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Abstract: Graphene has shown the world its fascinating properties, including high specific surface
area, high conductivity, and extraordinary mechanical properties, which enable graphene to be a com-
petent candidate for electrode materials. However, some challenges remain in the real applications of
graphene-based electrodes, such as continuous preparation of graphene fibers with highly ordered
graphene sheets as well as strong interlayer interactions. The combination of graphene with other
materials or functional guests hence appears as a more promising pathway via post-treatment and in
situ hybridism to produce composite fibers. This article firstly provides a full account of the classifi-
cation of graphene-based composite fiber electrodes, including carbon allotropy, conductive polymer,
metal oxide and other two-dimensional (2D) materials. The preparation methods of graphene-based
composite fibers are then discussed in detail. The context further demonstrates the performance
optimization of graphene-based composite fiber electrodes, involving microstructure design and
surface modification, followed by the elaboration of the application of graphene-based composite
fiber electrodes in supercapacitors. Finally, we present the remaining challenges that exist to date in
order to provide meaningful guidelines in the development process and prospects of graphene-based
composite fiber electrodes.

Keywords: graphene; composite; flexible electrode; wearable electronics

1. Introduction

Stretchable and flexible electronics have gained tremendous attention and indicated
a mainstream direction in modern electronics. They can be integrated comfortably and
compliantly onto the compliant and dynamically deformable human body, in striking
contrast to conventional rigid electronics devices [1,2]. In this context, flexible materials are
required to fulfill these specific demands. Given the high flexibility, deformability, breatha-
bility, comfortability, weavability and lightweight of fibers and textiles, they are deemed
as competent candidates for constructing wearable devices [3-5]. Smart textiles, integrat-
ing textiles with electronic technology, are hence expected to revolutionize personalized
healthcare and play a crucial role in the continuing progress of human society.

To power wearable devices, the design and fabrication of energy conversion and storage
devices has recently become the research focus. In particular, supercapacitors are promising
energy storage devices which can complement batteries in miniaturized portable electronics,
because they offer high power density, long lifetime, high charge/discharge rate and
excellent cycle stability [6,7]. Commonly, based on the working mechanism, supercapacitors
can be divided into electric double-layer capacitor (EDLC) and pseudo-capacitors [8-10].
Specifically, the energy storage of an EDLC originates from the separation of anions and
cations in the electrolyte at the interface between the electrode material and electrolyte [11].
Pseudo-capacitors (also called faradaic capacitors) rely on the fast and reversible Faradaic
oxidation-reduction reaction on the surface of the electrode material, which gives rise to
electron charge transfer [12]. It is therefore clear that the electrode material acts as a key
factor that determines the energy storage capability of supercapacitors [13].
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Generally, a flexible fiber supercapacitor is comprised of conductive fibers as elec-
trodes and electrolyte as a separator, where electrode materials essentially necessitate high
flexibility, high mechanical strength, and excellent electrochemical performance [14,15].
So far, a variety of fiber-shaped electrodes has been developed. Polymer fibers with high
deformability and mechanical strength as well as low cost can be simply exploited as
electrode substrates; however, their poor conductivity greatly suppresses the electrochem-
ical performance of the resulted fiber electrode. To this end, polymer fibers are usually
composited with metals/metal oxide or carbon nanotubes (CNTs) to improve the conduc-
tivity [16,17]. Even so, the limited content of the conductive materials on the polymer fiber
electrode results in a low capacitance of the polymer substrate fiber supercapacitor, which
affects its working performance in practical applications. In addition, the complex process
of metal coating and CNT growth (for example, by physical and chemical vapor deposition)
will increase the cost of fabrication of fiber electrodes. By contrast, metal wires intrinsically
possess high electrical conductivity that benefits the ion transport in electrolyte and reduces
internal resistance, thus improving the electrochemical performance of fiber electrodes [18].
Nevertheless, the high density of metal wires poses significant challenges for metal wire-
based fiber supercapacitors to achieve both high mass capacitance and volume capacitance
at the same time. Compared to polymer fibers, metal wires also present higher rigidity
and hardness, which are adverse to the stretchability and flexibility of devices. Moreover,
some metal wire electrodes have high chemical activity, and possibly induce the chemical
reaction between the electrolyte and the metal wire itself. Unlike insulated polymer fibers
and heavy metal wires, fiber electrodes based on carbon nanomaterial, such as graphene
and CNT, show advantages of high electrical conductivity, light weight, impressive flexibil-
ity and mechanical strength, as well as excellent chemical stability, making them optimal
candidate materials for fiber electrodes of supercapacitors [19-21].

Extensive studies have found that graphene outperforms other carbon materials in
terms of electrical and thermal conductivity as well as weavability when used for fiber
electrodes [22-27]. As an emerging material in the field of energy storage, graphene has
shown the world its fascinating properties, such as high impermeability [28-30], high elec-
tron mobility [31], high thermal conductivity [32,33], superlubricity [34-36], extraordinary
elasticity and stiffness [37,38]. Particularly, the high electrical conductivity of graphene
sheets could avoid the inclusion of conductive additives and enhance the energy density of
graphene-based electrodes. Furthermore, its huge specific surface area facilitates the acces-
sibility of electrolytes to graphene sheets. For instance, the intrinsic electrochemical double
layer capacitance of monolayer graphene was reported to be around 21 uF/cm? [39], which
theoretically yields an electrochemical double layer capacitance up to ~550 puF/g for a
graphene-based supercapacitor, if the entire surface area of graphene could be fully utilized.
The atomic thickness combined with high aspect ratio also renders graphene electrodes
with excellent mechanical flexibility, allowing graphene sheets to be assembled into fibers
and films with robust mechanical stability [40,41]. From the perspective of industrial pro-
duction and application, graphene oxide (GO) and reduced graphene oxide (rGO) are more
easily accessible, scalable, and cost-effective in contrast to pristine graphene. Graphene
oxide, as a well-known chemically exfoliated derivative, can be dispersed into various
solvents due to the presence of carboxylic and hydroxyl groups [42,43]. These oxygen
functional groups also provide strong interactions with other materials, thus facilitating the
assembly process to form composite fibers. Although the introduction of defects results in a
mechanical degradation of GO, the denser stacking structure and strong interfacial bonding
allow a more efficient stress transfer between GO layers; therefore, the GO-based fibers
exhibit even better mechanical performance than pristine ones. Furthermore, GO can be
transformed back into rGO, with partial restoration of the graphitic structure accomplished
by chemical or thermal reduction [44]. Both the electrical conductivity and mechanical
stiffness/strength are improved, which are favorable for the design of graphene-based
fiber electrodes. The low cost and high solution processability further benefit the mass
production of materials and devices.
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Graphene fibers, as a one-dimensional (1D) macroscopic graphene assembly, have
demonstrated superior physical properties, including high Young’s modulus (~400 GPa),
tensile strength (~2.2 GPa) [45], electrical conductivity (~2.2 x 107 S/m) [46], and thermal
conductivity (~1575 W/mK) [47]. However, the creation of graphene fibers still presents
difficulties in fabrication of continuous and highly ordered graphene sheets with strong
interlayer interactions. One effective way is to integrate graphene fibers with other mate-
rials or functional guests via post-treatment and in situ hybridism to produce composite
fibers [48,49]. In this article, differing from previous reviews [27,50-53], we narrow the
scope to graphene-based composite fibers and present their applications in electrodes for
flexible supercapacitors. The article is organized based on the classification of composite
materials, offering a guideline in light of material selection, which is instrumental for the
design of high-performance supercapacitors oriented to a specific application on demand.
Special emphasis is then placed on the material preparation, configuration design, and
electrochemical performance. In addition, existing challenges and future prospects are also
presented toward improving the energy storage performance of graphene-based composite
fiber supercapacitors and accelerating their applications on the wearable electronics.

2. Classification of Graphene-Based Composite Fiber Electrodes

The combination of graphene fibers with other functional materials is capable of
optimizing their specific properties while maintaining the structural order in composite
fibers. The introduced guest molecules cover a wide range of compositions, from ions
to carbon materials, polymers, and metal oxides. Note that some insulating organic
polymers such as poly(vinylidene fluoride) (PVDE), poly(tetrafluoroethylene) (PTFE), and
carboxy methyl cellulose (CMC) have been used to adhere the electrode material to the
current collector [54]. However, they usually limit the electrical conductivity, reduce ionic
conductivity due to their hydrophobicity, and degrade specific capacitance by adding
inactive weight to the electrode. Therefore, they are out of the discussion here and we will
focus on those materials with an active role in the total capacitance of the supercapacitors
favoring the synergistic effects.

2.1. Carbon Allotropy

Carbon-based materials, including graphene, CNTs, carbon nanofibers, and activated
carbon, commonly consist of the main active materials for electrodes of supercapacitors [24].
Integrating graphene with different carbon allotropes can leverage the respective advan-
tages to produce graphene composite materials with unique properties. For example, CNT
dispersions were mixed with graphene oxide (GO) to produce composite fiber electrodes,
as shown in Figure 1a, and the stacked graphene sheets were successfully aligned to the axis
of the fiber (Figure 1b). The morphology of the CNT /GO fiber in the SEM image (Figure 1c)
was found to be distinctive with highly porous and rugged surfaces as compared to that
of the pristine graphene fiber. Furthermore, the intercalation of CNTs in graphene fibers
as spacers can increase the interlayer spacing between graphene layers and make a con-
tribution to the effective ion accessibility of graphene. Meanwhile, the increased porosity
also improved the ion exchange efficiency. Consequently, the electrical conductivity and
hence specific capacitance were both augmented [55-57]. Their synergistic effect resulted
in obvious enhancements in the electrochemical performance [58].
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Figure 1. (a) Schematic, (b) surface SEM image, and (c) cross section SEM image of graphene/CNT composite fiber [55]
(copyright permission American Chemical Society 2019); (d) Schematic, (e) surface SEM image, and (f) cross section
SEM image of graphene/PEDOT:PSS composite fiber [58,59] (copyright permission Elsevier 2018, Wiley-VCH 2013);
(g) Schematic, (h) surface SEM image, and (i) cross section SEM image of graphene/MnO, composite fiber [60,61] (copyright
permission Elsevier 2021, Wiley-VCH 2020).

2.2. Conductive Polymer

Conductive polymers, such as polyacetylene (PA), polyaniline (PANI), polypyrrole
(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT) and polythiophenes (PTs) are intrinsi-
cally conductive thanks to the presence of the m-conjugated bond structures [62]. The insta-
bility of the capacitors based on conductive polymers during long-term charge/discharge
cycling is one of their most lethal deficiencies. It has been demonstrated that, in the
graphene/PANI composite, graphene acts as the framework for sustaining PANI nanofibers
to prevent the fibers from severely swelling and shrinking during cycling, improving the
cyclic stability [63]. In turn, as typical pseudocapacitive materials, conductive polymers
will bring extra capacitance to graphene electrodes through the Faraday process [64-66].
Typically, the graphene-based composite fiber can be created either by randomly mixing
or surface coating of polymer on graphene fibers. For the former, the resulted polymer
composite can present different microscopic architectures depending on the preparation
methods. Specifically, the methods relying on the fluid assembly can generate layered
structures, where the graphene plays a templating role to arrange the ordering of hierar-
chical structures over a long range. For example, Qu’s group [67] designed a microfluidic
spinneret through which GO and polyvinyl alcohol (PVA)/alginate sodium component can
be spontaneously extruded from one outlet, producing a GO/PVA-alginate/GO layered
structure. The laminar flow within one microfluidic spinneret ensured the clear bound-
ary of each component without unwanted mixing. In contrast to random distribution of
graphene in a polymer matrix, polymer chains are more effectively absorbed or grafted
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onto graphene sheets and fill in the interlayer galleries within the layered architecture.
In this case, the restacking of the graphene sheets can be prohibited, and the specific
surface area of the composites is accordingly increased because of the uniform distribu-
tion of graphene sheets. As shown in Figure le,{f, more wrinkles with many pores are
introduced inside the composite fibers, and largely facilitate the sufficient exposure of
graphene sheets to the electrolyte for the access of ions, which benefits the electrochemical
performance as well [55]. More importantly, the consequent layer microstructures are
reminiscent of nacres with brick-mortar features. Instead of weak van der Waals (vdW)
interactions, stronger physical or chemical crosslinks (e.g., hydrogen bond) will be formed
between graphene layers, thus improving simultaneously the strength and toughness of
graphene fibers [68-71]. The enhanced mechanical performance is critical to the stability
and durability of energy devices.

2.3. Metal Oxide

Previous studies showed that the use of nanostructured metal oxides (such as MnO,,
Fe30y4, NiO) as faradaic electrodes is helpful for an energy density increase [72]. In super-
capacitors, metal oxides afford higher pseudo-capacitance through bulk redox reactions
compared to carbon materials; however, the large volume variation-induced structural
change destroys the stability of electrodes, leading to severe capacity fading during charge/
discharge processes [73]. To this end, fabrication of graphene/metal oxide composites is
expected to be an effective and practical method to alleviate stability issues. First of all,
graphene serves as a support for uniformly anchoring or dispersing metal oxide nanos-
tructures with well-defined sizes, shapes and crystallinity, as depicted in the schematic in
Figure 1g. Secondly, as shown in Figure 1h,i, graphene sheets and metal oxide nanorods
can be evenly dispersed in the fibers. Graphene assists to suppress the volume change
and particle agglomeration of metal oxides during the charge—discharge process. Thirdly,
graphene plays as a 2D conductive template for building a 3D interconnected conductive
porous network to improve the electrical conductivity and charge transport of pure metal
oxides. Furthermore, metal oxides between graphene layers can restrict the aggregation
and restacking of graphene sheets induced by vdW forces, as well as increasing the avail-
able electrochemical active surface area. Due to these synergistic effects, integration of
metal oxides and graphene in a composite fully leverages each active component and
accounts for excellent electrochemical performance [73].

2.4. Other Layered Materials

Atomically thin nanosheets, such as clay and other 2D materials, exhibit similar surface
morphology and rich electrical, thermal, and electrochemical properties as graphene. Inte-
gration of these 2D nanosheets into graphene fibers can on one hand facilitate the scalable
production; on the other hand, they also remedy the mechanical or transport defects of
graphene fibers and translate their fascinating attributes into macroscopic assemblies. For ex-
ample, montmorillonite (MMT) was also considered for effective sub-size spacers to induce
looser restacking but also to avoid causing the non-linkage of graphene sheets [74]. Beyond
that, a large amount of Si-O and ~OH groups on clay endow it with high hydrophilicity,
which not only improves the interface strength with graphene sheets, but also benefits the
dispersion in aqueous solution that fits for the spinning process [75]. Consequently, the
improved hydrophilicity and orderly aligned graphene sheets within the graphene/clay
composite fibers facilitate the electrolyte diffusion and absorption across the fiber, thus
accounting for enhanced capacitive performance compared to pure graphene fibers.

3. Preparation Methods of Graphene-Based Composite Fibers

The preparation methods dictate the precision of graphene-based electrodes and play
a significant role in the electrochemical performance of supercapacitors. Several earlier
reviews have comprehensively discussed the manufacturing and processing of graphene
fibers [52,76,77]. Commonly used methods including hydrothermal method [78], wet spin-
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ning [57], and dry spinning methods [79] were introduced in detail. Besides, there are also
some other preparation techniques reported in the literature, such as the chemical vapor
deposition (CVD)-assisted method [80,81] and electrophoretic self-assembly method [82],
as summarized in Figure 2. Herein, we instead pay attention to the approaches to fabricate
graphene-based fibers incomposite form. Generally, we can either mix the graphene and
other complementary materials in spinning solutions before the fiber production or deposit
graphene coating on as-prepared fibers.
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Figure 2. (a) Schematic of the hydrothermal fabrication procedures of CNT/graphene fibers [78] (copyright permission
Nature Publishing Group 2014); (b) Schematic illustration of the fabrication of the wet-spun CNT/graphene hybrid fiber [57]
(copyright permission Wiley-VCH 2017); (c) Schematic illustration of the dry spinning process with a concentrated organic
dispersion of GO [79] (copyright permission The Royal Society of Chemistry 2017); (d) CVD graphene film to fiber self-
assembly [80] (copyright permission American Chemical Society 2011);(e) Illustration of the sequential step process of
graphene nanoribbon yarn fabrication [81] (copyright permission Wiley-VCH 2012); (f) Photograph of a reduced graphene
oxide nanoribbon fiber formed by the electrophoretic self-assembly method [82] (copyright permission IOP Publishing 2012).

3.1. Solution Mixing

Solution mixing is the most widely applied method for production of graphene-based
composites. Commonly, graphene suspension is mixed with a second phase (e.g., CNT,
polymer resin, metal oxide, etc.) either in the same solvent or in a mixed solvent via the shear
mixing or stirring process. Then the continuous fibers can be collected by wet spinning or other
fiber preparation methods as discussed above. For example, Zeng et al. [57] have developed
hybrid CNT/graphene fibers using the wet-spinning strategy, followed by electrodeposition of
PANI to achieve a high-performance composite supercapacitor. Therein, thermally exfoliated
graphene flakes are dissolved in chlorosulfonic acid without aggregation and mixed with
liquid-crystal CNTs as a spinning solution. One thing should be noted: that, for aqueous
spinning solutions in most studies, GO is usually used as starting material. This is because
pristine graphene is bonded by weak vdW interactions, which makes it difficult to prepare
for spinning solutions where the graphene flakes can be uniformly dissolved and to reform
graphene sheets into a fixed attachment. Instead, introduction of oxygen functional groups
can improve the interlayer bonding and facilitate the dispersion of graphene into water
or polar organic solvents [42]. Therefore, after the spinning process, the dried GO fibers
require subsequent reduction processes to repair the lattice defects of the graphene structure
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and recover electrical conductivity. Chemical reduction processes by chemical reagents,
photocatalysis, or electrochemical reduction, and the thermal reduction via thermal annealing
and microwave have been extensively conducted [83].

3.2. In Situ Polymerization

In situ polymerization is another effective approach to prepare graphene/polymer
composites with uniform dispersion and strong interface of graphene sheets in polymer
matrix. In this case, graphene materials are mixed and swollen in a monomer solution firstly
and then ultrasonically dispersed in the solution. The polymerization process commences
via heat or radiation with the presence of a specific oxidizing agent. Finally, the composites
are used to produce fibers via melt spinning, electrostatic spinning, wet spinning, or other
abovementioned ways. Jiang et al. [84] have reported the fabrication of polyacrylic acid (PAA)
and GO composite fibers via the in situ polymerization method. Therein, the acrylic acid and
initiator were firstly mixed with GO aqueous solution with the aid of ultrasound. Upon in situ
polymerization of acrylic acid at 60 °C, the homogenous GO/PAA gel was prepared, which
was used to collect fibers by the melt spinning process, as shown in Figure 3a. In addition,
in situ polymerization can also be employed to fabricate polymer coating wrapping around
wet-spun graphene fibers. For instance, Zhang et al. [85] demonstrated the preparation of
graphene/PANI composite fibers by in situ polymerization of aniline monomer on graphene
fibers synthesized by the wet-spinning method and a chemical reduction process.

3.3. CVD Growth

Chemical vapor deposition (CVD) is a relatively developed technology to grow large-
area and high-quality graphene films [86]. Graphene can be deposited on a temporary
metal substrate and then transferred onto the textile preforms or directly deposited on
the textile preforms. The growth process is carried out under a vapor phase, whereby the
starting material of graphene is initially prepared in vapor form, flowed, and subjected to a
very high temperature along with the targeted substrate; hence, the coating films present
a very fine and even morphology [87]. Xiong et al. [88] have documented a catalyst-free
process to grow graphene perpendicularly on carbon fiber cloth with the plasma-enhanced
CVD method. Likewise, Zeng et al. [89] demonstrated a 3D graphene assembly achieved by
vertically growing graphene sheets on carbon nanofibers (Figure 3b). The rich nanosized
pores were found to benefit from a high electrical conductivity.
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Figure 3. (a) Preparation of GO/PAA gels where the PAA is in situ polymerized in GO aqueous solution, and subsequent
spinning of composite fibers [84] (copyright permission Royal Society of Chemistry 2013); (b) Preparation of composite

fibers by thermal CVD growth of graphene on electrospun PAN nanofibers [89] (copyright permission Wiley-VCH 2017);

(c) The scheme of EPD deposition of GO onto carbon fiber surfaces [90] (copyright permission Elsevier 2016); (d) Schematic

illustration of the fabrication process of a graphene coaxial fiber supercapacitor via wet-spinning, chemical reduction and

multiple dip-coating of polymer electrolyte and GO gel [91] (copyright permission Royal Society of Chemistry 2015).
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3.4. Electrophoretic Deposition

The negatively charge, high mobility, as well as abundant hydrophilic oxygen-containing
functional groups on GO make it suitable for electrophoretic deposition (EPD) solution.
Typically, fiber or textile preforms are mounted onto the anode, towards which the nega-
tively charged GO moves when an electrical voltage is applied to the electrodes immersed
in the solution, until GO sheets are deposited on the surface of fibers. Despite of the ad-
vantages, including high deposition rate and throughput, good uniformity and controlled
thickness of the coating films, there still remain some drawbacks with the EPD method,
such as generation of bubbles in the electrolysis process. To this end, water can be replaced
by isopropyl alcohol to serve as the electrolytic solution as presented in Figure 3c, which
helps increase the dispersibility of GO and the deposition efficiency [90].

3.5. Direct Coating

Coating graphene and its derivatives on fibers is a direct way to prepare composite
supercapacitor electrodes. Commonly used methods include dip coating and spray coating.
Zhao et al. [91] designed and prepared a novel graphene-based coaxial fiber supercapacitor
with two electrodes of a core fiber and a dip-coated cylinder sheath, as depicted in Figure
3d. The axial graphene fiber was firstly assembled by liquid crystal wet-spinning from GO
followed by the chemical reduction. A polyvinyl alcohol (PVA) gel layer was then dip-
coated on the graphene fiber, acting as the electron separator between the two electrodes.
Subsequently, the polymer-coated graphene fiber was dip-coated in GO solution to form
a GO gel layer, which is conductive after chemical reduction by hydroiodic acid. Finally,
the dip coating of the PVA layer was repeated to fabricate an integrated supercapacitor.
A similar coaxial fiber supercapacitor was also realized for hybrid graphene/MnO; systems
by multiple dip coating processes [61]. As the device performance greatly rests on the
adhesion between coating layer and fibers, additives or binders such as carbon black and
polyvinylidine fluoride (PVDF) were used to improve the interfacial interactions, while
maintaining the electrical conductivity at the electrode material /substrate interface [92].
The details of preparation of different graphene-based composite fibers are listed in Table 1.

Table 1. Preparation of different graphene-based composite fibers.

Electrodes

Prepration Methods Electrolyte Agents Time/Temperature Ref.

Graphene + Carbon Allotropy

Wetspinning +

Chemical reduction with HI

rGO/CNT . PVA/KOH H,O, + NH;OH at 80 °C for 6 h; [55]
hydrothermal activation Dried at 60 °C for 30 min
. Hydrothermal process in Hydrothermal reaction at
SWNT/nitrogen- fused-silica capillary PVA /H3POy ethylenediamine 220 °C for 6 h; [78]
doped rGO .
column Dried at room temp. for 4 h
Chemical reduction with HI
GO/CNT Biscrolling method PVA /H3POy, NA at 80 °C for 8 h; [93]
Dried in vacuum for 12 h
rGO/CNT Low-temperature chemical NA Vitamin C Dried in air at 40 °C [94]
reduction assembly method
Dryspinning of CNT fiber +
rGO/CNT dip coating of GO PVA /H3POy4 NA NA [95]
Graphene/activ Chemical reduction with HI
aphe be active Wetspinning PVA/H;PO, NA at95 °C for 12 h; [96]
carbon Dried at 60 °C for 12 h
Chemical reduction with HI
rGO/active carbon Wetspinning PVA/LiCl KOH at95 °C for 12 b; [97]

Dried at room temp.
overnight
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Table 1. Cont.
Electrodes Prepration Methods Electrolyte Agents Time/Temperature Ref.
Graphene + Conductive Polymer
rGO/PEDOT:PSS Hydrothermally processin a PVA /H3POy4 Vitamin C Chemical reduction at 90 °C ~ [98]
sealed mold pipe
rGO/PEDOT:PSS — . . . .
GO/ /PANI Wet s;;lr;;uii +t imnsltu PVA /H,S0, NA Chemlc?é;eo%?tlog }\:Ilth HI [99]
rGO/PPy polymerizatio a o ;
Thermal annealing at 800 °C
Wet spinning + thermal for 3 h;
Graphene/PANI annealing + dip coating PVA/H,80, NA Dip coating at 0 °C for 24 h (491
under slight stirring
. Chemical reduction with HI
Graphene/PPy Wet spinning PVA /HS04 NA at 80 °C for 8 h [100]
rGO/PANI Macromolecular PVA/H,SO, NA Reduction at 180 °C for 12h  [62]
self-assembly
Graphene + Metal Oxide
Wet spinning + Chemical reduction with HI
rGO/MnO, electrodeposition PVA/H3PO, NA at 80 °C [48]
.. Dried at 60 °C in vacuum;
rGO/MnO, Wet spinning PVA /H3POy4 NA Reduction at 85°C for 24h [101]
CVD growth at 1000 °C
Self-assembly of CVD within 5 min with
Graphene/MnO, graphene + MnO, PVA /H3PO, NA Ar/Hy/CHy; [102]
deposition MnO, depositionat 80 °C
for 6 min
Electrochemically
electrolyzing GO on Baked in an oven at
GO/Mn0O, graphene fiber + MnO, PVA/H5PO, NA 230 °C for 2 h [103]
deposition
Graphene + Layered Materials
Chemical reduction with
Wetspinning + HI/acetic acid at 90 °C
rGO/MoS, hodroth PVA/H,SO, NA for 8 h; [104]
y p Hydrothermal reaction at
200 °C for 24 h
Hydrothermal reaction at
rGO/MoS, Hydrothermal process PVA/H,S504 NA 220 °C for 6 h; [105]
Dried in air for 2 h
Chemical reduction with
rGO/Mxene Wet spinning PVA /H3POy4 NA HI/acetic acid at 90 °C [106]
for12h
rGO/Mxene Wet spinning + twisting PVA/H,S0, NA NA [107]
Chemical reduction with
rGO/Mxene Wet spinning PVA/H;S04 NA HI/acetic acid at 85 °C [108]
for12h
Chemical reduction with
rGO/clay Non-liquid-crystal spinning PVA/H,S0, NA HI/acetic acid at 85 °C [74]

for 9 h;
Dried at 60 °C in vacuum
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4. Performance Optimization of Graphene-Based Composite Fiber Electrodes

The electrochemical performance of graphene-based composite fiber electrodes is
determined by numerous factors, such as the preparation method, graphene flake size,
the selection of second phase material and its concentration in composite [52]. In real-
ity, these factors essentially affect the microstructure and interfaces in composite fibers.
Therefore, while different optimization strategies have been proposed, they can be briefly
classified into two categories: (1) microstructure design and (2) surface modification. The
ultimate purpose is to prevent the restacking of graphene sheets and increase the specific
surface area, eventually realizing the enhancement of the electrochemical performance of
fiber electrodes.

4.1. Microstructure Design

The ideal carbon electrode should have a hierarchical porous structure, including a
mass of micropores (pore size < 2 nm) to promote charge storage, an appropriate amount of
narrowly distributed mesopores (diameter ~2-50 nm) to increase ion transport, and a small
number of macropores (diameter > 50 nm) serving as the buffer region [109-112]. Design of
a hierarchical porous carbon-based fiber electrode is very important for the creation of high-
performance supercapacitors. In this scenario, Zheng et al. [113] developed a scalable and
cost-effective method to prepare hierarchically porous core-sheath graphene-based fiber
electrodes with a rational pore size distribution (88-97% micropores, 0-8.3% mesopores,
and 1.9-4.2% macropores) and high specific surface area (up to 416.4 m?/g), as shown in
Figure 4. The hierarchical architecture was achieved by decorating wet-spun graphene
fiber with carbonized phenol formaldehyde (CPF) resin containing small-size graphene
(SG). The encompassment of CPF and small-size graphene synergistically brought about
ultrahigh micro-porosity and increased electrical conductivity, promoting ion storage and
transport performance. Qu’s group recently has fabricated all graphene core-sheath fibers,
in which a graphene fiber core is wrapped by a sheath of 3D porous network-like graphene
framework through an electrochemically electrolyzing process. The high electronic conduc-
tion of the graphene fiber and the high specific surface area of 3D graphene network com-
bined contributed to the electrochemical performance of the fiber-based supercapacitor [59].
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Figure 4. (a) Schematic illustration showing the roadmap for producing hierarchically porous core-sheath graphene-based
fiber electrodes; (b,c) SEM imaging showing the typical porous structure along the fiber axis, confirming the presence of
mesopores and macropores [113] (copyright permission Royal Society of Chemistry 2018).
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In fact, during the wet spinning process, the drying of graphene fibers typically leads
to a shrinkage and the induced capillary force forces graphene sheets to contract inward
and buckle into a wrinkled structure of varying conformations [79]. With amplitudes
ranging from nanometers to micrometers, multiscale wrinkles can also significantly increase
the porosity and hence specific surface area of electrode materials, yielding remarkable
electrochemical and energy-storing properties. For example, Zhang et al. [114] compared
the effect of different preparation methods (i.e., thermal reduction vs. chemical reduction)
on a flexible fibrous graphene electrode’s performance. As shown in Figure 5a,b, the
surface of the fiber electrode reduced by hydroiodic acid exhibits distributed wrinkles,
which are caused by turbostratic stacking of graphene sheets, and the cross-section image
consequently presents obvious pores. In contrast, the wrinkles after thermal reduction
almost disappear, giving rise to a uniform and intact surface; the graphene sheets are also
partially connected according to the cross-section images, as shown in Figure 5¢,d. This is
because of the graphitization of GO during the high temperature annealing process. This
would hinder the electrolyte ions’ diffusion and result in poor capacitance performance.

Figure 5. (a) Top and (b) cross-section SEM image of the graphene-based fiber electrode by chemical
reduction; (c) Top and (d) cross-section SEM image of the graphene-based fiber electrode by thermal
reduction [114] (copyright permission Wiley-VCH 2020).

In addition, the wrinkled structure also favors the flexibility as well as interfacial
bonding of graphene-based composite fibers [115]. Nonetheless, from the mechanical
perspective, these voids and random wrinkles also act as defects within graphene fibers
(Figure 6) and are fatal to the mechanical and durability performance of composite fibers.
Defect engineering strategies are therefore required to tune the wrinkled structure and
porosity of graphene-based fiber, in order to reach a balance between the mechanical degra-
dation and the electrochemical performance enhancement. In this respect, Gao’s group [45]
has carried out a series of studies exploiting a continuous stretching strategy to attain
the optimal alignment of GO sheets, allowing the possibility of voids and an inhomoge-
neous structure. As a consequence, the as-obtained graphene fiber exhibited an ultrahigh
stiffness and tensile strength, as well as high electrical conductivity attributed to the
suppressed defects.
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Figure 6. Structural model and corresponding electron images of multiscale defects in graphene-based fibers, including

rough surface with random wrinkles, inhomogeneous core-sheath structure, default stacking and voids, and amorphous

laminates of defective graphene sheets [45] (copyright permission Wiley-VCH 2016).

4.2. Surface Modification

Introducing hetero-molecules/atoms into graphene-based fibers not only improves
their specific properties, but also extends their functionalities. Generally, functional groups
or heteroatoms containing oxygen, nitrogen, and sulfur can be introduced to reconstruct
and optimize hybrid graphene composite fibers through surface modification without
damaging the 3D order. In particular, nitrogen or sulfur doping can effectively increase the
capacitance of carbon-based materials, while oxygen-containing functional groups have
been also demonstrated to endow graphene with tunable physical and chemical properties
to achieve desirable applications. For example, Liu et al. [46] investigated the effects of
different dopants on the conductivity of graphene fibers by doping graphene fibers at high
temperatures. They found that doping of FeCls, bromine, and potassium could all increase
the conductivity of graphene fibers, setting the new records for graphene fibers reported in
the literature. The obtained high conductivities were ascribed to the effective increment
in carrier concentration after doping as well as the high carrier mobility stemming from
graphene building blocks. Nitrogen-doped graphene fiber electrodes were also synthesized
by microfluidic-directed strategy, as shown in Figure 7a [116]. The nitrogen-active site was
found to contribute to enhancing the surface charge density and the interaction with ions
in the electrode, leading to ultra-large capacitance and record high output energy density.
Chen et al. [117] reported a hydrothermal process for controlled synthesis and structural
modification of the nitrogen-doped graphene hydrogel by employing organic amine and
graphene oxide as precursors. The organic amine not only offered a nitrogen source to
obtain the nitrogen-doped graphene but was also an important modification to control the
assembly of graphene sheets in 3D structures, giving rise to an enhancement of the electro-
chemical performance for supercapacitors. Even at an ultrafast charge/discharge rate of
185 A /g, with a specific capacitance of 113.8 F/g, a high power density of 205.0 kW /kg
can be achieved. Besides that, 95.2% of the capacitance was retained at a current density of
100 A /g after 4000 cycles.
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Figure 7. (a) Schematic illustration of the preparation of N-doped microfluidic-directed graphene fibers [116] (copyright
permission Wiley-VCH 2017); (b) Schematic illustration of the preparation process for the bioinspired rGO-Ca?*-PCDO
fibers [118] (copyright permission Wiley-VCH 2016).

Furthermore, surface modification is also deemed as an effective approach for inter-
face engineering, which leads to stronger interfacial interactions and higher mechanical
properties of graphene-based composites. Inspired by the design principles originating
from nacre, Zhang et al. [69,118] performed chemical functionalization on graphene fibers
by constructing synergistic interfacial interactions of covalent bonding, ionic bonding,
and 7—m interactions (Figure 7b). The reinforced graphene fibers displayed significantly
enhanced the tensile strength and toughness, as well as higher electrical performance than
neat graphene fibers.

5. Electrochemical Performance of Graphene-Based Composite Fiber Electrodes
in Supercapacitors

5.1. Carbon Allotropy/Graphene

Carbon allotropes such as CNT offer combined remarkable properties including high
flexibility, tensile strength, electrical conductivity, and mechanical and thermal stability.
Therefore, the integration of CNTs and graphene into fibers will lead to synergistic en-
hancement of properties and functions. Yu et al. [78] proposed a scalable synthesis of a
hierarchically structured carbon microfiber made of an interconnected network of aligned
single-walled CNTs with interposed nitrogen-doped rGO sheets. The capacitor electrodes
made from these fibers have a specific volumetric capacity of 305 F/cm?® in H,SO, and
300 F/cm? in PVA /H3POy electrolytes. Unfunctionalized few-walled CNTs were also used
to dispersed into GO suspension and spun into composite fibers [119]. The introduction
of CNTs significantly improved the conductivity up to 210.7 S/cm. Consequently, the
wire-shaped supercapacitors exhibited a high volumetric capacity of 38.8 F/cm? and en-
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ergy density of 3.4 mWh/cm?, as well as excellent charge/discharge performance. Later,
Sun et al. [93] synthesized CNT-graphene composite fibers by incorporating graphene
nanosheets among neighboring CNTs (Figure 8a), playing a role of effective bridges to
improve the charge transport. The as-obtained wire-shaped supercapacitor displayed a
high specific capacitance of 31.50 F/g, much higher than that for pure CNT fibers (5.83 F/g)
under the same conditions, as presented in Figure 8b,c. Using a low-temperature chemical
reduction assembly method with vitamin C as the reducing agent, Jiang et al. [94] prepared
flexible rGO/CNT hybrid fibers with an interconnected network architecture that showed
excellent mechanical strength and volumetric high energy density. The volumetric specific
capacitance of the rGO/CNT electrode was estimated to be 559.9 F/ cm?, and the qualitative
specific capacitance was 59.76 F/g at a high current density of 1 A/g, which is higher than
that of single rGO fibers. Park et al. [55] developed porous CNT-graphene hybrid fibers for
all-solid-state symmetric supercapacitors through the wet-spinning method followed by a
hydrothermal activation process. The optimized volume capacitance could reach as high
as 60 F/cm?; meanwhile the energy density was increased to 4.83 mWh/cm3. This was
ascribed to the continuous solvated ion pathways through the fibers.
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Figure 8. (a) Schematic illustration of the structure of the graphene/CNT composite fiber; (b) Current-voltage and
(c) galvanostatic charge—discharge curves of wire-shaped supercapacitors with bare CNT and GO/CNT composite fibers
as electrodes, respectively [93] (copyright permission Wiley-VCH 2014); (d) SEM image ofactivated carbon/rGOfibers;

(e) Specific capacitance of AC fiber-based all-solid-state supercapacitors at various current densities; (f) Energy and power

densities of the AC fiber-based all-solid-state supercapacitors compared with those of commercially available energy-storage

systems [96] (copyright permission American Chemical Society 2016).

In addition to CNTs, GO was also leveraged as dispersant and binderto fabricate
activated carbon (AC) fibers, as shown in Figure 8d [96]. A flexible all-solid-state superca-
pacitor was then constructed by twisting two AC fiber electrodes with PVA /H3 POy, elec-
trolyte, which showed a specific capacitance of 27.6 F/ cm3 at 13 mA /cm?® and 20.2 F/cm®
at 520 mA/cm?, corresponding to mass capacitance of 43.8 and 32.1 F/g, respectively
(Figure 8e). Furthermore, the Ragone plot in Figure 8f gives the maximum energy density
of the AC fiber-based all-solid-state supercapacitors, which is up to 2.5 mWh/cm? at a
power density of 5 mWh/cm?, superior to those of commercially available supercapacitors.
Ho et al. [97] recently synthesized activated graphene by KOH-based activation of exfoli-
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ated graphite oxide, which was then incorporated in graphene fibers by employing GO
as a dispersant and binder in the wet-spinning process, followed by subsequent chemical
reduction treatment. The hierarchically porous structure of activated graphene significantly
increased the specific surface area up to 2868.7 m?/g. The obtained supercapacitor exhib-
ited the highest areal capacitance of 145.1 mF/cm? at 0.8 mA /cm?, corresponding to an
areal energy density and power density of 5.04 uWh/cm? and 0.50 mW /cm?, respectively.
Furthermore, the supercapacitor showed a long-term stability with a capacitance retention
of ~91.5% after 10,000 cycles.

5.2. Conductive Polymer/Graphene

As typical pseudocapacitive materials, conducting polymers with high redox pseudo-
capacitive charge, low cost and ease of preparation are one of the most important active
materials for supercapacitors. Modifying graphene with conductive polymers to form
functional composites is deemed as an effective way to enhance the capacitance perfor-
mance. Sasikala et al. [99] reported a PEDOT/graphene core-shell fiber where N and Cu
co-doped porous graphene fiber was uniformly coated with PEDOT shell layers, presenting
high electrical conductivity and superb electrochemical performance. The macropores not
only endowed the fiber with a huge specific surface area, but also served as an electrolyte
reservoir providing more open channels for the infiltration of electrolytes. As a result,
the assembled fiber supercapacitors showed a high volumetric specific capacitance of
263.1 F/cm? and energy density of 7.0 mWh/cm?3.

By twisting two fiber electrodes with a gel polymer electrolyte between them, a
twisted fiber configuration enables the fiber electrodes to contact more closely; therefore,
more efficient ion transport is achieved. Ding et al. [100] fabricated a diameter-controlled
graphene/polypyrrole (PPy) fiber via the wet-spinning strategy, which provided an ad-
vantageous platform as flexible, lightweight electrodes for supercapacitors. The flexible
all-solid-state fiber supercapacitor was then created by intertwining two graphene/PPy
fiber electrodes pre-coated with PVA /H,S0O; gel polyelectrolyte. The capacitance was
obtained to be 107.2 mF/cm? at a current density of 0.24 mA/ cm?, which was found to
maintain stability during a long-term repetitive straight-to-bending process. The energy
density was also kept consistent in the range of 6.6 to 9.7 uWh/cm?. Core-sheath porous
PANI nanorods/graphene hybrid fibers were achieved by in situ chemical polymeriza-
tion [49]. In addition to the electrical double-layer capacitance contributed by graphene
fibers and faradaic pseudo-capacitance offered by PANI, the mesopores resulted from
the interconnected PANInanorods further facilitated the solvated ions’” transport from
the electrolyte into electrodes, endowing the as-assembled twisted fiber supercapacitors
with a volumetric capacitance of 357.1 mF/cm? and energy density of 5.7 mWh/cm?3 or
7.93 uWh/cm?.

Hollow graphene-based fibers have recently drawn attention as the tubular structures
expose more internal area that benefits electrochemical applications. Qu et al. [98] prepared
a hollow rGO/PEDOT:PSS hybrid fiber electrode, as depicted in Figure 9a. The hollow
structure favors both the exterior and interior active surface area accessible to the electrolyte.
The consequent electrical conductivities could reach 4700 S/m even without taking the hol-
low interior into account. Besides that, the as-assembled supercapacitor gave rise to ahigh
specific areal capacitance of 304.5 mF/cm?, corresponding to an ultrahigh energy density
of 27.1 uWh/cm? (Figure 9b). The specific capacitance was also highly stable and main-
tained as almost constant after the specific capacitance remained almost unchanged after
bending for 500 times and can be maintained by 96% after 10,000-cycleloading (Figure 9c).
According to the comparison with other fiber-shaped supercapacitors in Figure 9d, the
achieved electrochemical performance represented the highest areal capacitance and areal
energy density.
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Figure 9. (a) Schematic illustrationof preparation of hollow rGO/conducting polymer composite fibers; (b) Areal specific
capacitances ofcomposite fiber supercapacitorsat increasing current densities; (¢) Long-term cyclic stability of the composite
fiber supercapacitors; (d) Comparison of the electrochemical performances of composite fiber supercapacitors with that of
the other fiber-shaped supercapacitors in areal specific capacitance (Cp), length specific capacitance (Cr ), and areal energy
density (Ea) [98] (copyright permission Wiley-VCH 2016).

5.3. Metal Oxide/Graphene

Among different metal oxides, MnQO, is one of the most promising materials for
low-cost and environment-friendly electrochemical capacitor devices with high specific
capacitance [120,121]. Earlier demonstrations included the solution-based synthesis of
graphene/MnQO; nanostructured textiles as high-performance supercapacitor electrodes [122],
which yields high specific capacitance up to 315 F/g, as shown in Figure 10a—c. Further-
more, embedding MnO; nanorods into graphene sheets has been demonstrated to be
efficient in increasing the electrochemical performance of graphene fibers due to the pres-
ence of hierarchically porous structures and high pseudo-capacitance of MnO, nanorods.
The assembled all-solid-state hybrid fiber supercapacitors exhibited a high volumetric
capacitance (66.1 F/ cm®) and energy density (5.8 mWh/ cm®) [101]. Li et al. [102] fabri-
cated a graphene fiber-based solid-state supercapacitor with MnO,nanoparticle deposition.
The maximum areal capacitance of the hybrid flexible graphene-MnO, composite electrode
was increased t042.02 mF/cm?, which is almost 20 times higher than that of a graphene
fiber capacitor without MnO,. Accordingly, the energy density was also increased from
7.38 x 107° to 146 x 1073 mWh/cm?. Qu'’s group prepared an all-solid-state flexible fiber
supercapacitor, wherein graphene fibers with a sheath of 3D graphene network was coated
with MnO; nanoflowers [103]. Sharing the same electrochemical mechanism as discussed
above, the supercapacitors presented a significantly enhanced capacitive performance,
with a measured area-specific capacitance of 9.1-9.6 mF/cm?, combined with a robust
tolerance to mechanical deformation. More recently, an all-in-one graphene and MnO,
composite hybrid supercapacitor fiber device has been developed by Yu's group, as shown
in Figure 10d [48]. In contrast to twisted configuration, the all-in-one design effectively
eliminated any circuit shortage and reduced the charge-transfer pathway. The synergetic
effect of MnO, nanoparticlesand graphene sheets endows the supercapacitors with a higher
specific volumetric capacitance of 29.6 F/cm? without severe capacitance fading at a high



Crystals 2021, 11, 1484 17 of 27

bending angle or voltage scan rate, but also remarkable flexibility and tensile strength that
can be easily weaved into conductive textiles.
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Figure 10. (a) SEM image of a typical graphene fiber with conformal coating of MnO, nanostructures; (b) Cyclic voltammo-
grams for graphene/MnO;-textile electrode at different scan rates in 0.5 M aqueous NaySOy electrolyte; (¢) Comparison
of specific capacitance values between graphene/MnO,-textile and graphene nanosheets-only textile at different scan
rates [122] (copyright permission American Chemical Society 2011); (d) Schematic illustration of the fabrication route to
asymmetric graphene fiber all-in-one device, including wet spinning of GO fibers, reduction of fiber to form core graphene
fiber, growth of MnO, layer, gel electrolyte coating, and outer graphene layer coating [48] (copyright permission American
Chemical Society 2017).

5.4. Other 2D Materials: Graphene and Clay/Graphene

Two-dimensional materials such as MoS; and MXene have been successfully incor-
porated into graphene fibers to improve their electrochemical properties. In particular,
Tang et al. [104] designed a hierarchical graphene/MoS, core-shell fiber by growing radi-
ally aligned 2D MoS, arrays on the surface of graphene fibers. The solid supercapacitor
displayed a superior capacitance of 189.73 mF/cm?, almost 260 times higher than that of
pure graphene fibers. In addition, the energy density can reach as high as 14.665 tWh/cm?
(6.5 mWh/cm?). Recently, an intercalated rGO/MoS, composite fiber has been synthesized
by a one-step hydrothermal process [105]. Large graphene sheets constructed a robust
skeleton intercalated by MoS;nanosheets filling the micropores in the hybrid fibers, as
depicted in Figure 11a. The combination of the excellent electrical conductivity of rGO with
the outstanding electrochemical activity of MoS, renders a highest specific capacitance of
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368 F/cm? for the resulting fiber-shaped supercapacitor compared with previous reports
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Figure 11. (a) Schematic illustration of the intercalated nanostructure of the graphene/MoS, hybrid fiber, where small MoS,

sheets are epitaxially grown on large graphene sheets; (b) Dependence of volumetric capacitance on the MoS; content in the

supercapacitor [105] (copyright permission The Royal Society of Chemistry 2017); (c) Schematic illustration of wet-spinning

process for the MXene/GO fiber; (d) Current—voltage curves and (e) volumetric capacitances at different scan rates of the

fabricated solid state MXene/rGO supercapacitors with various MXene contents [106] (copyright permission The Royal
Society of Chemistry 2017); (f) Schematic illustration of the fabrication process of rGO/clay hybrid fibers; (g) Specific
capacitance at different current density of rGO/clay fiber [74] (copyright permission Elsevier 2020).

Since MXene is also a promising candidate for supercapacitors, Gao’s group developed
a wet-spinning assembly strategy for continuous fabrication of composite fibers through
a synergistic effect between GO liquid crystals and MXene nanosheets, as presented in
Figure 11c [106]. The reduction enabled an increase of the conductivity of the MXene /rGO
fibers from 2.7 x 103 S/m to 2.9 x 10* S/m. The consequent fiber-constructed flexible
supercapacitors exhibited a record high volumetric capacitance (586.4 F/cm?) and high
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areal capacitance (372.2 mF/cm?), far exceeding those of neat GO fibers (16.4 F/cm? and
7.8 mF/cm?) (Figure 11d,e). Similarly, He and co-authors demonstrated the fabrication of
individual rGO/MXene-based fibers with carefully engineered hierarchical structures [108].
They paid more attention to the effect of the liquid electrolyte mediation and lateral size of
MXene sheets on the electrical, mechanical, and electrochemical properties. The obtained
rGO/MXene supercapacitors showed capacitance of 342.6 mF/cm?, which is 17 times
higher than that of neat rGO fibers (19.16 mF/ C1’1’12). Moreover, the electrolyte mediation
was found to further increase the areal capacitance up to 550.96 mF/cm?, exceeding that of
most state-of-the-art fiber electrodes. In terms of the size effect, the larger flake of MXene
in the hybrid fibers was demonstrated to result in higher conductivity and mechanical
strength as well as better electrochemical performance.

Chen et al. [74] fabricated inorganic hybrid fibers from GO and nanoclay via non-
liquid-crystal spinning with additional chemical reduction, as shown in Figure 11f. The hy-
brid fibers possessed relatively ordered structure that accounted for improved mechanical
properties, good affinity with electrolytes, and enhanced capacitive performance. Specif-
ically, the assembled supercapacitor showed a specific capacitance of 230.9 F/cm? at a
current density of 0.234 A/cm3, as shown in Figure 11g. Meanwhile, a high energy density
of 6.14 mWh/cm?® could be achieved at the power density of 28.33 mWh/ cm3, which is
even higher than that of rtGO/MoS,supercapacitors.

5.5. Multiple Functional Materials/Graphene

In order to achieve further improvement in the electrochemical properties and su-
percapacitor device performance, more than one functional material has been integrated
with graphene to fabricate composite fibers. For instance, a coaxial wet-spinning assem-
bly strategy was proposed to prepare core-sheath fibers where a graphene/CNT mixture
was wrapped by polyelectrolyte [21]. The aqueous solution of sodium carboxy methyl
cellulose (CMC) was used as the outer spinning dope since CMC is an ionically conduc-
tive but electrically insulative polyelectrolyte. The consequent polymer sheath ensures
fiber electrodes free of short circuits when intertwined together, while allowing ions to
smoothly penetrate from the electrolyte matrix to electrodes. Then the coaxial fibers were
directly assembled into two-ply intertwined yarn supercapacitors that showed ultra-high
capacitances of 269 and 177 mF/cm? and energy densities of 5.91 and 3.84 mWh/cm?,
respectively. Wang et al. [95] developed a one-step electrochemical deposition process to
manufacture continuous fibers by integrating a variety of pseudocapacitive active materials
such as GO, metal oxide, and conductive polymers with CNTs. The all-solid-state super-
capacitor showed remarkable energy-storage capabilities. More recently, rGO fiber-based
springs were fabricated as electrodes for stretchable and self-healable supercapacitors [123].
Therein, rGO was first mixed with multiwalled CNTs (MWCNTs) to produced compos-
ite fibers, which were subsequently wrapped by a thin layer of conductive PPy, to im-
prove the conductivity and electrochemical performance. After being twisted into springs,
polyurethane (PU) was coated on spring-like fiber electrodes to endow them with high
stretchability and self-healing ability. As a result, the volumetric capacitance for composite
fibers with PPy /RGO/ MWCNTs showed the highest value of 25.9 F/cm? at the scan rate of
0.01 V/s compared to that of rGO (11.4 F/ cm?) and rGO/MWCNTSs (10.8 F/cm?). Similarly,
electrodeposition of PANI on the surface of rGO/CNT composite fibers was applied to
endow the fiber electrodes with good electrochemical characteristics, highest volumetric
specific capacitance of 193.1 F/cm3 at current density of 1 A/cm3, and excellent cyclic
retention of 92.60% after 2000 CV cycles [124]. The resulting symmetric supercapacitor
presented a volumetric capacitance of 36.7 F/cm? at current density of 0.2 A/cm?.

Table 2 compares in detail the mechanical properties and electrochemical performance
of several graphene-based composite fibers, as previously reported.
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Table 2. Brief summary of the mechanical and electrochemical performance of graphene-based composite fibers.
WorkWindow Electrical Specific . . Cycling
Electrodes Electrolyte W) Strength (MPa) Conductivity (S/cm) Capacitance Energy Density = Power Density Stability Ref.
Graphene + Carbon Allotropy
94%
3 3 3
rGO/CNT PVA/KOH 0.8 78.4 133.3 60.75 F/cm 4.83 mWh/cm 18.1 mW/cm (10,000 cycles) [55]
SWNT /nitrogen-doped 3 3 3 93%
GO PVA /H3POy4 1.0 84 102 300 F/cm 6.3 mWh/cm 1085 mW /cm (10,000 cycles) [78]
~100%
GO/CNT PVA /H3POy4 1.0 630 450 31.50F/g NA NA (5000 cycles) [93]
rGO/CNT NA 1.2 46 153.6 559.9 F/cm3 11.6 Wh/kg NA 97:1% [94]
’ ’ ’ ’ (5000 cycles)
~100%
3 3 3
rGO/CNT PVA/H3POy 1.0 3925 NA 68.4F/cm 24 mWh/cm 18 mW/cm (10,000 cycles) [95]
90.4%
: 3 3 3
Graphene/active carbon PVA/H3POy 0.8 227 185 27.6 F/cm 2.5 mWh/cm 5mW/cm (10,000 cycles) [96]
91.5%
: : 2 2 2
rGO/active carbon PVA/LiCl 1.0 4.2 47.3 145.1 mF/cm 5.04 yWh/cm 0.5 mW/cm: (10,000 cycles) [97]
Graphene + Conductive Polymer
96%
. - 3 3 2
rGO/PEDOT:PSS PVA/H3POy 0.8 631 42-47 143.3 F/cm 12.7 mWh/cm 66.5 tWh/cm (10,000 cycles) [98]
97.2%
. 3 ~ 3
rGO/PEDOT:PSS PVA/H;S04 1.0 NA 387.1 263.1 F/cm 7.0 mWh/cm NA (20,000 cycles) [99]
94.1%
3 _ 3
rGO/PANI PVA /H;SOy4 1.0 NA 282.7 155.2 F/cm 3.8 mWh/cm NA (20,000 cycles) [99]
96.2%
2 2 2
Graphene/PANI PVA /H,SO4 0.8 484 14 357.1 mF/cm 7.93 yWh/cm 0.23 mW /cm (5000 cycles) [49]
rGO/PPy PVA /H,S0, 1.0 NA 259.4 184.1 F/cm? ~4.1 mWh/cm3 NA 94.8% [99]
’ ’ ’ ’ (20,000 cycles)
98%
_ 3 2
Graphene/PPy PVA /H,SOy4 0.8 80 137-144 1072 F/cm 6.6 tWh/cm NA (1000 cycles) [100]
rGO/PANI PVA/H,S04 0.8 140 NA 148 F/cm? 8.8 mWh/cm®  30.77 mW/cm3 NA [62]
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Table 2. Cont.

WorkWindow

Electrical

Specific

Cycling

Electrodes Electrolyte W) Strength (MPa) Conductivity (S/cm) Capacitance Energy Density = Power Density Stability Ref.
Graphene + Metal Oxide
Graphene/MnO, PVA/H3POy 1.8 NA NA 26.9 F/cm? NA NA (10 08 SC‘;/;)Cles) [48]
rGO/MnO, PVA /H3PO, 0.8 117 25.2 66.1 F/cm? 5.8 mWh/cm? 0.51 mW/cm3 (10’00906(;/%%) [101]
Graphene/MnO, PVA/H3PO, 1.0 NA 172 42 F/cm’ 1.46 uWh/cm? 2.9 mW/cm? a O()gzc(;/;cles) [102]
GO/MnO, PVA/H;PO, 0.8 NA 10 34-36 F/g NA NA a 0832(});/‘165) [103]
Graphene + Layered Materials
rGO/MoS, PVA /H,S0, 0.8 NA NA 189.73 mF/cm? 6.5 mWh/cm®  268.66 mW/cm? (50509 gfles) [104]
rGO/MoS, PVA/H,S0, 0.8 181 NA 368 F/cm? NA NA (soog(godes) [105]
rGO/Mxene PVA/H3PO, 0.8 12.9 290 586.4 F/cm> 13 mWh/cm? 0.59 mW/cm3 (3008‘&1%) [106]
rGO/Mxene PVA /H,S0, 0.8 NA NA 253 mF/cm? 27.1 uWh/cm? 2.5 mW/cm? a Ongc;/:cles) [107]
rGO/Mxene PVA/H,S0, 0.8 110.7 743.1 342.6 mF/cm?  9.85 mWh/cm? 7.1 mW/cm? a 0,0(?(? Z‘}’Ides) [108]
rGO/clay PVA /H,S0, 1.0 102.7 10.4 230.9 F/cm® 6.14 mWh/cm? 28 mW /cm? ~100% [74]

(5000 cycles)
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6. Conclusions and Perspectives

Supercapacitors feature numerous advantages of fast charge and discharge, high
power density, and long cycle life. Electrode materials act as a key factor that determines
the energy storage capability of supercapacitors. Research in recent years has demonstrated
extensive application of graphene materials as electrode materials due to their high specific
surface area, high conductivity, high flexibility and robustness. However, the creation of
graphene fibers still presents difficulties in fabrication of continuous and highly ordered
graphene sheets with strong interlayer interactions.

In this context, the combination of graphene and other materials affords an effective
way to improve the electrochemical performance of fiber-based electrodes. The introduced
guest molecules include carbon allotropes, conductive polymers, metal oxides and other
materials (e.g., clay and other 2D materials). Our study discusses the complementary and
synergistic contributions of graphene and other materials to the enhancement of electro-
chemical performance. Furthermore, the intercalation of the guest molecules increases the
interlayer spacing or fills in the interlayer galleries between graphene layers, resulting in
restriction of the aggregation and restacking of graphene sheets.

Although there are a number of preparation methods for graphene-based composite
fibers, mixing the graphene and other complementary materials in spinning solutions
represents the most efficient path to manufacture graphene-based composite fibers before
the fiber production or deposition of graphene coating on as-prepared fibers. Other
commonly used methods, including in situ polymerization, CVD growth, electrophoretic
deposition, and direct coating, were also introduced here for comparison.

Research in recent years has demonstrated the microstructures and interfaces in
composite fibers are key parameters defining the electrochemical performance of graphene-
based composite fiber electrodes. This gives us an opportunity to design high-performance
graphene-based composite fiber electrodes through the rationalized optimization of the
microstructure design and surface modification. We elucidate the deep relationship of hier-
archical porous structures to promote charge storage, increase ion transport, and improve
the electrochemical performance of fiber-based supercapacitor. Another factor worthy
of close scrutiny is the wrinkled structure that favors the flexibility as well as interfacial
bonding of graphene-based composite fibers. Nevertheless, it should be noted that these
voids and random wrinkles result in a reduction of the mechanical and durability perfor-
mance of composite fibers. It is necessary to tune the wrinkled structure and porosity of
graphene-based fibers in order to reach a balance between the mechanical degradation
and electrochemical performance enhancement. Alternatively, adding functional groups or
heteroatoms containing oxygen, nitrogen, and sulfur into graphene-based fibers without
damaging the 3D order also contributes to their specific properties and extends their func-
tionalities. Both approaches have proved effective in preventing the restacking of graphene
sheets and increasing the specific surface area, eventually enhancing the electrochemical
performance of hybrid graphene fiber electrodes.

It has now been clearly demonstrated that graphene-based fiber electrodes will pro-
mote the development of flexible supercapacitors. However, several important challenges
still urgently need to be overcome: (1) Clarifying the effects of graphene and other func-
tional materials on the electrochemical properties, as well as the relationship between
energy storage and defects, layer number, sizes, and surface chemistry, is necessary. Future
efforts can be concentrated on the control of the size, morphology, quality, quantity, and
distribution of functional components. Rational design of the texture or microstructure of
graphene-based hybrid materials can ensure reproducibility and better understanding of
the structure—property relationships. (2) The controllability of the interactions between
graphene and complementary materials is essentially important, especially for superca-
pacitor applications that involve charge transfer processes. Currently, most composite
materials are synthesized by direct mixing, giving rise to relatively poor interfaces. A
good understanding of the surface chemistry of graphene and other materials is critical for
improving interfacial bonding between graphene and functional building blocks, hence
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reaching a well-defined uniform structure. (3) New approaches to fabricate graphene-based
composites have to involve a combined focus on new chemistry, controlled synthesis, and
device-performance of novel composite materials with optimized properties and function-
alities, which is essential to improve the electrochemical performance of graphene-based
composite fiber electrodes, and to create novel graphene-based energy storage devices.
(4) Besides conductivity and capacitance, the flexibility and stretchability are two crucial
factors for making practical advanced flexible supercapacitors. A balance between the
electrochemical and mechanical performance should be struck by optimization of the
microstructures and interfaces. (5) In terms of the industrial implementation, the successful
application of graphene-based composite fibers requires a comprehensive improvement in
scalability, cost-effectiveness, stability, and environmental sustainability, not merely high
performance of the composite electrodes. With continuous exploitation, it is believed that
there may be breakthroughs in practical application of graphene-based composite fiber
electrodes in wearable electronics in the near future.
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