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Electrospun Mixed Oxide-Based e
Composites as Cathodes for Lithium-Ion
Batteries
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and Mahadevappa Y. Kariduraganavar

20.1 Electrospinning Technique for Lithium-Ion
Batteries—An Overview

Energy conversion and storage devices have drawn significant attention owing
to depletion of fossil fuels, climate change and environmental deterioration. The
commercialization of lithium-ion batteries (LIBs) was achieved in the early 1990s
by employing an intercalated lithium metal oxide compound as a cathode and graphite
as an anode material. However, the rapidly growing market for electric vehicles has
created a demand for high energy storage capacity and fast charge/discharge capa-
bility with high energy density and durability. To meet these requirements, much
research has been focused on improving the performance of pre-existing electrodes
and/or developing new electrode materials. Novel nanofiber technologies particu-
larly created the opportunity to design new materials for advanced rechargeable
lithium-ion batteries. Currently, much effort has been devoted in developing nanos-
tructure materials by employing various techniques, such as sol-gel method [1], wet
chemical synthesis [2], chemical vapor deposition [3], the molten salt method [4-9],
polymer precursor method [10—15] and electrospinning. Among these methods, elec-
trospinning is a versatile, efficient and low-cost method, and has been used widely
to synthesize nanofibers (NFs) with different morphologies. The electrospun NFs
play a crucial role in various energy storage devices because of high surface area,
controllable porosity and ease of accessibility.
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20.2 Electrospinning

Electrospinning is a widely used fabrication technique for developing continuous
electro-active nanofibers from a wide range of materials with diameters in the range
of several nanometers to the micrometer regime. Among the different materials,
nanofibers can be successfully obtained by electrospinning from polymers, semi-
conductors, ceramics, and their composites. Because of the decrease in the fiber
diameter to nanoscale, these materials show enhanced properties of high surface
area to volume ratio, porosity, flexibility, electrochemical and mechanical proper-
ties, which make them excellent candidates for a wide range of applications, such
as energy conversion and storage devices, electronic devices and tissue engineering,
etc.

20.2.1 Principle of Electrospinning

The basic principle behind the processing of nanofibers by electrospinning is based
on the unidirectional elongation of a spinnable visco-elastic solution by considering
various parameters involved in the process of electrospinning. Continuous nanofibers
are formed due to the electrostatic Coulombic repulsive forces applied during elonga-
tion of the visco-elastic solution. The schematic representation of the electrospinning
set-up is shown in Fig. 20.1. During the process of electrospinning, a visco-elastic
solution is first loaded into a syringe and fed through a flow meter pump. When a high
electric potential is applied to the spinnable solution at a threshold voltage of ~ 6 kV,
the repulsive force developed in the electro-active solution is greater than its surface
tension and a droplet, namely a Taylor cone, is formed at the tip of the syringe [16,
17]. This droplet is further elongated owing to electrostatic forces, which results in
evaporation of the solvent and formation of solidified nanofibers, which are usually
collected randomly on the grounded static/rotating mandrel collector substrate.

20.2.2 Parameters of Electrospinning

Electrospinning of fibers is influenced by various parameters. Some of the important
parameters are briefly discussed below:
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Solution parameters
* Viscosity/concentration
* Conductivity and dielectric constant
* Solvent type and surface tension

System parameters
* Applied voltage/potential
* Bore size of the needle
* Solution feed rate/flow rate
+ Distance from needle to collector

High voltage

Metal collector

Fig. 20.1 Schematic representation of the electrospinning process

20.2.2.1 Process Parameters
Collector

The physical properties of electrospun fibers such as crystal morphology and molec-
ular orientation are affected by the nature of collectors. Generally, a rotating drum
collector is used as a collector. The diameter of the fibers can be controlled by moni-
toring the drum rotating speed. In some cases, the rotating disk is also used to develop
uniaxially aligned fibers. The speed of collector could improve the crystal orientation
of fibers due to polymer molecular chains’ alignment in the direction of the fiber axis.

Applied Voltage
The applied voltage plays an important role in fiber development. An increase or a

decrease in applied voltage can cause a change of morphology and structure of fibers.
Increasing the voltage can cause an increase in the spinning current [18]. Increasing
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spinning current can lead to an incidence of beaded morphology, and this structure
can reduce the surface area. The studies have shown that the increase in voltage leads
to an increase in fiber length and decrease in fiber size [19-21].

Distance Between Nozzle to Collector

The distance between nozzle and collector has a direct influence on morphology,
structure, physical and chemical properties of the electrospun fibers. The studies
show that by decreasing the distance between the nozzle and the collector, results
in electrospun fiber with beaded structure and some cases, the shape of the fibers
changed from circular to flat shape [19, 21].

Dispersion Flow Rate

The change in the rate of polymer flow from the syringe of electrospinning unit
causes change in morphology, physical and chemical properties of the fibers. With
increasing the flow rate, the diameter of the fiber could be increased and leads to
beaded morphology [22-24].

20.2.2.2 Solution Parameters
Solution Concentration

The variation in the viscosity and surface tension of the polymer solution influences
the spinning of fibers and controls the fiber structure and morphology. Low concen-
tration solution generally forms droplets due to the influence of surface tension, while
higher concentration prohibits fiber formation due to higher viscosity.

Volatility of Solvent

Electrospinning technique involves phase separation and rapid solvent evaporation.
The solvent vapor pressure critically determines the evaporation rate and drying time.
Thus, the solvent volatility plays a major role in the formation of nanostructures by
influencing the phase separation process.

20.2.2.3 Ambient Parameters

The surrounding conditions such as temperature, humidity, pressure, and air velocity
in the chamber may have a direct influence on the fiber diameter and morphology. For
instance, pores are formed on the surface of the electrospun fibers because of huge
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variations in humidity level [25, 26]. Further, humidity in the surroundings of the elec-
trospinning determines the rate of evaporation of the solvents in the electrospinning
solution [27, 28].

20.3 Lithium-Ion Batteries

Among the various existing energy storage technologies, rechargeable lithium-ion
batteries are considered an effective solution to the increasing need for high-energy
electrochemical power sources. As one of the most important energy storage systems,
the Li-ion battery (LIB) has been used not only in portable electronics but also in
power batteries for electric vehicles. To meet the demands of all-electric vehicles in
the long term, researchers have been devoted to developing other battery systems
with lithium metal as the anode material to improve the energy density, such as
lithium-sulfur battery and lithium-oxygen battery.

Primary Li batteries have become commercial during the 1970s. Attempts to
develop rechargeable Li batteries with Li-metal anodes have accompanied the R&D
of Li batteries from their early stages. However, a few nearly commercial products of
secondary Li (metal) batteries appeared during the early 1990s. From the early stages
of R&D of Li-ion batteries, it was clear that transition metal oxides and sulfides can
serve as excellent reversible cathode materials for rechargeable Li batteries [29, 30].
The Li-ion battery technology evolution, which enabled the commercialization of the
rechargeable, high-energy density batteries that are conquering the market, emerged
due to introduction of graphite as the anode material instead of Li-metal, and the
use of lithiated transition metal oxide as cathode materials; LiMO, as the source of
lithium in the cell [31]. Graphite-LiCoO, became the leading Li-ion battery systems
that are being used in most of the portable electronic devices, like laptops, cellular
phone, digital cameras, etc.

Lithium-ion battery consists of a cathode and an anode separated by an electrolyte
containing dissociated lithium salts, which enable the transfer of lithium ions between
the two electrodes, as illustrated in Fig. 20.2. The electrolyte is typically contained in
a porous separator membrane that prevents the physical contact between the cathode
and anode. When the battery is being charged, an external electrical power source
injects electrons into the anode. At the same time, the cathode gives up some of its
lithium ions, which move through the electrolyte to the anode. During this process,
electricity is stored in the battery in the form of chemical energy. During discharging,
the lithium ions move back to the cathode, enabling the release of electrons to the
outer circuit to do the electrical work.
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Fig. 20.2 Schematic representation of a lithium-ion battery

20.4 Electrospun Nanofiber-Based Lithium-Ion Batteries

Among the various existing energy storage technologies, lithium-ion batteries (LIBs)
have become one of the most advanced rechargeable batteries for portable devices
and more recently, for electric vehicles, because of their high energy density, negli-
gible memory effect, and low self-discharge. Rechargeable lithium-ion batteries offer
energy densities 2-3 times and power densities 5—-6 times higher than the conven-
tional nickel-cadmium (Ni-Cd) and nickel-metal hydride (Ni-MH) batteries, and as a
result, they weigh less, take less space and deliver more energy [32—34]. In addition
to high energy and power densities, lithium-ion batteries also have other advantages,
such as high Coulombic efficiency, low self-discharge and high operating voltage
[35].

At present, lithium-ion batteries depend on active powder materials such as
graphite powder in the anode and LiFePO,4 powder in the cathode to store energy.
However, powder materials have a long diffusion path for lithium ions and slow elec-
trode reaction kinetics. The long migration pathways for the Li* of powder materials
may lead to the large expansion volume during cycling, resulting in the low rate of
performance and poor cyclability. Thus, electrodes with advanced nanostructured
materials must be developed to obtain potential lithium-ion batteries that outperform
current technologies and can be used in large-scale systems. Recently, the application
of electrospun nanofibers in lithium-ion batteries has attracted much research atten-
tion. The electrospunned nanofiber-based electrodes exhibited the shorter diffusion
pathways for the Li*-ions in comparison with the powder materials. These electrodes
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also showed an efficient electrochemical reaction kinetic due to a faster intercalation-
deintercalation mechanism at the electrode-electrolyte interface. Besides, electro-
spun based materials are promising materials for LIBs because of their good electro-
chemical activity, high mechanical strength, and large specific surface area. Results
also demonstrate that lithium-ion batteries using electrospun nanofiber cathodes have
excellent overall performance including large capacity, high charge/discharge rate
capability and extended cycle life. In this section, mixed oxide-based composites as
cathodes for lithium-ion batteries are briefly discussed.

20.4.1 Mixed Nickel-Cobalt Dioxide, LiNi;_yCoyO;

In a series of research papers, Delmas group [36-39] and Zhecheva et al. [40]
reported the structural details and physical properties of LiNi;_,Co,O, system and
showed that there is an increased ordering as the cobalt concentration increases.
The cobalt suppresses the migration of nickel to the lithium site in the mixed
Li nickel/cobalt compounds. The same behavior was found in the system like Li
nickel/manganese/cobalt oxides. Other ions, such as iron, do not have the same posi-
tive effect as cobalt. For example, in the case of the compound LiNi;_,Fe,O,, the
capacity is reduced with increasing iron [41]. The electronic conductivity is an impor-
tant parameter which influences the properties of such layered oxides. Thus, cobalt
substitution in LiNiO, as in LiNig gCo,0,, reduces the conductivity [39]. Also, as
lithium is removed from the phase Li,Nig;Co(9O; or from Li,CoO, the dramatic
increase in conductivity was observed [42].

The studies have also shown that the addition of a little of a redox-inactive element
such as magnesium as in case of LiNij_,Mg,0, the capacity was reduced [43].
Similarly, in the case of substituted nickel oxides, such as LiNi;_,_.Co,Al.O,, the
nickel is oxidized first to Ni** then the cobalt to Co** during charging these mixed
oxides [44]. These are the prime candidates for the cathode of advanced lithium
batteries for large-scale applications.

20.4.2 Lithium Manganese Dioxide, LiMnQO;

Lithium manganese dioxide (LiMnQO;) is a low-cost and environmentally friendly
cathode material [45—47]. This can be prepared from three different approaches
reported in the literature. The first approach includes ion exchange mechanism with
the sodium compound, giving LiMnO,, which was accomplished independently by
Bruce and Armstrong [48] and Delmas et al. [49].

The second synthetic approach includes low temperatures preparation method.
For example, the hydrothermal synthesis/decomposition of alkali permanganates,
in the presence of lithium results in the composition Lip sMnO,.nH,0 [46, 49-51].
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Mild warming causes the loss of water to give the desired layered Li,MnO, and
overheating to 150 °C leads to the formation of the spinel LiMn,Oy.

The third approach includes electronic stabilization method. The idea behind this
method is to make the electronic properties of Mn to be more cobalt-like by substitu-
tion of Mn with more electron-rich elements such as Ni [52]. The successful substi-
tution of Mn by Ni and Co has been reported [53-55]. Spahr et al. [56] demonstrated
a high capacity and reversibility for LiNiyp sMng sO,. More recently, the compounds
LiNi;_,_.Mn,Co.O, have been extensively investigated and found to have properties
that qualify them as possible candidates for the replacement of LiCoO, [57-59]. In
addition to their high lithiation capacities and reversibility, these compounds show
higher thermal stabilities compared to the cobalt-free compounds.

20.4.3 Mixed Manganese-Cobalt Dioxide, LiMn;.yCo,0;

Bruce et al. [60] reported the synthesis and electrochemical performance of cobalt-
substituted LiMn;_,Co,O,. In such compounds, the partial substitution of manganese
ions by cobalt, iron, or nickel was found to significantly increase the electronic
conductivity of the manganese oxide. To obtain sufficiently dense material for
conductivity measurement, the potassium analogs were synthesized at elevated
temperatures with 10% of the manganese substitution. The study showed the
enhanced conductivity by almost 2 orders of magnitude upon adding cobalt. These
cobalt-substituted materials can also be prepared hydrothermally, and their cycling
behavior is much improved over the cobalt-free compounds [61].

Doping elements other than cobalt have also been investigated, but substitution by
nickel leads to a system where the manganese becomes the structure stabilizer and
nickel is the electrochemically active ion. These compounds are thus best described as
substituted nickel oxides in which the manganese remains in the tetravalent state and
the nickel is redox-active between the +2 and +4 oxidation states. The manganese
helps to stabilize the lattice and reduces the cost as well. Cobalt plays a critical role
in controlling the ordering of the 3d ions in the structure.

20.4.4 Mixed Nickel-Manganese Dioxide, LiNi;_yMn, 0,
Multi-electron Redox Systems

Ammundsen and Davidson research groups studied the mixed metal compounds
like Li-Mn—Cr-O; system [62, 63]. The lithium ions in the transition metal layer
were found clustered around the manganese ions as in Li;MnOs3, and the system
can be considered as a solid solution of Li,MnOj3 and LiCrO,. Considering the
toxicity of Cr(VI), this pioneering research provoked much thinking about other
multi-electron redox reaction and is discussed here. The Dahn research group [64]
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studied LiNi;_,Mn,O, phase system and reported a solid solution for y < 0.5 but a
deterioration of the electrochemical behavior with increasing the manganese content.
Spahr et al. [56] repeated the optimum electrochemical behavior for the composition
LiNig sMng 50,. This compound is called as 550 material (0.5 Ni, 0.5 Mn, 0.0 Co).

Spahr et al. [56] prepared 550 compounds at 700 °C and reported the capacity of
150 mA h g~! falling to 125 mA h g~ ! after 25 cycles and to 75 mA h g~ ! after 50
cycles. They also showed that the capacity and its retention increased as the synthesis
temperature was increased from 450 to 700 °C. Similarly, Ohzuku et al. [65] prepared
the 550 material at 1000 °C and reported a constant capacity of 150 mA h g~!
at 0.1 mA cm~2. The 550 material, synthesized at 900 °C and quenched to room
temperature, also showed a capacity exceeding 150 mA h g=! for over 50 cycles in
thin-film configuration [66]. A material formed at 1000 °C showed a lower capacity
of ~120mA hg~! at0.1 mA cm~2; the capacity was increased to about 140 mA h g~!
by addition of 5% cobalt, aluminum or titanium [67]. This suggests that the synthesis
temperature of 1000 °C may be too high, leading possibly to excess nickel in the
lithium layer. This 550 compound can intercalate second lithium, particularly when
some titanium is added, forms yLiNigsMngsO,.(1-y)Li;TiO3, which results from
the reduction of Mn(IV) to Mn(II) [68].

In conclusion, the mixed nickel-manganese dioxides have the following cathode
characteristics:

i. It has a capacity of ~ 180 mA h g~! for at least 50 cycles under mild cycling
condition,

ii. The synthesis temperature should be over 700 °C and less than 1000 °C, probably
optimally ~ 900 °C,

iii. Additions of cobalt can reduce the level of nickel in the lithium layer,

iv. The lithium in the transition metal layer may be a necessary structural
component,

v. Nickel is the electrochemically active ion, and

vi. The electronic conductivity needs to be increased.

20.4.5 Mixed Nickel-Manganese-Cobalt Dioxide,
LiNil_Y_ZMnyCOZOZ

The synthesis of mixed nickel-manganese-cobalt dioxides was first reported in 1999
by Liu et al. [69] and in 2000 by Yoshio et al. [52]. The addition of cobalt to
LiMn,.,Ni,O, would stabilize the structure in a strictly two-dimensional pattern.
Ohzuku et al. [57] synthesized the symmetric compound LiNig 33Mng 33C0 330, at
1000 °C and reported a capacity of ~150 mA h g~!. This compound will be hereafter
referred to as 333 materials. The synthesis of these LiNi;_,_.Mn,Co,0O, compounds
is typically accomplished using a modified mixed-hydroxide approach by reacting
Ni;_,_.Mn,Co,(OH), with a lithium salt in air or oxygen as described in Liu’s first
synthesis at 750 °C [69].
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The synthesis temperature has a profound effect on the composition. For example,
for the composition LiNip4Mng4Co0020;, the sample prepared at 1000 °C when
cooled rapidly to ambient temperatures has almost 10% Ni occupancy in the lithium
layer. Kim et al. [70] also reported a high Ni content of 5.9% on the Li site for samples
of the 333 compositions prepared at 950 °C. At 900 °C even with more cobalt than
nickel in the material, there is still considerable nickel disorder, almost 2% more Ni
in the lithium layer at 900 °C than at 800 °C for all compositions. This suggests that
high temperature increases the disorder of the nickel ions and this could be reduced
by slow cooling of the sample in an oxidizing environment. This will allow the partial
reordering of the ions [71].

Although these materials show good electrochemical behavior, their electronic
conductivity is still low for a high-rate cathode. The conductivity needs to be
improved without the addition of excessive amounts of a conductor such as carbon
black, which will reduce the volumetric energy storage capacity. There has also
been a report [72] on the low packing density of powders which will also severely
reduce the volumetric energy density. The conductivity of LiNipsMngs0O, was
6.2 x 107> S cm™'; this increased on cobalt addition to 1.4 x 107* S cm™! for
LiNig4Mng 4Co00,0, at 21 °C and 6.8 x 10~* S em~! at 100 °C [73].

For the four oxides LiXNill()zOz, LixNio_ggAl().mOz, LiXNi().7()CO().1502, and
Li,NiggoMny 100,, a structural transformation first to a spinel phase and then to
a rock salt phase was found [74, 75] for lithium x values of 0.5 or less. The second
transformation is accompanied by a loss of oxygen, and the first may be depending
on the composition but usually when x is less than 0.5; the latter oxygen release
occurs at a lower temperature as the lithium content decreases and as low as 190 °C
for Lig3Nij 00,. The stability is improved on aluminum or cobalt substitution. The
compound Lig | NiO; is reported [76] to lose weight at 200 °C forming a rock salt
structure. The substitution of manganese for nickel appears to move the transition
to the spinel to higher temperatures; thus, LiysNigsMngs0, even after 3 days at
200 °C is still layered [77], but a spinel phase is formed above 400 °C and is stable
to much higher temperatures for the 1:1 Ni:Mn lithium-free compound, eventually
giving a mixture of spinel and nickel oxide in air and NiO + Mn30Oy in nitrogen [78].
The compounds Lio_5Ni0,4Mn0_4C00,202 and Lio,5Ni0,33Mno_33C00'3302 both begin
to lose weight above 300 °C with major weight loss, 7-8%, only above 450 °C,
which corresponds to reduction of Co(IIl) to Co(II) and any Ni(IV) to Ni(Il); the
manganese remains Mn(I'V), and the structure begins to change to spinel by 350 °C,
and the spinel phase is still present at 600 °C.

In conclusion, the mixed nickel-manganese-cobalt dioxides have the following
cathode characteristics:

i. The synthesis temperature should be over 700 °C and less than 1000 °C, probably
optimally ~ 900 °C,

ii. The cobalt reduces the number of nickel ions in the lithium layer,

iii. Nickel is the electrochemically active ion at low potentials,

iv. Cobalt is only active at the higher potentials,

v. The electronic conductivity need to be increased, and
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vi. The optimum composition is still to be determined for energy storage, power
capability, life-time, and cost considerations.

20.4.6 Lithium-Rich Mixed Metal Dioxides, Li; . xM;_x0>

As explained in the case of chromium [79, 80] and cobalt [81] systems, excess lithium
can be incorporated into the layered structure through a solid solution of Li;MnOj3
and LMO;, where M = Cr or Co. Yoshio et al. [82], Thackeray et al. [83, 84] and Dahn
et al. [66] reported that the transition metal cation can also be nickel or manganese
including mixtures such as LiNi;_, Co,O, and Li,MnOj; can be replaced by related
materials such as Li,ZrO3 and Li, TiO3. Li,MnO3 can be represented in the normally
layered notation as Li[Li;;3Mn;/3]O,. These solid solutions can thus be represented as
LiM,_,[Li;;3Mny;3],0,, where M can be, for example, Cr, Mn, Fe, Co, Ni, or mixtures
thereof. Addition of extra lithium will tend to push the manganese away from trivalent
to tetravalent, and thus minimizing the impact of any Jahn-Teller distortion coming
from Mn3*. The end-member Li,MnO; which has been shown [85, 86] to exhibit
unexpected electrochemical activity on charging as the manganese is already in the 4*
oxidation state. This overcharging can be associated with two phenomena, removal
of lithium with the concomitant loss of oxygen giving a defective oxygen lattice
and the removal of lithium by decomposition of the electrolyte giving protons which
can ion exchange for the lithium. The predominance of the mechanism depends on
the temperature and chemical composition of the oxide lattice [87]. In both cases,
the manganese oxidation state remains unchanged. Acid leaching of Li,MnOj also
results in the removal of lithium, and here again, both mechanisms of Li, O removal
[88, 89] and proton exchange [90] are believed to be operative. Acid leaching of
the lithium stoichiometric compounds, such as LiNig4Mng 4Co¢ 20>, also results in
the removal of lithium and a small amount of proton exchange. Thackeray et al.
[91] showed that Li, TiO3; forms a solid solution with LiNiysMng 50O, and that the
titanium helped allow the intercalation of second lithium into the structure [68].
Addition of some cobalt to these manganese-rich compounds was reported to help
retain the capacity at higher discharge rates [92]. Magnesium has also been proposed
as a stabilizing agent for manganese-rich materials [93]. The lithium excess content
is one of the important parameters to be considered in addition to the nickel, cobalt
and manganese ratios in designing the optimum composition for the ideal cathode.
Each of these elements has a role to play. Manganese helps to stabilize the lattice;
nickel acts as the electrochemically active member; cobalt helps in ordering the
transition metals and thus increasing conductivity and the rate capability, and the
lithium improves the capacity.
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7

Fig. 20.3 Different magnifications SEM images of the precursor nanofibers (a), KaVsOa
nanostructures annealed at 350 °C (b), and 500 °C (c—e). Adapted and reproduced from Ref. [94]

20.4.7 Electrospun Single-Crystalline Fork-like K;V30;;

Angiang et al. [94] reported the synthesis of single-crystalline fork-like potassium
vanadate (K, V3O;;) by electrospinning method and a subsequent annealing process.
A unique layer-by-layer stacked structure with fork-like morphology was seen in the
SEM images as shown in Fig. 20.3. The prepared materials exhibit high specific
discharge capacity and excellent cyclic stability with high specific discharge capac-
ities of 200.2 and 131.5 mA h g~! can be delivered at the current densities of 50 and
500 mA g’l, respectively. Furthermore, the K, V3O;; electrode exhibits excellent
long-term cycling stability which maintains a capacity of 108.3 mA h g=! after 300
cycles at 500 mA g~!. These excellent results demonstrate their potential applications
in next-generation high-performance lithium-ion batteries.

20.4.8 Lithium Iron Phosphate (LiFePO4)—3D Carbon
Nanofiber Composites

Dimesso et al. [95] reported the composite consist of LiFePO4 as cathode mate-
rial and deposited on carbon nanofiber 3D nonwovens prepared via electrospin-
ning technique. The LiFePO4 was prepared by Pechini-assisted sol-gel process. The
cathode material was then coated on carbon nanofiber 3D nonwovens by soaking in
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Fig. 20.4 The SEM images of a carbon nanofibers, b LiFePO4/C nanofiber composites Adapted
and reproduced from Ref. [95]. Copyright 2020 AIP Publishing

an aqueous solution containing lithium, iron salts and phosphates for 2—4 h at 70 °C.
The composites were then annealed at 600 °C for 5 h under an inert atmosphere. The
SEM images of the prepared composites are shown in Fig. 20.4 indicated a uniform
coating of the carbon nanofibers and the uniform distribution of cauliflower-like
crystalline structures all over the surface area of the carbon nanofibers. The elec-
trochemical measurements on the composites showed good performances delivering
a discharge specific capacity of 156 mA h g=! at a discharging rate of C/25 and
152 mA h g~! at a discharging rate of C/10 at ambient temperature.

20.5 Future Prospects and Conclusions

Lithium batteries have made a substantial and significant contribution in dominant
rechargeable battery for consumer portable applications. Electrospinning is a versa-
tile technique presents many opportunities in the enhancement of Li-ion battery
performance by easy modifications of components. The literature explicitly showed
the clear advantage of increased charge retention and achievable energy densities
approaching the theoretical capacity of the active materials. The electrospun NMC/C
fibers exhibited the higher capacities of ~200-250 mA h g~! with energy densities of
~200 Wh kg~!. Recent studies also demonstrated the advantages of nanofiber usage
because of increased gravimetric storage capacities. A further potential advantage,
in addition to higher gravimetric energy densities, is capacity retention. This is also
an essential factor for short-term energy storage during high peak loads. There are
notable potential gains in using fibrous cathodes, while some drawbacks require
solutions. The next market opportunities mostly demand higher power capabilities
at lower costs with enhanced safety. The developments on the area layered oxides and
mixed transition metals replacing the cobalt system and proving enhanced safety with
improved electrochemical performance. Though the material made of lithium iron
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phosphate is a potentially low-cost cathode, the costs of the other cell components
including the electrolyte, anode and the separators, need to be reduced.

In addition, the balance of the active material/C ratio is extremely important to
achieve a proper volumetric and gravimetric energy density of the product with a
suitable nanofibrous structure. The large volumetric energy density, resulting from
the high porosity of nanofiber webs, restricts the application of fibrous cathodes in
vehicles and some portable devices, and instead suggests the potential application
of fibrous cathodes in stationary storage systems. Another drawback observed in
laboratory experiment is the in situ synthesis of active material containing CNFs.
The active material is often more brittle than fibers containing already-synthetized
nanoparticles. These two challenges would impede industrial production.
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