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There is a growing interest in the application of supercapacitors in energy storage systems due to their high spe-
cific power, fast charge/discharge rates and long cycle stability. Researchers have focused recently on developing
nanomaterials to enhance their capacitive performance of supercapacitors. Particularly, the utilisation of fibres as
templates has led to theoretical and practical advantages owing to their enlarged specific surface area, which al-
lows fast electrolyte-ion diffusion. In addition, the inclusion of redox-active components, such as transitionmetal
oxides (TMOs) and conducting polymers (CPs), into the fibres is believed to play an important role in improving
the electrochemical behaviour of the fibre-based materials. Nevertheless, supercapacitors containing TMO- and
CP-based fibres commonly suffer from inferior ion-transport kinetics and poor electronic conductivity, which
can affect the rate capability and cycling stability of the electrodes. Therefore, the development of TMO/CP-
based fibres has gained widespread attention because they synergistically combine the advantages of both ma-
terials, enabling revolutionary applications in the electrochemical field. This review describes and highlights re-
cent progress in the development of TMO-, CP- and TMO/CP-based fibres regarding their design approach,
configurations and electrochemical properties for supercapacitor applications, at the same time providing new
opportunities for future energy storage technologies.
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1. Introduction

In recent years, the development of sustainable and renewable en-
ergy storage systems has accelerated because of the need to preserve
natural resources and control energy consumption. Non-conventional
energy devices, such as batteries, supercapacitors and fuel cells, have
been utilised in hybrid vehicles and portable electronic devices where
the chemical energy is converted to electrical energy via electrochemi-
cal reactions [1]. Among them, supercapacitors or electrochemical ca-
pacitors (ECs) have attracted great attention due to their superior
electrochemical performances, where high specific power, excellent cy-
cling life and rapid charging/discharging rate [2] are highly desirable.
Fig. 1. Graph of specific energy versus specific powe
However, current supercapacitors still have low specific energy com-
pared to batteries. To overcome this constraint, two main approaches
have been extensively studied for enhancing the specific energy: (i) to
fabricate advanced supercapacitors with high specific capacitance and
(ii) to increase the voltage window from the selection of the electrolyte
[3–6].

A good choice of electrodematerials with remarkable electrical con-
ductivity and a large specific surface area (SSA) is the main aspect for
developing high-performance supercapacitors [7,8]. Fig. 1 shows the
Ragoneplot for different energy storage technologies: fuel cells, conven-
tional batteries, supercapacitors and conventional capacitors. This graph
explains the magnitude of specific energy (Wh/kg) and specific power
r for different types of energy storage devices.

Image of Fig. 1
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(W/kg) with discharging time for each device (E= Pt). Although batte-
ries can exhibit an excellent energy output (100–200Wh/kg), they need
additional time to be recharged, leading to a poor specific power perfor-
mance [9]. Hence, supercapacitors are known as important members of
the energy storage family due to their satisfying specific energy
(1–10 Wh/kg), compared with traditional capacitors [10], and their
higher specific power (500–10,000W/kg) comparedwith batteries. Ad-
ditionally, it is worth to mention that supercapacitors can be fully
charged/discharged at a very fast rate with enlarged cycling lifetime
[11]. In addition, the determination of the voltage windows entirely de-
pends on the thermodynamic stability of the electrolytes. A maximum
voltage window of 1.0 V was achieved using an aqueous electrolyte
wit/gh a low equivalent series resistance (ESR). Although an organic
electrolyte can be operated within a voltage window up to 3.0–5.0 V,
it is hazardous to the environment and suffers from a high ESR, which
inhibits achieving a high specific power [12]. Therefore, an aqueous
electrolyte is commonly utilised in typical supercapacitors due to its
low cost, availability and low toxicity [13].

Nanostructuredmaterials and their composites are attractive hotspots
for various applications such as drug delivery [14], biomedical (wound
dressing) [15], tissue engineering [16], lithium-ion batteries (LIBs) [17]
and supercapacitors [18–22]. One-dimensional (1D) nanomaterials,
such as nanotubes, nanorods, nanobelts and nanofibres (NFs), possess
unique features that can provide a high accessible surface area-to-
Fig. 2. Different morphologies of electrospun fibres: (a) a hierarchical porous fibre [37], (b)
volume ratio and shorten the diffusion pathway for ion transportation
[23,24]. Among all the kinds of nanomaterials, NFs are flexible for
manufacturing various kinds of fibrous structures, such as hierarchical
pores, core/shell structures, aligned and random fibres [25] (Fig. 2),
which enhance the performance of energy storage devices. For example,
Tran and Kalra [26] have prepared free-standing porous carbon
nanofibres (CNFs) using a blend of polyacrylonitrile and sacrificial Nafion
via electrospinning and subsequent carbonisation process. Nafion was
used as pore-forming agent in the spinning solution, which thermally
decomposed at high temperature. The porous CNFs showed a high spe-
cific surface area (1600 m2/g), yielding enhanced specific capacitance of
210 F/g. However, the poor specific energy (4Wh/kg) limits their practi-
cal application for supercapacitor. The similar techniquewas employedby
Xu [27] to synthesise NiCo2O4-CNFs@Ni(OH)2 core-shell nanofibres. The
uniform distribution of NiCo2O4 nanoparticles on CNFs improves the con-
tact between Ni(OH)2 and NiCo2O4-CNFs which allows continuous trans-
fer channels and short diffusion distances for electrolyte ions. The
electrode possessed a specific capacitance as high as 1925 F/g with good
stability of 87% after 5000 cycles. In addition, an oriented graphite fibres
prepared by Yan et al. [28] exhibited the specific capacitance of 54.4 F/g
which is less than the coal-derived carbon nanofibres (CCNFs) prepared
by [29] with specific capacitance of 299.4 F/g. The significant improve-
ment on the specific capacitance is due to the enlarged specific surface
area fromnon-wovenfibres of CCNFswhich increase the accessible active
a core/shell fibre [38], (c) an aligned fibre [39] and (d) a randomly oriented fibre [19].

Image of Fig. 2
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sites for ion diffusion process. Table 1 summarised the recently reported
NFs based electrodes for supercapacitor and their performance. However,
NFs still suffer froma low specific capacitance,which is themajor require-
ment for high-performance supercapacitors. Therefore, significant efforts
have been devoted to achieving an electrochemical improvement of
supercapacitors by incorporating NFs with pseudocapacitive materials,
such as transition metal oxides (TMOs) and conducting polymers, (CPs)
which undergo a fast and reversible faradaic reaction, resulting in a
10–100 times higher capacitance than NFs alone. Although several re-
views have covered the development of transition metal oxide- and
conducting polymer-based carbon fibre composites as supercapacitor
electrodes [10,30–36], there is comprehensive review on TMO/CP-based
fibres and their utilisation in the advancement of supercapacitor
application.

This review mainly focuses on recent advances in TMO-, CP- and
TMO/CP-basedfibres as promising supercapacitor electrodes. The struc-
tural design, assembly method and electrochemical performance of the
electrodes are also discussed. Firstly, we review recent progress in the
development of TMO-based fibres using different kinds of TMOs. Sec-
ondly, significant advances achieved by incorporating CPs into thefibres
are discussed in detail. Thirdly, the recent studies on the design and
electrochemical performance of TMO/CP-based fibres are presented in
this review. Finally, the limitations, future prospective and recommen-
dations are also discussed towards improving the capacitive perfor-
mance of current TMO/CP-based fibres based supercapacitors.

2. Supercapacitors and their mechanisms

Supercapacitors also known as ECs or ultracapacitors have attracted
significant attention in energy sustainability due to their excellent elec-
trochemical performance, that is, high specific capacitance, rapid
charge/discharge rate, high specific power and long cycle life (N105

times) [58–62], which is incomparable to those of other energy storage
Table 1
Comparison of electrochemical performance derived from NFs-based electrodes with different

Composite electrode Composition

Porous fibres
Porous CNFs Nafion/PAN (80:20)
Lignin CNFs Mg(NO3)2·6H2O/lignin-PVP
Silicon carbide nanofibres membrane (SiC-NFMs) PCS/PS in the xylene
Nitrogen-enriched hierarchical porous carbon nanofibers
(HPCNFs)

PAN/Mg (OAc)2

Porous CNFs composites (NFCs) PAN/PMHS
1D hierarchical porous CNFs (HPCNFs) PAN/DMF/THF
Porous ultrafine CNFs (u-CNFs) PAN/PMMA

Core/shell fibres
CNFs@PPy@rGO core shell fibres PAN/DMF
Hierarchical core–shell Co3O4/graphene hybrid fibres rGO fibres/Co(CH3COO)2

MnO2@PAA/PPy core−shell composite fibres PAA/Mn(CH3COO)2
Core-shell N-doped active CNFs@graphene (ACNFs@GR) CNFs@GR/KOH (1:4)
Honeycomb manganese oxide@CNFs core shell nanocables
(HMO@CNFs)

CNFs (core)/KMnO4 (shell)

Hierarchical NiCo2O4-CNFs@Ni(OH)2 core-shell nanofibres PAN/PVP/Co(OAc)2/Ni(OAc

Aligned fibres
1D aligned graphene fibres Graphite:NaNO3:KMnO4 (1
Robust vertically aligned carbon nanotube–carbon fibre paper
(VACNT–CFP)

VACNT–CFP

Aligned carbon nanofibres/carbon fibre yarn (CFY@CNFs) CFY@PAN NFs
Oriented graphite fibres SSP-PEDOT fibres

Random fibres
Polyaniline-carbon nanofibres (PANI-CNFs) 10 wt% PAN in DMF/20 wt

TEOS/DMF
CNFs with multilevel porous structure 10 wt% PVDF−8 wt% PVP/
Activated porous carbon nanofibres/SnO2 (APCNFs/SnO2) PAN/Cu(Ac)2·H2O/SnCl2
Coal-derived carbon nanofibres (CCNFs) PAN/PVP/coal (5:5:20 wt%)
Free-standing flexible carbon nanofibres PVB/silica sol/phenolic sol
devices. Typically, two electrodes, an electrolyte and a separator are the
required components to assemble a full-cell supercapacitor. The config-
uration of a full-cell supercapacitor can be either symmetric or asym-
metric. Two electrodes are separated by a separator (filter paper,
glassy paper, cellulose or polyacrylonitrile membrane), which has
good ion permeability properties for ion transportation [63]. According
to the energy storage mechanism, supercapacitors are classified into
electrical double-layer capacitors (EDLCs), pseudocapacitors (PCs) and
hybrid capacitors (HCs), as shown in Fig. 3. In general, EDLCs mainly
employ carbon electrode materials, such as graphene, activated carbon,
nano-architectured carbon and carbon aerogels, for the accumulation of
charge via reversible adsorption/desorption of ions at the electrode/
electrolyte interface [64–67]. The charge/discharge process in EDLCs is
equivalent to the dielectric behaviour of conventional capacitors as
there is no faradaic reaction occurringduring the energy storage process
[68]. EDLC materials have been studied extensively owing to their high
SSA [69], good electrical conductivity and excellentmechanical stability
[70], but they suffer from a low specific capacitance [71]. The second
group of supercapacitors is called pseudocapacitors (or redox capaci-
tors) in which the energy is stored via a fast and reversible faradaic re-
action at the surface of the active materials. Suitable materials for
pseudocapacitors are thoroughly being investigated, as TMOs offer a rel-
atively high specific capacitance [72] and superior specific energy [73]
while CPs have a good intrinsic conductivity [72], thus making them
unique candidates for high-performance supercapacitors. Unfortu-
nately, CPs suffer from poor cycling-stability performance due to the re-
peated swelling and shrinking of the polymer chains during the doping/
dedoping process [74–81]. For TMOs, the major drawback is the low
conductivity, which greatly hinders them from reaching the high theo-
retical specific capacitance value. Due to the limitations of eachmaterial,
many attempts have been made to fabricate HCs [18,19,21,22,82–85]
that combine the advantages of the behaviours of both EDLCs and
pseudocapacitors, enhancing the electrochemical performance. NFs
morphology.

Capacitance Specific
energy

Stability performance
(%)

Reference

210 F/g (60 F/cm3) 4 Wh/kg – [26]
(2:1) 248 F/g – 97 (1000 cycles) [40]

189 F/g – 91.7 (3000 cycles) [41]
263 F/g 9.15 Wh/kg 94.2 (10,000 cycles) [42]

126.86 F/g 17 Wh/kg – [43]
251 F/g – 88 (5000 cycles) [44]
86 F/g – – [45]

92.57 F/g – 86 (10,000 cycles) [46]
236.8 F/g (196.3
mF/cm2)

– 72.7 (10,000 cycles) [47]

564 F/g – 100 (5000 cycles) [48]
552.8 F/g 17.1 Wh/kg 90 (2000 cycles) [49]
295.24 F/g 22.2 Wh/kg 96.4 (3000 cycles) [50]

)2 1925 F/g – 87 (5000 cycles) [27]

:1:5) 279 F/g (340 F/cm3) – – [51]
6.1 mF/cm2 – ~110 (10,000 cycles) [52]

62 mF/cm2 1.4 μW h/cm2 – [53]
54.4 F/g – – [28]

% sol-gel 234 F/g 32 Wh/kg 90 (1000 cycles) [54]

20 wt% PVP 331 F/g – 99.6 (10,000 cycles) [55]
225.4 F/g 10.3 Wh/kg ~119.8 (2500 cycles) [56]
299.4 F/g – 93 (10,000 cycles) [29]
274 F/g – 90 (5000 cycles) [57]
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have been commonly used in electrochemical applications as anodes,
cathodes, separators and catalytic materials [17]. The adjustable diame-
ter (micrometres to nanometers), high surface area and controllable
pore size of NFs makes them useful in improving the electrochemical
performance of electrodes.

3. Strategies for NFs fabrication

There are variousmethods for preparing NFs, namely, electrospinning
(ES), wet spinning, dry spinning, solution blow spinning, gel spinning,
centrifugal jet spinning, plasma-induced synthesis, chemical vapour de-
position (CVD) and hydrothermal synthesis. However, some techniques
are relatively complicated, time-consuming and expensive, which can
limit the reproducibility of the as-prepared NFs. Thus, it is significant to
develop a simple and time-saving route to fabricate NFs. The ES method
has been widely adopted because it is straightforward, leads to tunable
characteristics (diameter, morphology and composition) and can be
scaled-up for industrial production [15]. Hence, the ES setup, the process
of NFs production and the factors influencing the fibres' morphology are
summarised below.

3.1. Electrospinning

In general, there are three components required in a typical ES setup:
a high-voltage power source (kV), a syringe pump, a spinneret with a
metallic needle and a grounded fibre collector, as illustrated in Fig. 4.
The ES setup is classified into two types of systems: the horizontal-
position ES (dynamicmode) (Fig. 3a) and the vertical-position ES (static
mode) (Fig. 3b). A syringe filledwith a polymer solution or amelt is con-
nected to the high-voltage source at the end of the needle containing a
pendant droplet. A syringe pump is used to control the flow rate of the
electrospun solution being ejected as fibres to the collector. The polymer
droplet is electrostatically charged and elongated forming a Taylor cone
shape from the hemispherical surface [86]. At a critical voltage, sufficient
electrostatic force overcomes the surface tension of the polymer solu-
tion and a stable jet erupts from the spinneret to the oppositely charged
collector. The repulsive force between the charged jets becomes in-
creases causing to bending instability and further elongates forming
thinnerfibres. Then, the jet slowly undergoes evaporation and solidifica-
tion, producing continuous electrospun fibres. The viscosity of the poly-
mer solution, applied voltage, flow rate and tip-collector distance are the
major parameters which influence the morphology of the electrospun
fibres [87]. Moreover, assembly of the fibres can be achieved using dif-
ferent types of collectors; for example, fibres with a web-like morphol-
ogy are fabricated via a static collector, whereas non-woven fibres are
produced using a cylindrical collector rotating drum [23].
3.2. Carbon nanofibres

For supercapacitors based on the electric double layer (EDLC), elec-
trode materials such as graphene, activated carbon, carbon aerogels, car-
bon nanofibres (CNFs) and carbon nanotubes (CNTs) exhibit remarkable
features due to their stable electrochemical performance over long pe-
riods. Among these, CNFs have been regarded as one of themost promis-
ing candidates for supercapacitors, which can offer excellent electrical
conductivity and thermal andmechanical stability as well as an increased
SSA [88] and simple preparation [18,19,89]. In general, any polymer with
carbon backbone can be used as electrospun CNF precursor; they can be
classified into aqueous polymers (polyvinyl alcohol (PVA), poly(vinyl
pyrrolidone) (PVP), poly(vinyl acetate) (PVAc) and polyethylene oxide
(PEO)) and non-aqueous polymers (polyacrylonitrile (PAN), poly(vinyli-
dene fluoride) (PVDF), polylactic acid (PLA), polymethacrylate (PMMA)
and polyvinylchloride (PVC)) [17,20–22,83]. However, PAN was found
to be themost common electrospun CNF precursor owing to its outstand-
ing properties, such as high carbon yield (of N50%) [90], flexibility [72]
and environmental friendliness [91]. CNFs can be prepared in two steps
including stabilisation followed by a carbonisation process. Firstly, the
electrospunNFs are placed in a tube furnace and stabilised in air at a tem-
perature between 250 and 300 °C. At this stage, the polymer is converted
into a ring structure (ladder compound),which helps to retain the fibrous
structure at a higher temperature. Then, the stabilised fibres are subjected
to carbonisation in an inert atmosphere (at a temperature above 500 °C)

Image of Fig. 3


Fig. 4. Schematic diagram of a typical ES system showing the formation of Taylor cone with a stable jet: (a) horizontal setup and (b) vertical setup.
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and transformed into graphite-like CNFs, as shown in Fig. 5. Moreover,
most of the non-carbon elements (H2O, CO2, NH3, HCN, CO and N2) are
eliminated during this process [23], resulting in smaller diameter of
CNFs, larger accessible surface area and better conductivity. Moreover,
Fig. 5. Changes in the molecular structure of PAN to CNFs by the
the development of a porous structure in the CNFs (i.e. micropores,
mesopores and macropores) has been widely studied for flexible
supercapacitors (FSCs). Feng et al. [92] reported that microporous CNFs
(b2 nm) can partially block electrolyte ions into the micropores during
: (a) stabilisation [96] and (b) carbonisation [97] processes.

Image of Fig. 5
Image of Fig. 4
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the charge/discharge process [93], leading to an increase in the charge
transfer resistance (Rct). To overcome this ionic diffusion problem, meso-
porous (i.e. 2–50 nm) CNFs are preferable to providemore void spaces for
ion migration, thus exhibiting a superior electrochemical performance
[94]. Interestingly, micro/mesoporous CNFs originated from PAN fibres,
silica template and KOH activation possess a SSA up to 1796 m2/g,
which promotes the fast transport/diffusion of electrolyte ions, displaying
a high specific capacitance of 197 F/g [95]. Although the capacitance of
porous CNFs has been improved, extensive studies have been per-
formed to control the pore size within the CNFs for high-performance
supercapacitors.

4. Transition metal oxides

In developing advanced high-performance energy storage systems,
TMOs have attracted vast attention as pseudocapacitor electrodes due
to their excellent specific energy output comparedwith EDLCmaterials.
Several TMOs, such as ruthenium oxide (RuO2), manganese oxide
(MnO2), nickel oxide (NiO), cobalt oxide (Co3O4) and vanadium oxide
(V2O5), are commonly used in supercapacitors owing to their high the-
oretical specific capacitance from the faradaic charge transfer process
[98–103]. Fig. 6 shows the theoretical capacitances of different TMOs
obtained from cyclic voltammograms. Unfortunately, the factors that
hinder achieving a high specific capacity in TMOs are the easy agglom-
eration of TMOs at highmass loading [7], poor cyclability and conductiv-
ity properties [104]. Thus, the incorporation of conductive materials,
such as EDLC materials, with the TMOs can considerably enhance the
ionic and electrical conductivity by the synergistic effect of different
components [105].

4.1. Ruthenium-oxide-based fibres

Ruthenium oxide (RuO2) is regarded as an important electrode for
oxide-based supercapacitors with excellent capacitive behaviour be-
cause it has a high theoretical specific capacitance (in the range of
750–2000 F/g) [107], a good electrical conductivity and a better rate ca-
pability [108]. Although the preparation of RuO2 is expensive, this oxide
can be considered as a potential supercapacitor material that can en-
hance the specific energy compared to EDLC and other CP-based elec-
trodes [109]. Nevertheless, the superior electrochemical performance
of RuO2 is hampered by the agglomeration of RuO2 particles during
the charge/discharge process [110].
Fig. 6. Comparison of the theoretical specific capacitances of different TMOs [106].
The introduction of one-dimensional (1D) nanostructures such as
CNFs, which have a large SSA [88] as well as good conductivity and me-
chanical stability [19], could improve the efficiency of RuO2, leading to
an efficient charge propagation in the composite. Coaxial nanostruc-
tures of amorphous ruthenium oxide (RuOx)/graphitic nanofibres
(GNFs) were synthesised by Jhao et al. [111] via CVD and subsequent
electrodeposition of RuOx. The obtained coaxial RuOx/GNF nanostruc-
tures exhibited a macroporous structure, which allowed more electro-
lyte ions to diffuse into the inner active sites, delivering a high areal
capacitance of 53.76 mF/cm2 at 50 mV/s with good cycling stability
(83% capacitance retention) over 5000 cycles. Two pair of redox peaks
can be observed in the CV curve of RuOx/GNF, which can be attributed
to the Faradaic reaction behaviour of RuOx, contributing to the high
areal capacitance. The nanostructured pores in the carbon matrix can
be constructed by adding a sacrificial component, which will be
decomposed during the carbonisation process. Kim et al. [112] reported
the fabrication of RuO2 incorporated with highly mesoporous activated
carbon nanofibres (RuPM-ACNFs) via electrospinning of two polymer
blends, PAN and poly(methyl methacrylate) (PMMA), followed by an
activation process. The optimal PAN/PMMA blend ratio (70:30) led to
the highest specific energy of 24 Wh/kg at a specific power of 400 W/
kg with small semicircle (Rct = 1.07 Ω), which was mainly attributed
to the abundance of mesopores that can provide active sites for rapid
ion transportation.

Furthermore, RuO2-based ternary hybrid composites have also re-
ceived intensive interest for high-performance supercapacitors. Balan
et al. [113] obtained a specific capacitance of 1060 F/g (at a scan rate
20 mV/s over a voltage window of 1.3 V) using a dual-wall carbon
nanofibre–RuO2-poly(benzimidazole) (PBI) (CNFs-RuO2-PBI) material
(Fig. 7). This ternary hybrid electrode was fabricated by embedment
of RuO2 nanoparticles (NPs) on functionalised hollow carbon nanofibres
(f-CNFs) via a modified polyol process, followed by the incorporation of
phosphoric-acid-doped PBI. As shown in the transmission electron
microscopy (TEM) image, a thin phosphoric acid doped poly(benzimid-
azole) (PBI-BuI) film was uniformly wrapped on the RuO2 NPs without
aggregation,which can reduce the charge transfer resistance at the elec-
trode/electrolyte interface. Unfortunately, the sample preparation is rel-
atively complicated and time-consuming, which is not suitable for
large-scale production. Therefore, Kim et al. [114] proposed a simple
and fast preparation of RuO2/ACNF by electrospinning and activation.
Interestingly, the as-prepared electrode (with 20% RuO2 concentration)
possessed an improved electrical conductivity (4.5 S/cm)with large SSA
(675m2/g), leading to a high specific capacitance of 530 F/g at 20mV/s.

4.2. Manganese oxide-based fibres

MnO2 has emerged as an excellent faradaic material, which can be
used as an alternative TMO (replacing RuO2) due to its good environ-
mental compatibility [115], high theoretical specific capacity (1370 F/g)
[116–118], extended operating potential and cost-effectiveness [119].
However, the only limitations of MnO2 for commercial applications are
its poor ionic (10−13 S/cm) and electrical (10−5–10−6 S/cm) conductiv-
ities [120], which restrict its practical capacitance and rate capability. To
date, the rational design ofMnO2 nanoarchitectures has been considered
as a promising way to make full use of the pseudocapacitance of MnO2

and the large accessible surface area of conductive fibre materials.
Yang et al. [121] reported an ultrafine manganese oxide–carbon

nanofibre (MnOx–CNF) composite prepared through the pyrolysis of a
metal-organic framework containing Mn, a Zn precursor and trimesic
acid (H3BTC) (Mn–ZnBTC). The non-aggregated and well-dispersed
morphology of the MnOx–CNF delivered a capacitance of up to 179 F/g
and kept good cycling durability of 98% over 5000 cycles. These results
can be ascribed to the enhanced contact area between MnO2 and the
CNFs, which leads to good synergistic effects for superior electrochemi-
cal performance. Chen et al. [122] applied the electrodepositionmethod
for synthesising a MnO2@carbon fibre paper (MnO2@CFP) and further

Image of Fig. 6


Fig. 7. (a) Schematic illustration of the synthesis of dual-wall carbon nanofibre–RuO2-poly(benzimidazole) (PBI) (CNFs-RuO2-PBI). (b) Specific capacitance of F-20RuO2, RP-0.25, RP-0.5 at
different current densities (1 to 5 A/g). (c) Stability performance of RP-0.5 and F-20RuO2 over 1500 cycles at current density 1 A/g [113].
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treated it with a potassium sulphate (K2SO4) solution by the hydrother-
mal method. The treated MnO2@CFP showed a gravimetric capacitance
value of 281.9 F/g and an improved rate capability compared to that of
untreated MnO2@CFP, as K2SO4 can preserve the ramsdellite structure
of Mn (MnO2) during the hydrothermal process. Likewise, a higher spe-
cific capacitance of 473 F/g can be achieved using mesoporous MnO2

core-shells coated on vertically aligned carbon nanofibres (MnO2/
VACNFs) [123] due to the short diffusion distance of the electrolyte
ion across theMnO2 shell, which is less than ~10 nm. Besides, the fabri-
cation of CNFs using disposable and low-cost bamboo chopsticks has
been studied by Wen et al. [124]. MnO2 NPs (20–50 nm) were electro-
deposited on the obtained carbon-fibre sheets (CFSs), providing a high
specific capacitance of 375 F/g at 1 A/g, a remarkable specific energy
(i.e. 11.0 Wh/kg at a specific power of 529 W/kg) and a good long-
term cycle stability (99.2% capacitance retained after 5000 cycles). The
superior electrochemical performance of obtained CFSs/MnO2 could
be ascribed from the synergistic effect of faradic and EDLC charge stor-
age mechanism and large electroactive sites which offers fast diffusion
and migration of electrolyte ion.

Moreover, the development of core-shell fibres have been exten-
sively investigated to enhance the electrochemical reactivity in hybrid
supercapacitors; for instance, Pech and Maensiri [125] prepared
carbon-manganese oxide composite fibres (C/MnOx) through a core-
shell electrospinning approach, where an individual PAN solution was
used as the core solution while a PAN–manganese nitrate (Mn(NO3)2)
blend was used as the shell solution. Benefitting from the EDLC and
pseudocapacitive characteristics of carbon andMnOx, the C/MnOx hybrid
achieved a large SSA (701m2/g), thus improving the specific capacitance
up to 213.7 F/g in 6 M KOH. The capacity of the as-synthesised electrode
was retained efficiently (~97%) after 1000 charge/discharge cycles. Fur-
thermore, Zhou et al. [126] presented a simple approach to synthesise
free-standing MnO2 nanoflakes/porous carbon nanofibres (PCNFs)
(MnO2/PCNFs) through one-step electrospinning followed by in-situ de-
position, as shown in Fig. 8. The scanning electron microscopy (SEM)
image revealed that theMnO2 nanoflakes are vertically grown on the ex-
terior surface of the PCNFs, contributing to a large surface area between
MnO2 and the electrolyte ions. The as-formed MnO2/PCNF possessed a
high degree of mesoporosity and a high SSA (1814 m2/g), with 92.3%
of the initial capacitance being maintained after 4000 cycles. However,
the EIS result revealed that PCNF showed lower charge transfer resis-
tance as compared with MnO2/PCNF which mainly corresponded to
the high electronic conductivity induced by the electrode. Furthermore,
Xu et al. [127] reported the rational design of hierarchical hollow MnO2

nanofibres via the hydrothermal method. Brunauer–Emmett–Teller
(BET) results demonstrate that the surface area of the hollow MnO2

nanofibres was 195.1 m2/g, with an average mesopore size of ~3.9 nm
which can provide numerous available active sites for electron transfer.
Moreover, it is worth noting that the specific capacitance of the
hollow MnO2 nanofibres can be effectively retained from 291 to
213 F/g (at a current density of 1 to 10 A/g), demonstrating excel-
lent electrochemical reversibility. It can be observed that all galva-
nostatic charge/discharge curves are approximately triangular and
symmetrical, suggesting an ideal capacitive behaviour and revers-
ibility. The utilisation of heteroatoms such as boron, which act as
electron acceptors/dopants, has been recently studied to enhance
the electrochemical capacitance of carbon materials through its
pseudocapacitive effect.

Yang and Kim [128] employed MnO2 to hybridise with boron-
enriched PAN/pitch-based CNFs (PPBMn) via one-step electrospinning
followed by carbonisation. This work highlighted that both boron and
MnO2 provide a low-resistance pathway for electron transport and
more electrochemically active sites for the redox reaction. The resultant

Image of Fig. 7


Fig. 8. (a) Schematic illustration of the synthesis of MnO2/PCNFs. (b) SEM image of MnO2/PCNFs-6. (c) Nitrogen adsorption/desorption isotherms for PCNFs and MnO2/PCNFs with
different weight ratio of KMnO4 and PCNFs [126]. (d) Long-term stability MnO2/PCNFs-6 electrode over 4000 cycles at current density 0.5 A/g.
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PPBMn,with an SSA of 718m2/g, delivered a high specific capacitance of
208 F/g with a maximum specific energy of 25.66 Wh/kg. Additionally,
Chi et al. [129] found that boron doping also increases the growth rate
of MnO2 crystallites through a hydrogen bond, giving a specific capaci-
tance of 364.8 F/g at a scan rate of 2 mV/s, which is substantially higher
than that of the undoped electrode (305 F/g). However, boron-doped
MnO2 exhibited poor cycling stability (80.4% over 900 cycles), which
is probably caused by Mn2+ dissolution or a collapse of the inner struc-
ture. The combination of EDLC materials with MnO2-based fibres can
eventually overcome the shortcomings of pseudocapacitive materials
by boosting a high electrical conductivity and increasing the number
of electrochemically active sites for rapid ion diffusion. For example,
Lee and Kim [130] fabricated a supercapacitor electrode comprising
MnO2/hierarchical porous carbon nanofibres/graphene (MnO2/HPCNFs/
G) through simple approaches, namely, through electrospinning and a
thermal process. In this case, graphene, with its good specific power
and rate capability properties, provides good support for the uniformdis-
tribution of MnO2 on HPCNFs/G, which can reduce the charge diffusion
resistance, as reflected by the excellent electrochemical behaviour of
the resulting material. MnO2/HPCNFs/G endowed a great specific capac-
itance of 210 F/g and the quasi-rectangular CV shape was retained even
at high scan rates (10–100 mV/s), leading to excellent electrochemical
reversibility.

Śliwak and Gryglewicz [131] reported high-voltage asymmetric
supercapacitors (ASCs) based on activated carbon (AC) as the nega-
tive electrode and manganese oxide/oxidised carbon nanofibres
(MnO2/CNFox) as the positive electrode. The MnO2/CNFox//AC ASCs
showed a wide potential window of 0–2.4 V, maximum specific en-
ergy of 24.8Wh/kg at a specific power of 100W/kg and a good stabil-
ity performance (92.4%) after cycling for 5000 times. Moreover, the
assembled reduced graphene oxide–carbon nanofibres–manganese
carbonate (positive electrode) and the reduced graphene oxide
(negative electrode) (RGO-CNFs-MnCO3//RGO) in 1 M Na2SO4 aque-
ous electrolyte also presented a stable cyclability performance, with
97% retention even after 1000 cycles at a voltage cell of 2.0 V. Wang
et al. [132] has designed δ-MnO2 nanofibres/single-walled carbon
nanotubes (δ-MnO2/SWCNTs) through vacuum filtration. Using
polyvinyl alcohol and potassium hydroxide (PVA-KOH) as the elec-
trolyte, the flexible all-solid-state δ-MnO2/SWCNT (with a high
SSA) showed a higher areal capacitance (of 964 mF/cm2) as com-
pared to single SWCNT and δ-MnO2 films. These results could be at-
tributed to the superior properties of the SWCNTs, which provide a
high surface area and a good electrical conductivity to the δ-MnO2/
SWCNT hybrid electrodes, thus increasing the composite's conduc-
tivity up to 81.11 S/cm.

Recent advances in mixed TMO-based fibres has garnered tremen-
dous attention in supercapacitor applications. Radhamani et al. [133] re-
ported the synthesis of ZnO@MnO2 core-shell nanofibres (ZnO@MnO2

NFs) as a potential cathode for ASCs. The uniform distribution of MnO2

nanoflakes on a ZnO-NF surface (as observed in TEM images) allowed
the shortening of the ion-diffusion path, resulting in an increased overall
capacitance of 907 F/g in a three-electrodes configuration. Furthermore,
the fabricated ZnO@MnO2 NFs also succeeded to light a commercial red
light-emitting diode (LED) after being fully charged up to 2 V. Mean-
while, Iqbal et al. [134] electrosprayed MnO2 particles on Fe3O4@CNFs
(Fe3O4@CNFMn) to form a highly flexible supercapacitor electrode.
Gold-sputtered polyethylene terephthalate (PET) and sodium sulfate/
poly(vinyl alcohol) (Na2SO4/PVA) served as the current collector and
separator, respectively, to evaluate the feasibility properties of the ob-
tained electrode. The combination of microporous- and mesoporous-
structured CNFs delivered a high specific capacitance (~306 F/g) and en-
abled the perfect retention of the electrochemical performance at differ-
ent bending angles (0–180°). This makes them great candidates for
lightweight and flexible energy storage.

Image of Fig. 8
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4.3. Nickel oxide-based fibres

Nickel oxide (NiO) is regarded as a promising supercapacitor elec-
trode compared with other TMOs because it offers a high theoretical ca-
pacitance (2584 F/g) [135], a high surface area [136], non-toxicity and
lowmanufacturing costs [137]. Different NiO nano-morphologies, includ-
ing nanoribbons [138], nanosheets [139], nanowires [140], nanoflakes
[141] and NPs [142], can be simply prepared via hydrothermal, chemical
immersion, solvothermal, microwave hydrothermal and electrodeposi-
tion processes, respectively. Recently, researchers have focused on devel-
oping sustainable fibres with a high SSA incorporated with a modified
NiO structure that provides great benefits for the rapid transfer of elec-
trons. Zhu et al. [143] proposed the decoration of three-dimensional
(3D) NiO nanowalls, via a hydrothermal process, combined with a post-
annealing treatment (at 600 °C) that assisted the uniform growth of
CNFs on metal wires (MWs) through a CVD process. The enhancement
of the substrate surface from the pre-deposited 3D NiO nanowalls
showed a remarkable areal capacitance of 12.5 mF/cm2with an excellent
cyclability performance (91%) after 3000 cycles due to the high capacity
properties contributed from the CNFs. In order to further verify the prop-
erty of CNFs/MW (3D) NiO as high-performance supercapacitor, two de-
vices were assembled in series to light a light emitting diode (LED).
Undoubtedly, the light emitting diode can be successfully lit, showing
their potential application in wearable and portable electronics. In addi-
tion, the in-situ fabrication of dilute NiO/CNFs through direct pyrolysis
of a metal–organic framework (MOF) containing Ni and Zn has been
studied by Yang et al. [135]. MOFs are a new class of porous, crystalline
materials constructed by covalent coordination betweenmetal ions/clus-
ters and organic molecules, where the conductivity and porosity of the
final product can be tuned by varying the feed ratio of the metal precur-
sors [144]. The unique mesoporous structure of NiO/CNFs leads to an ex-
cellent rate capability, as the specific capacitance only drained 29% from
its initial capacitance (from 234 to 167 F/g), even at high scan rates. Addi-
tionally, a great dispersion of NiO onto the CNF surface led to a high spe-
cific energy (of 33.4 Wh/kg) with a negligible voltage drop (IR drop),
indicating a good rate performance and a low internal resistance, respec-
tively. Recently, hollow tube nanofibres containing NiO sheets were suc-
cessfully introduced by Ren et al. [136] using the electrospinning
technique with the inclusion of citric acid. The prepared NiO/citric acid
nanofibres showed an enlarged SSA, with diameters ranging between
100 and 120 nm, and displayed a promising electrocapacitive behaviour
with a high specific capacitance (336 F/g) compared to NiO nanofibres
without citric acid. Moreover, the formation of a hollow structure could
also provide a short electron-diffusion pathway, contributing to a low
charge transfer resistance, which can be estimated to be about 0.23 Ω.
The disadvantages of the poor intrinsic conductivity of NiO can be allevi-
ated by designing porous NiO nanostructures, which can help to maxi-
mise the active surface area. For instance, Zang et al. [145] reported the
synthesis of porous NiO nanofibres through a hydrothermally assisted
process followed by calcination for application in a supercapacitor. The
as-synthesised NiO nanofibres possessed a high specific capacitance (of
884 F/g at a current density of 0.5 A/g), with the capacitance fading
only by 13% after 1000 cycles due to the uniquemorphology of theporous
NiO nanofibres, which led to a rapid electron transfer during the faradaic
process. Besides, Kundu and Liu [146] adopted a simple approach to grow
porous NiO nanofibres on a nickel foam (NiO–NFs/Ni) by electrospinning
and subsequent thermal annealing. This binding-free electrode revealed a
specific capacitance of 737 F/g and showed a fascinating long-term stabil-
ity performance up to 8000 cycles. These advanced capacitive perfor-
mances could be elucidated from the porous interconnected network of
NiO–NFs, which effectively attached on the Ni foam, thus improving the
rate of the ion diffusion process through effective utilisation of the active
material. Meanwhile, NiO NPs dispersed throughout porous N-doped
CNFs (NiO/PCNFs) prepared by Li et al. [147] generated strong synergistic
effects between the NiO NPs and the PCNFs, which resulted in a signifi-
cantly enhanced specific capacitance (850 F/g at 1 A/g) in 6 M KOH
electrolyte. The NiO NPswere homogenously distributed along the entire
fibres and pores of various sizes were observed due to the evolution of
different gases (CO, CO2, H2O and NH3), caused by the decomposition of
dicyandiamide (DCDA). The presence of non-aggregated NiO as well as
the formation of pores on the PCNFs are beneficial, providing a continu-
ous charge transport pathway that results in high capacitive properties
and a small ion-diffusion resistance. In addition, this work proves that a
higher nitrogen content, doped on the PCNFs (NiO/PCNFs-0.75), can
lead to a superior rate capability (about 88% capacitance retention) as
well as to an improved cycling stability (96.7%) after 10,000 cycles
(Fig. 9).

4.4. Cobalt oxide-based fibres

In recent years, cobalt oxide (Co3O4) has been particularly appealing
as an ideal pseudocapacitor material, owing to its exceptionally good
redox properties [148], theoretically high specific capacitance (3560 F/
g) [149] and simple synthesis, which potentially can substitute the
utilisation of high-cost and non-environmentally friendly RuO2. The
electrochemical properties of Co3O4 are greatly dependent on the struc-
tural morphology of the material and the electronic states of the metal
(Co3+ or Co2+) [150], and therefore, diverse strategies have been dedi-
cated to developing various forms of Co3O4 nanocomposites to achieve
a better charge storage performance. Iqbal et al. [151] improved the
electrical conductivity and electrochemical stability of Co3O4 NPs by
combining them with hierarchical porous CNFs to form a hybrid
supercapacitor. A CNF–Co hybrid composite was prepared by cost-
effective electrospinning followed by carbonisation, essentially leading
to a high surface area (of 483 m2/g) and enhanced electrolyte-ion pen-
etration. This work has shown an outstanding specific capacitance of
911 F/g in 1MH2SO4 electrolyte, retaining 78% of the initial capacitance
over 1000 cycles. The inclusion of binarymetal oxides, such as CoMnO2,
in the composite electrode is an alternative way to enhance the electro-
chemical performance further. Kim et al. [152] prepared a Mn-Co oxide
using vapour-grown carbon nanofibres (VGCNFs) (CoMnO2/VGCNFs)
on a Ni-foam substrate via thermal decomposition of the metal-oxide
precursors and annealing of the VGCNFs. The researchers reported a
high specific capacitance of 630 F/g at a scan rate 5 mV/s which can be
ascribed from the contribution of VGCNFs that provide multi-
dimensional electron transport pathways, easy access to electrolyte,
and minimised transport distance between the surface of cobalt-
manganese oxide and bulk electrolyte. A better electrical contact be-
tween CoMnO2/VGCNFs and the Ni foam also led to a high capacitance
retention (95%) after 10,000 cycles. In addition, 1D spinel CoMn2O4

(CMO) porous nanofibres have been successfully synthesised by one-
step electrospinning for solid-state supercapacitors [153]. Interestingly,
encircled areas representing pores/gaps were formed between the
spherical CMO particles, which can act as ion-buffering reservoirs. The
unique architecture of CMO, which is composed of voids/gaps, de-
creased the ion-diffusion resistance (6.13Ω), leading to a superior spe-
cific energy of 75Wh/kg at a specific power of 2000W/kg. Interestingly,
a red-coloured light emitting diode connected to the solid-state CMO
canmaintain lighting for 5min after being charged to 2.0 V, which is at-
tributed to the high output voltage.

4.5. Vanadium oxide-based fibres

Among the redox-active TMOs, vanadium oxide/pentoxide (V2O5) is
considered to be a promising pseudocapacitive electrode owing to its
various oxidation states (V2+ to V5+), unique layered structure [154]
and wide potential window [155]. Composite fibres based on V2O5 and
carbonaceous materials are currently being studied for supercapacitors.
Thangappan et al. [156] fabricated electrospun GO/V2O5 nanofibres by
the electrospinning method and the diameter of the fibres shrinked
from 200 to 90 nm after annealing at 550 °C, giving a highly porous
GO/V2O5 structure with a rough surface. The diffusion of K+ ions from



Fig. 9. (a) Schematic illustration of the synthesis of a free-standing NiO/PCNF composite film. (b) TEM image of NiO/PCNF-0.75. (c) Specific capacitance of NiO/PCNF-0.25, NiO/PCNF-0.5,
NiO/PCNF-0.75, NiO/PCNF-1.0, NiO/CNF and PCNF free-standing electrodes versus the current density. (d) Cyclic stability of NiO/PCNF-0.75 at a charge/discharge current density of 10 A/g
for 10,000 cycles (the inset refers to the charge/discharge curves), about 96.7% of the specific capacitance was retained [147].
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the electrolytic layer into the pores of the GO/V2O5 nanofibres is greatly
facilitated by this uniquemorphology. Using 2MKOH as the electrolyte,
the specific capacitance of the GO/V2O5 nanofibres was calculated to be
453.82 F/g at 10 mV/s, which is higher than those of the individual GO
and V2O5 components. However, the specific capacitance of GO/V2O5

nanofibres gradually decreases with increasing scan rates, which could
be ascribed to the limited ion incorporation into active electrode as
only the outer surface is utilised during charging/discharging process.
The enhancement in capacitance could also be attributed to the good
conductivity and high surface area of graphene oxide. Kim et al. [157]
applied both the electrospinning and carbonisation approaches to fabri-
cate V2O5/CNFs (V2O5/CNFCs). In this work, different V2O5 loadings (5,
10 and 20 wt%) were studied to control the microporous structure of
CNFCs. The composite fibre containing V2O5–20 exhibited a high specific
capacitance of 150 F/g and remarkable specific energy of 18.8 Wh/kg,
which derives from the large interfacial area between the CNFCs and
V2O5. However, the highest specific capacitance (739 F/g at 0.5 A/g) of
amorphous V2O5 doped with multichannel CNFs (VMCNFs) was re-
ported by Huang et al. [158] using similar methods. A good synergistic
effect between the high capacitance of V2O5 and the enlarged SSA of
MCNFs is responsible for the superior electrochemical properties. The
addition of V2O5 in multichannel CNFs could also improve the
electrode–electrolyte interfacial area which can be observed from the
decreasing in charge transfer resistance (0.27Ω). Moreover, the devel-
opment of mixed-TMO fibre composites (containing two metal oxides
or bimetallic oxides) has attracted the interest of researchers due to
their multiple oxidation states compared to single-metal oxides, thus
contributing to the enhancement of the specific capacitance and
cyclability performance [159]. The electrochemical performance of
CNFs intercalatedwith bimetallic vanadium and copper oxides, denoted
as CuxO–V2O5/CNFs, was explored by adjusting the mass ratio of the va-
nadium and copper precursors [160]. According to the GCD results, the
specific capacitance of the composite was as high as 867.2 F/g at a
current density of 0.5 A/g using an optimal mass ratio of vanadium
and copper (10:1). Furthermore, the decrease in the solution resistance
for CuxO–V2O5/CNFs (0.22Ω) is also attributed to the enhanced charge
capacity of the bimetallic oxides. The electrochemical performances of
TMO-based fibres for supercapacitor are summarised in Table 2.
5. Conducting polymers

CPs are widely studied as pseudocacapacitor materials where
the charges are stored under fast and reversible redox reactions
at the surface and bulk of the electrode. CP electrode materials,
including polyaniline (PANi), polypyrrole (PPy) and poly(3,4-
ethylenedioxythiophene) (PEDOT), exhibit a maximum theoreti-
cal specific capacitance of 1000 F/g (100–400 μF/cm2), which is
about two times higher than that of EDLCs [13]. In general, the
excellent conductivity of CPs arises from the delocalisation of
electrons along the conjugated polymer backbone, allowing elec-
tron transport in the doped state [22]. Moreover, the intrinsic
conductivity of CPs can be changed from their chemical structure
using economical ways, compared with TMOs [161]. Table 3
summarises the conductivities of different types of CPs and
their chemical structures. CPs can be synthesised by chemical
polymerisation or electropolymerisation of the corresponding
monomers [162]. Despite the advantages of CPs, such ashigh electrical
conductivity [163], good charge density and low cost [162], the struc-
tural destruction (swelling/shrinking) of such materials during the
charging/discharging process can significantly interrupt the cycling sta-
bility and rate capability performance of supercapacitors [164]. There-
fore, the inclusion of carbon materials, for example, porous carbon
[165–167], graphene [168–173], graphene oxide [20,174–180], carbon
nanotubes [84,181–184] and CNFs [185], has been proposed as a good
way to maintain the electrochemical stability of CPs.
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Table 2
Comparison of the electrochemical performances of TMO-based fibres for supercapacitor applications.

Composite electrode Technique Electrolyte Capacitance Specific energy Stability performance
(%)

Reference

RuO2-based fibres
RuOx/GNFs CVD, electrodeposition 0.5 M H2SO4 53.76

mF/cm2
7.0 × 10−5 Wh/cm2 83 (5000 cycles) [111]

RuPM-ACNFs Electrospinning, activation 6 M KOH 188 F/g 24 Wh/kg 75 (3000 cycles) [112]
CNFs-RuO2-PBI Modified polyol process, incorporation of

phosphoric-acid-doped PBI
0.5 M H2SO4 1060 F/g – 98 (1500 cycles) [113]

RuO2/ACNFs Electrospinning, activation 6 M KOH 530 F/g – – [114]

MnO2-based fibres
MnOn/CNFs Pyrolysis of metal–organic framework containing Mn–ZnBTC 6 M KOH 179 F/g 19.7 Wh/kg 98 (5000 cycles) [121]
MnO2@CFP Electrodeposition, hydrothermal 0.5 M Li2SO4 281.9 F/g – – [122]
MnO2/VCNFs Electrochemical oxidation of sputtered Mn shell on VCNFs 1 M Na2SO4 473 F/g 10 Wh/kg – [123]
MnO2/CFS Electrodeposition 1 M Na2SO4 375 F/g 11.0 Wh/kg 99.2 (5000 cycles) [124]
C/MnOx Core–shell electrospinning 6 M KOH 213.7 F/g 30 mWh/g 97 (1000 cycles) [125]
MnO2/PCNFs Electrospinning, in-situ deposition 6 M KOH 520 F/g – 92.3 (4000 cycles) [126]
Hollow MnO2 NFs Hydrothermal 1 M Na2SO4 291 F/g – 90.9 (5000 cycles) [127]
(eCNFs) (PPBMn) Electrospinning, carbonisation 6 M KOH 208 F/g 25.66 Wh/kg 90 (3000 cycles) [128]
Boron doped-MnO2 Redox reaction between KMnO4 and CNFs in the presence of

boric acid
0.5 M Na2SO4 364.8 F/g – 80.4 (900 cycles) [129]

MnO2/HPCNFs/G Electrospinning, thermal process 6 M KOH 210 F/g 24 Wh/kg 95.7 (1000 cycles) [130]
MnO2/CNFox//AC ASCs Catalytic chemical vapour deposition, chemical precipitation 0.5 M K2SO4 150 F/g 24.8 Wh/kg 92.4 (5000 cycles) [131]
δ-MnO2/SWCNT Vacuum filtration PVA-2 M KOH 964 mF/cm2 31.8 μW/cm2 91 (2000 cycles) [132]
ZnO@MnO2 NFs Colloid pre-treatment, electrodeposition 1 M Na2SO4 907 F/g 17 Wh/kg 94 (5000 cycles) [133]
Fe3O4@CNFMn Electrospinning, carbonisation Na2SO4/PVA 306 F/g 13 Wh/kg 85 (2000 cycles) [134]

NiO-based fibres
CNFs/MW (3D) NiO
nanowalls

Hydrothermal, CVD PVA-KOH 12.5
mF/cm2

1.74 μW/cm2 91 (3000 cycles) [143]

NiO/CNFs Direct pyrolysis of metal–organic framework containing Ni and
Zn

6 M KOH 234 F/g 33.4 Wh/kg 90 (5000 cycles) [135]

NiO/CA NFs Electrospinning with CA 6 M KOH 336 F/g – 87 (1000 cycles) [136]
NiO–NFs Hydrothermal, calcination 1 M KOH 884 F/g – 87 (1000 cycles) [145]
NiO–NFs/Ni Electrospinning, thermal annealing 2 M KOH 737 F/g 22.7 Wh/kg – [146]
NiO/PCNFs Electrospinning, controlled heat treatment 6 M KOH 850 F/g – 96.7 (10,000 cycles) [147]

Co3O4-based fibres
CNFs-Co Electrospinning, carbonisation 1 M H2SO4 911 F/g – 78 (1000 cycles) [151]
CoMnO2/VGCNFs Thermal decomposition, annealing 1 M KOH 630 F/g – 95 (10,000 cycles)

[152]
1D spinel CoMn2O4 (CMO) Electrospinning PVA- 1 M

H2SO4

320 F/g 75 Wh/kg 94 (10,000 cycles) [153]

V2O5-based fibres
GO/V2O5 NFs Electrospinning 2 M KOH 453.8 F/g – – [156]
V2O5/CNFCs Electrospinning, carbonisation 6 M KOH 150 F/g 18.8 Wh/kg 82 (100 cycles) [157]
VMCNFs Electrospinning, carbonisation 4 M KOH 739 F/g – 80.3 (1500 cycles) [158]
CuxO-V2O5/CNFs Electrospinning, carbonisation, in-situ deposition 4 M KOH 867.2 F/g – 92.2 (2000 cycles) [160]
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5.1. Polyaniline-based fibres

PANi is one of the best candidates among electrically CPs and has
gained much attention due to its outstanding electrochemical proper-
ties convincingly good conductivity and a high theoretical capacity
[190] with various redox states (leucoemeraldine, emeraldine and
perningraniline) [191]. Electrodeposition of the aniline monomer is a
Table 3
Conductivities and chemical structures of PANi, PPy and PEDOT.

Polymer Chemical structure Conductivity (S/cm) Reference

PANi 0.1–5.0 [186,187]

PPy 10–50 [188]

PEDOT 300–500 [189]
common and simple route to produce conducting PANi using a low-
pH medium, such as sulphuric acid (H2SO4), hydrochloric acid (HCl),
phosphoric acid (H3PO4), perchloric acid (HClO4) or trifluoroacetic
acid (CF3COOH) [192].

The supercapacitor performance of PANi can be improved by incor-
porating carbon nanomaterials for high-performance energy storage.
Ke et al. [193] fabricated polyaniline/aminated triazine functionalised
carbon nanofibres (PANI/ATFCNFs) by pulsed-current electrochemical
polymerisation of aniline, which presented a specific capacitance of
456.73 F/g at a current density of 1.0 A/g and a very low interfacial
charge resistance (0.72 Ω). Most importantly, the presence of amino
groups on the surface of the ATFCFs is beneficial for controlling the
growth of PANi, which manifested a remarkable cycling stability of
84.19% after 1500 successive cycles. Zhou et al. [174] found that PANi
nanofibres grew between GO sheets via adsorption of the anilinemono-
mer which can act as a bridge to hinder the stacking of GO layers. The
symmetric supercapacitor displayed a high specific energy (30 Wh/
kg), which is superior to those of many reported PANi/GO electrodes
[194–196], and a superior cycling performance (91.21% after 1000 cy-
cles). This could be a result of the unique architecture of the PANi/GO
nanofibres, which facilitates the penetration of electrolyte ions into
the electrode.

Unlabelled image


13M.A.A. Mohd Abdah et al. / Materials and Design 186 (2020) 108199
A novel hybrid containing polyaniline nanofibres and functionalised
reduced graphene oxide (PANi NFs/FrGO) was also prepared in several
steps including filtration of the GO hybrid suspension and in-situ poly-
merisation of the aniline monomer, followed by hydrothermal reduc-
tion of GO and sulphur-functionalised rGO [197]. Interestingly, the
surface area and active sites of the modified PANi NFs/FrGO materials
were significantly enhanced after functionalisationwith sulphur, show-
ing a high specific capacitance of 324.4 F/gwhen charged up to 1.2 V and
an exceptional specific energy of 16.3 Wh/kg. Moreover, the coulombic
efficiency was retained about 92.9% throughout the whole period,
which further demonstrates that only little energy is wasted during
the charge/discharge process. Yang et al. [198] designed a solid-state
fibre-shaped supercapacitor derived frompolymerised PANi nanopillars
on hierarchical 3D interconnected porous N-doped carbon nanofibre
scrolls (PANi-HCNFs) in which PVA/H3PO4 was used as a gel polymer
electrolyte. The many omnidirectional pores within the PANi-HCNFs
material can provide a better diffusion of ions, which results in an im-
proved specific capacitance (of 339.3 F/g) with a capacitance decay of
approximately 25.8% after 3000 cycles. Additionally, a good distribution
of PANi nanopillars (with thicknesses ranging between 30 and 50 nm)
on the HCNFs surface provides large effective contact area for fast diffu-
sion of active electrolyte ions, resulting to the reduce of charge transfer
resistance (3.1Ω) compared to that of HCNFs alone (8.2Ω). The electro-
chemical performance of PANi-HCNFs also remain unchanged under
various bending angles (45°, 90°, 135° and 180°), representing its excel-
lent mechanical flexibility.

Mao et al. [53] successfully manufactured a PANi nanowire array/
carbon nanofibre/carbon fibre yarn (CFY@CNFs@PANi NWA) by com-
bining electrospinning, carbonisation and subsequent in-situ polymeri-
sation for high-performance yarn-shaped supercapacitors (YSCs). The
as-fabricated electrodes exhibited a high areal capacitance of 234 mF/
cm2 at a current density 0.1 mA/cm2 using 0.02 M aniline monomer
(CFY@CNFs@0.02 M PANi NWA). However, the aggregation of PANi
NWAs may occur as the concentration increases, which can limit the
Fig. 10. (a) Schematic illustration for the preparation of flexible CNF–HCNT–PANi electrode. (b
HCNT-PANI at different current densities (1 to 10 A/g). (d) Stability performance of CNF-HCNT
kinetics of electron transport and ion diffusion. Interestingly, the device
can successfully light up 36 red LEDs connected in series, revealing its
potential practical application for flexible electronic devices. Luo et al.
[199] developed as-grown carbon nanofibres–helical carbon nanotubes
(CNF–HCNT) by catalytic chemical vapour deposition (CCVD), followed
by PANi deposition, forming CNF–HCNT–PANi (Fig. 10). To prevent the
self-agglomeration of PANi during the charging/discharging process,
the CNF–HCNTmaterial was firstly soaked in nitric acid for 2 h to obtain
CNF–HCNT–COOH. The abundance of hydroxyl and carbonyl groups at-
tached on the CNF–HCNT facilitates the formation of uniform and thin
PANi layers, thus enlarging the active surface area for the redox reaction.
The proposed flexible CNF–HCNT–PANi electrode could deliver a high
specific capacitance of 660 F/g (at a current density of 1 A/g) and kept
a high capacitance value (retained nearly 90.4%) even after 1000 cycles,
showing its attractive prospect for high-performance flexible solid
supercapacitors.

5.2. Polypyrrole-based fibres

PPy is widely recognised as a promising electroactive material for
supercapacitors owing to its excellent features, such as a high theoreti-
cal capacitance of 620 F/g [162], an enhanced electrical conductivity
[200], a high specific energy and a fast charge-discharge ability [201].
Huang et al. [202] studied the capacitive performance of hybrid polypyr-
role nanowire/carbon nanofibres (NPPy/CNFs) at different electrodepo-
sition potentials (0.78–0.90 V) and electrodeposition times (100–800 s)
of NPPy. The resulting NPPy/CNF material exhibited a high gravimetric
capacitance of up to 148.4 F/g at a current density of 0.128 A/g and a de-
position time of 400 s with an applied potential of 0.85 V. However, a
further increase of the deposition potential to 0.90 V could promote
the formation of a bulbous/cauliflower PPy morphology, which would
then limit the ion-diffusion process. Furthermore, the as-prepared
NPPy/CNFs was able to perfectly retain its electrochemical performance
(85% capacitance retained) after 500 bending cycles, which makes it a
) SEM image of CNF–HCNT–PANi with polymerisation time of 4 h. (c) GCD curves of CNF-
-PANI over 1000 cycles at a current density of 1 A/g [199].

Image of Fig. 10
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good candidate for flexible and wearable energy storage devices. The
enhancement of specific capacitance and rate capability from NPPy/
CNFs is attributed from the uniform deposition of the three-dimensional
porous structure of NPPy on CNFs surface, which offers large inter-
accessible surface area between active sites and electrolyte as well as re-
ducing ion/electron diffusion pathways.

Loose and porous CNT/PPy fibres were synthesised by Guo et al.
[203] through several diamond wire-drawing dies approach (Fig. 11).
The CNT/PPy fibres exhibited a specific capacitance of 302 F/g with
retained rectangular CV shapes, even at a scan rate of 200mV/s. The out-
standing performance of the CNT/PPy fibres can be attributed to the
network structure of CNT,which offers a channel for the coated PPy, en-
abling an efficient electron and ion transportation. In addition, a negligi-
ble capacitance degradation of the CNT/PPy fibres was observed after
1000 bending times, which further confirmed their excellent flexibility
properties. Chang et al. [204] reported a flexible supercapacitor synthe-
sised from electrochemically deposited PPy on CNFs embedded in a
melamine sponge (MS) (PPy-CNFs/MS/PPy-CNFs). The as-prepared
PPy-CNFs/MS/PPy-CNF displayed an excellent electrochemical perfor-
mance with good durability (93% after 20,000 cycles) and a maximum
potential window of 3.0 V after five internal tandem ECs were con-
nected in series. Moreover, the remarkable mechanical flexibility of
the PPy-CNFs/MS/PPy-CNFs was proven by the unchanged CV profiles
of the bent, twisted and compressed states, indicating good electro-
chemical sustainability even under deformed conditions.

Hamra et al. [205] explored the stability of fabricated polypyrrole–
reduced graphene oxide–modified carbon bundle fibres (PPy–rGO) for
different charging/discharging cycle numbers (0, 500 and 100 cycles).
The full-cell device was assembled by dipping both PPy–rGO electrodes
in a polyvinyl alcohol–potassium acetate (PVA–CH3COOK) solid-state
electrolyte and sandwiching them together. The as-prepared electrode
demonstrated a high specific capacitance of 125.99 F/g at the 0th cycle
Fig. 11. (a) TEM image of CNT-PPy composite with polypyrrole content of 50 wt%. (b) Specific c
performance of flexible fibre-shaped supercapacitor based on CNT-PPy fibres under 90° bendin
as compared to 500th cycle (95.22 F/g) and 1000th cycle (49.35 F/g),
probably due to a decrease in the pore size with increasing cycle num-
ber. More importantly, the cycling deterioration (drained ~60%) of the
PPy–rGO composite after consecutive charging/discharging processes
could be explained by the mechanical degradation of the polymer
chain, which results in a poor diffusion of the electrolyte ions into the
electrode. Thus, advanced exploration of hybrid PPy–nanostructured
materials is pivotal and urgently needed.

5.3. Poly(3,4 ethylenedioxythiophene)-based fibres

PEDOT is one of themembers of the polythiophene family which has
emerged as a great potential candidate for pseudocapacitor electrodes
due to its rapid electrochemical kinetics and excellent intrinsic conduc-
tivity [206] compared to other CPs [207]. The preparation of PEDOT can
be simply achieved either chemically or by electropolymerisation.
Rajesh et al. [208] demonstrated the in-situ polymerisation of PEDOT
on a flexible 3D carbon fibre cloth (CFC) through the hydrothermal ap-
proach (Fig. 12). In this study, CFC was chosen as a substrate due to its
larger accessible surface area, good conductivity, high porosity, chemi-
cal stability, flexibility, light weight and cost-effectiveness. A uniform
distribution of the growing PEDOT on the CFC surface can be very ben-
eficial for increasing the electrode–electrolyte contact areas and im-
proving the ion diffusion, which can deliver a high specific capacitance
of 203 F/g (5 mV/s) and lead to low Rct (0.2 Ω) and Rs (0.6 Ω) values
compared to bare CFC. The galvanostatic charge/discharge curves have
almost pefect triangular shapes with a small voltage drop (IR drop) at
the beginning of discharging curve, indicating small internal resistance
with good electrochemical reversibility. The capacitance of PEDOT/CFC
also remained intact (about ~86% after 12,000 cycles), showing the
good electrochemical stability of the material. A ternary solid-state
supercapacitor composed of carbon black/carbon nanotube/MnO2/
apacitances against scan rates and (c) cycling stability of different electrodes. (d) Stability
g [203].

Image of Fig. 11


Fig. 12. (a) Schematic illustration of the fabrication of PEDOT/CFC via in-situ hydrothermal polymerisation. (b) A high magnification SEM image of hydrothermally polymerised PEDOT
nanostructures coated on CFC. (c) The specific capacitance of symmetrical PEDOT/CFC at different scan rates. (d) Long-term stability of symmetrical PEDOT/CFC over 12,000 cycles at
current density 10 A/g [208].
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poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) was suc-
cessfully fabricated by Garcia-Torres and Crean [209]. Initially, carbon
black (CB)/CNT (CB/CNT) fibres were prepared by wet spinning,
followed bymodification of thefibres through chemical reduction of po-
tassium permanganate (KMnO4). The obtained CB/CNT/MnO2 fibres
were then dip-coated with 0.1 wt% of PEDOT:PSS solution to produce
CB/CNT/MnO2/PEDOT:PSS. Interestingly, the reported composite exhib-
ited a high specific capacitance of 351 F/g in a three-electrodes system,
whichmay be attributed to the synergistic contribution of eachmaterial
in the composite. Electropolymerisation is considered a preferable
method by which PEDOT is directly grown on the current collector
without the addition of binders. Mohd Abdah et al. [20] worked on the
fabrication of PEDOT, coated on PVA–GO nanofibres by simple ap-
proaches, namely, electrospinning and electropolymerisation. Field-
emission scanning electron microscopy images indicated that the
web-structure of the PVA–GO nanofibres was fully covered by the po-
rous cauliflower-like structure of PEDOT, which can enlarge the
electroactive surface area and enhance the charge storage capacity of
the composite. Notably, electrochemical tests revealed that the hybrid
PVA–GO/PEDOT material possessed a specific capacitance of 224.27 F/
g and specific energy of 9.58 Wh/kg; the capacitance decreased by
about 28.9% over 5000 cycles. The poor cycling stability of symmetrical
PVA–GO/PEDOT could be possibly due to the swelling and shrinkage of
PEDOT structure and subsequent deterioration of the active electrode
material. A similar approach was employed by Syed Zainol Abidin
et al. [22] to fabricate a PVA–graphene quantum dot (GQD)/PEDOT
(PVA–GQD/PEDOT) composite. A uniform PEDOT coating on the PVA–
GQD nanofibres proved that the inclusion of GQDs helps to provide
more nucleation sites for homogeneous PEDOT deposition. The as-
prepared fibre composite exhibited a high specific capacitance
(291.86 F/g) at a scan rate of 100 mV/s and a good cycling stability
with a capacitance retention of 98% after 1000 cycles. However, the
use of PVA–GQD/PEDOT is still limited by its low specific energy
(16.95 Wh/kg). The introduction of TMOs and CPs into the nanofibre
composites would be a way to address this issue, thereby improving
the capacitive properties of the electrodes.
6. Transition metal oxide/conducting polymer-based fibres

The pseudocapacitive characteristics of fibre composites can be
enhanced by using a combination of TMOs and CPs (TMO/CP-based
fibres). Due to their fast/reversible redox reactions and high spe-
cific energies, both TMOs and CPs can synergistically offer superior
electrochemical performance of the fibre composites by contribut-
ing a higher specific capacitance as well as a better electrical
conductivity compared to single TMO- and CP-based fibres. Mohd
Abdah et al. [83] employed poly(vinyl alcohol)–graphene oxide–
manganese oxide (PVA–GO–MnO2) microfibres as a template for
PEDOT deposition. The homogeneous distribution of PEDOT on
the PVA–GO–MnO2 microfibres showed a noticeably higher spe-
cific capacitance (144.6 F/g), as compared with PVA–MnO2/
PEDOT (107.22 F/g), due to the enlarged surface area provided by
GO, which also prevents the aggregation of MnO2 NPs. The poten-
tial window of the PVA–GO–MnO2/PEDOT microcomposite can
be extended to 1.8 V, achieving acceptable cycling stability
(91.18% capacitance retained after 1000 cycles). A similar approach
(electrospinning and electropolymerisation) has been utilised
to prepare a poly(vinyl alcohol)–graphene quantum dot–cobalt
oxide/poly(3,4-ethylenedioxythiophene) (PVA–GQD–Co3O4/PED
OT) material [21]. It was found that the average diameter of the fi-
bres decreased (44 ± 13 nm) after the inclusion of Co3O4 NPs,
which shortened the electron transfer pathway while providing
more active sites for charge storage. The fibre composite possessed
a strikingly high specific capacitance of 361.97 F/g at a scan rate of
100 mV/s. Surprisingly, the rectangular CV curves can be pre-
served, without discerning any redox peaks, which demonstrates
the good electrochemical rate capability of the material. Besides
that, the utilisation of CNFs as a conductive substrate is another
strategy for improving the performance of TMO/CP-based fibres;
for example, a pyrrole (Py) monomer was chemically polymerised
on the surface of CNF–MnO2 to form CNF–MnO2/PPy; this symmet-
ric electrode was then assembled with a separator soaked in 1 M
KCl electrolyte. The obtained supercapacitor displayed an excellent

Image of Fig. 12
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electrochemical performance including a high specific capacitance
(315.80 F/g) and a remarkable specific energy (13.68 Wh/kg).
These promising results could be ascribed to the significant contri-
butions of each material, where the CNFs exhibited excellent
mechanical durability and MnO2 and PPy demonstrated a high the-
oretical capacity and an appreciable electronic conductivity, re-
spectively [19]. Gong et al. [210] reported the synthesis of porous
iron oxide–hydroxide/polypyrrole (γ-FeOOH/PPy) deposited on
carbon nanofibres (γ-FeOOH/PPy@CNFs) (anode) and MnO2@
CNFs (cathode) (denoted as γ-FeOOH/PPy@CNFs//MnO2@CNFs)
for ASCs. Using a PVA/LiCl gel electrolyte, the rate capability of
the assembled device was retained (about 63.8%) as the current
density increased from 5 to 100 mA/cm3 while keeping good cy-
cling stability of 82% after 5000 cycles. This is mainly due to the
unique porous morphology of the as-prepared ASCs, which pro-
vides numerous electroactive sites and enables effective access of
electrolyte ions into the electrodes. Moreover, the CV curves of γ-
FeOOH/PPy@CNFs//MnO2@CNFs can maintain their original shapes
at different bending angles (from 0° to 180°), with a maximum po-
tential window of 1.6 V, due to the outstanding structural flexibility
and good electrochemical features of the material. Modification of
the CNFs by electrochemical functionalisation, which leads to the
presence of abundant hydrophilic groups (i.e. carboxyl, hydroxyl
and epoxy functional groups) on the surface, can potentially pro-
mote efficient ion-diffusion pathways and enhance the surface
wettability of the prepared electrodes. The incorporation of f-
CNFs with PPy and MnO2 through in-situ polymerisation and elec-
trodeposition, respectively, led to a superior specific energy (of
42.53 Wh/kg) with a reasonably high specific capacitance (of
409.88 F/g). Moreover, the capacitance of a ternary f-CNFs/PPy/
MnO2 composite only decayed by approximately 13.70% after
3000 CV cycles, indicating the good electrochemical stability of
the material [18]. A summary of CP- and TMO/CP-based fibre com-
posites with respect to their electrochemical performances
forsupercapacitors is presented in Table 4.
Table 4
Comparison of the electrochemical performances of CP- and TMO/CP-based fibre composites.

Composite electrode Technique

PANi-based fibres
PANI/ATFCNFs Pulse current electrochemical polymerisation
PANi/GO NFs Adsorption of aniline, in-situ polymerisation
PANi NFs/FrGO Filtration, in-situ polymerisation, hydrothermal reduction,

sulphur functionalisation
PANi-HCNFs Electrospinning, sacrificial template method
CFY@CNFs@PANi NWA Electrospinning, carbonisation, in-situ polymerisation

CNFs-HCNTs-PANi Catalytic chemical vapour deposition (CCVD)

PPy-based fibres
NPPy/CNFs Electrodeposition
CNT/PPy fibres Diamond wire-drawing dies
PPy-CNFs/MS/PPy-CNFs Electrodeposition
PPy–rGO/modified carbon
bundle fibre

Electrodeposition

PEDOT-based fibres
PEDOT/CFC In-situ polymerisation, hydrothermal
CB/CNT/MnO2/PEDOT:PSS Wet spinning, chemical reduction, dip coating

PVA–GO/PEDOT Electrospinning, electrodeposition
PVA–GQD/PEDOT Electrospinning, electrodeposition

TMO/CP-based fibres
PVA–GO-MnO2/PEDOT Electrospinning, electrodeposition
PVA–GQD-Co3O4/PEDOT Electrospinning, electrodeposition
CNFs-MnO2/PPy Electrospinning, carbonisation, in-situ polymerisation
FeOOH/PPy@CNFs//MnO2@CNFs Surface coating, electrodeposition
f-CNFs/PPy/MnO2 Electrospinning, carbonisation, electrochemical functionalisa

in-situ polymerisation, electrodeposition
7. Conclusions and outlook

To meet the requirement of sustainable and renewable energy stor-
age for a variety of applications, such as electronic devices, hybrid elec-
trical vehicles as well in large industrial machinery, supercapacitors
have been acknowledged as ideal storage devices in fulfilling future de-
mands. The development of nanostructured electrodematerials, such as
NFs, has gained considerable attention in supercapacitor applications
because it has been proven to greatly improve the ion/electron transport
through their enlarged SSA, thus increasing the specific capacitance.
However, the design and optimum conditions for preparing fibres
with superior features still remain a great challenge, and therefore,
some factors including the morphology, pore size and surface area of
thefibres should be taken into consideration. In this review, recent prog-
ress in TMO-, CP-and TMO/CP-based fibres have been pointed out and
reviewed. Although TMO- and CP-based fibres can deliver a good elec-
trochemical performance, these individual pseudocapacitor materials
still suffer from some limitations including the poor conductivity of
TMO, which contributes to a low specific capacitance and causes the
structural destruction of the TMO and CP materials during the doping–
dedoping process, thus leading to an inferior stability performance.
However, substantial advancements in fibre-based supercapacitors
through the incorporation of EDLCs of CNFs with pseudocapacitive ma-
terials (TMO or CP) can be employed to overcome the above drawbacks.
As for TMO-based fibres, different types of TMO nanoarchitectures
(nanoribbons, nanosheets, nanowires, nanoflakes and NPs) should be
taken into account to obtain a high pseudocapacitance and a good rate
performance of the fibre composites. Moreover, the CP polymerisation
routes before incorporation into the fibres (i.e. electrodeposition, in-
situ polymerisation, hydrothermal synthesis, CCVD and dip coating)
are also important as they can amplify the contact areawith the electro-
lyte, improving the supercapacitive performance of the electrodes. Al-
though the ideal synthesis of TMO/CP-based fibres is believed to
overcome the disadvantages of each component, further improvements
in the supercapacitive performances of the materials, that is, specific
Electrolyte Capacitance Specific
energy

Stability
performance (%)

Reference

1 M H2SO4 456 F/g – 84.2 (1500 cycles) [193]
1 M H2SO4 780 F/g 30 Wh/kg 91.2 (1000 cycles) [174]
PVA-H2SO4 324.4 F/g 16.3 Wh/kg – [197]

PVA-H3PO4 339.3 F/g 11.6 Wh/kg 74.2 (3000 cycles) [198]
PVA-H2SO4 234

mF/cm2
21.4
μWh/cm2

90 (8000 cycles) [53]

1 M H2SO4 660 F/g – 90.4 (1000 cycles) [199]

PVA-H3PO4 148.4 F/g – 91 (5000 cycles) [202]
1 M H2SO4 302 F/g 3.6 Wh/kg 101 (5000 cycles) [203]
PVA-H3PO4 189.9 F/g 1.75 mW/cm3 93 (20,000 cycles) [204]
PVA-CH3COOK 125.99 F/g – 40 (1000 cycles) [205]

1 M H2SO4 203 F/g 4.4 Wh/kg 86 (12,000 cycles) [208]
0.01 M PBS and
0.1–0.5 M KCl

351 F/g – 84.2 (1000 cycles) [209]

1 M KCl 224.3 F/g 10.11 Wh/kg 71.1 (5000 cycles) [20]
1 M H2SO4 291.9 F/g 16.95 Wh/kg 98 (1000 cycles) [22]

1 M KCl 144.6 F/g 9.60 Wh/kg 91.2 (1000 cycles) [83]
1 M H2SO4 362 F/g 19.98 Wh/kg 96 (1000 cycles) [21]
1 M KCl 315.80 F/g 13.68 Wh/kg 82.5 (2000 cycles) [19]
PVA/LiCl 5.5 F/cm3 2 mWh/cm3 82 (5000 cycles) [210]

tion, 1 M KCl 409.88 F/g 42.53 Wh/kg 86.3 (3000 cycles) [18]
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capacitance, specific energy and long-term stability, are needed for scal-
able and flexible energy storage devices. It is highly recommended to
fabricate fibre-shaped asymmetric supercapacitos (FASCs) by combin-
ing two electrode materials with different potential windows. This
hybrid electrode design could broaden the potential window, thus
exhibiting high specific energy. Furthermore, the introduction of other
carbon-based materials [GO, rGO, N-doped graphene, multi-walled car-
bon nanotubes (MWCNT), PCNFs and nanocrystalline cellulose (NCC)]
in the TMO/CP-based fibres can be an alternative approach to achieve
an excellent cycling stability for supercapacitors application. In short,
tremendous efforts in advancing TMO/CP-based fibres should be made
to enlarge the scopes of supercapacitors into flexible, stretchable and
compressible devices.
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