding capacity and Coulombic retention. Liu et al.
claimed that the incorporation of MWCNTSs improved the electrical conductivity and surface area,
which in turn helped the electron transport during the charge/discharge processes. Figure 13g shows
the unchanged curves for CV under bending conditions of 45° and 90°, demonstrating the potential of
this material to be applied to flexible supercapacitors (Bu et al. 2021).

Conclusion

In this review, recent technological trends of CNT-based flexible supercapacitor electrodes were
discussed according to the structural types of CNTs. The unique structural properties, flexibility,
mechanical robustness, and electrochemical properties of CNTs make them promising materials
for supercapacitor applications. Many reports have been published regarding the use of CNTs as
electrode materials and have mainly focused on design strategies or fabrication techniques.
However, to our knowledge, a review of CNT-based supercapacitor electrodes classified according
to the CNT structure (SWCNT, DWCNT, and MWCNT) is unavailable. A comparison of the
electrochemical properties including specific capacitance and capacitance retention of the CNT-
based electrodes is provided in Table 1. Specific capacitance values ranging from 150 to 250 Fg™'
and cyclic stability for more than 1000 cycles demonstrated the potential of the electrodes to be
applied to flexible supercapacitor devices. SWCNT-based flexible supercapacitors exhibited rela-
tively high specific capacitance and outstanding cycling stability compared to DWCNT or
MWCNT based flexible supercapacitors.

Current research trend tends to incorporate various composite materials such as polymers,
hydrogels, and metal oxides with CNTs to optimize the inherent merits of the CNTs. Despite
the recent progress in CNT-based flexible supercapacitors, there are still challenges that need
to be solved for their practical applications. First, composite materials including polymers and
metal oxides are often utilized to improve the intrinsic properties of CNTs by inducing higher
energy densities of the supercapacitors. However, power densities and long-term durability
may be degraded via those addition of pseudo-capacitive materials. Thus, improvements are
necessary for increasing the energy densities while preserving the power capabilities and cycle
durability (Olabi et al. 2023). Second, mechanical behaviors of CNT-based flexible super-
capacitors should be improved further to allow practical applications to the wearable electro-
nic industries. Bulky and heavy supercapacitors limit portable and wearable applications,
therefore ways to decrease the vol% of CNTs and other composite materials with preserving
the electrochemical performances should be studied further. Additionally, the mechanical
properties of flexible supercapacitors should match that of human tissues to be applied as
wearable electronic devices (Jeerapan and Nicolds 2019). Focusing on distributing CNTs in
other composite materials can also be the fundamental solutions for enhancing the perfor-
mance of CNT-based flexible supercapacitors as well (Nurazzi et al. 2021). Finally, challenges
regarding the mass production of CNT-based flexible supercapacitors should also be over-
come. The fabricating process with high throughput synthesis should be held in large scale,
allowing commercial application.
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