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Abstract Rechargeable batteries have been rapidly developed to meet the contin-
uous demand for pursuing sustainable and renewable energy resources in order to
reduce the fossil fuel consumption and CO, emission. In such batteries, electric
energy is produced a via reduction—oxidation reactions between two electrodes and
electrolyte. In order to obtain such batteries with higher energy and power densities,
nanoscaled functional electrodes have been an approach. In this review, electro-
spinning basics and challenges to develop bead-free and smooth electrospun fiber
are briefly provided. Advanced techniques to produce functional electrospun fibers
such as coaxial and emulsion electrospinning are described. Basics of voltaic cells
were extensively illustrated by highlighting the role of each component in the cell.
Differences between primary and secondary cells are explained. Applications of such
functional nanofibers in the battery electrodes and electrolytes to enhance the overall
performance are discussed. The discussion was focused on Metal-ion and metal—
air batteries including the rule of the electrospun substrates on enhancing anodes,
cathodes, and electrolytes performances. Electrochemical characteristics in terms of
ionic conductivity, battery density, and capacity were highlighted. The add-on value
in the performance of such advanced nanofibers in metal—air and metal-ion batteries
is broadly highlighted.
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1 Introduction

1.1 Basics of Battery Electrochemistry

It has been a long time for climate activists calling for effective, efficient, and clean
alternative energy sources to fossil fuel with limited carbon dioxide emission to save
the planet earth [1, 2]. Concurrently, many scientists have been working globally on
developing alternative clean energy resources such as wind energy [3, 4], solar energy
[5, 6], and biogas energy [7, 8], etc. Such different sustainable resources of energy
require energy storage systems. Basically, dry cells that have been developed since the
1880s are considered as a turning point for storing electricity and operating portable
electronic devices [9]. Dry cells have been divided into primary (non-rechargeable)
cells and secondary (rechargeable) cells. Both cell types follow the same operating
mechanism by converting chemical energy to electric energy [10, 11]. However,
rechargeable cells can convert back electricity to chemical energy as well [12].

Simply, electricity can be generated when electrons move from one point to
another through a wire. Such phenomenon can be achieved when electron-weak
puller metal is connected with electron-strong puller metal through a wire in which
electrons move from anodes to cathodes spontaneously [13]. A traditional example
of dry battery can be illustrated when zinc metal (weak pull for electrons) and copper
(strong pull for electrons) rods are connected to each other through electrolyte. In
such a process, one side (zinc) will lose electrons through oxidation reaction at anodes
and the other side (copper) will gain electrons through reduction reaction at cath-
odes. This process is known as galvanic or voltaic cells where chemical reactions,
specifically an oxidation/reduction reaction, create electricity [14].

The basic structure of the voltaic cells is illustrated in Fig. 1 in which the main
components are represented, and the main idea of moving electrons is clarified [15].
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Fig. 1 Voltaic cell
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A typical voltaic cell is composed of two half-cells, each half-cell contains a metal
that is immersed in a solution [16]. Initially, Zn metal is oxidized by losing electrons
that move through a wire to a cathode, made of copper (Cu), resulting in releasing
Zn>* ions in the ZnSOy solution. On the other half-cell, Cu is gaining electrons from
the Zn half-cell resulting in converting Cu?* ions in the CuSO, solution into Cu
metal atoms. As a result, Zn rod in the first half-cell dissolves as Zn metal convert to
Zn** ions. However, Cu rod, in the second half-cell, increases in mass as Cu?* ions
converts to Cu metal atoms. More importantly, a salt bridge made of NaCl helps to
balance these charges that built up in the two half-cells by releasing Na* ions in the
Cu half-cell and releasing CI” ions in the Zn half-cell.

Accordingly, the oxidation reaction can be summarized in the following equation
(Eq. 1) in which sold Zn metal losing two electrons, as they move out, to turn to Zn>*
ion which is dissolved into the solution of the oxidation half-cell.

Zn(s) — Zn>*(aq) + 2e (1)

The reduction reaction can also be summarized in the following equation (Eq. 2)
in which Cu?* ion which is in the solution of the reduction half-cell gains 2 electrons
and turns into solid Cu that is attacked by the copper rod (cathode).

Cu**(aq) + 2e~ — Cu(s) )

Finally, the overall reactions that took place into the two half-cells can be put
together in the following equation (Eq. 3):

Zn(s) — Cu*T(aq) + 2~ — Zn>*(aq) + 2¢~ — Cu(s) 3)

Based on the reduction potential, E q of the reduction half-cell and the reduction
potential of the reverse oxidation half-cell (E? .) as mentioned in Eq. 4, total cell
potential can be calculated by the addition of the two half-cells potential. In the case
of Zn/Cu dry cells, the an overall cell potential is the sum of EJ,; = 0.339 V and
EY, =0.762 V to end up with overall standard cell potential equal to 1.101 V [17].

E°

oxi — _E?ed “)
The calculation of the overall cell potential is carried out based on the stan-
dard reduction potential (Table 1) that occurred in the standard condition state
(concentrations 1 mol/L, pressures 1 atm and temperature 25 °C) [18].
If the reduction/oxidation reaction process takes place in an unlike the standard
condition, the following equation (Eq. 5) is applied to calculate the standard cell
potential:

RT
Eeen = —EQyy — —=nQ )
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Table 1 Standard Reduction Half reaction Potential
Potentials
Pb** +1.67V
Cu?+ +0.34V
Zn%t —0.76 V
AP —1.66V
Lit —3.05

where E..;; = The cell potential at non-standard condition; ngi = cell potential at

standard condition; R (gas constant) = 8.314 J-K 'mol~!; T = Kelvin temperature;
F = Faraday’s constant; n = number of moles of electrons; Q = reaction quotient
[19].

1.2 Factors Affecting the Cell Potentials and Current Density

In light of oxidation/reduction mechanism, it has been reported many factors that
influence the cell electrochemical properties such as the recharging cell mechanism,
the cell voltage, and the cell current density [20].

In rechargeable batteries, oxidation/reduction reactions, occurred in the dry cells,
have to be reversible in which negative charges are compelled to move toward the
anode (in the charging phase) instead of the cathode. For instance, lead—acid battery
[21] is one of the most popular rechargeable batteries found in the automobiles which
have lead metal as an anode and lead oxide as a cathode [22]. The cell potential
of one single lead-acid cell equal to 2.02 V, while a six-pack of lead-acid cells
packed together in a parallel position can obtain ~12 V battery [23]. Accordingly,
cell potential can be increased by using multiple packs of cells connected in barrel
position.

However, the cell current density can be significantly increased by increasing
the surface area of anode by using, for instance, electrodes in powder form instead
of metal form [24]. Based on this phenomenon, the electrospinning technique has
been recently employed to obtain nanofibers as a platform for advanced recharge-
able/chargeable batteries in terms of improving the power density and cyclability
[25]. Therefore, nanofibers have been immensely involved in secondary battery
composition in anodes [26], cathodes [27], separators [28], and as catalytic materials
[29], as it will be discussed in the next subsections.

1.3 Basics of Electrospinning Technique

Electrospinning technique has been discovered in the last decades in order to produce
fibers in nanoscaled diameter by using high-power supply [30-33]. Basically, the
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Fig. 2 Basic diagram of the electrospinning apparatus

average of the human hair diameter is 17-171,000 nm, while the average diameter
of electrospun fibers can range from few microscales to 30-50 nm or less [34].
Electrospinning technology has several benefits such as high surface area of the
electrospun fibers; producing fibers made of unconventional substrates and using
dry process with limited hazard solvents [35].

The main components of the electrospinning technique can be summarized as
high-power supply (0—60 kV or more); feeding system (syringe pump in nozzle or
drum in needless systems) and receiver plate, drum, or conveyor. Figure 2 shows the
basic diagram of the house-made electrospinning apparatus in which single nozzle
is used to inject the polymer solution through a syringe needle connected to a high-
power supply. The ejected fibers are passing through the airgap in which solvents
get evaporated and dry nanofibers are deposited onto a plate receiver.

However, electrospinning apparatus has been developed by replacing the plate
collector by drum collector (Fig. 3) with speed controller [36, 37]. Such a drum
collector has been used to enhance the fiber alignment and control the fiber diameter
[38, 39].

In order to increase the productivity of the electrospun fibers, the single nozzle
has been changed to multi-nozzle [40, 41] or shower-like extrusion systems (Fig. 4),
and the ejected fiber are received either on drum collectors or conveyors [42, 43].
Recently, needleless electrospinning [44, 45] has been emerged to increase the mass
production of nanofibers. In such technique, ground-charged wire is adjustable,
in the horizontal direction, to control the airgap distance. The receiving non-
woven substrate is fixed on rolling cylinders, in the vertical direction, with a speed
controller to adjust the thickness of the electrospun mats (substrate speed range 0—
5000 mm/min). Power supply can be monitored and provide a wide range span from
0 to 80 kV. The polymer cartridge boat carries solutions range from 20 mL to 50 mL
[46].
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2 Applications of Electrospun Fibers in Batteries

2.1 Electrospun Fibers in Metal-Air Batteries

Principally, metal—air batteries are based on pure metal anodes made of lithium, zinc,
or aluminum and external cathode of ambient air with aqueous electrolytes. Typically,
as electrons move from anodes during the discharging process, metal anode is getting
oxidized. The specific capacity and energy density of such metal-air batteries are
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Fig. 5 Schematic diagram of metal-air batteries

much higher than that of metal-ion batteries. For example, lead—acid batteries can
produce 30 watt-hours per kilogram (kg) of storage unit, while lithium-ion batteries
can produce 100-200 watt-hour per kg of storage unit. However, aluminum-air
batteries can produce 8100 watt-hour per kg of storage unit [47].

Typically, the generated electricity in such type of batteries, in discharging process,
is carried out by the oxidation reaction of the metal to superoxides or peroxides
(Fig. 5) by which electrons move out to the air-cathodes reacting with oxygen
to produce water (H,0O) and hydroxides (HO™) in a process called oxygen reduc-
tion reaction (ORR). Metals such as lithium, sodium and potassium which are very
sensitive to water, are oxidized in aprotic solvents instead [48].

The reliability of such batteries can be precisely measured by calculating different
parameters such as the polarization performance, the round-trip efficiency, and the
Coulombic efficiency. The polarization performance can be calculated by measuring
the current density at a specific discharge voltage, while round-trip efficiency gives an
information about the ratio between the energy released in the discharging process
and the required energy in the charging process. The Coulombic efficiency is the
most important parameter for rechargeable batteries which is defined as the ratio
between the charge capacity and the discharge capacity at full cycle of discharge—
charge process. In optimum conditions for batteries, Coulombic efficiency must be
9%99.98 to show initial capacity higher than 80% after 1000 charging cycles.

Metal—air batteries [49] have some limitations with the irreversible consumption
of the metal electrodes resulting in low Coulombic efficiency. Also, the reduction
reaction of oxygen in the air-cathode is very sluggish in kinetic. Much has been done
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to mitigate such drawbacks and to enhance the life-cycle to metal—air batteries that
will be addressed in the following subsections [50].

2.1.1 Electrospun-Based Electro-Catalyst for Metal-Air Batteries

In order to enhance the rechargeability of metal—air batteries, bifunctional catalysts
have been used to regulate the reduction reaction of oxygen and lower the overpoten-
tials of the discharging and charging processes. Carbon nanotube-based bifunctional
catalysts have been used [51] immensely to accelerate the oxygen reduction reac-
tion (ORR) in the discharging process (Fig. 6) and the oxygen evolution reaction
(OER) in the charging process. Heteroatom-doped graphene-based electrocatalysts
[52], Perovskite oxides [48], and many others have been used to accelerate the same
process. However, other research groups have been worked on changing the surface
area of such electrocatalysts by using electrospinning technique to boost their activi-
ties. Also, hydrogels [53—-55] with high ionic conductivity have been used to enhance
the reversibility and stable cycle [56], as flexible supercapacitor electrodes [57] and,
gel electrolyte [58].

Xu et al. [59] developed porous Perovskite oxide-based catalyst nanotube by
using the electrospinning technique to produce nanofiber forms that were exposed
to a calcination process at 650 °C for 3 h. Final porous catalyst showed a significant
acceleration to the ORR and OER processes, lower the overppotentials and resulting
in improving the round-trip efficiency in lithium—air batteries. Such high catalytic
activity of the porous Perovskite-based catalyst showed high specific capacity and

Fig. 6 Oxygen reduction Electrons
reaction mechanism in the
metal-air cathodes
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good cycle stability for batteries. Park et al. [60] reported a new class of bifunctional
electrocatalyst to ORR and OER based on porous nanorods of Lag 551y 5Cog gFe 203
and reduced graphene oxide/nitrogen-doped. Authors blended the inorganic catalysts
with fluoro-based polymer, Nafion, as a carrier to obtain electrospun fibers which was
calcinated at 700 °C for 3 h. Nanoscaled composite was mixed with N-doped reduced
graphene oxide to end up with very active bifunctional electrocatalyst for recharge-
able metal—air batteries by accelerating ORR and OER in alkaline electrolyte. This
is due to the large surface area of the porous structure of the prepared electrocatalyst.

Peng et al. [61] fabricated air-cathode for zinc—air battery by using the coaxial
electrospinning technique in different approaches. Author used polyacrylonitrile
polymer as a shell layer which impregnated with cobalt acetate tetrahydrate and
thiourea. While poly(methyl methacrylate) was used as a core substrate. Mixture
was electrospun at 18 kV with shell diameter 750 nm and core diameter 420 nm.
After thermal treatments of the electrospun fibers, poly(methyl methacrylate) was
vanished to gases and the shell substrate (poly-acrylonitrile) was carbonized via
stabilization thermal treatment at 280 °C for 0.5 h and at 800 °C for 2 h under argon
atmosphere. This process produced hollow fibers made of carbon nanofibers deco-
rated by cobalt/sulfur-doped. Data revealed that the hollow and porous structure of
the doping of nitrogen and sulfur showed a better electrical conductivity, bifunctional
catalysts, and exhibited preferable performance toward ORR.

2.1.2 Electrospun-Based Composites of Anodes for Metal-Air Batteries

Anodes in metal-air batteries, during the discharging and charging processes, is
subjected either to shape change or corrosion especially in alkaline electrolytes which
lead to shortening of cycle life [50]. To solve this issue, it has been developed different
methods to decrease or prevent the corrosion process during the discharging/charging
process. It has been reported that alloying pure metals such as aluminum [62] with
different metals such as copper [63], magnesium [64], titanium [65], etc., has shown a
significant impact to reduce the corrosion tendency in the alkaline electrolytes. Also,
it has been investigated that adding either organic or inorganic additives [66, 67] as
inhibitors can reduce the corrosive effect of electrolytes. Recently, coating anode
surface by protecting interlayer has been reported to control the anode corrosion.
Sol-gel method has been used to fabricate Al,O3 thin film on Zn-electrode in order
to mitigate the electrode corrosion [68].

Zuo et al. [69] electrospun polyacrylonitrile incorporated with Al,O3, using DMF
as a solvent, to achieve a 4 wm electrospun mat on an aluminum foil sheet. Fiber
diameters were around 450 nm and thermally stabilized at 300 °C for 2 h. The
produced interlayer helped to suppress the corrosion of the aluminum anode and
resulted in a significantly high capacity (1255 mAh/g at 5 mA/cm?) and a remarkable
stability.
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2.1.3 Electrospun-Based Composites of Cathodes for Metal-Air
Batteries

Metal—air batteries are distinguished by air-cathode in which the main reactant,
oxygen, is obtained from air. Therefore, cathode is composed of electrocatalyst (to
reduce the electrode overpotential) and a porous layer. The latter layer acts as a
gas-diffuser to regulate the oxygen diffusion through the electrocatalyst. The main
concern in the air-cathode is the accumulation of reaction products such as Li,O,,
and Li,O, in case of lithium-air batteries, on the cathode. Therefore, air-cathode
has to be fabricated of high electroconductive substrates with large surface area and
porous structure in order to facilitate the electrons pathways. As a result, the fabri-
cation methods of the air-cathodes have been widely investigated to overcome the
above-mentioned issues.

Casting is the most considerable method to fabricate the air-cathode in which
conductive paste was cast on conductive metals in a foam form. However, such
method leads to side reactions during the discharging and charging processes [15].
Therefore, other routes have been discovered to produce self-standing electrospun
composites as air-cathodes.

Song et al. [70] fabricated such self-standing air-cathode based on cobalt ions
linked to benzimidazolate ligands that has been blended with carbonization-capable
polymers such as polyacrylonitrile. The latter slurry was electrospun followed by
two-post thermal treatments to end up with Co3O4/nanotube composites that used as
an air-cathode without the need to a binder or metal foam. The results demonstrated
much higher discharging capacities (760 mA h/g), lower charging overpotential and
enhanced cycle performance.

Nitrogen-doped carbon nanofibers containing iron carbide has been electrospun
by Ma et al. group [71] and was utilized as an air-cathode in flexible aluminum-air
battery. Authors synthetized Fe;C nanophases that were encapsulated in nitrogen-
doped carbon nanofibers. Typically, polyacrylonitrile polymer was used as a carrier
to contain the iron metal-organic frameworks which was electrospun with an average
fiber diameter of 300 nm. The produced fibers were exposed to a thermal treatment
in nitrogen atmosphere to obtain N-doped porous carbon nanofibers decorated with
Fe;C nanoparticles. This study showed outstanding catalytic activity and stability
toward oxygen reduction reaction and showed a stable discharge voltage (1.61 V)
for 8 h, giving a capacity of 1287.3 mA h/g.

Bending-resistant cathode for aluminum-air battery has been fabricated based on
carbon nanofibers incorporated with magnesium oxide (Mn30O,). It has been reported
[72] that magnesium oxide was mixed with polyacrylonitrile to be electrospun in
single needle at 17 kV. Electrospun fibers, with average fiber diameter of 400 nm,
were calcinated at 900 °C for 1 h. Data showed that the fabricated Al-air battery can
be discharged over 1.2 V under 2 mA/cm? at dynamic bending state, and a specific
capacity up to 1021 mA h/cm?.

Bui et al. [73] reported the electrochemical performance of non-woven mats
made of carbon nanofibers incorporated with different metals (platinum, cobalt, and
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palladium) as air-cathodes for lithium-oxygen battery (in organic solvent as elec-
trolyte). Authors fabricated the air-cathodes by using a typical carbonization-capable
polymer, polyacrylonitrile, as a core substrate and poly(vinylpyrrolidone) [46] as a
shell substrate. Metal precursors (platinum acetylacetonate, palladium acetate and
cobalt acetate tetrahydrate) were added to the core substrate and were electrospun at
12 kV. Electrospun fibers with fiber diameter 720 nm (390 shells and 165 nm core)
were subjected to thermal treatments started by stabilization in air at 300 °C for 4 h,
and then under nitrogen at 300-750 °C for 1 h and at 750-1200 °C for 2 h. The elec-
trochemical performance of the pure carbon nanofiber cathode was compared with
those decorated with the metals. Results stated that the discharge/charge profiles
are looked the same. However, the specific capacity of platinum-decorated carbon
nanofibers was much higher (5133 mAh/g at 1000 mAh/g) than that of the refer-
ence cathode (1533 mAh/g at 1000 mAh/g). Also, data showed overpotentials of
both on discharging and charging processes reduced with platinum-decorated carbon
nanofibers and remarkably prolonged cycle life (163 cycles).

2.2 Electrospun Fibers in Metal-Ion Batteries

Metal-ion rechargeable batteries are considered as fast-growing technologies for
energy storage devices, in the last few decades. This is due to their high density of
power and energy associated with long life cycle [74]. Basically, metal-ion cell as a
rechargeable cell, metal ions move from negative electrodes to positive electrodes in
discharging process and vice versa in charging process. The flow of such ions leads to
a flow of electrons that move in a circuit to generate energy. Accordingly, Metal-ion
batteries consist of four main components namely: anode, cathode, electrolyte, and
separator. The most common metals used in such batteries are aluminum, lithium,
sodium, and potassium. In the following subsections, utilization of electrospinning
technique in metal-ion batteries will be limited and discussed for lithium-ion batteries
as a role model.

2.2.1 Electrospun Materials for Lithium-Ion Batteries

Although lithium-ion batteries have been used globally in different applications,
researchers are still urged to develop low cost, high power density, and high energy
lithium-ion batteries. Typically, lithium-ion batteries have been made of graphite
cathodes and lithium metal-based anodes in the presence of lithium salt mixed in
organic solvents [75]. As a result of many incidents regarding to lithium-operated
portable devices, lithium oxides and different alloys have been developed to provide
safe and reliable lithium batteries. The main measurements used to reflect the
batteries’ performances are the specific capacity and the operation current densi-
ties. These two parameters are determined by the electrochemical performance of
the electrode materials used in batteries [76].
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Recently, nanostructured electrodes have been utilized to enhance the electro-
chemical performance in metal-ion batteries. This is due to the tremendous increase
in the surface area which leads to a decrease in the mass and charge diffusion, shortens
the transporting path of ions, increases the electron transfer, and finally improves the
intercalation kinetics [77].

Many different approaches have been tackled to prepare one-dimensional
nano-materials for electrodes such as chemical vapor deposition, self-assembly,
solvothermal method, solution-growth and electrospinning technique. The latter
approach, electrospinning technique, is very simple way to produce one-dimensional
nano-sized materials for electrodes with wide diversity in morphological character-
1stics.

2.2.2 Electrospun-Based Cathodes in Lithium-Ion Batteries

In lithium-ion batteries, much has been studied to improve the energy density and the
operating cell voltage. Lithium-based transition metal oxides showed very promising
approach to obtain high energy density for such type of batteries. Of these composi-
tions, lithium/iron/phosphate composite has been used due to it thermal stability and
large energy density (170 mAh/g). However, this alloy showed lower cell operating
voltage (3.5 V). Kang et al. [78] studied the effect of introducing manganese to the
previous composite in electrospun fibers. The authors prepared electrospinning solu-
tion based on poly(vinyl pyrrolidone) with lithium, manganese, iron, and phosphate
salts and ejected it under certain condition for electrospinning. Solutions were elec-
trospun at 10-15 kV with average fiber diameter of 100-500 nm. The electrospun
fibers were air-dried at 100 °C, calcinated at 500 °C for 10 h, and then post-calcinated
at 800 °C in nitrogen atmosphere. Hagen et al. [79] reported that the cyclic voltam-
metry analysis showed the cell operating voltage increased from 3.5 to 4.1 V in the
presence of manganese element in lithium cathode. Study showed that by increasing
the manganese content in the electrospun fibers, cell voltage increased over 4.6 V
with maximum discharge capacities 125 mAh/g.

Many different polymers have been used in order to provide self-supporting
cathodes made of lithium-based transition metal oxides by utilizing electrospin-
ning technique. Polyacrylonitrile has been used by Toprakci et al. [80] with LiFePO4
composite to provide carbon nanotube-supported Li-cathode with total high capacity
166 mAh/g.

Lithium vanadium phosphate (Li, V,(PO4)3;) composite is another Li-based transi-
tion metal oxide that has been addressed in order to obtain better energy density. This
cathode composition provides 190 mAh/g capacities with stable three-dimensional
framework and poor electrochemical output. To solve this problem, the ionic conduc-
tivity has been improved by developing nano-scaled platform of Li3V,(POy4)3). For
example, Chen et al. [81] used poly (4-vinyl) pyridine as a carrier, mixed with
NH4 VO3, NH4H,PO,, and citric acid for electrospinning. Mixture has been elec-
trospun at 32 kV to obtain nanofibers with average diameters of 170—440 nm. These
fibers have been calcinated at 800 °C for 4 h to retain the fibrous structure with
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average diameters 90-220 nm. Li3; V,(POy)3) carbon nanofibers composite exhibited
good cycle performance, capability in average voltage 3.0-4.8 V, and high discharge
capacity of 190 mAh/g.

Another research group prepared two different layers of LiFePO, and LisTisO;
carbon nanofibers to study the electrochemical performance [82]. Different metal
salts were mixed with polyacrylonitrile and polyvinylpyrrolidone, electrospun at
25 kV, pre-oxidized at 260 °C for 2 h and then calcinated at 800 °C for 10 h in
N, atmosphere. The two-layer cathode showed very promising capacity in terms of
charged/discharged processes up to 800 cycles at 1C with a retention capacity of
more than 100 mAh/g and a Coulombic efficiency close to 100%.

2.2.3 Electrospun-Based Anodes in Lithium-Ion Batteries

Anodes for lithium-ion batteries have a great impact on the overall performance in
terms of charge/discharge rate capability, cyclability, and energy storage capacities.
Developed anodes for Li-ion batteries showed several principles that have to be
addressed such as cost and environmental concerns, hosting large numbers of Li-ions
during the charging process, made of materials that are insoluble in the electrolyte
solvents, and have a reduction potential as high as lithium metal (-3.05 V).

Over the past decade, graphite has been chosen as a promising candidate for
lithium-ion anodes due to its abundance, reversibility with high Coulombic effi-
ciency, and energy capacities (372 mAh/g). However, towards electric car applica-
tions require long cell lifetime and cell operating voltage, there are many challenges
to anode materials that have to be addressed in the fabrication process. Again, nanos-
tructured anodes have been an approach to solve the problem addressed above. This
hypothesis has been firstly approved, in 1996, when Liu et al. [83] prepared hard
carbon samples from calcinated epoxy resins with nanoporosity. Study proved that
large specific capacity for lithium was recorded as a function of the number of single
carbon layers in the heat-treated epoxides. Since then, increasing the surface area of
electrodes is an approach to enhance the lithium-ion batteries.

Electrospinning technique was one of these approaches to fabricate Li-ion anode
with very high surface area which is capable of hosting many lithium ions during
the charging process. Kumbar et al. [84] prepared carbon nanotube using a typical
procedure of the electrospinning of polyacrylonitrile followed by a calcination step in
inert atmosphere (N;) at 800 °C. Polyacrylonitrile was electrospun at 21 kV with gap
distance 14 cm to obtain fibers with average diameters 200 nm. The electrochemical
lithium storage properties showed discharge capacities of 826 and 370 mAh/g for the
first and second cycles respectively, at a current density of 200 mA/ g with capacity
200 cycles.

Kim et al. [85] used 10% of polyacrylonitrile in dimethylformamide and elec-
trospun the solution using 25 kV. Polyacrylonitrile electrospun fibers were obtained
with average diameter 200-300 nm, thermally treated at 280 °C for 1 h and then
calcinated at three different temperatures 700, 1000 and 2800 °C under inert atmo-
sphere (argon). Data showed that the best results were recorded to the nanofibers
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that calcinated at 1000 °C to give a large reversibility of 450 mAh/g and high rate
capability 100 mAh/g.

Other elements have been addressed to improve the graphite capacity (372
mAH/g) such as incorporating tin, tin oxide, and tin composites. Theoretical capacity
of tin is 993 mAh/g and when it mixed with graphite anodes enhances the overall
capacities. However, because its expansion during charge/discharge process, it cracks
and results in rapid fading to the cell capacity. Nanostructured tin or tin alloy in
different shapes such as nanoparticles, thin films and nano-wire have been reported
to solve this problem. For this purpose, Zou et al. [86] prepared tin/carbon non-woven
film via electrospinning technique. Author used polyvinyl alcohol (PVA), 10% wt/v
of 80,000 MW, mixed with 10% wt/v of tin(II) chloride and 20% v/v distilled water.
Solution was electrospun at 25 kV, air-gab distance (15 cm) and flow rate (1 mL/h).
Electrospun fibers with tin nanoparticles in 0.33 nm was dedicated by high resolution
transmission electron microscope (HRTEM) and was heated at 500 °C in argon/ H,
atmosphere for 3 h. The electrochemical investigation of the non-woven film showed
a reversible capacity after 20 cycle of a 382 mAh/g which is 96% of the capacity in
the first cycle.

Nickel oxide is another element that showed a significant interest to enhance the
lithium-ion batteries owing to its high theoretical capacity (718 mAh/g). However,
in bulk form, nickel oxide showed very poor electrochemical performance due to
its large volume change during charge/discharge process and low electronic conduc-
tivity. Porous nickel oxide anodes with nano-morphologies such as nano-sheet, nano-
wall, and nano-spheres have been considered to improve the electrochemical proper-
ties. Wang et al. [87] prepared lithium-ion anode based on carbon nanofibers incor-
porated with nickel oxide. Authors used polyacrylonitrile (10% wt/v) mixed with
nickel nitrate salt for electrospinning at 10 kV, air-gab distance 15 cm and flow rate
0.9 mL/h. Nanoweb was thermally treated at 300 °C for 1 h and at 600 °C for 5 h and
then at 350 °C for 2 h in inert atmosphere (N;). The porous anodes including nickel
oxides showed high reversible capacity of 638 mAh/g over 50 cycles.

Another super promising candidate, silicon, has been reported for lithium-ion
batteries owing to its very high gravimetric specific capacity (4200 mAh/g). Like
other elements, silicone has four times volume expansion during charge/discharge
process resulting in rapid fading of the battery capacity. Silicon nanoparticles (50 nm)
have been mixed [88], in different ratios, with 7.5% wt/v solution of polyacryloni-
trile (MW 86,000) in dimethylformamide to obtain electrospun composites. This
nanoweb composite was pre-oxidized in air for 6 h at 240 °C to protect the fibrous
morphology during following carbonization steps. Post-thermal treatment at 600 °C
in inert atmosphere (argon) was conducted to the nanoweb composites for 8 h. Atratio
C/Si (77/23 wt/wt), silicon composite carbon nanofibers showed a large reversible
capacity up to 1240 mAh/g.

Agglomeration of silicone nanoparticles has been an issue to obtain well
distributed electrospun precursor solutions for electrospinning. Xu et al. [8§9] worked
on de-agglomeration of silicon nanoparticles by conducting different treatments in
order to obtain well-dispersed solution for electrospinning. Silicon nanoparticles (50—
100 nm) were initially stirred magnetically in piranha solution (H,SO4/H,0,=7:3
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v/v) for 2 h at 80 °C, centrifuged in deionized (DI) water and diluted into 200 mL
ethanol solution to obtain hydroxyl-terminated silicon. The latter was treated via
3-aminopropyl trimethoxysilane to obtain the amino-silane functionalized silicon
nanoparticles. The modified silicon nanoparticles were mixed with 7% wt/v polyvinyl
alcohol (MW 86000-124000) which is more compatible with the functionalized
silicon nanoparticles. Nanoweb was stabilized at 200 °C for 2 h and then at 650 °C
for 1 hin inert atmosphere (nitrogen gas). The obtained electrode exhibited an excel-
lent electrochemical performance with a discharge capacity of 872 mAh/g (after 50
cycles) and capacity retention of 91%.

In the light of the above mentioned modifications, silicon nanoparticles had
to be treated through sophisticated processes and hazard materials in order to
provide well distributed nanoparticles. Therefore, it has been a challenge to find
out an ecofriendly alternative to synthesis carbon-based composites with good
electrochemical properties.

Cobalt oxide has been an example for experimental trials to obtain carbon-based
electrode with large reversible capacity, excellent cyclic performance, and good rate
capacity. Zhang et al. [90] prepared cobalt oxide-based carbon nanofibers via the elec-
trospinning of polyacrylonitrile, Mw 150000, mixed with Cobalt acetate tetrahydrate.
After thermal treatment at 650 °C for 2 h in nitrogen gas, data showed that cobalt
compound was CoO rather than Co or Co304. The obtained cobalt-based electrode
showed a good electrochemical performance of 633mAh/g after 52 cycles.

2.2.4 Electrospun-Based Separators and Electrolytes in Lithium-Ion
Batteries

As described before, electricity is produced from lithium batteries as electrons move
in a wire and lithium ions move in the electrolyte between cathodes and anodes back
and forth during the charge/discharge process. Accordingly, electrolyte with very
high ionic conductivity is highly demanded to the lithium-ion batteries as long as
it meets the environmental, safety, and cost concerns. It has been using the organic
solvents in such lithium-ion batteries until concerns about flammability, explosion,
and volatilization have been raised [91].

On the other side, separators have very crucial role in secondary batteries
and especially in lithium-ion batteries to ensure the safety of the batteries by
preventing the direct contact between anodes and cathodes and allow ion transfer
through microscopic holes. Accordingly, separators must satisfy all the physical and
electrochemical conditions.

Much has been investigated that solid polymer electrolytes can be employed in
lithium-ion batteries as electrolyte and separator, in the same time, provided to meet
the basic requirements of the electrochemical conductivity and the chemical, thermal
and mechanical stability [92]. In the very beginning, polyethylene oxide (PEO) has
been investigated as a promising candidate to provide thinner and safer lithium-ion
batteries. Different drawbacks in PEO that have been reported constrain its applica-
tions in lithium-ion batteries. PEO high crystallinity especially at room temperature
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leads to a huge constraint in the ionic conductivity. The deterioration in PEO mechan-
ical strength at higher temperatures is another reason. These limitations of solid
polymer electrolytes remain as main challenges to upscale the battery production.

Therefore, much has been done in this field to enhance the PEO crystallinity by
different means such as chemical modifications, blending with other polymers, and
mixing with conductive additives [91]. In this part, fabrication of such polymer solid
electrolytes via electrospinning will be the main concern.

Samad et al. [93] investigated the effect of blending PEO solutions with a novel
cellulosic reinforcement material, named GELPEO, on the mechanical properties of
PEO electrospun fibers as solid polymer electrolyte. Author electrospun 10% wt/v
of PEO Mw=300,000) associated with different concentrations of GELPEO (5, 10
and 20 wt/v) at 20 kV, flow rate 1 mL/h and the electrospun fibers were received on
rotating drum at 200 rpm. Data showed that tensile strength values have improved
by two-fold and the composite fibers are thermally stabilized up to 200 °C. Unlike
the expected, addition of 5% wt/v of GELPEO did not show significant reduction in
the ionic conductivity and gives very comparable measurements (4 x 10~* S/cm)
compared to PEO fibers (5 x 10~* S/cm).

Another research group from Iran [94] studied the effect of ZnO and TiO; nanopar-
ticles embedded on electrospun fibers of PEO associated with lithium perchlorate.
Fibers were electrospun at 18.4 kV, flow rate 0.5 mL/h, distance 15 cm and fibers were
collected on rotating drum at 100 rpm. Authors used a potentiostat/galvanostat instru-
ment to evaluate the cycling stability of PEO with/without ZnO and TiO, nanoparti-
cles. Data showed that highest values of the ion conductivities were recorded for of
0.21 wt% of the TiO, and ZnO to reach 0.045 mS/cm and 0.035 mS/cm, respectively.
These values were considered much higher than that of the same composition used
for casting thin films which recorded 0.0044 mS/cm and 0.0147 mS/cm for TiO, and
ZnO respectively. However, it has been reported that such filler-filled electrospun
solid electrolyte loss up to 40% of its capacity after 45 cycles.

The same research group [95] investigated the effect of ethylene and propylene
carbonates (EC and PC), as plasticizers to the PEO electrospun fibers, on the elec-
trolyte electrochemical performance. Authors recorded the highest value in ionic
conductivity, at ratio 3:1 (EC:PC), 0.171 mS/cm. More PC to the PEO resulted in
decreasing the cycle capacity significantly.

Zhu et al. [96] studied the effect of adding high ionic conductive (Lig 33Lag 55TiO3)
nanowires to PEO electrospun fibers on the electrochemical properties of the final
solid composite electrolyte. The ionic conductive nanowire was prepared by the
electrospinning of PVP solutions mixed with lithium salt (LiNOs), lanthanum
salt (La(NOs3)3) and Ti (OC4Hg)4, dissolved in DMF solutions and followed by
thermal treatments. Authors obtained nanofibers of PEO incorporated with the
(Lig33LagssTiO3) nanowires along with propylene carbonate, plasticizer, as a solid
composite electrolyte. Data showed that by adding 8% of the nanowires to PEO, the
ionic conductivity of the composite has reached to the maximum value at 5.66 x 107>
and 4.72 x 10~* at 0 °C and 60 °C, respectively. The obtained composite electrolyte
exhibited an initial reversible discharge capacity of 135 mAh/g and good cycling
stability.
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Poly(vinylidene fluoride), PVdF has been used as solid polymer electrolyte in
lithium batteries due to its high mechanical stability, its polar nature owing to the
fluorine atoms, and for being chemically inert. However, PVdF showed a low ionic
conductivity owing to its crystallinity which leads to migration hindrance of lithium
ions.

Gopalan et al. [97] prepared electrospun solid polymer electrolyte based on PVdF
mixed with different amounts of poly(diphenylamine), PDPA (0.5, 1 and 2% w/w).
Mixture was electrospun at 25 kV, 10 mL/h flow rate and 15 cm distance to obtain
electrospun fibers with average diameter 200 nm. The final electrolyte composite of
PVAF/PDPA electrospun fibers were soaked in a mixture of lithium salts (lithium
perchlorate) and propylene carbonate. Electrochemical properties showed superior
activity in terms of ionic conductivity, electrochemical stability and good interfacial
behavior with electrode.

The same research group investigated the electrochemical properties of the
composition of PVdF with polyacrylonitrile (PAN) prepared via electrospinning [98].
Mixture of PVdF and different proportions of PAN were dissolved in DMF:acetone
(7:3 v/v) and electrospun at 25 kV, 10 mL/h flow rate, 20 cm distance and fibers
were received on rotating drum. The electrolyte composite was obtained by soaking
the electrospun mat in a mixture of lithium salts (lithium perchlorate) and propylene
carbonate. PVAF/PAN composite electrolyte, prepared by 25% PAN, showed a high
amount of lithium salt uptake of the electrolyte (300%) and a high ionic conductivity
of 7.8 mS/cm.

The copolymer of PVAF with hexafluoropropylene (HFP) has been reported as a
good solid polymer electrolyte owing to its good electrochemical stability and affinity
to electrolyte solutions. Li et al. [99] reported the electrochemical properties of PVdF-
co-HFP electrospun membrane. Polymer (M,, = 4.77 X 10°) at a concentration of
12—-18 wt/v, dissolved in acetone/dimethylacetamide (7/3, wt/wt) was electrospun at
18 kV to obtain fibers of average diameter 1 wm. The electrolyte was prepared when
PVdF-co-HFP was soaked in lithium salts/propylene carbonate solutions. The solid
copolymer (PVdF-co-HFP) electrolyte showed a high electrolyte uptake and ionic
conductivities of 1073 S/cm.

Other research groups investigated the influence of the incorporation of ceramic
fillers on the ionic conductivity of the solid polymer/composite electrolytes.
Raghavan et al. [97] reported the electrochemical performance of the electrospun
composite of PVdF-co- hexafluoropropylene and silica. The copolymer was mixed
with in-situ prepared silica and ball mill prepared silica and their electrochemical
characteristics were compared to PVdF-co- hexafluoropropylene fibers. Electrospun
solutions were obtained at 20 kV, 0.1 mL/min flow rate, 16 cm distance, and received
on rotating drum at 140 rpm. Obtained electrospun fibers were investigated on scan
electron microscope (SEM) to show an average diameter of 1-2 pm. The final
composite electrolytes were prepared by immobilizing lithium salt (lithium hexaflu-
orophosphate) and ethylene carbonate/dimethyl carbonate in the electrospun mats.
In general, the prepared composites exhibited high electrolyte uptake (550-600%),
while the superior electrochemical performance recorded for the polymer electrolyte
containing 6% in situ silica with ionic conductivity of 8.06 mS/cm at 20 °C.
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Cui et al. [100] investigated more complicated approach by preparing solid
composite electrolyte when PVdF was mixed with modified titanium dioxide (TiO5).
Initially, aminated TiO, was grafted by poly(methyl methacrylate) via atom transfer
radical polymerization technique. The grafted TiO, was mixed with PVdF before
electrospinning. Fibers were electrospun at 14 kV and 20 cm distance. Electrospun
fibers of PVdF/grafted TiO, with an average diameter 0.333-0.336 um were soaked
in lithium salt (1 M of lithium hexafluorophosphate) in ethylene carbonate/DMF.
Data showed that the presence of grafted TiO, inhibits the crystallization of PVdF
in the solidification process and enhances the ionic conductivity of the final solid
composite electrolyte. The improved electrochemical performance was recorded for
the composite electrolyte containing 6% wt (based on the weight of PVdF) grafted
TiO, and showed ionic conductivity of 2.95 mS/cm at 20 °C compared to 2.51 mS/cm
of PVdF electrolyte.

Thermoplastic polyurethane (TPU) electrospun fibers have been employed as
mold for solid composite electrolyte when it soaked in fillers to enhance the ionic
conductivity. In 2018, Gao et al. [101] electrospun 17% wt/v of TPU at 20 kV, at
40 °C and used rotating drum as a collector. The obtained mat was soaked in PEO
solution containing nano-sized SiO, and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI)salt. Data revealed that the final composite electrolyte of TPU-PEO with 5
wt% SiO, and 20 wt% LiTFSI showed an ionic conductivity of 6.1 x 10™* S/cm
at 60 °C with a high mechanical stability of 25.6 MPa. Battery made of this solid
composite electrolyte and LiFePO,4 cathode showed a discharge capacity of 152, 150,
121,75, 55 and 26 mA h/g at C-rates of 0.2C, 0.5C, 1C, 2C, 3C and 5C, respectively.
The discharge capacity of this lithium-ion battery remains 110 mA h/g after 100
cycles at 1C at 60 °C with capacity retention of 91%.

However, Zainab et al. [102] used the electrospun fibers of polyurethane mixed
with polyacrylonitrile to build up a composite used as separator in lithium-ion
batteries. Fibers were obtained using electrospinning technique at 25 kV, at flow
rate 1 mL/h, 15 cm distance and collected on rotating drum at 50 rpm. Data revealed
that ionic conductivity has improved up to 2.07 S/cm, with high mechanical stability
up to 10.38 MPa and good anodic stability up to 5.10 V were observed. The thermal
stability of PU/PAN separator displayed only a 4% dimensional change after 0.5 h
of long exposure at 170 °C.

Different combinations of several conductive polymers have been utilized as solid
composite electrolyte for lithium-ion batteries. Peng et al. [103] obtained new elec-
trospun electrolyte made of TPU and PVdF-co-HFP dissolved in DMF/acetone (1:1
wt/wt) and electrospun at 24.5 kV. The vacuum-dried electrospun mat was soaked in
1 M of lithium perchlorate/ethylene carbonate. Data showed that the ionic conduc-
tivity value has enhanced up to 6.62x 107> S/cm. Composite showed very decent
value of tensile strength (9.8+0.2 MPa) and elongation at break (121.540.2%).
Battery, made of this composite electrolyte and Li/PE/LiFePO, cathode, provides a
high initial discharge capacity of 163.49 mAh/g under 0.1 C rate.

Tan et al. [104] fabricated electrospun fibers made of a mixture of three poly-
mers PAN, TPU and polystyrene (PS) in mass ratio 5:5:1. The three polymers were
dissolved under vigorous stirring in DMF for 12 h at 60 °C before the spinning step.
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Electrospun fibers of PAN/TPU/PS were obtained at 24 kV and extruded at flow
rate 0.5 mL/h. The composite electrolyte was obtained by soaking these electrospun
fibers in 1 M of a solution of lithium hexafluorophosphate/ethylene carbonate. The
prepared solid composite electrolyte showed an ionic conductivity of 3.9 x 10 mS/cm
at room temperature and an electrochemical stability of 5.8 V. However, battery made
of this composite electrolyte and LiFePOy cathode, exhibited charge and discharge
capacities of 161.70 mAh/g and 161.44 mAh/g, respectively, at a 0.1 C rate. Battery
showed a stable cycle performance in the capacity retention of 94% after 50 cycles
and high Coulombic efficiency.

Other research group investigated more complicated composites to provide better
ionic conductivity, thermal and mechanical stabilities. Yang et al. [ 104] prepared solid
composite electrolyte based on electrospun filaments and silicon-based conductive
additive. The silicon-based additive was synthesized by refluxing y-chloropropoyl
trimethoxy silane in acid/anhydrous ethanol medium at 40 °C for 5 days. The dry
substance was mixed, in different concentrations, to PVdF/PAN/PMMA polymers
in solid ratio (2:2:1). The polymer solution (15% wt/v) was electrospun at 20 kV,
flow rate 1.8 mL/h, air-gab distance 25 cm and fibers were collected on rotating
drum at 50 rpm. Data showed that the average diameter of PVdF/PAN/PMMA elec-
trospun fibers was 600 nm and with silicon-additive 2, 4, 6, 8, 10 and 12%wt/v
diameters have increased to 740, 770, 820, 810, and 800 nm, respectively. The elec-
trochemical characteristics of the composite electrolyte of 10 wt% silicon-additive
exhibited a high electrolyte uptake of 660% and an excellent thermal stability. Also,
the solid composite electrolyte showed ionic conductivity potent of 9.23 mS/cm at
room temperature and electrochemical stability is up to 5.82 V.

Maurya et al. [105] prepared solid composite electrolyte based on electrospun
membrane and hetero-nano particles of rare-earth elements. Different concentra-
tions of lithium, lanthanum, barium, and zirconium salts were mixed together in the
presence of citric acid at 120 °C until milky powder was obtained. Different concen-
trations of the calcinated powder (5, 10 and 15% wt/v) were added to a solution of
PVdF-co-HFP (16% wt/v) dissolved in a mixture of solvents (dimethylacetamide
and acetone 3:7). Solutions were electrospun at 18 kV, 12 cm distance and a flow
rate of 0.5 mL/h. The obtained membranes were dried on vacuum at 60 °C, pressed
to 25—45 pm thickness and soaked in 1 M of a liquid electrolyte of lithium hexaflu-
orophosphate in ethylene carbonate/dimethyl carbonate. Data showed that the ionic
conductivity has improved to 3.30 mS/cm at 25 °C with a working potential of 4.6 V.
Battery assembled from this composite exhibited a superior specific capacitance of
123 F/g at a current density of 1 A/g with a capacity retention of 83% even after
1000 cycles.

Other research group used electrospinning technique to prepare sandwich-like
composite electrolyte via layer by layer technique of different polymers. Qin
et al. prepared a sandwich-like structure made of two layers of PVdF-co-HFP
and a polyamide-6 layer in between. Electrospinning conditions were optimized to
fabricate bead-free and uniform electrospun fibers. Both fibers were layer-by-layer
received on the same target to produce the final membrane. The composite electrolyte
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was prepared by soaking the prepared sandwich-like membrane in lithium hexaflu-
orophosphate. Sandwich mat picked up 270% of the liquid electrolyte and showed
acceptable mechanical properties up to 17.11 megapascal. The composite electrolyte
showed a high ionic conductivity of 4.2 mS/cm at room temperature and stable elec-
trochemical window of a 4.8 V. In the assembled battery of this composite electrolyte
and lithium anode and lithium iron phosphate cathode, high electrochemical stability,
high discharge capacity and good cycle durability were observed.

3 Conclusion and Outlook

Rechargeable batteries hold a prestigious position in the map of the energy-storage
research in order to decrease the usage of fossil fuel and decrease the emission of CO,.
Increasing the surface area of the main components of batteries showed a significant
increase in the electrochemical performance of such batteries. The electrospinning
technique, to fabricate nano-sized fibers, can be utilized in coating, decorating, or
constructing the cell components which is considered as a turning point to overcome
the drawbacks of the traditional way of fabrications.

Cathodes made of decorated carbon nanofibers with inorganic metals have been
emerged recently to enhance the battery density and capacity. Electrospinning tech-
niques can provide different shapes of electrospun fibers in which inorganic nanopar-
ticles can be introduced either in the core or in the shell of carbon nanofibers. Calci-
nated electrospun fibers can enhance the specific capacity on metal-air battery as
much as 5133 mAh/g at 1000 cycles compared to 1533 mAh/g at 1000 cycle of
reference cathodes. Generally, electrospun fibers are made of carbonizable poly-
mers that are capable to be carbonized by thermal treatments to provide carbon
nanofibers or nanotubes. Such polymers usually have been mixed with many electro-
conductive enhancers made of nanoparticles of inorganic metals, heteroatom-doped
metals, etc. Impregnated polymers have been electrospun either in form of single
filaments, core/shell structures, or hollow fibers. Electrospun carbon nanofibers or
nanotubes have very large surface area that facilitates the ionic transfer in much
higher magnitude compared to regular composites.

Coating of the anode surface by protecting interlayer of electrospun fibers has
been reported to control the anode corrosion and to provide high capacity and a
remarkable stability.

Electrospun fibers have been used to fabricate solid composite electrolyte by
which many drawbacks of liquid electrolyte have been covered. Such composites are
made of the electrospun fibers of different polymers that showed good ionic conduc-
tivity and high liquid uptake. Such composites showed high mechanical stability and
less liquid leakage.

For further development on the utilization of electrospun components in batteries,
here are some personal perspectives.
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e Utilization of new electrospinning apparatus that provides different fiber orienta-
tion and alignment has to be immensely investigated. Fiber direction may have a
great impact on the electro-conductivity and the performance of the conversion
processes from chemical energy to electric energy and vice versa.

e Synthesis of more carbonization-capable polymers possesses different functional
groups may alter the final performance of nanofibers in the voltaic cells.

e The exposure of the electrospun fibers to plasma chamber in the presence of
activated different gasses such as nitrogen, argon, fluorocarbon may lead to func-
tionalized electrospun fibers resulting in more porous structure and more surface
area.

e More studies are required to enhance the anode corrosion using the electrospun
fibers in respect of the adhesion parameter of the electrospun fibers onto the anode
surface.

e Monitoring the diameter of the electrospun fibers needs more focus to show the
correlation between the fiber diameter and the battery performance.

e More integrated studies to enhance anodes, electrolytes and cathodes may show
significant enhancement in the overall performance of batteries.

e Rechargeability is still behind any expectation for batteries and more research is
required to enhance it.
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