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Figure 10. Schematic route for the fabrication of (a) free-standing anisotropic electrically conductive PI-GNR/CNT films adapted
from Liu et al.*® where GNR/CNT used as a hybrid nanofiller and (b) schematic electrospinning process for the preparation of

GCNF@MoS, hybrids as adapted from Gu et al.**

reducing agent (N,H,).”® With this methodology,
striking results have obtained, and the problem of
easy curvature of graphene sheets can be thoroughly
dissolved with enhanced conductivities, for example,
755cm™" with graphene-PAN and 25 Scm™' with
graphene-PVP (see Table 1).

The governing parameter for the properties of gra-
phene-based electrospun nanofibers is the interaction
with the polymer matrix, which has an impact on the
usage of a chemical treatment at the surface of the
nanofiller. This phenomenal influence was highlighted
in the schematic interactions of PVP and PVA with
graphene sheets reported in Figure 9.°° Table 1 sum-
marized that the fibers, which have been treated under
high temperatures, significantly improve the conduct-
ivity in comparison with that of the nanofibers
reduced by the chemical methods. This might be due
to huge removal of the oxygen functionalities from
the surface of GO, that is, attached to the interior of
an aromatic domain in GO by restoring sp” graphene
networks that significantly improved the conductivity
of the nanofibers by the thermal reduction process.

Functionalization of metal ions with GBEENs could
intensify the conductivity of the nanofibers which can
be performed by a mixing process of Ag, Ni, Ru, Si,
and Sn along with the electrospinning precursors and
there are innumerable reports in the literature for the
successful fabrication of these ions as listed in Table
1. In most cases, GBEENs have been used as the back-
bone materials, in incorporation with electro-active
materials, including conductive polymers and metal
oxides such as RuO,, Cos304 and MnQO, to achieve
ultrahigh values of conductivity.”®’® The addition of
RuO, and MoS, in GBEENs has limited their applica-
tions where high conductivity of the nanofibers is

needed due to the fact that very low free ion transpor-
tations have offered conductivities between 0.59S/cm
and 0.56S/cm, respectively.*>** The schematic process
of graphene-wrapped electrospun carbon nanofibers
(GCNFs)@MoS, electrospun nanofibrous membranes
has shown in Figure 10b. Compared to unidirectional
electrospinning, coaxial electrospinning provides an
alternative and effective way of fabricating graphene
with conductive polymers such as polyaniline (PANi)
with unique core-shell structures. Moayeri and Ajji
use this method (see Figure 9a) by utilizing 1-pyrene-
butanoic acid, succinimidyl ester (PBASE) with
reduced graphene to fabricate conductive nanofibers
denoted as PANi/G-PBASE, and the resulted nanofib-
ers have boosted conductivity up to 30S/cm.°'
Fabricating GO is an extremely vital process as it
has a large impact on the conductivity of the nanofib-
ers, and therefore makes scientists to explore new
methods and techniques for the surface functionaliza-
tion of the nanofibers with GO to enhance hybrid
electrospun fibrous conductivity. In large-scale opera-
tions where researchers need to utilize huge quantities
of graphene oxide for the industrial production of
nanofibers by incorporating of graphene through a
mist of GO using an ultrasonic atomizer is the most
obvious solution, due to the relative ease in fabricating
sufficient amounts of graphene to the desired quality
levels. An interesting strategy has followed by Wang
et al.®® They fabricate conductive nanofibers using
electrospinning and ultrasonication simultaneously to
dope GO by spraying through an ultrasonic atomizer
(see illustrated scheme in Figure 9b) with an achieved
conductivity up to the 0.42 Scm™'. Apart from the
reduction methods, anisotropic materials and oriented
graphene sheets in the interior of nanofibers had a



8 K. JAVED ET AL.

Table 2. Electrochemical performance of various graphene-based hybrid nanofibers

Capacitance studies

Electrospinning hybrid materials Reduction method Scan rate (mVs™') Electrolytes Specific capacitance References
Graphene oxide/V,0s/PVP Chemically reduced by PPy 100,75,50,25,10 KOH and H,S0, 453.82 Fg' 86
Graphene/polypyrrole-coated Annealed at 850 °C for 1h 2 Na,S0,4 386.00 Fg ™' 87
Graphene oxide-NG-CNF 800°C for 2h 1 NaCl solution 33785 Fg™" 88
M-rGO/PA66 Hydrazine vapor at 150 °C 10 H,S0,4 280.00 Fg~' 89
PAN/PVP in DMF Carbonized at 850 °C 10 6M KOH 26500 F g’ 90
G/CNF and PAN Annealed at 800°C to 100 KOH 263.70 Fg ' 91
CNF/graphene/MnO, Carbonized at 900 °C for 1h 50 6 M KOH 225.00 Fg~' 92
PVA-GO/PEDOT No reduction carried out 5,10,25,50,100 1 M KCl aqueous 22427 Fg™! 93
PAN/GO fiber paper Carbonized at 800 °C for 1h 5 to 400 KOH 24100 F g’ 94
MnO,/HPCNF/G Carbonized for 1h at 800°C 10 to 100 KOH 210.00 Fg~' 95
CNF/GNS and GNS/PAN Hydrazine (80 wt% in water) 5 to 100 KOH 197.00 Fg~' 96
CNF/G into PAN Carbonized up to 800°C 2 Not available 183.00 Fg~' 97
RuO,/ACNF/graphene composites Activated at 800 °C for 1h 25 6.0 M KOH 180.00 Fg' 63
rGO/thorn-like TiO, nanofiber (TTF) Reduced at 180°C for 6h 5,10,20,30,50,70,100 1 M Na,SO, 178.00Fg " 98
GNW-carbon nanotube (CNT)-PAN CVD at 1500°C 10 H,S0,4 176.00 Fg~' 99
GO/PANi/PVDF No reduction carried out 10,20,40,60,80,100 H,S0,4 170.63 Fg~' 100
GO and PAN Carbonized at 1000°C for 1h 25 KOH 146.62 Fg~' 101
TEOS, graphene, and PAN Heated at 800 and 1000 °C 25 KOH 144.79 Fg~' 102
Graphene in PAN/PMMA Heated at 1000°C for 1h 25 KOH 128.00 Fg~' 103
GO and CNTs embedded in PAN Heated at 800 °C for 30 min 100 0.5 M Na,SO, 120.00 Fg~' 104

greater influence on the conductivity, for example,
contrastive conductivity in different directions by the
graphitic hierarchical architecture structures of GO.
This feature definitely contributed to the unidirec-
tional transmission of electrons; hence, different con-
ductive networks constructed from  cross-linked
graphene in both parallel and perpendicular direc-
tions. The phenomenon was well described by the Liu
et al. who investigated the anisotropic behavior of GO
by polyimide-graphene nanoribbons (PI-GNR) and
carbon nanotubes (CNTSs) by demonstrating two dif-
ferent electrical conductivities, for example, in parallel
direction of 8.3 x 107> Scm™" and 7.2x 10™® Sem™'
in the perpendicular direction (see a schematic dia-
gram of electrospun PI-GNR/CNT nanofibers pre-
sented in Figure 10a).” The prospective of
electrospinning is capable of delivering flexible elec-
trodes for the new-generation printable/wearable elec-
tronics and can be an encouraging nanocomposite in
the developments of high-performance energy stor-
age devices.

2.3. Graphene-based electrospun supercapacitors

In this decade, graphene-based electrospun electrocon-
ductive nanofibers (GBEENS) are in high demand for
nanocomposites in supercapacitors as they eliminate
the binding with the improvements in compaction of
graphene structures. It can be a next-generation
energy storage material due to number of multifunc-
tional properties like high surface area (a single gra-
phene sheet is 2630 mz/g), flexibility, ultra-thin,
chemical stability, and low cost.”> 79:80

Supercapacitors are broadly divided into two different
classes: electrochemical double layer capacitors
(EDLCs), energy storage involving non-Faradaic proc-
esses based on the accumulation of electrostatic
charged particles at the electrode/electrolyte interface,
and pseudocapacitors, that stores energy by Faradaic
redox reactions of the electrode.®’ Graphene-based
electrospun nanofibers have been researched exten-
sively for EDLCs comparing to pseudocapacitors®.
Principally, the specific capacitance of a supercapaci-
tor depends on the specific surface area of the elec-
trode which is determined by the porosity of the
electrode material. In this scenario, GBEENs are
encouraging porous materials for supercapacitors
offering high specific area and conductivity.*>"*
Many scientists have been able to develop supercapa-
citors by GBEENs that can store 120 F/g to 453 F/g.
Data provided in Table 2 recapitulate several methods
to develop GBEEN-based supercapacitors. There are
numerous attempts to fabricate GBEENs for superca-
pacitor systems that have been reported by many dif-
ferent polymers including PAN, PANi, PVA, PVP,
and PPMA (as shown in Table 2). However, favorable
results have been achieved by PVP and PAN as elec-
trospun precursors owing to their high carbon con-
tent. Similar efforts have been made with different
kinds of electrode materials, that is, Ni, tetraethyl
orthosilicate (TEOS), and TiO, and MnO, incorpo-
rated in the electrospinning process. But a fundamen-
tal work®® with vanadium pentoxide (V,05) showed
highest  specific ~ capacitance  investigated by
Thangappan et al. They have used V,05 as an elec-
trode material because of its unique structure, high
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Figure 11. SEM images (a) of pure G/VO nanofibers, (a) annealed nanofibers at 350°C and 550°C, (b, ¢) SEM of pure GO (b) CV
curves of graphene and V,0s nanofibers (a, b) in different electrolytes (KOH and H,SO,) and CV curves for pure V,05 nanofibers
and GO (c, d), and specific capacitance (c) of GVO and VO nanofibers with respect to current densities.®®
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Figure 12. A schematic diagram (a) of the core shell fiber structure and specific capacitance (b) with respect to current density for
the CNF@PPy and CNFQG/PPy core-shell electrodes as adapted from Gan et al.”

capacity, ease in preparation, and moderate electrical
conductivity.'” Vanadium acetylacetonate, GO, and
PVP were used as core electrospun hybrid materials
to fabricate graphene oxide/vanadium pentoxide
(GVO) nanofibers. Embedded GVO electrospun
fibrous mats in a three-electrode cell demonstrated an
impressive specific capacitance, that is, 453.824 Fg™'
(see Figure 11).

Although several attempts have been made with
graphene-based electrospun supercapacitors by mak-
ing various combinations of electrolytes, the results
concluded that potassium hydroxide (KOH) provides
better capacitance due to its ionic conductivity (for 6
M, a maximum value of 0.6S cm ™' at 25°C) as com-
pared to the electrolytes, that is, Na,SO,, H,SO,, KCl,
and NaCl mentioned in Table 2. This was confirmed
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Figure 13. The schematic route of rGO/PA66 nanofabric (a) photographs of PA66 nanofibers and RGO/PA66 nanofabric (b) as

adapted from Wang et al®°

Figure 14. TEM (a) and HRSEM (b) images of GO-CNT/CNF.'%*

by capacitance behavior, that is, H,SO, that did not
produce ideal cyclic voltammetry (CV) curves as seen
in Figure 12; hence, no charging and discharging
process take place; therefore, proving KOH is an
ideal electrolyte with graphene-based electrospun
supercapacitors.

In abovementioned electroactive materials, MnO,
has materialized as one of the brightest candidates
due to its low cost, high electrochemical activity, and
eco-friendly nature. The combined characteristics of
MnO, and graphene have high relevance in many
application areas especially in fabricating electrodes
for supercapacitor applications. However, intrinsically
offered bad electrical conductivity (107°-107° '/
cm).”> A designed electrospinning process of MnO,-
containing hierarchical porous CNF/graphene (MnO,/
HPCNF/G) was investigated by Lee” with a specific
capacitance of 210 Fg™' at a current density of
1 mAcm™2 To improve the electrochemical properties
of GBEENSs, various modifications have been carried
in the annealing process, which significantly improve
the porosity the nanofibers. As noticed by
Thangappan et al., before annealing process, GBEENs
exhibited diameters ranging from 200nm to 300 nm,

* @ |k o e—
INCIgN
Anode e Cathode

@ LI

Figure 15. Schematic representation of Li-ion battery (LIB) as
adapted from Pampal et al.*

which was influenced by annealing on a decreasing
diameter to 90-150 nm as seen in Figure 12. This was
attributed to the difference in thermal expansion by
the incompatibility of GO and V,Os resulting in the
initiation of residual stress and breakage by losing the
smooth morphology of the electrospun nanofibers.
Combination of graphene with conductive polymers
such a polypyrrole (PPy) coated on an electrospun
CNF composite surface via a facile electrodeposition
method is a promising candidate for pseudocapacitors.
This distinctive core-shell structure for high-perform-
ance supercapacitors was discovered by Gan et al.¥’
The fabrication method was described in two steps.
Initially, the CNF was fabricated via electrospinning
from PAN/DMF solutions; second, nanofibers were
coated by electrodeposition of graphene/PPy.
Benefiting from these features of interwoven and por-
ous structure of the electrospun CNF improved the
conductivity and electrochemical performance of the
supercapacitor. The overall process of the core shell
fiber structure and dependence of specific capacitance
on a current density are shown in Figure 12 (reported
specific capacitance 386 F g~').
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Table 3. Typical results and state-of-the-art graphene-based electrospun hybrid Li-ion batteries anodes.

Capacitance studies

Electrospinning hybrid materials Reduction method Capacity fade% Specific capacity References
GNRs, MWCNT, and Si/C nanofibers Carbonized at 900 °C for 5h 94% after 100 cycles 1800 mA h/g 114
Sn0,@CQAG hNFs Annealed at 500 °C for 2h 82% after 50 cycles 1600 mA h/g 15
PEO, Si, G, and C denoted as Si-G-C Heated 1000 °C for 1h 95% after 200 cycles 1344mA h/g 116
SiNPs wrapped by graphene Carbonized at 900 °C for 5h 85% after 200 cycles 1191 mA h/g 17
GCNF hierarchical WS,/GCNF hybrid Carbonized at 950 °C for 2h 95% after 100 cycles 1128.21mA h/g 118
Graphene and encapsulated Co30, nanotubes Calcined at 600°C for 2h 96.1% after 80 cycles 961 mA h/g 119
Si/CNF/GO Carbonized at 650 °C for 1h 91% after 50 cycles 872mA h/g 53
PAN/Fe,03/G Carbonized at 650 °C for 1h 81.8% after 105 cycles 826 mA h/g 66
rGO in PAN and ZnO nanoparticle Carbonized at 800 °C for 2h 80% after 100 cycles 815mA h/g 120
CoMoO4@graphene nanofibers Carbonized at 450 °C for 2h 80% after 200 cycles 735mA h/g 121
CoO-graphene-carbon nanofiber Heated at 650°C for 2h After 352nd cycle 690 mA h/g 122
Si and graphene-covered Ni particles Carbonization at 650 °C for 1h 81% after 70 cycles 600 mA h/g 70
Sn0,@QG Calcined at 450°C for 2h 60% after 120 cycles 591.9mA h/g 123
SigoSnq2CeqgFesAlsTi, NFs@QrGO Carbonized to 700°C for 2h 99.9% after 2000 cycles 569.77 mA h/g 124
NiSe,-rGO)-C polyacrylonitrile-polystyrene Carbonized at 450 °C for 3h 93% after 100 cycles 468 mA h/g 125
Sn02 nanorods and graphene sheets Carbonized at 500 °C 86 % after 50 cycles 467 mA h/g 126
FeSe,@GC-rGO Carbonized at 500 °C for 3h 82% after 150 cycles 412mA h/g 127
Antimony-carbon-graphene fibrous Calcined at 600°C 98% after 100 cycles 274mA h/g 128
Graphene-TiO, nanofibers Heat-treated at 500 C for 1h 85% after 200 cycles 217 mA h/g 129
OMTiO,—-rGO-NF Heat-treated at 500°C for 2h 85.3% after 500 cycles 212mA h/g 130
TiO,—G nanofibers Carbonized at 450 °C for 1h 84% after 300 cycles 150 mA h/g 131
Graphene-oxide-wrapped LiTisO1, Annealing at 700 °C for 4h 99% after 100 cycles 110mA h/g 132
Graphene and conductive LisTisO1, Calcined at 550°C for 3h 91% after 1300 cycles 101 mA h/g 133
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Figure 16. A route for water-based electrospun GNR/Si/C fibers as adapted from Kim et a

Impregnation into rGO of a nanofiber fabric
(PA66) is a distinct methodology (Figure 13) in the
development of graphene-based electrospun superca-
pacitors. To avoid the aggregation of GO, dipping or
coating with ultrahigh mass loading of GO is favor-
able for electrochemical properties and can be
achieved by the simplicity of this method (reported
specific capacitance 280.00 Fg~').*

Interfaces between GO and a conductive polymer
such as a thiophene derivative poly(3,4-ethylenedioxy-
thiophene) (PEDOT) that possesses a conductivity
(300-500S cm™') compared with other thiophene
derivatives have been fabricated by two integrated
methods, that is, electrospinning and electrodeposi-
tion. As PEDOT has a large potential window, a
good thermal and chemical stability low band gap of
1-3eV represents the key for successful and great
charge mobility that can produce instantaneous

114
l.

electrochemical kinetics.'°>'”” This hybrid nanocom-
posite without reducing GO proclaimed a specific
capacitance up to 224.27 Fg~'.>> Template hierarch-
ical porous carbon nanofibers (HPCNFs) embedded
with graphene are excellent materials to employ in
the EDLCs, but they do not satisfy the requirements
for commercial application because of their complex
preparation, poor electrochemical performance
(128.00 Fg~! as seen in Table 2), and relatively high
cost. Moreover, ultra-micropores have accessible
pathways to rather small ions (K™ and OH") in car-
bon materials for EDLCs.'” Similarly, GO-CNT/
CNF electrospun nanofibers present a twine morph-
ology and a rough surface exhibited diameter
enlarged to 700nm. CNT is an inflexible and has a
highly curved structure and it could not be
embedded in the CNF, resulting in the rough surface
of the nanofiber (see Figure 14) strongly influenced
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Figure 17. TEM images of carbon nanotubes and unZ|pped graphene nanoribbons (a,b), low magnification SEM of CNT/Si/C fibers
and GNR/Si/C fibers (c,d), and high magnification SEM images of CNT/Si/C and GNR/Si/C fibers (e,f) as adapted from Kim et al.'™

the performance of the supercapacitor attributed to
120 Fg~ "'

2.4. Graphene-based electrospun anodes for
Li-ion batteries

At present, Li-ion battery (see schematic Figure 15)
electrode materials are usually based on powder mate-
rials which may lead to the occurrence of large vol-
ume stability during cycling life resulting in the poor
performance and cyclabilty.*” Surface modification
with carbonaceous materials has been reported by
many researchers to improve the battery performance.
Among these, major developments have been
addressed in GBEAs for Li-ion batteries by attracting
considerable attention because of wide range of appli-
cations in smart electronics such as laptops, cameras,
and mobile phones.'”® "> Graphene is an attractive
candidate with ordinary morphological characteristics,
high surface area exceeding 2600 m?/g~', variable
density, and high porosity. These characteristics
plunges the length of Li* diffusion pathways, thus
enhances the power capability. In addition, graphene
offered high theoretical capacity of 744mA h g~ for
Li" storage.'"” GBEAs for Li-ion batteries are consid-
ered as one of the most promising storage systems
against the hydrogen fuel cell. These doped or blended
nanofibers have been considered as an excellent elec-
trode/separator in Li-ion batteries. The enhanced
characteristics of graphene-based electrospun nanofib-
ers arise from the integration of compound character-
istics which can impart unique morphologies and
structures in nanofibers. Several engineering-oriented
studies with the materials including SnO,, CoMoO,
OMTiO, Li Ti50;,, TiO,, CoO, and ZnO were uti-
lized as hybrid martials for the fabrication of gra-
phene-based electrospun Li-ion anodes (see Table
3).5614 17 GBEA composites merged advantages by

V,0, nanofibers

Flow n' | .
ate Syringe

High voltage
supply

GVOo
composites

Graphite

Reduced
Graphene Oxide

Figure 18. Schematic illustration for fabrication of GCO nano-

fiber composite as adapted from Pham-Cong et al.’*®

incorporating these materials leading to long-life cyc-
lic stability, mechanical strength, and good electric
conductivity.

The detailed electrospinning process, reduction
methods, fabrication, and electrical properties of
GBEAs for Li-ion batteries are shown in Table 3.
Silicon functionality has considered to be excellent can-
didate since it has been proven as a favorable material
for the development of Li-ion batteries with a theoret-
ical capacity of 3579 mA h/g at a room temperature.'**
A fundamental research work by Kim et al.'** demon-
strated highest specific capacitance (up to 1800 mA h/
g) by unzipped GNRs from MWCNTs with the help of
hexadecyl functionalization process, the comprehensive
procedure using water as a solvent for GNR/PVA/Si
electrospun nanofibers (see Figure 16). Furthermore,
inclusion of other active anodic materials, interesting
and efficacious nanostructures can obtain with
improved cycling life. Thus, it creates reversible cap-
acity retention, and rate capability of the anodes.
Research activities toward improving the ionic and
electronic transport properties of titanium have



contributed greatly in last few years. One such
approach by electrospun TiO, nanofibers containing
graphene has reported a high reversible capacity
(150 mA hg’l) with 84% retention after 300 cycles'*.
Graphene as well as CoO/C electrospun nanofibers
were discovered to control the growth of CoO, nucle-
ation during heat treatment, an agreement of a defect-
ive fiber structure formation by unhomogenized
distribution of graphene sheets and CoO particles.
These defects provided better Li* storage and thus
enhanced the capacity and cycling stability (690 mA h
g ! after 352 cycles).'”

Reduced graphene also found to electrospun unique
hollow core-shell nanofibers with ZnO nanoparticle
as cores and rGO/C as shells. In spite of a high initial
irreversible capacity loss, rGO core-shell nanofibers
offered a specific capacity up to 815mA h g~' (80%
retention after 100 cycles). Through the combination
of SnO, and graphene, interesting structures have
been reported in which high specific capacity of SnO,
was maintained for more cycles by the presence of
graphitic structures. Freestanding SnO,/graphene with
an additional graphene coating and freestanding
SnO,/G film from SnO, fibers have both been pro-
posed (reported specific capacitance 591.9, 467 mA h/
g, respectively)."”> '*° Another combination of high
capacity and stability can be obtained from Si/gra-
phene electrospun nanofibers, and the interconnected
graphene sheets buffer the volume proliferation of Si
during cycling and thus donate to the anode a better
cycling stability (872mA h/g, 91% after 50 cycles)™
Furthermore, the morphology of the fibers could be
controlled by changing the particle size and the dis-
persion of the Si particles in the fibrous structure
ensuring strong interfacial interactions between Si and
graphene sheets was highlighted by Kim et al."'*

Opposed to CNT/Si/C electrospun nanofibers,
GNR/Si/C nanofibers showed better morphology due
to their open structure, flexibility, and better disper-
sion (see Figure 17d). It was suggested that graphene
nanopallets proved to be a better nanofiller for rein-
forcing Si/C fibers, that is, Si nanoparticles evenly dis-
tributed throughout the nanofibers, while bundles of
silicon nanoparticles (SiNPs) can be observed in
CNT/Si/C (see Figure 17¢,f).""*

2.5. Graphene-based electrospun cathodes for
Li-ion batteries

To date, very few attempts have been made in gra-
phene-based electrospun cathodes by improving rate
capability and cycling stability of 2D nanostructures.
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Minimizing the Li* ion transport gap and increasing
the number of active sites have been developed.'*>™"*”
Two-dimensional rGO nanosheets with high specific
area greatly improve the conductivity of the electro-
spun nanofibers that conquer the side reaction at high
voltage in Li-ion batteries cathodes. Reduced electro-
spun of GO and V,05 nanowires (NWs) (100% after
300 cycles 225 mAh g ') is considered to control the
volume expansion of the active materials during the
charge/discharge process, since the structure may
assist the migration of lithium ions between the active
material and electrolyte.'”®

A schematic electrospinning process of rGO and
V,05 NWs is shown in Figure 18. Direct electrospinning
or with a combination of lithium-rich manganese fol-
lowed by sol-gel to encapsulate graphene contained
CNFs. This process has researched by very few scien-
tists; an electrospun cathode with reduced GO as 3D
hierarchical architectures giving a specific capacitance
(145 mAh g~' with retention up to 73.6% after 100
cycles)®”'*® can further be improved by exploring
new materials and methods.

3. Conclusion and future directions

Graphene, as the “mother” of all other allotropes of
carbon, has proven a promising nanofiller in electro-
spinning by owing extraordinary multifunctional
properties, for example, conducting, electronic, and
physicochemical. In this review, we have provided a
comprehensive overview of the developments in gra-
phene-based electrospun nanofibers in the creation
of conductive nanofibers, supercapacitors, anodes,
and cathodes for the Li-ion batteries including major
past progress, technical issues, and nanostructured
material developments. Moreover, several methods
and advanced characterization techniques involved in
the fiber chemistry have been discussed, providing a
better understanding of the mechanisms between the
fiber structure and electrical properties. Graphene-
based electrospun nanofibers that are one dominant
type of nanocomposite as a supercapacitor, anode,
and cathode in Li-ion batteries have shown promis-
ing performances with high capacity, enhanced rate
capability, and long-term cycle stability. The applica-
tion of graphene-based nanofibers as nanocompo-
sites, facilitating easy pathways for ion/electron
transport in Li-ion batteries by offering the advan-
tage of a versatile design of nanocomposite.
Electrolytes also play a critical role in solving the
problems of specific capacity; for example, KOH sig-
nificantly enhances the Coulombic efficiency and the
stability of a supercapacitor. In this regard, KOH
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found to be a beneficial electrolyte for the graphene-
based electrospun supercapacitors. Despite the con-
siderable advancement achieved during the past few
decades, it will still be a long way to go in future
and more efforts should be directed toward nano-
science research and approaches. This can lead to
viable high-performance smart electronics with a
future prospect as upcoming hybrid materials that
can replace conventional conductive fibers, Li-ion
electrodes, and supercapacitors. The efforts for devel-
oping high-performance-based electrospun nanocom-
posites can be generalized as follows.

3.1. Appropriate dispersion of GO

A well-dispersed form of GO inside polymeric matrix,
accountable for uniform distribution of graphene
sheets inside nanofibers, is a complicated process. GO
stability on the solution-phase manipulation is a crit-
ical point controlling the morphologies of the nano-
fibers. In this context, the solubility of GO with an
appropriate loading, sonication, or mechanical mixing
needs to redesign by exploring new solvent systems
with sufficient contact. Poor connection between the
insulating GO and the electrical conductor can result
in inactive regions, leading to low anodic and cathodic
conductivity and low capacity supercapacitors.

3.2. Reduction of GO-based nanofibers

The reduction of GO-based nanofibers is definitely a
key process and reducing GO-based nanofibers with
high-quality still remains a challenge. Several scientific
experiments have been proposed; each of them has
advantages and limitations. Different reduction strat-
egies solely by chemical or heat treatments have been
followed to transform the effect of the final perform-
ance of the nanofibers or devices composed of GO-
based nanofibers. Although optimized results have
been achieved by thermal annealing of the nanofibers
but to achieve flawless rGO is difficult to reach by
chemical reduction which can improve further
research efforts and should continuously be carried
out to find new methods for the future improvements
in the reduction of GO-based nanofibers.

3.3. Stable electrolyte systems for GO-based
supercapacitors

The current liquid electrolyte is far away from fulfill-
ing the demands of the practical utility of graphene-
based nanofibers in supercapacitors and in Li-ion bat-
teries because of the side reactions among electrolyte

solvents. A well covenant electrolyte needs to have
reliability as well as compatibility with graphene-based
electrospun nanofibers; therefore, further research on
suitable combinations or novel electrolytes can
be focused.
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Appendix B

B. I. CA-[BMIM]CI-GO solution conductivity.
B. Il. Porosity and conductivity analysis.
B.1ll. CA-[BMIM]-CI membranes conductivity analysis.
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Figure 1. CA-[BMIM]CI-GO solution conductivity.

Figure 2. Image of the nanofibers to analyse their porosity, using a local thresholding
method.
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Figure 3. Experimental validation of the conductivity using a labscale method (prior to
adding GO).
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