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Recent critical advances in energy storage technologies and progress towards the future “electric” era
highlight the enormous demand for sustainable energy storage devices like batteries and
supercapacitors (SCs) to meet the acute energy needs of society. SCs are more remarkable among the
various technologies due to their high power density, extended life cycle, environmental friendliness,
and fast charging—discharging. To further improve the performance of SC devices, tremendous research
efforts are in progress, including altering the fabrication method, using advanced robust materials and
intriguing engineered nanostructures, and designing new architectures. Among the widely available
materials, transition metal oxides (TMOs) exhibit good performance in SC technology owing to their high
specific capacitance, different oxidation states, chemical and thermal stability and economic viability. So,
recent research focuses on developing multifunctional engineered nanostructures and composites of
TMOs to improve the SC performance and widen their application towards wearable and healthcare
devices. The nanofiber morphology is supposed to have several advantages in SC performance com-
pared to other morphologies owing to its higher specific surface area and aspect ratio, effectively
improving the adsorption and electrolyte-ion diffusion process. Electrospinning is the most efficient
technique for large-scale nanofiber production in a facile approach. This review discusses the recent
progress in the fabrication and electrochemical properties of various TMO-based electrospun fiber
electrodes for SC applications. The fundamentals of the electrospinning technique and a basic overview,
in addition to the classification of SCs, are summarised. A more detailed insight into the advantages and
disadvantages of fiber SCs, with particular attention on electrospun TMO fibers, is also discussed in this
review. Finally, a conclusion on different TMO-based electrospun fiber electrodes compared to bimetal

TMOs is deliberated by stating the challenges and future prospects of electrospun fiber SC electrodes.

Besides, fossil fuel combustion also results in atmospheric
pollution through the emission of toxic and greenhouse

The depletion of fossil fuel-based energy sources and the ever-
increasing demand for daily energy consumption has acceler-
ated the need for alternative and sustainable energy sources.'™®

“ Materials Science and NanoEngineering Lab (MSNE-Lab), Department of Polymer
Science and Rubber Technology (PSRT), Cochin University of Science and
Technology (CUSAT), Cochin 682022, India. E-mail: prasanth@cusat.ac.in,
praghavan@sruc.ac.uk, sreejith.siva@gmail.com; Tel: +91-(0)-790 753 3273,
+44-7385848398

b Department of Materials Engineering and Convergence Technology, Gyeongsang
National University, 501 Jinju-daero, Jinju 52828, Republic of Korea

¢ Institute of Condensed Matter and Nanosciences, Université Catholique de
Louvain, 1348 Ottignies-Louvain-la-Neuve, Belgium

4 Biorefining and Advanced Materials Research Centre, Scotland’s Rural College
(SRUC), Kings Buildings, West Mains Road, Edinburgh, EH9 3]G, UK

922 | Energy Adv., 2023, 2, 922-947

gases.”™® ' Safe and viable energy storing devices have
attracted prominent interest in this regard. The discovery of
the possibility of storing charges on the surface has created
historic innovations in the energy storage sectors.'” Electro-
chemical energy storage (EES) devices such as batteries, super-
capacitors (SCs) and fuel cells are some of the most important
classes of sustainable and renewable energy storage techniques
nowadays.”*>* Even though some fundamental differences
exist in the operation of these three techniques, some electro-
chemical similarities persist. The energy storing process of
these devices takes place in the electrode-electrolyte interface
and has a separate path for electron and ion transport.'*??
Moreover, in their architecture, these EES devices are made
up of two electrodes separated by an electrolyte. Fig. 1(a)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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shows the Ragone plot of the energy and power densities of
different charge-storing devices, including batteries, SCs and
fuel cells.”

SCs have attracted much more scientific and technological
care owing to their environmental friendliness, safety, high
power density and better cycling stability than other electro-
chemical energy storing devices.”>>* However, comparatively,
the low energy density of SC is the main disadvantage, which
hinders the widespread application of $Cs.**° In order to
address this challenge, different materials and methods are
utilized in SC technology. A more detailed discussion on SCs
and their primary classifications and working mechanisms are
given in the following sections (Fig. 1(b)-(d)).*® Carbonaceous
materials, transition metal oxides (TMOs), two-dimensional
(2D) materials, conducting polymers and nanocomposites are the
most extensively used electrode materials in SCs.>”****> Among
these, the transition metal oxides have promising results in attain-
ing high specific capacitance and better energy density.>*** Yet,
their low electrical conductivity is one of the main weaknesses, and
the fabrication of TMO nanocomposites with conductive carbon
nanomaterials like graphene, carbon nanotubes (CNTs), and car-
bon fibers aids in increasing the electrical conductivity and better
capacitive performance.*>*™*® Among the different techniques,

electrospinning is the cheapest and most widely used technique

to make carbon nanofibers having better porosity and high specific
49,50

surface area.
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Hence, in this review, we focus on the role of electrospun
nanofiber electrodes with transition metal oxide additives in
the performance of fiber supercapacitors. A brief overview of
the fundamentals of electrospinning, supercapacitors and their
different classifications based on storage mechanisms and
recent advances in fiber supercapacitors are included in this
review. The role of transition metal oxides in supercapacitor
electrode fabrications, followed by a detailed review of electro-
spun transition metal oxides for fiber supercapacitors is
included in the final section of the review.

Fundamentals of electrospinning

Electrospinning is a technique that Lord Rayleigh developed for
fabricating fiber structures by exploiting the -electrostatic
force.”* Compared to other processing techniques, electrospin-
ning’s main benefit is the large-scale nanofiber production in a
facile and highly versatile approach.”*> There are different
reviews available explaining the basic mechanism of the elec-
trospinning process and different processing parameters and
conditions that affect the electrospinning process.”*° In this
regard, we give a brief overview of the electrospinning process.
As shown in Fig. 2(a), the basic components of an electrospin-
ning unit are a high voltage power supply, spinning unit
(syringe and pump) and grounded collector.>”*® During the
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process, a high DC voltage is applied between the collector and
spinneret, which will be responsible for forming a Taylor cone
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of the spinning solution at the tip of the needle. The Taylor
cone will elongate into the collector as a fiber mat when the
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solution overcomes the electrostatic force.”® As aforemen-
tioned, the properties of the fiber can be controlled and tuned
by varying some of the spinning factors, like (i) system para-
meters (molecular weight and molecular weight distribution
polymer chain, linear or branched chain architecture of the
polymer, etc.), (ii) solution parameters (concentration, viscosity,
surface tension and dielectric constant), (iii) process para-
meters (applied voltage, rotation speed, feeding rate, collector
type, tip and collector gap), and (iv) ambient conditions
(humidity, temperature and air velocity in the chamber).”"*®
Each of these parameters has a different extent of influence on
the spinning process, and among these, the solution process
plays a pivotal role in determining the quality of the spun fiber
mat. For example, a low viscosity of the spinning solution can
result in bead formation on the spun fiber mat, whereas a
higher viscosity can lead to increased fiber diameter. Hence,
the tunable properties of the electrospinning fiber give more
opportunities to manipulate the electrode properties for better
performance.>® Likewise, the geometry (static: plate collector or
screw jacks and dynamic: rotating drum) and type of collector
material (aluminium foil, copper foil, wire mesh, conductive
cloth and carbon paper) have a huge impact in controlling the
fiber morphologies from random fibers to aligned/intertwined
fibers and their physical properties (Fig. 2(b)).*° Fig. 2(c) repre-
sents the morphological variation of fibers collected using
different collectors.®™®> Another important aspect of electro-
spinning techniques is that, rather than the basic polymeric
solution for spinning, various additives like metals, metal
oxides and nanoparticles can be incorporated into the spinning
solution, which further allows the properties of the spun fibers
to be manipulated.*®®*~°® Fig. 2(d) shows the schematic repre-
sentation of different parameters, which influences the electro-
spinning process.®”%®
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Supercapacitors (SCs)

As aforementioned, supercapacitors are a class of electroche-
mical energy storage device with interesting characteristics,
such as high power density, low charging-discharging time,
high cyclic stability, environmental friendliness, flexibility and
ease of integration.'>'*?%%97! Thanks are due to material
science and technology, which helped to improve the low
energy density of the SC to a greater extent through the
tremendous development that happened in materials sectors
and design aspects.”” Based on the mechanism of charge
storage, the SCs can be broadly classified into three different
categories, namely (i) electrochemical double-layer capacitors,
(ii) pseudocapacitors and (iii) hybrid capacitors.'® A schematic
representation of these classifications and an overview of the
different electrode materials used in these SCs are shown in
Fig. 1(b).*>”*

Classification of supercapacitors

Electrochemical double-layer capacitors (EDLCs). The basic
working principle of charge storage in EDLCs is based on the
reversible adsorption of ions in the electrolyte on a high surface
area electrode material and hence the generation of electro-
static charge on the surface of the electrode.**’* The carbon-
based materials are the most commonly used electrode materials
for EDLCs, including carbon nanotubes (CNTs), graphene and
activated carbon, etc.”* The device’s capacitance is calculated
using the famous Helmholtz equation below.

goer A

€="2

where ‘¢’ and ‘¢’ are the dielectric constant of the vacuum and
electrolyte, respectively, ‘A’ is the electrode surface area, and ‘d’ is
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the charge separation distance or effective thickness of the double
layer.”*

The interesting factor of EDLCs is that the rate of formation
and relaxation of the electric double layer at the electrode
surface is very high (almost on the order of 10~2 S), so this will
respond very rapidly to potential change and doesn’t involve
any chemical reaction, rather only a charge rearrangement.
Due to this phenomenon, EDLCs show very high cycling
stability (more than 10° cycles) and a low rate of material
degradation. However, one of the main drawbacks of EDLCs
is their low energy density.

Pseudocapacitors

Unlike EDLCs, in pseudocapacitors, the mechanism of charge
storage is primarily centred on a reversible faradaic redox
reaction on the electrode material’s surface.”* This redox reac-
tion leads to an increased capacitance and, thereby an improve-
ment in energy density compared to EDLCs. Mainly transition
metal oxides like MnO, and RuO, are used as the pseudocapa-
citive electrode material.”* Rather than metal oxides, conduct-
ing polymers (like polyaniline, polypyrrole, PEDOT:PSS and
polythiophene) and metal-doped carbons are also used as
pseudocapacitive materials.®”’* Compared to a battery, the
redox reaction mainly occurs on the surface or near the surface
volume of the electrode. Besides this, the distinctive features of
pseudocapacitive electrodes are (i) they have a charge which
varies with potential, (ii) surface pseudocapacitance (the
absence of a solid-state diffusion limitation) and (iii) the lack
of phase change in electrochemical reaction.”® Even though the
pseudocapacitive materials have high specific capacitance and
energy density, their use in commercial applications is some-
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how limited due to the high cost (RuO,), low electrical con-
ductivity (MnO, and other metal oxides), and low cycling
stability of the polymer-based materials.”®

Hybrid supercapacitors

Hybrid SCs contain both faradaic (pseudocapacitive) and non-
faradaic or carbon-based (EDLC) electrodes in their design.
Hence, the battery and capacitor-type electrodes in a single
hybrid device show enhanced capacitance, high energy density
and better cycling stability. Based on the electrode materials
and configuration used in hybrid SC fabrication, they can be
further classified into the following categories."”

Asymmetric supercapacitors

Asymmetric SCs consist of two dissimilar electrodes in which
carbon-based materials (EDLC) will be used as the negative
electrode, and metal oxides or conducting polymers (pseudo)
will serve as the positive electrode of the device.**

Composite supercapacitors

In composite electrodes, the single electrode will consist of
carbon and pseudocapacitive materials in binary or ternary
composite form. The synergetic contribution from both materi-
als (EDLC and pseudocapacitance) is responsible for the
enhanced performance in a composite electrode.*>

Battery-type supercapacitors

Battery-type supercapacitors are similar to asymmetric ones,
but the electrode should be made of battery-type materials. This

928 | Energy Adv, 2023, 2, 922-947

configuration type motivates the utilization of both battery and
supercapacitor-type performance in a single device."

Fiber supercapacitors

Wearable electronics, including healthcare monitoring
devices, biomedical devices, sports wares, flexible displays
and sensors, are getting broader consideration in recent
years owing to their better technological and industrial
advantages.”®®® These rapid enhancements in wearable elec-
tronics have accelerated the need for wearable energy storage
devices that are ultra-flexible, lightweight, and can be easily
integrated with wearable gadgets.”®®® Herein, flexible super-
capacitors (FSCs) are suitable candidates for such applica-
tions owing to their better stability and nontoxic nature. The
mechanical stability of these SCs is crucial for wearable
applications. Hence a one-dimensional (1D) fiber-based SC
having a length in millimetres and a diameter of a few
micrometres is a suitable choice.”® The advantages of FSCs
over other conventional SCs are (i) higher mechanical flex-
ibility, (ii) ease of scale up and (iii) space and shape
compatibility.”® The first work on fiber SCs was reported in
2003 by Baughman et al., demonstrating a CNT-based FSC
integrated into textiles.”®”” Thereafter, many reports have
become available on FSCs, including some of the pioneering
work from Wang et al. using the pseudocapacitive ZnO and
MnO, for FSC fabrication.”®”® The roadmap of FSC growth is
represented schematically in Fig. 3(a).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Nanofibers for SC fabrications

The major criteria for selecting electrode materials for better
performance include high specific surface area, better electro-
nic/ionic conductivity and better chemical stability.”® The high
surface area of the electrode material is so important since
most of the electrochemical reactions take place on the surface
of the electrode.” In this regard, using nanostructured materi-
als will help to enhance the electrode material’s specific surface
area. Based on the aspect ratios, the nanostructures are broadly
classified into zero-dimensional (0D, e.g. quantum dots), one-
dimensional (1D, e.g. nanofiber, nanowires, nanotubes), two-
dimensional (2D, e.g. nanosheets) and three-dimensional (3D,
e.g. mesoporous graphene or carbon aerogels) nanomaterials.”®

The 1D nanomaterials, especially nanofibers, show better
performance in electronic and energy storage applications due
to their favourable length, which allows unrestricted free flow
of electrons resulting in efficient energy transport.”® Similarly,
the nanofiber quantum effect and unique physical and
chemical properties offer versatile applications in energy sto-
rage and production, healthcare, and the environment.>"*® A
wide variety of physical and chemical synthesis techniques
such as air-jet spinning, template synthesis, electrospinning,
hydrothermal, sol-gel, and electrochemical deposition are used
to produce nanofibers.”’*®* Among these, the electrospinning
techniques take the lead role, especially in energy storage
applications, due to their several advantages, including easily

© 2023 The Author(s). Published by the Royal Society of Chemistry

expanding to the industrial scale from the lab scale.”" Also, the
electrode properties can be further tuned or improved by post-
treatment of the spun fibers, like annealing or further deposi-

tion of the active electrode.’>*°

Transition metal oxides in
supercapacitors

Transition metal oxides (TMOs) are one of the most studied
and considered the best electrode materials for SC applications,
especially in pseudo (redox) capacitors.”®®"%? The availability of
different oxidation states for redox reactions helps to achieve
very large specific capacitance in TMOs. Ruthenium oxide
(RuO,) was one of the first studied pseudocapacitive materials,
and shows a theoretical specific capacitance of 700-2000 F g~
with a large potential window of 1.4 V.58 1t also shows a very
high electrical conductivity on the order of 10° S ecm™* (nearly
metallic) and excellent chemical stability. However, the high
crystallinity of RuO, hinders achieving its theoretical specific
capacitance in practical applications.®> Some recent studies
show that different nanostructures and phase-controlled synth-
esis of RuO, will help to improve the specific capacitance. For
example, a mesoporous rutile structured RuO, nanotube pre-
pared by a template-assisted method shows a specific capaci-
tance of 1300 F g .%® Even though RuO, has excellent
electrochemical properties, the high cost and low availability

Energy Adv,, 2023, 2, 922-947 | 929
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of the material are a major bottleneck in the extensive use of
this oxide in SC applications.*>

Likewise, manganese oxide (MnO,) is another versatile TMO
used extensively in SC and battery applications. Compared
to RuO,, MnO, is cheap and widely available, with excellent
electrochemical properties. The high specific capacitance
(1350 F g~') with a wide potential window of 0.9 to 1.0 V and
the environmental friendliness of MnO, make it a perfect
choice as an electrode material for supercapacitor appli-
cations.’” The large variety of crystal structures varying from
o to B, v, 6 and A gives peculiar properties like a high surface
two-dimensional tunnelling structure, as well as a layered
structure, which helps to improve electron transfer and ion
intercalation properties in MnO,.*® Nevertheless, the poor
electrical conductivity (10> to 10° S em ™ %), low ionic diffusion
capability and structural instability are some of the significant
drawbacks of MnO,.’? Some recent studies show that the
nanocomposite approach with carbon compounds (such as
graphene, carbon nanotube (CNT), etc.) shows remarkable
improvement in the electrochemical properties and stability
of the MnO,-based electrode material.®® Fig. 3(b) shows the
year-wise publications on MnO,/carbon composite electrodes,
and Fig. 3(c) represents different carbon nanomaterials used
for composite preparation with MnO, electrodes.

Some of the other main TMOs used in the SC industry are
iron oxide (Fe;0,), which has a better conductivity (10>-10° S
em™ ') and natural abundance.”® Other materials, including
cobalt oxide (Co;0,), nickel oxide (NiO), copper oxide (CuO),
vanadium pentoxide (V,0;), titanium dioxide (TiO,), etc.,
are also used in SC fabrication. The specific capacitance of

View Article Online

Review

different transition metal oxides is depicted in Fig. 3(d) and the
main TMOs used for electrospun SCs reviewed in this article are
depicted in Fig. 4. Furthermore, the poor cyclability, tendency
to form agglomerates in nanoparticles, larger ‘dead volume’ of
the electrode and low electrical conductivity hinder the TMOs
from achieving high theoretical specific capacitance.?>#%°1%2

Electrospun transition metal oxide SCs
Manganese oxide (MnO,)-based electrospun fiber SCs

Enhancing the electrochemical properties of carbon fiber elec-
trodes by new methodologies and correlating the influence of
different dopants and processing parameters on the micro-
structure during the electrospinning process is a key concern in
developing high-performing nanofiber electrodes.”® Achieving
a high mass loading of pseudocapacitive material during
electrospinning is a key challenge since it has a huge impact
on achieving high gravimetric capacitance.”® By using 40 wt%
manganese acetylacetonate (MnACAC) as the precursor
solution for electrospinning to form MnO-doped carbon fibers,
in 2018, Liu et al.>® demonstrated an all fiber-based flexible SC
using MnO-doped carbon nanofibers (CNFs) as the electrode
and polyacrylonitrile (PAN) as the separator.>® In order to form
MnO-doped carbon fiber, the collected fibers undergo a pre-
carbonisation process at 290 °C in air, followed by complete
carbonisation at 850 °C in a nitrogen atmosphere for two
hours.> After the complete carbonisation process, the free-
standing flexible fiber mat was cut and used as the electrode for
SC fabrication. The photographs and microstructure of the
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Fig. 4 Periodic table highlighting the transition metals used for the fabrication of electrospun TMOs in SCs.
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developed fibers are shown in Fig. 5(a)-(d), and the capacitance
performance is given in Fig. 5(e) and (f).>*

The SC with 5 Mn@CNF shows a specific capacitance of
182 F g~', which is almost double the value compared to the
pure PAN-CNF electrode.’® 1D hollow nanotube-based elec-
trodes having more electroactive sites on both sides of the
tube and low ion transportation length can enhance the
supercapacitor performances to a further extent by effectively
utilizing the surface area.”” A hollow MnO, fiber-based
electrode was prepared in a two-step process. Initially, CNFs,
which act as a guide to the growing MnO, nanofibers, were
prepared via the electrospinning technique using PAN, as
discussed earlier, at a carbonisation temperature of 1000 °C
in a nitrogen atmosphere for five hours. Finally, the devel-
oped CNFs were mixed with KMnO, solution and undergo a
hydrothermal reaction at 140 °C in an autoclave to get
nanofibers.”> The SC’s electrochemical performance and
galvanostatic charging-discharging analysis (GCD) show a
high specific capacity of 291 F g~ ' at a current density of
1 A g and capacitance retention above 90% after 5000
charging-discharging cycles.”® Schematic representations of
hollow nanotube preparation via electrospinning and their
microstructures are given in Fig. 6.

Likewise, a low-cost method for fabricating MnO,-decorated
electrospun fibers for flexible SC applications was developed by
mixing 8 wt% poly(vinylpyrrolidone) (PVP) and Mn(CH3;COO),-
4H,0 in alcohol-deionized water solvent mixture, followed by
electrospinning at a high voltage followed by calcining at 480 °C
for five hours.’® The fabricated supercapacitor has an excellent
specific capacitance of 645 F g ' and good capacitance

© 2023 The Author(s). Published by the Royal Society of Chemistry

retention of 95% of its initial value even after 2000 consecutive
cycles (Fig. 7(a)-(c)).’® The better electrochemical performance
suggests its potential application in flexible electronics, sensors
and other microelectronics.”® A nanocomposite electrode con-
sisting of MnO,-decorated porous carbon fibers and graphene
was prepared via electrospinning followed by thermal anneal-
ing using a solution containing a mixture of manganese
chloride (MnCl,) dispersed in polymethyl methacrylate (PMMA)
and PAN in DMF.%” Here, the presence of graphene in the
electrospinning process helps the uniform distribution of
MnO, particles on the carbon fibers without any agglomeration
and helps to improve the conductivity.”” The electrode with a
concentration of 5 wt% graphene gives a better specific capa-
citance (210 F g '), good rate capability, and high energy
density (24-19 W h kg™ ") in an electrolyte of 6 M KOH aqueous
solution (Fig. 7(d)~(f)).>”

Integrating different preparation methods like chemical
bath deposition along with electrospinning has shown fascinat-
ing results in developing highly efficient fiber electrodes.’® In a
typical process, a fiber electrode was fabricated by growing
MnO, nanosheets on multichannel CNFs doped with amor-
phous cobalt oxide (COMCNFs@MnO,) (Fig. 8(a)-(i)).”® PAN
and cobalt acetylacetonate (Coacac); were mixed in DMF sol-
vent as a spinning precursor, and the electrospinning process
was carried out at 16 kV. Finally, the MnO, nanosheets were
grown in situ on the nitric acid-treated spun fibers from the
KMnO, solution. The advantage of these dual TMO-containing
fibers is that they can be used directly without any additional
conductive binder. The flexible SC made up of these fibers
shows an exceptional electrochemical performance with a

Energy Adv, 2023, 2, 922-947 | 931
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shows HRTEM images) and (h)-(j) EDS mapping of the MnO, hollow fiber. Reproduced from ref. 95 with permission from Elsevier, copyright 2018.

specific capacitance of 265 F g~ " and a capacitance retention of
98.7% over 10000 cycles (Fig. 8(j) and (k)).°®

Similarly, a core-shell-based carbon/MnO, composite elec-
trode was prepared by the electrospinning technique using the
PAN solution in DMF as the core solution, and the PAN/metal
source solution as the shell solution to ensure maximum
loading of metal oxide particles on the fiber’s surface.”® Here
also, the spun fiber mat further undergoes a calcination
process at different temperatures to form the electrode. Finally,
CO, gas flowed into the chamber to increase the surface area of
the fiber electrode through the interaction of carbon with CO,
gas.”” The fabricated C-MnO, composite nanofibers showed
better electrochemical performance (specific capacitance of
213.7 F', energy density of 30 mW h g ' and capacitive
retention of ~97% after 1000 cycles).”

Ruthenium oxide (RuO,)-based electrospun fibers

The composite electrode consisting of RuO, and carbon mate-
rials shows enhanced performance due to the synergetic effect

932 | Energy Adv., 2023, 2, 922-947

of both pseudo and double-layer capacitance. The CNF/
RuO, composite electrode prepared by electrospinning an
immiscible polymer blend solution containing PMMA and
PAN in the DMF solvent shows increased surface area and
porosity.’® The main advantage of this composition is
that due to the low surface tension, the PAN polymer forms
a continuous phase compared to the discontinuous phase
of PMMA owing to its high surface tension. Hence, upon
heat treatment, PAN will convert into CNFs whereas the
PMMA will be completely burnt, leaving porosity in the
fiber.'®® The precursor solution for this immiscible blend
was prepared by mixing ruthenium(im) acetylacetonate with
PAN/PMMA in DMF and subjected to electrospinning at
an applied voltage of 20 kv.'°° Finally, the spun fibers
were stabilized at 280 °C for 1 h in air, then calcined at
700 °C in a steam and nitrogen carrier gas mixture.'®® The
microstructures of the spun fibers with different PMMA
loadings and variation in specific capacitance are given in

Fig. 9(a)~(d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The electrochemical performance of the fabricated SC
using the spun fiber electrode was analysed, and the results
show better energy and power density. The variation of the
specific capacitance of diverse ACNF Fiber electrodes with
varying current densities is shown in Fig. 9(e). The influence
of PMMA addition on creating porosity, surface area and,
thereby, electrochemical performance was also correlated,
and the results are shown in Fig. 9(f).'°° Likewise, the
RuO, containing CNF with a hollow core structure was
prepared by a one-step electrospinning technique using the
same immiscible blend of PAN and PMMA.'°* Here, the
authors systematically analysed the energy storage efficiency
of the developed activated carbon nanofiber (ACNF)
containing amorphous RuO, with different hollow core
structures."*"

Recently, in another approach, the RuO, nanorods were
grown directly by a precipitation method on CNF fibers pre-
pared by the electrospinning technique.'®® Here, at first,
Ru(OH); was precipitated from RuCl;-xH,O aqueous solution
by carefully adding NaOH solution.'® The formed Ru(OH); was
redispersed into ethanol and then drop cast on the CNF fibers.
Finally, the samples were heated at 300 °C in an air
atmosphere.'® The microstructure of the developed fibers is
shown in Fig. 10(a)-(h).

The specific capacitance of RuO,-CNF and neat CNF repre-
sented in Fig. 10(i) shows that RuO, addition increases the
specific capacitance compared to neat CNF. It was also evident
from the figure that the amount and annealing temperature of
RuO, influences the total capacitance of the device.'®> A

© 2023 The Author(s). Published by the Royal Society of Chemistry

Ragone plot of all the fabricated devices is given in Fig. 10(j)
to compare the device performance.'®*

Iron oxide (Fe,O3)-based electrospun fibers

Compared to all other TMOs, Fe, O3 is getting more attention in
the SC industry because of its low cost, large availability, and
more importantly, its environmental friendliness.'® Among
the different polymorphs, a-Fe,O; is more suitable for electro-
chemical applications, including supercapacitors and
batteries.'® "%’ The performance of the Fe,O;-based electrode
varies significantly with its morphology and nanostructure.
Similarly, the spinning solution has a critical role in designing
the nanoparticle morphology during electrospinning. In this
regard, the fabrication of dual morphology of electrospun
Fe,0; electrodes using the same iron oxide precursor in two
different polymers was reported.'®® Here, ferric acetylacetonate
(Fe(acac);) was used to prepare the composite electrode as the
iron oxide precursor. To synthesise porous Fe,0; fibers (PFs),
the Fe(acac); was added into an electrospinning solution con-
taining polyvinyl pyrrolidone (PVP) dissolved in an ethanol and
acetic acid mixture.’®® On the other hand, Fe,O; nanograins
(NGs) were prepared by mixing Fe(acac); in polyvinyl acetate
(PVAc), N,N-dimethyl acetamide (DMAc) and glacial acetic acid
mixture.'

Interestingly, the change in the polymer matrix resulted in
two different morphologies of the Fe,O; electrode. As repre-
sented in schematics (Fig. 11(a)), in the case of PVP, it forms a
strong interaction with the metal oxide and is retained between
the Fe,Oj; particles even after the polymer is burnt out, and the

Energy Adv., 2023, 2,922-947 | 933
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(a) Schematics of the electrode fabrication of MnO, nanosheets on the multichannel carbon nanofibers containing amorphous cobalt oxide

(CoMCNFs@MnO,). FE-SEM and TEM microstructure of: (b) and (c) the COMCNF electrode, and (d) and (€) COMCNF@MnO,-2.5 electrodes respectively.
(f)—(i) Scanning tunneling electron microscopy (S-TEM) micrographs of the CoMCNFs@MnO,-2.5 electrode. (j) Specific capacitance. (k) Cyclic
performance of the fiber electrode. Reproduced from ref. 98 with permission from American Chemical Society, copyright 2019.

interaction is responsible for fiber formation.’®® While in the
case of PVAc polymer, the weak/reduced interaction with the
Fe,O; particles results in phase separation during the calcina-
tion to form micrograins (Fig. 11(b)-(e)).'*® The capacitance
performance of both PF and NG-based SCs was studied in 1 M
lithium hydroxide (LiOH) electrolyte, and the results indicated
that the PF-based device shows better performance owing to its

934 | Energy Adv, 2023, 2, 922-947

porous nature, high aspect ratio and better surface area
(Fig. 11(f))."® The cycling performance of both devices shows
good capacitance retention after 3000 charging-discharging
cycles (Fig. 11(g)).**

Enhancing the electrochemical performance of fiber elec-
trodes via composite preparation shows remarkable proper-
ties. The functionalization of Fez;O,4-coated electrospun

© 2023 The Author(s). Published by the Royal Society of Chemistry
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carbon nanofibers (Fe;0,@CNF) by electrodepositing MnO,
is a different approach for making a composite electrode.'®
The schematic illustration of the same is represented in
Fig. 12(a). The microscopic images of the spun fiber are
shown in Fig. 12(b) and (c). The developed fiber shows
better flexibility than pure CNF, because the doped Fe;O,
particles help scatter the stress concentration during

© 2023 The Author(s). Published by the Royal Society of Chemistry

mechanical bending (Fig. 12(d))."°® The MnO, was coated

by the electrospray technique using KMnO, solution, show-
ing enhancement in the electrochemical performance with a
high specific capacitance of 360 F g~ and improved reten-
tion capacity.'®®

Likewise, a composite nanotube electrode containing vana-
dium pentoxide (V,0s) and o-Fe,O; was fabricated through a
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cycling performance of both PF and NG electrodes. Reproduced from ref. 103 with permission from Royal Society of Chemistry, copyright 2013.

one-step electrospinning process at ambient temperature and
relatively low humidity of 20% by dissolving Fe(NO;);-9H,0 and
PVP in an equal mixture of DMF and isopropyl alcohol
solvents.'® The precursor vanadyl acetylacetonate (VO(acac),)
was mixed with the above solution prior to electrospinning.'%
Finally, the spun fiber matt was calcined at 450 °C for 3 h in an
air atmosphere. The spun fiber shows good ferromagnetic

© 2023 The Author(s). Published by the Royal Society of Chemistry

properties, and its magnetization capacity increases with
V,05, apart from its better electrochemical activity.'® The
electrochemical performance of the developed nanofiber was
characterized by CV and GCD analysis. The microstructure and
electrochemical results are given in Fig. 13(a)-(c).'*® In the
composite approach, the fiber electrode shows enhancement in
properties with dopant addition.
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Vanadium pentoxide (V,0s)-based electrospun fibers

Vanadium oxide and its nanocomposites with different
morphologies such as nanotubes, nanorods, etc. have been
used extensively in energy storage applications, including
lithium ion batteries due to their variable oxidation states
and layered structure.”*®*" The use of electrospun V,0O; fibers
as an electrode for supercapacitors for the first time was
reported in 2010. Herein, electrospinning was carried out using
PVP and vanadyl acetylacetonate (VO(acac);) dissolved in etha-
nol, and acetic acid as the precursor solution at a positive
potential of 10 kv, and the spun fiber was calcined at 300-
500 °C. The electrochemical performance of the fiber electrode
was characterized using a 3-electrode setup in both aqueous
(2 M KCl, 2 M KOH, 1 M H,S0,) and organic (1 M LiClO, in
propylene carbonate) electrolytes at room temperature and a
maximum specific capacitance of 190 F g~ * was obtained for
the KCl electrolyte. As it is a well-known factor that both energy
and power density depends on the operating potential, the fiber
electrode in organic electrolyte shows high energy and power
density of 78 W h kg™ and 1.8 kW kg™ ', respectively, compared
to 5 W h kg™" and 1.7 kW kg™ " in the KCI electrolyte."""
Likewise, a high energy density hybrid SC was constructed
using an electrospun V,Os in a carbon nanotube network.''?
The fabricated SC delivered maximum energy and power den-
sities of 18 W h kg ™" and 315 W kg™ ', respectively."'? Similarly,

© 2023 The Author(s). Published by the Royal Society of Chemistry

the SC developed using the graphene oxide/V,05 (GVO) nano-
fiber electrode shows better specific capacitance and electro-
chemical properties.'”® The microstructures of different V,0s5-
based spun fibers are given in Fig. 13(d)-(f).""*'"

Nickel oxide (NiO)-based electrospun fibers

NiO having better specific capacitance (2573 F g~ '), low cost,
nontoxicity and environmental friendliness is a suitable candi-
date for energy storage applications, including SCs and
batteries.”®*"**''> An asymmetric SC using NiO as the cathode
by a sol-gel assisted electrospinning process and activated
carbon as the anode material in KOH electrolyte showed
remarkably high specific capacitance of 141 F g~ with an
energy and power density of 43.75 W h kg™ * and 7.5 kW kg %,
respectively."*® The synergic contribution of electrical double
layer capacitance from the carbon electrode and pseudocapa-
citance from NiO were responsible for this enhanced perfor-
mance of the asymmetric SC (ASC). The ASC also shows better
capacitance retention of 88% and improved coulombic effi-
ciency of 93% over 5000 charge-discharge cycles.'*® Similarly,
the SC fabricated using NiO nanowires prepared by electrospin-
ning a polymeric solution containing nickel acetate tetrahy-
drate and polyvinyl alcohol shows a better specific capacitance
of 670 F g~ """ Introducing porosity on NiO nanofibers by
direct electrospinning on a Ni-foam current collector followed

Energy Adv,, 2023, 2,922-947 | 939
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by heat treatment can result in an interconnected network
structure on the foam, which will help improve the ion trans-
port mechanism and electrochemical activity."'® The electro-
chemical analysis of the developed fiber shows reasonably
high specific capacitance (737 F g~ " at 2 A g~ "), excellent rate
capability with high capacitance retention and good cycling
stability up to 8000 cycles."*® Equally, the N-doped CNF
using polyacrylonitrile and acetyl acetone as the precursor with
uniformly dispersed NiO nanoparticles displays a specific
capacitance (850 F g~ '), long life cycle and enhanced rate
capability.'*’

Cobalt oxide (Co30,4)-based electrospun fibers

Like other TMOs, Co30, also has a very high theoretical specific
capacitance of 3560 F g~ '."*° In recent times, plenty of research
has been going on to use Co;0, as a suitable electrode material
for SC applications by changing its morphology and nano-
structure. In this regard, electrospun fiber-based electrodes
are getting more attention. Similarly, a metal-organic frame-
work (MOF)-based electrode with very high porosity and surface
area has also attracted considerable interest in energy storage.
Recently, a composite electrode consisting of a hollow carbon
nanofiber (HCNF) mat prepared by electrospinning and Co;0,/
C nano tentacles grown from a cobalt hydroxide precursor has

10% PAN in DMF
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shown high porosity and surface area, and enhanced electro-
chemical performance.’*" The as-prepared hollow 3D C030,/
C@HCNFs nanocomposite sheet exhibits a specific capacity of
1623 F g~ at a current density of 1 A g~ *."?* The ASC fabricated
using the prepared fiber as the positive electrode and nitrogen-
doped graphene hydrogel (NGH) as the negative electrode
provides an energy density of 36.6 W h kg™ ' at a power density
of 471 W kg™ * with outstanding rate capability."*" A schematic
of nanofiber preparation and the obtained microstructure is
shown in Fig. 14. In a similar approach, a ternary nanocompo-
site was prepared by growing mesoporous cobalt oxide nano-
hairs (Co;0, nanohair) and silver nanoparticles (AgNPs) on an
electrospun carbon nanofiber (schematics shown in Fig. 15)."*?
These highly conductive (AgNPs and CNF) and electroactive
constituents (Co3O, nanohair) lead to high capacitance,
long lifetime and high rate capability of the nanocomposite.
The optimized electrode fiber exhibits a specific capacitance
of 1880 F g~ ' at a current density of 2 A g~ ' and the asymme-
tric supercapacitor assembled with NGH exhibits a high energy
and power density of 53.8 W h kg ' and 797.9 W kg,
respectively.'*?

Similarly, the ASC fabricated using Co;O, nanowires pre-
pared by an aqueous polymeric solution-based electrospinning
process as the anode and commercial activated carbon (AC) as

B

Co,0,@CNFs  3DCo,0,-Ag@CNFs

Fig. 15 Schematic representation of 3D Coz04—-Ag@CNFs nanocomposite electrode preparation, its microstructure and the role of different materials in
SC performance. Reproduced from ref. 122 with permission from Elsevier, copyright 2019.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the cathode shows a specific capacitance of 175 F g~ '."** The
individual Co;0, nanowires show a high specific capacitance of
1110 F g~ in 6 M KOH compared to Co;04 nanofibers prepared
by electrospinning in a different approach having a specific
capacitance of 407 F g~ ' at a scan rate of 5 mV s~ '.">* Table 1
summarizes the different spinning conditions used for the
TMO-based nanofiber preparation and their electrochemical
properties for advanced SC applications.

Bimetal transition metal oxide-based
electrospun fibers for supercapacitor
applications

Nowadays, apart from the single metallic oxides, bimetallic
TMOs are getting more attention due to their high specific
capacitance, improved electrical conductivity and better fara-
daic reactions than their single transition metal oxide
counterparts.'>>""*° Combining more than one metal oxide will
introduce a difference in the Fermi energy levels along with
augmenting the affinity between the oxides and also improving
the intrinsic electrical conductivity and long-term stability."*°
This will eventually enhance the range of stable potential
window. There are a few reports available on fabricating
bimetallic TMO nanofibers as high performing supercapaci-
tor electrodes through electrospinning techniques. Recently,
to enhance the electrochemical performance of manganese

View Article Online

Review

oxide (Mn,O;), a bimetallic nanocomposite approach was
introduced.”®® Herein, a composite nanofiber electrode of
Mn,0; with spinel ZnMn,0, (ZMO) was prepared by electro-
spinning. The resultant nanofiber composites show improved
charge transport kinetics and large activation sites. The incor-
poration of the ZMO phase in Mn,0; resulted in an enhance-
ment in its electrical conductivity and capacitance. The
electrochemical studies of the electrospun composite fiber
(Mn,03 - 1 wt% ZMO) show a maximum specific capacitance
of 360 F g~ ' at a current density of 0.1 A g '. A remarkable
capacitance retention of about 98% after 3000 cycles was shown
by this composite, indicating property enhancement in the
Mn,0; electrode through the bimetallic composite approach.
Similarly, in another study, a flexible freestanding film of
bimetallic ZnMn,0, carbon nanofiber (CNF) electrodes was
prepared by the electrospinning technique using the acetate
salts of zinc and manganese."*® The flexibility, microstructure
and porosity of the spun fiber were tuned by adjusting the ratio
of the mixture with the additional use of terephthalic acid (TPA)
and sodium dodecyl sulfate. The morphology and microstruc-
ture of the various spun fiber composites with mapping of
different elements present in the fiber are given in Fig. 16.
Electrochemical analysis reveals a wide potential window of
1.6 Vin 6 M KOH electrolyte for the composite fiber electrode
with very good specific capacitance (1080 F g ' at 1 A g ') and
capacitance retention (92% after 10 000 galvanostatic charge-
discharge cycles).

Table 1 List of spinning conditions and electrochemical performance of TMO-based electrospun fiber SCs

Spinning conditions®

Voltage Feed rate  Specific capacitance Energy density

Material Precursor (kv) (mLh™) (Fg™h Whkg™") Ref.
MnO doped CNF PAN/DMF/MnACAC 10 — 182 — 59
MnO, hollow fiber PAN/DMF/MnACAC 12 0.8 291 — 95
MnO, nanoparticles PVP/Mn(CH;C00),-4H,0 10-15 0.3 645 — 96
MnO,/HPCNF/G MnCl,/PMMA and PAN/DMF — — 210 (1 mA cm 2 24-19 97

170 (20 mA cm ™ ?)
COMCNFs@MnO,_, 5 PS/PAN/(Coacac);/DMF 16 — 265 (0.5Ag™ Y 19.27 98
Carbon/MnO, composite PAN/DMF/PAN/metal source 6+1 — 213.7 (0.5A g ) 30 99
CNF/RuO, composite (CsH,0,);Ru/PAN/PMMA/DMF 20 — 116-188 (1 mA cm™2) 14-24 100
RuO,/CNF hollow core RuO,/PAN/PMMA/DMF 20 — 180 20-14 101
RuO, nanorods Ru(OH);/PAN/DMF — — 188 22-15 102
a-Fe,0; porous fiber PFs/PVP/C,HqO/CH3;COOH/Fe(acac); 10 1 256 13 103
a-Fe,0; nano grains PVAc/DMAc/CH;COOH/Fe(acac); 15 — 102 — 103
Fe;0,@CNF/MnO, KMnO,/PVA/PAN/Fe(acac);/DMF 15 1 306 13 108
(V,05) and a-Fe,0; PVP/DMF-IPA, VO(acac), 18 — 150 — 109
V,05 nanofiber PVP and VO(acac),/C,HsO/CH3;COOH 10 2 190 (2 M KCl) 5 111

250 (1 M LiCIO,/PC) 78 111
V,05 nanofibers with CNT PVP & VO(acac),/C,HsO/CH;COOH 10 2 135 18 112
GO/V,05 (GVO) nanofiber VO(acac),, GO/PVP/DMF 24 — — — 113
NiO nanofibers NiAc-PVP sol-gel 20 1 141 43.75 116
NiO nanowires C4H,4,NiOg/PVA 24 0.5 670 — 117
NiO nanofiber Ni(CH;CO00),.4H,0/CsHg0,.H,0/PVP/H,0 25 2 737 22.7 118
N-doped porous CNF (NiO/PCNF) C,,H,,NiO,/PAN/DCDA — — 850 — 119
C0;0,/C@HCNFs nanocomposite Co(CO3), sOH.0.11H,0/PAN/PMMA/DMF 30 0.02 1623 36.6 121
Co5;0, nanowires CoAc/PVA/H,O 24 0.5 1110 8.4 123
ASC fabricated using Coz0, ~175 47.6
Co;0, nanofibers (CH3C00),C0.4H,0/PVP/C,HsO 13.5 0.5 407 — 124
3D Co30,~Ag@CNFs — 18 0.6 1880 53.8 122

“ Tip distance 8-20 cm.

942 | Energy Adv, 2023, 2, 922-947

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00067b

Open Access Article. Published on 04 2023. Downloaded on 11.11.2025 19:10:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Furthermore, nickel and cobalt-based bimetal oxide super-
capacitor electrodes on carbon nanofibers coated with carbon
(NiCo,0,@C/CNFs) were prepared by a technique combining
both electrospinning and electrospraying processes.'** In this
process, the electrospinning precursor solution for the carbon
nanofibers was prepared by dissolving PAN in DMF, whereas
the electrospraying solution of NiCo,0, was prepared by dis-
persing the nanoparticles in DMF solution. Both these solu-
tions were loaded in the spinning unit and a voltage of 15 kv
was maintained with feed rates of 4 mm h™" (electrospinning)
and 6 mm h™' (electrospray). From the morphological analysis,

View Article Online

Energy Advances

NiCo,0, clusters were homogeneously allocated and tightly
tangled in the CNF network with a size range of 5-10 um.
The prepared fiber electrodes showed a high specific capaci-
tance of 1586 F ¢ ' at 1 A g ' and a good rate performance.
Likewise, another nickel-cobalt bimetallic oxide electrospun
carbon nanofiber (Ni,Co, 5 ,Oxide/ECNF) electrode was pre-
pared as a free-standing supercapacitor electrode without any
binder or conductive agents.> Among the various composite
electrodes prepared, the one with composition Nig ,5C00.,50x-
ide exhibited the highest specific capacitance of 697.5 F g~*
with more than 94% capacitance retention even after 2000

100 nm

Fig. 16 FE-SEM micrographs of Zn-Mn bimetallic oxides with varying ZnAc/MnAc ratio: (a) and (b) ZMTS1 (ZnAc:MnAc = 1:3); (d) and (e) ZMTS2
(ZnAc:MnAc = 2:2); (g) and (h) ZMTS3 (ZnAc:MnAc = 3:1) at different magnification. (c), (f) and (i) Corresponding cross-sectional images of ZMTS1,
ZMTS2 and ZMTS3, respectively. (j) The elemental mapping of different elements such as Zn, Mn, O and C present in the CNFs (ZMTS3). Reproduced from

ref. 130 with permission from Wiley, copyright 2022.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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charging-discharging cycles at a high current density of
10 A g~". Moreover, a 1D ZnCo0,0,/C composite was recently
prepared by the electrospinning technique.'*® Here, the micro-
structural analysis of the calcined fiber depicts an interesting
observation that as the temperature increases, the fibre
diameter decreases and this is attributed to the crispation
happening in the fiber with higher temperature. The detailed
structural analysis indicates that the single nanofiber of
ZnCo,0,4/C consists of polycrystalline ZnCo,0, and C nano-
particles. The electrochemical performance of the nanofiber
was studied, and it shows a specific capacitance of 327.5 F g~ '
at a current density of 0.5 A g, which is three times higher
than that of the powder electrode of ZnCo,0, (90.6 F g~ ') made
by the sol-gel technique. Likewise, another bimetallic manga-
nese-iron oxide nanofiber was prepared through the electro-
spinning technique as a free-standing film for a supercapacitor
electrode without any binder or conducting substrate."** The
prepared electrodes show excellent stability and flexibility dur-
ing mechanical bending. The electrochemical studies reveal
that the SC with the fiber electrode has a very high specific
capacitance of 467 F g~ ' at a current density of 1 A g ' and a
greater capacitance retention above 94% after 10000 charge
discharging cycles.

These results indicate that the electrospun fiber electrodes
of bimetal transition metal oxides have excellent capacitance,
life cycle and stability in electrochemical performance. This
improvement is due to the synergetic contribution of different
metal oxides on the faradaic charge/discharge process as well
as enhanced electrical conductivity. This will definitely accel-
erate the research on multi transition metal oxide (MTMO)-
based fiber electrodes in supercapacitor applications and also
contribute to meeting the ever-increasing demand for func-
tional materials in wearable and optoelectronic devices.

Conclusion and future perspectives

SCs are considered as sustainable energy storage devices for
different applications like healthcare, robotics, wearables, etc.
In SCs, the material architecture and properties are essential
deciding factors for attaining high performance in energy and
power density, life cycle, charging-discharging rate, cost and
sustainability. Nanofiber-based TMOs perform better due to
their porous structure and high surface area. Nevertheless, the
preparation and control of the nanofiber morphology remains
challenging. Among the different synthesis techniques, electro-
spinning has better size and shape control for large-scale
nanofiber production. Polymer-assisted electrospinning of
TMOs helps to attain uniform distribution of TMOs on the
carbon nanofiber, which helps improve the specific capacitance
and enhance the conductivity of the fiber electrode. The varia-
tion of different spinning parameters like applied voltage, feed
rate, temperature, humidity and working distance primarily
affect the size and aspect ratio of the fiber formed. The
electrospinning technique also allows the preparation of com-
posite electrodes through a single spinning stage, which helps
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to manipulate the electrode composition easily in a cost-
effective manner. In most cases, the synergic contribution of
EDLC and pseudocapacitance from CNFs and TMOs further
helps to enhance the SC energy and power density. In short,
there are tremendous advantages for electrospun fiber-based
TMO electrodes in SC practical applications. Meanwhile, there
are some disadvantages like low packing density of the spun
fibers, which hinders achieving the maximum specific capacity
as well as the volumetric energy density of the material.
Different approaches are employed to address these issues,
such as alignment of the spun fibers using specially designed
collectors (rotatory) during electrospinning, uniaxial pressing
of the spun fiber mat, tuning the pore structure and dimension
of the fiber electrode and so on. At the same time, bi and multi-
metal-based TMOs are increasingly used in SC electrodes to
improve the electrical conductivity and specific capacitance.
This opens up new avenues and opportunities for researchers
and technologists to improve the performance of the fiber
electrode and devices by manipulating the spinning conditions,
using multi-metal transition metal oxides and nanocomposite
approaches.
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