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Foreword

The energy crisis that was happened by the in-depth uses of non-renewable sources
such as fossil fuels, which not only results in the extinction of resources but also
leads to severe environmental issues. For a reliable energy supply and for fuel
diversification, the substitution of non-renewables is important since it always
results in better and safer impacts environmentally and on a socio-economic level.
For exploring the renewables at its extreme as well as to make it completely flexible
with the desire, energy storage systems are introduced that can efficiently store the
energy produced. Different storage devices such as batteries, capacitors, superca-
pacitors, and fuel cells were introduced for the accomplishment of the energy
desire. Even though these different storage devices have their own significant
impact, batteries are considered to be the best and are extensively used. Being an
energy storage device, batteries are the important one that is capable to power the
everyday appliances. The era of the batteries started even before the advancement
of technology. Ancient technological traces of these storage systems were found to
be used in the Parthian period and later were stored in Bagdad Museum. Even after
that different batteries were developed from rechargeable to non-rechargeable.
Heavier batteries such as lead acids were ruling the automobiles, and it was
believed that the larger size is required for the accomplishment of better storage.
This concept was misspelled after the discovery of flexible, lightweight, and thin
rechargeable systems. A green signal for a reliable rechargeable system was got in
1985 when Akira Yoshino developed the first prototype of lithium-ion battery after
completing the safety test. After that the commercialization was made with the
C/LCO system which was the contribution of John Goodenough that is LCO
cathode. For this remarkable invention that greatly influenced the advancement of
public life, John Goodenough, Akira Yoshino, and Stanley Wittingham, who
introduced the concept of rechargeable system, shared the prestigious Nobel Prize
in Chemistry in 2019. Lithium-ion battery seeks much attention owing to its ability
to provide high energy as well as power density which helps to acquire a
rechargeable system that can charge and discharge at a high rate with a shorter time
period. Ever since then lithium-ion battery technology was in the path of devel-
opment. For meeting the best performance of the system, different variations were

vii



done within the battery. Even though the system was commercialized with the
carbonaceous anode and intercalating transition metal compounds along with liquid
electrolytes, different lithium metal alloys, as well as transition metal oxides
cathodes without lithium were also examined for this battery system. One of the
best choices always preferred for this best performing system was the modification
of the liquid counterpart. Different organic liquids were employed as the electrolyte
in lithium-ion batteries. Even though they can provide high ionic conducting sys-
tems, the safety risk caused by them was very severe. This issue was mitigated by
the introduction of polymer electrolytes, which is currently employed in lithium-ion
batteries that are commercially used. On the path of developing polymer elec-
trolytes, a variety of methods were practiced in order to obtain the best system with
enhanced electrochemical performance that ranges from the basic solvent casting
technique to the advanced electrospinning technique. For the synthesis of the best
porous membrane, electrospinning was chosen as the best as well as electrospun
porous free-standing electrodes are also of prime importance for the development of
an electrochemically well-performing system. Electrospinning seeks much attention
in lithium-ion batteries, which can result in the formation of porous membranes
comprising of continuous fibers having nanometer dimensions that are capable to
exhibit excellent electrochemical performance. In view of this, this book lights up
to the basics and current trends in electrospinning techniques for the development
of different components in lithium-ion batteries. Currently, different polymers are
employed as the matrix for electrolytes, for each of such systems; the performance
enhancement can be done with the introduction of electrospinning techniques.

This book entitled Electrospinning for Advanced Energy Storage Devices is
comprised of 20 chapters distributed among three portions, viz. electrolytes,
anodes, and cathodes. Chapter 1 deals with the detailed history of this commercially
irreplaceable device and the milestones which paved the way for its commercial-
ization and eventually the Nobel Prize. The basics, consisting of the working
principle and their operating mechanisms, are clarified along with its history.
Chapter 2 introduces the electrospinning method that is widely used in research
currently despite its early introduction. The first section, electrolytes, covers the role
of electrospun polymer electrolytes for the lithium-ion battery application. The
application of polymer matrices such as polyvinylidene difluoride, polyvinylidene
difluoride-co-hexafluoro propylene, and polyacrylonitrile as electrospun elec-
trolytes in lithium-ion batteries is elaborated in Chaps. 3–5. Chapter 6 covers the
composite polymer electrolytes in general, whereas Chap. 7 focuses on silica-based
composite polymer electrolytes for battery application. The final chapter of the
section, Chap. 8, portraits the electrospun blend polymer electrolytes.

The second section comprises of anodes in lithium-ion battery applications that
are prepared using electrospinning. Electrospun iron oxides nanocomposites as
anodes in the form of nanofibers, nanotubes, and nanorods are distributed in Chaps.
9 and 10. The use of other nanocomposites based on cobalt, manganese oxide, tin,
carbon, and silicon by electrospinning as anodes is the content of Chaps. 11–15,
respectively, in the section.
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The final section of the book which covers the electrospun cathodes in
lithium-ion battery comprises the rest of the five chapters. The electrospinning
of the conventional and non-conventional lithium-based cathodes, namely lithium
cobaltate and lithium iron phosphate constituting nanocomposites, is discussed in
Chaps. 16 and 17. Chapters 18 and 19 are composed of non-lithium nanocomposite
cathodes such as vanadium pentoxide and manganese oxide using electrospinning.
The final chapter deals with electrospun nanocomposites made of mixed metal
oxides as cathodes for the lithium-ion battery application.

In a nutshell, this book is one of a kind since it deals with the elaborative review
on the application of the electrospinning in lithium-ion battery realm. This book has
tried its best to be clear on this topic by proper classification and by addressing
almost all the materials related to it without fail. This book will be a useful link for
the academic and industrial researchers, who want to get a clear idea on the
application of electrospinning in the Nobel Prize-winning energy storage device,
the lithium-ion battery.

Singapore, Singapore Prof. Rachid Yazami
(Draper Prize 2014)
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Chapter 1
The Great History of Lithium-Ion
Batteries and an Overview on Energy
Storage Devices

Neethu T. M. Balakrishnan, Akhila Das, N. S. Jishnu, Leya Rose Raphael,
Jarin D. Joyner, Jou-Hyeon Ahn, M. J. Jabeen Fatima,
and Raghavan Prasanth

1.1 Introduction

In the current scenario, the energy demand is increasing annually. The overall rate
of increase in the global energy demand is around 2% p.a. [1]. Currently, the energy
generated is mostly relied on the fossil fuels (coal). The depletion in fossil fuel
and increase in the environmental pollution by the combustion products of these
non-renewable energy sources have led to establishment of alternative sources for
energy generation. The energy source is partially being replaced by renewable energy
sources such as solar energy, wind energy. This energy needs to be stored for the
uninterrupted usage. Hence, the need for efficient and reliable energy storage device
has been aroused as prime requirement. The global warming and climatic changes
have been a vital concern. The replacement for fossil fuels with electrical energy for
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the transportation is another most vibrant area of research. The electric vehicles are
being commercialized worldwide; hence, there is requirement for efficient energy
storage device. Energy storage is again the necessity for these transport systems.
Many energy storage systems are being widely used and explored such as lithium
ion battery (LIB), fuel cells, supercapacitors.

1.2 Emergence of Energy Storage Devices

The importance of portable energy storage deviceswas put forwardwith the introduc-
tion of batteries. Batteries are broadly classified as primary and secondary batteries.
Primary batteries are irreversible batteries that should be disposed after once it
completely used, while the secondary batteries are the renewable and reversible
battery systems that can be charged and discharged a number of times and can be
effectively used. During Parthian period (248 BC), a battery was been used and later
stored in Baghdad Museum. Wilhelm Konig investigated the details of this battery
and was termed as “Baghdad battery.” The battery was a kind of primary voltaic
cell with a copper compartment and a pointed iron rod. On addition of acidic elec-
trolyte such as vinegar, lime juice would initiate the cell reaction [2]. Later in 1749,
Benjamin Franklin coined the name “battery” since his experiments on capacitors.
But a discovery of the batterywas done byAlessandroVolta, by year 1800. The exper-
iment was conducted with aqueous salt membrane sandwiched between copper and
zinc disks and the connection produced a voltage of 0.76V. The experiment is consid-
ered to be the basic experiment of electrochemistry. The cell so formed was known
as “galvanic cell” with two half cells (zinc and copper). During 1836, John Fred-
eric Daniel developed another type of electrochemical cell which produced about
1 V [3]. In 1859, French Physicist Gaston Planté introduced the first rechargeable
battery “lead acid battery” [4]. The battery was fabricated by rolling sandwiched lead
foils with rubber strips. Georges-Lionel Leclanché introduced a new type of elec-
trochemical cell in 1866, with carbon as anode and zinc as cathode in an electrolyte
of ammonium chloride with a voltage of 1.4 V. The cell was termed as “Leclanché
cell” [5]. A modified version of Leclanché cell was later on commercialized as
dry cell with carbon anode and zinc as cathode. These cells were widely used in
early telecommunication systems. A thermoelectric battery was introduced by Ernst
Waldmar Jungner in 1869 [6]. In 1908, he also introduced “electrodes for reversible
galvanic batteries.” Nickel iron, nickel cadmium, etc. were used as electrodes for the
fabrication of rechargeable batteries in alkaline electrolytic medium.

Lead acid battery is known to be the first commercial battery. These batteries
possess comparatively huge efficiency (80–90%) but the capacity available decreases
on removal of input power [7]. A part from decrease in efficiency, huge size, weight
of these batteries, leakage, etc. is some common disadvantages diminishing the appli-
cation of these batteries as energy storage devices. Ignoring these failures, the system
is commercially used as household energy storage combined with inverters as well as
in fossil fuel powered transportation systems. Usually, aircrafts powered by lead acid
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battery contain 6–12 batteries connected in series to produce a voltage ranging from
12 to 24 V [8]. Another major commercial battery is nickel cadmium battery. Until
past three decades, Ni-Cd batteries were the mostly marketed energy storage device.
These rechargeable energy storage systems were widely seen in portable electronic
devices like toys, AA-type battery, AAA-type battery, etc. Usually, the power gener-
ated is less; hence, to enhance the power, two or more systems are connected in
series with each other and sealed in a stainless-steel pack. The major drawback of
these batteries is the “memory effect” [9]. The memory effect can be explained as
a memory of initial point of the charging cycle owing to which a sudden potential
drop is experienced at the same point. This drop affects the performance battery
for potential applications. During initial stages of battery commercialization, alka-
line batteries were used as AA and AAA batteries. But since these showed leakage
issues, basic components were replaced by nickel cadmium, nickel metal hydride and
lithium ion batteries. The current energy storage is leaned on lithium ion batteries.

1.3 Next Generation Energy Storage Devices

Among energy storage devices known, lithium ion batteries (LIB) have arisen as
an inevitable part of the day-to-day life. The introduction of the portable devices
has paved a revolution of LIBs. In the current era, even days without these portable
devices are unimaginable for even ordinary peoples.

1.3.1 Supercapacitors

Supercapacitors are otherwise known as ultracapacitors. These devices show the
intermediate properties of that of conventional capacitors (electrochemical capac-
itors) and batteries. The important prominent properties of the batteries are their
lower power density and high energy density, but the supercapacitors show a contra-
dictory character with high power density and lower energy density. The structural
fabrication of supercapacitor is quite similar to that of batteries. It also contains a
cathode, anode and electrolyte sandwiched between these electrodes separated with
a semipermeable membrane. A typical schematic representation of a supercapacitor
is given in Fig. 1.1.

1.3.2 Fuel Cells

Fuel cells are electrochemical energy storage deviceswhich converts chemical energy
in to electrical energy. Hence, works similar to that of a battery. The fuels like
hydrogen and oxygen are passed on the electrodes which are converted to water.
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Fig. 1.1 Schematic representation of a supercapacitor

Varieties of fuel cells are known such as alkaline fuel cells, solid oxide fuel cell,
direct methanol fuel cell, phosphoric acid fuel cell, molten carbonate fuel cell, proton
exchangemembrane fuel cell. This fuel cell varies in the components andworking but
the basic principle remains the same.A schematic representation of a fuel cell is given
inFig. 1.2.WilliamRobertGrove is knownas the “father of fuel cell technology” [10].
He was a physical scientist and he explained the thermal dissociation of molecules.
He also found that platinum electrode can dissociate acidic solution into hydrogen
and oxygen which aroused as the basic principle of fuel cell to generate energy [10].

1.4 Lithium Ion Batteries: History to the Present

Lithium ion battery (LIB) is the most advanced battery technology that empowers
mobile powers used in most of the portable electronics. The importance of lithium
as a battery is that it is the lightest among metals. It shows greatest electrochemical
potential and largest specific energy per weight [11, 12]. The general structure of a
LIB consists of an anode cathode and an electrolyte sandwiched in between these two
electrodes separated by a semipermeable membrane. Even though LIB is commer-
cially marketed in a large scale, the efficiency and safety have not yet achieved up to
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Fig. 1.2 Schematic representation of a fuel cell

Fig. 1.3 Statistics of publications on the subject of lithium ion batteries from 2000 to 2020 (search
engine: Web of Science and search key word lithium ion batteries). For 2020, there are already 650
publications reported by January

the target. The research statistics of LIB from the discovery to the present is being
depicted in Fig. 1.3. Maximum publications were reported in the year 2018 (8697 as
per the report from Scopus).
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The need for energy storage devices for the military and civilians led to the inves-
tigation of energy storage devices with increased energy density. In 1964, Selis et al.
[13] reported the importance of lithium on testing battery fabricated with calcium
and silver electrodes. The calcium lithium alloy formed in situ from the reaction of
negative electrode (calcium) and lithium chloride present in the electrolyte enhanced
the energy of the proposed battery. Later in 1965, Casey et al. [14] also reported the
importance of lithium ions in the electrolyte particularly at temperature >55 °C in
nickel hydroxide-cadmium battery. Similarly in 1970, importance of lithium ions in
the electrolyte for batteries operating at 450 °C based on copper oxide-magnesium
batteries [15]. Ultimately, the initiation on the working of lithium ion batteries was
introduced in 1974 byMark, in a conference conducted by power sources at Chicago
[16]. Later in 1976 and 1978, few reports were published on the enhancement in the
conductivity of electrolytes with lithium ion incorporation.

The chemistry behind LIB was introduced in 1978 by Whittingham [17] which
led to the discovery of rechargeable batteries. The intercalation of alkali metal like
lithium into transition metal sulfides like titanium disulfide (TiS2) was analyzed
and found that they also possessed electrochemical reversibility similar to that of a
battery. Crystallographic image of TiS2 is given in Fig. 1.4 [18]. This finding laid
the foundation for the current LIBs. Later in 1979, Li+-ion ordering in LiTiS2 for an
intercalation battery was studied theoretically using statistical mechanics for lattice

Fig. 1.4 Crystallographic image of TiS2. Adapted and reproduced from Ref. [18], Copyright 2018
Springer Nature
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gas model [19]. In the proposed work, they analyzed the effect of Li+-ion interaction
with the sites available in the electrode enhancing the voltage of battery [19]. In the
same year, lithium nitride (Li3N) was reported as one of the efficient solid Li+-ion
conducting solid electrolyte with an ionic conductivity of 10−3 �−1 cm−1 [20].

Layered titanium disulfide (TiS2) cathode material showed Li+-ion storage mech-
anism which lay to a high-density energy storage device. Whittingham called the
Li+-ion storage mechanism as “intercalation.” A first battery system was developed
in Exxon research and Engineering Company under the supervision ofWhittingham,
using lithium metal as anode and TiS2 as cathode. The battery fabrication was a
studious and risky process owing to the high reactivity of metallic lithium with
the atmospheric oxygen. The counter electrode, titanium disulfide was also highly
reactive with atmosphere leading to the formation of hydrogen sulfide, which has a
pungent smell. Hence, an inert atmospherewas required for the assembling thewhole
battery which was commercially not a feasible process. Another major issue faced by
these batteries is their highly reactive anode (lithiummetal) which readily reacts with
the electrolytes and produces a passivation layer on the electrode surface, normally
called solid electrolyte interface (SEI). This passivation layer is permeable to lithium
ions. But at some extend, ongoing discharge process may cause an irregularity in
SEI and that may cause uneven lithium ion deposition that leads to short circuit [21,
22]. Commercialization of lithium metal cathode was further restricted when there
was a firing that occurred in cell phone that made use of MOLICELL batteries which
operated with lithium metal anode and MoS2 as cathode. These defects limited the
further research on these material and its usage is restricted into the coin cell and it
applied only in the watch batteries [23].

In 1981, Goodenough et al. [24] proposed a new class of intercalation compounds
based on LiCoO2 for cathodes in LIBs based on the structural similarity of dichalco-
genides with the lithium cobalt oxide that can effectively intercalate the lithium ions.
Even though LCOposes similar structure as that of TiS2, it poses some superior prop-
erties over TiS2 such as its stability at ambient conditions. In the subsequent year
(1982), Gauthier et al. [25] reported the electrochemical performance of Li+-ion
intercalation on various chalcogenides and found that TiS2 gave a cycling stability
up to 300 cycles with molten salt electrolyte. In the same year, Besenhard et al. [26]
investigated the role of oxides of molybdenum and chromium as cathodes for LIBs.
The results revealed that these metal oxides formed irreversible chemical reaction
with lithium to form stable species, hence is not a suitable candidate as cathode. In
1989, Thackeray [27] reported Li/MnO2 cathodes for LIB system.

The development of a safer battery system required replacement of lithium metal
anode and reliable electrolyte. In 1978, Armand proposed the use of solvent free
polymer electrolytes. The polymer electrolyte was a combination of lithium salt that
is lithium triflate along with a coordinating polymer, polyethylene oxide. But the
replacement of anode was not able to achieve, and hence, the commercialization of
the Lithium polymer battery was again a dream. Later during 80s, a new idea was
proposed the desire of two intercalation-type electrodes became necessary that can
accept lithium ion, which can act as the anode and the other that can release the
same which can act as the cathode. This system was called as lithium rocking chair
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battery in which lithium ion rock between two electrodes. Even though this concept
was actually happened in late 1970s, its practical demonstration was made possible
in 1980s.

The graphite lithium intercalation was first proposed by Basu et al. [28, 29]
in 1978–79. In the proposed work, Li+-ions formed LiC6 and it is the least two-
dimensional (2D) compound formed via intercalation reaction of Li+-ions with
graphite. In 1982, Besenhard et al. [30] also investigated the role of graphite as
a potential candidate for Li+ ion intercalation and deintercalation. In 1983, Yazami
and Touzain [31] proposed lithium ion intercalation in graphite electrode with solid
polymer electrolyte incorporating lithiumperchlorate (LiClO4) in polyethylene oxide
(PEO). In 1983, Akira Yoshino [32] fabricated the new class of LIB with LiCoO2

as cathode, polyacetylene as cathode with non-aqueous electrolyte. During 1977,
Shirakawa et al. [31] reported halogen derivative of polyacetylene with good elec-
trical conductivity. Shirakawa was the recipient of prestigious Nobel Prize in Chem-
istry 2000 for his discovery of conducting polymers [33]. Akira Yoshino is the man
behind the lithium ion batteries who made a safer and reliable future rechargeable
system. According to Yoshino, lithium ion batteries are defined as “non-aqueous
secondary battery using transition-metal oxides containing lithium ion such as
LiCoO2 as a positive electrode and carbonaceous materials as a negative elec-
trode.” [32] Even though these cells was functional, the low real density and chem-
ical stability of polyacetylene made difficulties. Vapor phase grown carbon fibers
were reported 1976, which were the structural materials that effectively substitute
polyacetylene in Yoshino’s battery. The most challenging part of the commercial-
ization of LIBs was its safety test. In 1986, Yoshino carried out the first safety test
by colliding iron lump with battery. Violent ignition occurred in the case of battery
with lithiummetal anode where the Yoshino’s battery does not showed any explosion
[32].

Commercial lithium ion battery was established in 1990 by Sony successfully
announced the first lithium ion battery [34]. Initially, LIB was commercialized with
graphite anode, lithium cobalt oxide as cathode and a liquid electrolyte. The safety
issues made the researchers to replace the electrolyte with polymer electrolyte. The
risk of dendritic projection formation due to lithiummetalation extending from anode
to cathode leading to blasting of the battery lead to the development of safer and
reliable electrolytic system. The volume expansion and the safety issues caused by
the lithium cobalt oxide led to the replacement by more efficient and safer system
like lithium iron oxide (LFP). Currently (in 2019), most of the lithium ion batteries
are relied on the LFP cathode, graphite anode separated by a polymer electrolyte.

1.5 Structure of Lithium Ion Batteries

Lithium ion batteries are commercially available and mostly marketed portable
batteries.Most of the newgeneration gadgets are relied on this energy storage system.
The components may vary from battery to battery but the basic construction is the
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same. The size, shape and components of the batteries are varied depending on the
application. A LIB consists of four major parts—an anode, cathode, electrolyte and
a separator. A schematic of the detailed structure of LIBs is displayed in Fig. 1.5.
Anode of a rechargeable battery is a positive electrode which receives electron while
charging, whereas during discharging, the electron flows from the anode toward
cathode. In the LIB available in the market, anode used is graphite rods. Another
anode materials widely explored are silicon, lithium, alloys, ternary metal oxides,
etc. Cathode is negative electrode while charging which gives electron to the external
circuit owing to the deintercalation of lithium ions. Normally used cathode materials
are lithium cobalt oxide (LiCoO2 simply termed as LCO), lithium iron phosphate
(LiFePO4 simply termed as LFP), lithiummanganese oxide (LiMnO4 simply termed
as LMO), etc. The chemical reactions taking place at cathode and anode in a typical
LIB are given below (Eqs. 1.1 and 1.2);

Anode (Graphite): Cn + xLi+ + xe− → CnLix (1.1)

Cathode (LCO): LiCoO2 � Li1−xCoO2 + xLi+ + xe− (1.2)

Fig. 1.5 Schematic representation on the structure of lithium ion battery
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1.6 Other Types of Lithium-Based Batteries

LIB is the most marketed energy storage device in the globally. Miniature devices
to e-vehicle battery vary in the size and capacity of the battery. Batteries are the
key energy suppliers for most of the portable devices and equipments. Implantable
devices used in themedical field like pacemakers, neurostimulators, anddrugdelivery
systems, etc. Both primary and secondary batteries based on lithium such as lithium
iodide battery, lithiummanganese oxide battery havebeen employed chiefly as energy
storage devices in these medical implants and equipments. The lithium ion batteries
are main energy storage device in the laptops, palmtops and mobile phones. Normal
lithium ion batteries are being widely used in these portable devices. High-density
batteries are required for the electric vehicles. Lithium ion batteries with polymer
electrolytes are safer and more reliable power sources, hence employed in trans-
portation systems. Lithium iron phosphate and lithium manganese oxide are major
cathode materials of commercial e-vehicle batteries. Several other energy storage
devices based on lithium other than normal LIB are being explored recently such as
lithium iodide battery, lithium air battery, lithium sulfur battery.

1.6.1 Lithium Iodide Battery

Lithium iodide batteries are the major energy storage for implants such as pace-
makers. These batteries are included in the primary energy storage devices, hence
are impossible for recharging. The lithium iodine primary battery was introduced in
1972, by Moser [35] patenting the first solid state energy storage device. Based on
this solid state battery, first attempt of implanting lithium iodide battery—cardiac
pacemaker was achieved in the same year [36]. The anode of the battery is lithium
metal, cathode is iodine-poly-2-vinyl pyridine and at the contact layer of lithium
iodide is formed which conducts lithium ions performing as electrolyte [37]. Equa-
tions (1.3) and (1.4) represent the anodic and cathodic reactions taking place in the
lithium iodide cell.

Anode: Lix → xLi+ + xe− (1.3)

Cathode: xI2 + 2xe− → xI− (1.4)

Lithium iodide battery with enhanced performance was reported with iodine
iodide redox couple-based aqueous cathode along with organic electrolyte to obtain
a capacity of 200 mAh g−1 and a specific energy density of 0.33 kWh kg−1 [38].
Basic principle of the lithium iodide battery is the same with in all the cases but
the reagents and the phase of the system differ from battery to battery. A typical
schematic image of lithium iodide battery used in pacemakers is given in Fig. 1.6
[39].
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Fig. 1.6 Schematic representation of the structure of lithium iodide battery used in pacemakers.
Adapted and reproduced from Ref. [39], Copyright 2016 Springer Nature

1.6.2 Lithium Air Battery

Lithium air battery utilized the electrochemical reaction of lithium and oxygenwhich
has a high theoretical energy density of 3500 Wh kg−1 which can substantiate the
current demand of energy. A new type of energy storage devicewas first introduced in
1987 by Semkow and Sammells [40] in which they used lithium alloy with general
formula LixFeSi2, which has been immersed in a ternary molten salt (LiF, LiCl
and Li2O), stabilized zirconia as solid electrolyte and La0.89Sr0.10MnO3 as oxygen
electrode [40]. The overall reaction occurring in the typical cell is depicted in Eq. 1.5
[40].

LixFeSi2 + O2 � LiO2 + FeSi2 (1.5)

The major cathode materials reported for the lithium oxygen batteries are acti-
vated carbon, carbon nanotubes, carbon nanofibers, graphene oxide, platinum oxide,
palladium oxide, ruthenium oxide, copper, cobalt, metal alloys, transitional metal
carbides, chalcogenides, etc. [41, 42]. Anodes mainly employed are based on lithium
such as lithium metal, alloys. Lithium salt-based electrolytes in various organic
solvents have been tried for lithium oxygen batteries [43]. A schematic of lithium
air battery is displayed in Fig. 1.7.
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Fig. 1.7 Schematic representation of a typical lithium air battery

1.6.3 Lithium Redox Flow Battery

Lithium redox flow battery is a secondary battery similar to other rechargeable
batteries. The usual batteries are working by storing chemical energy, whereas in
redox flow battery, the electrodes are chemical components (anode and cathode)
stored in separate reservoirs, which is circulated continuously. These circulating
mediums are separated by an ion selective semipermeable membrane. Both the
reservoir contain redox moiety which are active materials dispersed in aqueous elec-
trolyte (Fig. 1.8) [44]. During the discharging process, the redox moiety present in
the anolyte (anodic electrolyte) undergoes oxidation to form Li+-ions, whereas in
catholyte (cathode electrolyte), redox moiety undergoes reduction in the redox ion.
In a typical charging process, the anolyte undergoes reduction from lithium ion to
lithiummetal, whereas catholyte undergoes oxidation reaction. The charging reaction
is given in Eqs. (1.6) and (1.7).

Cathode: RCx+ + ye− → RC(x−y)+ (1.6)

Anode: zLi+ + ze− → zLi (1.7)
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Fig. 1.8 Schematic representation of lithium redox flow battery

1.6.4 Lithium Sulfur Battery

Lithium sulfur battery is another major energy storage device under study. The high
theoretical specific capacity of sulfur 1675 mAh g−1 makes it more attractive in
the area of energy storage devices. It also possess a theoretical energy density of
~2600 Wh kg−1 which is much higher compared to other storage systems. In a
typical Li-S battery, lithium is used as anode, sulfur as cathode and an electrolyte
capable of conducting the sulfur ions. The overall reaction is being depicted inEq. 1.8.
Even though the capacity is much higher, they lack in the experimental performance
owing to the poor conductivity of the sulfides used in the battery as well as volume
expansion occurring the sulfur during cycling. Hence, several attempts were tried to
improve the properties of cathode materials used in the Li-S battery.

16Li + S8 � 8Li2S (1.8)

The electrolyte employed in the preliminary stage of Li-S battery was liquid elec-
trolyte which was subsequently replaced by solid state, gel electrolyte and polymer
electrolytes [45]. Lithium polysulfide reactions can be catalyzed by using several
metals such as platinum, cobalt and metal oxides such as MnO2, VO2, CeO2. The
polysulfide shuttle taking place in the lithium sulfur battery is the back bone of the
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Fig. 1.9 Schematic representation of the structure of lithium sulfur battery

enhanced performance of these systems [46]. A schematic representation of lithium
sulfur battery is given in Fig. 1.9.

1.7 Nobel Prize and Lithium Ion Battery 2019

Nobel Prize is the most prestigious award for the eminent scientist working under
the field of physics, chemistry, medicine, peace and literature in the globe. The prize
is named on Swedish scientist Alfred Nobel. He was a chemist as well as a business
man. The scientist had left a testament inwhichmajority of hiswealthwas kept as safe
deposits and the amount obtained from the treasure was to be utilized to establish a
prize, which was later on named “Nobel Prize.” The testament included the lines “the
interest on which shall be annually distributed in the form of prizes to those who,
during the preceding year, shall have conferred the greatest benefit on mankind”
(derived from the official website of Nobel Prize) [47]. The first Nobel Prize was



1 The Great History of Lithium-Ion Batteries and an Overview on Energy … 15

Fig. 1.10 Images of Nobel laureates 2019 (from right to left)—John B. Goodenough, Stanley M.
Whittingham, Akira Yoshino. Adapted and reproduced from Ref. [47], Copyright © Nobel Media
2019. Illustration: Niklas Elmehed

awarded for peace in the year 1901. In 2019, the Nobel Prize was rewarded for the
establishment of rechargeable world by introduction of lithium ion batteries. Three
eminent personalitieswhowere behind the development and establishment of lithium
ion batteries (1) Prof. John. B. Goodenough (2) Prof. Stanley M. Whittingham (3)
Prof. Akira Yoshino (Fig. 1.10) [47]. The most deserving eminent personalities who
worked hard to make a secondary battery successful. The prize was awarded for they
work that led to commercialization of portable high-density batteries which in turn
has been practically made possible the usage of mobile phones, laptops, palmtops,
tablets and even electric vehicles.

1.7.1 Prof. John Bannister Goodenough

Prof. John Bannister Goodenough is world famous American scientist. He was
known as solid state physicist. He was graduated in mathematics. He completed
his MS and Ph.D. in physics from the University of Chicago, USA. He joined in the
famous Massachusetts Institute of Technology Lincoln laboratory in 1952, where
he developed the concept of cooperative orbital ordering in the transition metal
compounds. This invention led to the discovery of random-access memory (RAM).
Goodenough was also known for explaining electron transfer (super exchange) of
electrons between the overlapped orbitals and is known as “Goodenough-Kanamori
rules.” In 1976, he joined University of Oxford, Inorganic Chemistry Laboratory
as Head. The major achievement in the battery industry, the introduction of lithium
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cobalt oxide as an intercalating compound of lithium was introduced in 1981 [24].
This led to the commercialization of wireless revolution with lithium ion batteries.
After ten years of career in Oxford University, he moved to University of Texas,
Austin. There he is positioned as Virginia H. Cockrell Centennial Chair of Engi-
neering in the Cockrell School of Engineering [47]. As per Scopus, the publication
list of J. B. Goodenough has 771 articles published in peer-reviewed journals and
27 reviews owned to his credit. The maximum publication annually reported was
around 40 (43 in 2016). About 663 publications have been published from Univer-
sity of Texas. He has several awards and recognitions to his credit other than Charles
Draper Prize in 2014. He has won Japan Prize in 2001, Enrico Fermi award in 2009,
National medal of Science in 2011, the Eric and Sheila Samsun Prime Minister’s
Prize for Innovation in Alternative Fuels for Transportation in 2015. He also won
the fellow of Electrochemistry Society award and National Academy of Inventors in
2016. The Welch Award in Chemistry was awarded in 2017 and in the subsequent
year awarded with Benjamin Franklin Award and finally awarded with the Hon’ble
Nobel Prize in Chemistry for the year 2019 [47].

1.7.2 Prof. Michael Stanley Whittingham

Prof. Michael Stanley Whittingham is an American scientist specialized in chem-
istry. He is currently serving as Professor in Binghamton University, State Univer-
sity of New York, USA. He was the man behind the development of intercalation
of compounds. He also invented first rechargeable battery implementing the inter-
calation behavior of transitional metal chalcogenides. He was working for Exxon
research and development company from where he developed and patented the first
rechargeable lithium ion battery in 1977 [48]. In his first battery, lithium metal was
used as anode and titanium disulfide as cathode. This invention laid the foundation
of rechargeable batteries leading to portable battery era. Later in 1988, he joined as
Professor in Binghamton University and still continuing his works in field of energy
[48].

1.7.3 Prof. Akira Yoshino

Prof. Akira Yoshino is working as Meijo University in Nagoya, Japan and Honorary
Fellow, Asahi Kasei Corporation. He is a Japanese chemist who completed hisMS in
the 1970 fromDepartment of Petrochemistry,GraduateSchool ofEngineering,Kyoto
University. He received doctorate from Graduate School of Engineering, Osaka
University in 2005. From 1972 onwards, he is working for Asahi Kasei Corpora-
tion in various posts. In 1987, he patented the secondary batteries (first rechargeable
batteries) [49]. In 1999, he received Fiscal 1998 Chemical Technology Prize from
the Chemical Society of Japan and the award of the electrochemical society. In 2001,



1 The Great History of Lithium-Ion Batteries and an Overview on Energy … 17

he received Meritorious Achievement Prize, from the New Technology Develop-
ment Foundation (Ichimura Foundation) and Encouragement Prize of Invention of
the Minister of Education, Culture, Sports, Science and Technology, from the Japan
Institute of Invention and Innovation. In 2014, he obtained the Medal with purple
ribbon from Government of Japan. In 2011, he obtained Yamazaki-Teiichi Prize
from the Foundation for Promotion of Material Science and Technology of Japan
and C&C Prize from the NEC C&C Foundation. In 2012, he was awarded with
Fellow of the Chemical Society of Japan and IEEE Medal for Environmental and
Safety Technologies from the Institute of Electrical and Electronics Engineers. In
2013, he obtained the Global Energy Prize and the Kato Memorial Prize from the
Kato Foundation for Promotion of Science. In 2016, he received the NIMS Award
2016 from the National Institute forMaterials Science. In 2018, he was awarded with
“The Japan Prize.” In 2019, he received the Prestigious Nobel Prize in Chemistry
and the European Inventor Award.

1.8 Draper Prize and Lithium Ion Battery (2014)

US National Academy for Engineering situated at Washington, USA, is a non-
government organization established in 1964. They established a prize on the name
of Charles Stark Draper (1901–1987) in 1988. Charles Stark Draper was a well-
known American scientist/engineer, known as “Father of Inertial Navigation.” He
was also the founder of “Massachusetts Institute of Technology.” Later, the name
of Massachusetts Institute of Technology was changed over to Charles Stark Draper
Laboratory. He was an expert in aerospace engineering and contributed in several
sensing and space craft equipment. He also worked as part of several national insti-
tutions such as US National Academy for Engineering. The Charles Stark Draper
prize was established as an endowment prize for the leading contributors in science,
engineering and technology. The prize consists of a certificate (inscribed in hand),
a cash prize ($500,000) and a gold medal. It is one of the prestigious awards which
are included as one of three Nobel Prizes in engineering. In 2014, four distinct
pioneers behind the development, establishment and commercialization of lithium
ion batteries were awarded with this prestigious award. Prof. John B Goodenough,
Mr.YoshioNishi, Prof.RachidYazami andProf.AkiraYoshinowere the four eminent
personalities behind lithium ion battery (Fig. 1.11) [44]. Brief biography of Prof. John
B Goodenough and Prof. Akira Yoshino was been discussed in Sect. 1.7 and the
biography of Prof. Rachid Yazami andMr. Yoshio Nishi is being discussed herewith.

1.8.1 Prof. Rachid Yazami

Prof. Rachid Yazami is the man behind the graphite intercalation of lithium ions.
He was a native of Morocco. He completed his post-graduation in chemistry and
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Fig. 1.11 Photograph of Draper Prize winners in lithium ion batteries of year 2014. From right
side, Prof. Akira Yoshino, Prof. John B. Goodenough, Mr. Yoshio Nishi, and Prof. Rachid Yazami.
Adapted and reprinted with permission from National Academy of Sciences for the National
Academy of Engineering Ref. [44]

chemical technology in 1978. In 1983, the insertion of alkali metal ion like lithium
into graphite was patented as part of his research work [50]. He shared this patent
along with Philippe Touzain and Jacques Maire. From 1985 onwards, he worked
as research associate at Center National de la Recherche Scientifique (CNRS), and
from 1998 onwards, he joined as research director at CNRS. In year 2013, he joined
as director of energy storage program, Professor and adjunct Principal Scientist
at Energy Research Institute (ERI) at Nanyang Technological University (NTU).
As per the Scopus list, he have 162 publications in peer-reviewed journals to his
credit and above 140 patents. Recently in 2019, Rachid Yazami was received a
patent for electrode fabricated with silicon, tin and a non-alloy of transition metal for
battery [51]. He have received several awards and recognitions apart from the Draper
Prize of 2014. He was awarded with “Royal Wissam of Intellectual Competency”
and Global energy Prize in 2014. In 2016, he received Medal of Chevalier de la
Légion d’Honneur; in 2018, he received TAKREEM Awards Laureate for Science
and Technology Achievement. Apart from these, he have also received Institute of
Electrical and Electronics Engineers (IEEE), Japan Society for the Promotion of
Science (JSPS), North Atlantic Treaty Organization (NATO), National Aeronautics
and Space Administration (NASA) and Marius Lavet Prize.
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1.8.2 Mr. Yoshio Nishi

Mr. Yoshio Nishi was retired senior vice-president and chief technology officer of
the Sony Corporation. He was a specialist in chemistry. He was graduated from the
Faculty of Applied Chemistry of the Department of Technology at Keio University
in 1966. He joined Sony where he was engaged in research and development on fuel
cells and electrochemical cells with non-aqueous electrolytes. In 1991, Yoshio Nishi
andKeizaburo Tozawa commercialized first lithium ion battery (LIB). He has several
awards to his credit. Technical award was obtained from Electrochemical Society in
1994. He was also awarded with the Kato Memorial Award from Kato Foundation
for Promotion of Science (Japan) in 1998. Hewas also awardedwith Ichimura Award
from the New Technology Development Foundation (Japan) in 2000 in recognition
of his contributions to LIB technology.

1.9 Conclusion and Future Outlook

The patent filed by Dr. Akira Yoshino in US patent “secondary batteries” laid the
foundation for establishment and commercialization of lithium ion battery as a prime
energy storage device. The flexibility of these secondary energy storage devices to
tune the size, shape and morphology has led to use these batteries from miniature
devices to heavy systems like electric vehicles. The energy stored in these elec-
trochemical devices is being stored as chemical energy and the chemical reaction
causes the release of the electrons to the external circuit. The research in the area is
still progressing to bring a system with enhanced energy density as well as power
density with safe and reliable storage system. The world is trying to replace the fuel
consumption from fossil fuel to renewable energy, and hence, highly efficient energy
storage system is required to store the converted energy from the sources like solar
power. Another major target of the globe is to minimize the pollution by reducing
the use of vehicles powered by fossil fuels and establishing electric vehicles. These
electric vehicles require more efficient energy storage system. Even though currently
lithium ion batteries are being used in these areas, further research is advancing to
improve the current system.
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Chapter 2
Electrospinning: The State of Art
Technique for the Production
of Nanofibers and Nanofibrous
Membranes for Advanced Engineering
Applications

Akhila Das, Neethu T. M. Balakrishnan, Jarin D. Joyner, Nikhil Medhavi,
O. Manaf, M. J. Jabeen Fatima, Jou-Hyeon Ahn, Wazed Ali,
and Raghavan Prasanth

2.1 Introduction

Nanofibers are nanometer-scale structures with theoretically unlimited length having
huge surface area and a very large surface area to volume ratio [1]. This exceptionally
nanosized electrospun fibers find application in various fields, such as, nanocatalysis,
tissue engineering scaffolds, protective clothing, filtration, biomedical, pharmaceu-
tical, optical, electronics, healthcare, biotechnology, defense, energy storage and
environmental engineering [2–7]. Both natural [8] and synthetic polymers [1, 9]
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metal oxides [10, 11], ceramic materials [12, 13] etc. have been successfully electro-
spun into nanosized fibers for various applications. In electrospinning, a continuous
solid fiber is generated as the electrified jet of viscous polymer/polymer composite
solution is continuously stretched due to the electrostatic repulsion between the
surface charges and evaporation of solvent. Only a few methods are currently known
for nanofiber preparation; specifically, template synthesis [13], self-assembly [14],
phase separation [15] drawing [16] and electrospinning [1]. Among the different
process for nanofiber production electrospinning is a versatile and most frequently
used method [17]. A wide array of researchers have investigated electrospinning as
the simplest and mass production method for the preparation of micro- and nano-
fibers and several excellent reviews of the state-of-the-art in electrospinning have
been published [18–20]. The electrospinning spinning unit consists of four compo-
nents (i) spinneret (generally an injection syringe fitted with a blunt injection metal
needle), (ii) a syringe pump for forcing the polymer solution from the syringe to the
metal needle), (iii) a high voltage source for electrifying the polymer droplets comes
out from the needle and (iv) a collection grid for collecting the micron to nano sized
fibers. The simple schematic of the electrospinning set up is shown in Fig. 2.1 and
their modified versions for the production of fibers having engineered morphology
is displayed in Fig. 2.2. To electrospin the fibers from polymer/polymer composite,
a solvent at least as volatile as water is generally chosen for preparing the solu-
tion. The uniform bubble free, viscous polymer/polymer composite solution is first
fed into the syringe fitted with bund steel needle connected to the positive terminal
of the high voltage source. A high voltage (typically 10–30 kV) is applied to the
droplet of polymer solution forced through the injection needle using the syringe
pump or air pressure. When the charge at the droplet surface prevail over the surface
tension of the solution, a fine jet elongates from the droplet and is collected on a
grounded target plate. The diameter and morphology of the resulting fiber has been
greatly depends on all variables in the electrospinning process, which is mainly cate-
gorized in three groups: system, solution and ambient parameters. The objectives
of this chapter are to briefly discuss the history and process of electrospinning in
the view of important governing parameters which influence the fiber diameter and
morphology, to demonstrate the potential of this technique to produce fibers with
engineered secondary structures, morphologies and functionalities. The chapter also
address the issues related to the organization of fibers into hierarchical assemblies.

2.2 History of Electrospinning

The history of any particular technology is always difficult to trace and tease out
from ever growing science and civilization. When trying to portrait the picturesque
history of electrospinning, it is found that the time line is spreaded mainly in four
centuries starts from seventeen to twenty century, hence a huge number of litera-
tures, documents and patents on electrospinning are available to date. To reduce this
abstract of history on electrospinning to manageable dimensions, the authors have
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Fig. 2.1 Schematic representation of typical laboratory type electrospinning setup

limited the story to the inventions and discoveries that directly relate to the genesis
and development of electrospinning and the milestones in the history of electrospin-
ning is tabulated in Table 2.1. Even though the history of electrospinning begins in
seventeenth century, it is commonly supposed that the real story of electrospinning
starts with the considerable contributions of Anton Formhals in the 1930s. However,
the direct history of the industrial process begins thirty years before then with Cooley
[23] when he filed the first patent on electrospinning in 1900. In that filed patent he
proposed four types of indirectly charged spinning heads; a conventional head, a
coaxial head, an air assisted model, and a spinneret featuring a rotating distributor.
Later in 1912, W. B. Wiegand and B. F. Burton published a paper, which describes
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Fig. 2.2 Modifications of the typical electrospinning setup used to produce meshes with unique
morphologies. a A co-axial, two capillary spinneret can be used to electrospin hollow nanofibers
shown in (b). Adapted an reproduced from Ref. [21], Copyright 2008 Elsevier. c A rotating drum
collector can be used to produce aligned fibers shown in (d). Adapted and reproduced from Ref.
[22], Copyright 2005 American Chemical Society

the effect of electricity on streams of water drops [24] and explaining the relationship
between surface tension and charge on the water drop. They surprisingly noted that
when using a triboelectrically charged ebonite paddle, “during the process of atom-
ization, one may observe the formation of a fine jet of liquid”. Later in 1914, Zeleny
[25] a physicist working at theUniversity ofMinnesota had started to concern himself
with discharges from liquid surfaces. In his experiments he used a hemispherical drop
of liquid on the end of a capillary tube and observed the tendency of the hemisphere
to distort at high voltage. Also with similar experimental set-up he observed the flight
of liquid drops from the liquid meniscus [26] and photographed a 4 μm fine stream
of liquid jet are flows out from the metal capillary [27]. This interesting observa-
tion leads mathematically modeling the behavior of fluids under electrostatic forces.
Zeleny [28] adapted the theories of Rayleigh [29] on the stability of an isolated
charged liquid droplet to the case of an electrified droplet losing its stability when
jetting begins at its vertex. In the theoretical studies, Rayleigh predicted that the
charged liquid droplet becomes unstable and fission takes place when the charge
becomes sufficiently large compared to the stabilizing effect of the surface tension.

Hagiwara [30], who worked on silk and artificial fibres, used electricity to orien-
tate the molecular structure of colloidal liquid Viscose precursor prior to spinning
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Table 2.1 Historical milestones engraved in golden letters in the field of electrospinning

Year Development Reference

1900 First patent filed on electrospinning [23]

1902 First patent on Electrospinning [51]

1912 Paper, which describes the effect of electricity on streams of water drops
and explaining the relationship between surface tension and charge on the
water drop

[24]

1914 Observed the flight of liquid drops from the liquid meniscus [26]

1917 Photographed a 4 μm fine stream of liquid jet are flows out from the metal
capillary

[27]

1917 Mathematically modeling the behavior of fluids under electrostatic forces [27]

1927 Spinning process by using an 80 Hz oscillating current [31]

1934 First patent filed on yarn fabrication using electrospinning by Formhals [33]

1936 The melt electrospinning using a combined electrostatic (100 kV) and
air-jet assist method

[40]

1938 Constructed a system to produce short fibers of controlled fiber lengths [35]

1939 Proposed co-spinning of fibers with opposite charges to produce a product
with no net charge

[36]

1940 Developed a method for producing composite fiber webs from multiple
polymer and fiber substrate by electrostatically spinning polymer fibers on a
moving base substrate

[38]

1941 Commercial application of electrospun filter materials known as “Petryanov
filters” in USSR

1955 Correlation between the electrostatic force required to the dielectric
constant of the fluid and the radius of curvature of the fluid droplet

[43]

1964 Mathematically modeling the shape of the cone formed by the fluid droplet
under the influence of an electric field and fundamental studies on the jet
forming process

[52]

1971 Devised a method of photographing electrospun fibers in flight [45]

1974 Proposed use of electrospun fibers as wound dressing [53]

1978 First recorded study of electrospun fibers as implantable (vascular) graft [54]

1981 Fabricated a melt electrospinner for the melt spinning of polymers [28]

2001 Using electrospinning to fabricate inorganic fibers [55]

2003 Core-shell electrospinning process [56]

2005 First scientific journal publication of electrospun continuous yarn [57]

2006 3D block electrospun fiber [58]

2008 Receipt of CE Mark for Electrospun implantable graft [59]

2012 Marketed consumer product constructed from electrospun nanofiber-based
composite

[60]

2015 High-tech nanofibers could help nutrients in food hit the spot [61]

2018 Drinking water quality was improved by nano fiber electrospun technique
removing nitrates

[62]

(continued)
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Table 2.1 (continued)

Year Development Reference

2019 New startup on nano clean by IIT Delhi alumni’s on producing nanofibers
in India

[63]

[31] and the resulting colloidal liquid is called as fibrous sol in 1927. This Hagiwara
fibrous sol is very similar to the stäbchen sol reported in 1923 by the Andor Szegvári
and Emmy Schalek in the Kaiser-Wilhelm Institut für Physikalische Chemie und
Elektrochemie at Berlin-Dahlem (Kaiser Wilhelm Institute for Physical Chemistry
and Electrochemistry at Berlin-Dahlem). In the series of experiments with viscose
and other forms of cellulose including nitrocellulose, and cellulose acetate, gela-
tine, albumen and a natural silk solution, Hagiwara observed that this electrically
treated Viscose produces a conventionally spun fiber “free of irregular aggregation
of the particles” and with improved lustre due to the increased degree of molec-
ular orientation in the Viscose. Based on this observation Hagiwara extended the
spinning process by using an 80 Hz oscillating current [32] in conjunction with air
pressure to increase spinning speed and fiber diameter. In this experiment, Hagi-
wara observed that ozone evolved as the fiber loses charge in-flight decomposes the
hydrogen sulphide produced in the coagulation bath. This ozone formation provides
the first evidence of loss of charge in flight and obtained American patent in 1929.

Even though until 1933, this spinning technique had been known as electrostatic
spinning, and there were only a few publications are reported its use in the production
of thin fibers [3, 28]. Between 1931 and 1944, Anton Formhals made significant
contributions to the development of electrospinning, filed a sequence of 22 patents
on aspects of the electrospinning process taken out in America, France, the United
Kingdom and Germany. Formhals patented his first invention in 1934, relating to the
process and the apparatus for producing artificial filaments using electric charges.
His first patent [33] describe on a machine design based on a saw-toothed rotating
fiber emitter. The emitter resembles a circular saw blade and dips into a trough of
the spinnable liquid. Charge concentration at the wetted tooth tips causes fibers to
be evolved and to fly off towards a movable thread collecting device in the form of a
spinning drum or rotating disc targets similar to the one in the conventional spinning,
on which the threads were collected in a stretched state. Also in the patent Formhals
suggests that the as-spun fiber can be passed through a coagulating bath if required.
The main disadvantage of this spinning method was obtaining the completely dried
fibers due to the short distance between the spinning zone and the collection targets.
However, the setup was capable of producing parallel threads onto the collection
device in such a fashion that they can be unwound continuously.

By1937, Formhals had turned his attention to nozzle design observing that nozzles
made by drilling a plain parallel sided hole were prone to blocking, hence he made a
new design. His nozzle design has a conical taper and can be disassembled for ease
of cleaning [34]. Later in 1938 [35], in the next design, he constructed a system to
produce short fibers of controlled fiber lengths, which is achieved by interrupting the
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current flow to the multiple spinning heads of the machine and fiber was collected
on a slatted belt. In this, the individual spinnerets were fed from a manifold kept at a
constant pressure by a header tank. In the same year, he further refined this design [36]
for more effective removal of the as-spun fibers from the salted belt by the addition
of a rotating notched disc counter electrode meshing with the slatted belt. A year
later, in 1939, Formhals revised the disadvantages of the earlier setups by altering
the distance between the spinneret and the collection device to get more drying time
for the electrospun fibers [3] and, was seeking to control as-spun fibers in flight by
manipulating the electrical field [36] and patented the methods. The later design [37]
projects the fiber strand between two parallel wire electrodes that are connected to an
alternating supply of up to 100 kV. The variation in electrostatic field resulting from
this parallel wire set up caused the fiber to be deposited in hanks. Then inn 1940,
Formhals developed a method for producing composite fiber webs from multiple
polymer and fiber substrate by electrostatically spinning polymer fibers on a moving
base. Formhals also proposed co-spinning of fibers with opposite charges to produce
a product with no net charge [36] and made serious efforts to devise winding devices
to gather up the fiber in a usable form [38, 39]. In 1936, Charles LaddNorton patented
the melt electrospinning using a combined electrostatic (100 kV) and air-jet assist
method [40] to produce lofted fibers which is more suitable for electrical insulation
and packaging. He used deflector plates running at about 2 kV AC, to influence the
flight path of the fiber and kept the target up to 6 m away from the spinning head
or the point of emission. The use for air-jet in conjunction with high voltage made
possible to keep the target far away from the emission point (even up to 6 m) and
assist to remove charge from the product, improving the rate of deposition.

In the late 1930s Nikolai Albertowich Fuchs [41] fromAerosol Laboratory, USSR
advanced a theory of ultrafine fibrous materials and in 1938 his coworkers Igor’
Vasil’evich Petryanov-Sokolov and Natalya D Rosenblum developed a filter mate-
rial called “Petryanov filters” from electrospun fibres, which led to the establishment
of a factory in Tver’ for the manufacture of electrospun smoke filter elements for gas
masks. For this work Igor’ Vasil’evich Petryanov-Sokolov and Natalya D. Rosen-
blum were awarded the Stalin Prize in 1938 [41]. In 1952 Bernard Vonnegut and
Raymond L. Neubauer [42] and in 1955 VadimDrozin at Columbia University, USA
[43] examined the formation of fluid jets and droplets by electrostatic force. The
Raymond’s study [43] observed that the formation of uniform sized fluid droplets
and pair of like charged droplet clouds would repel each other—the origin of the
“tramline” effect often observed in multiple spinning head devices. They also made
an estimate of the size of the liquid droplets (about 1μm) from the observation of the
rainbow colors of high order Tyndall spectra in the droplet cloud. In VadimDrozin’s
study [43], He made a correlation between the electrostatic force required to the
dielectric constant of the fluid and the radius of curvature of the fluid droplet. He
also measured limits of operation in terms of specific conductivity, dipole moment
and refractive index [43].

Between 1964 and 1969, Sir Geoffrey Ingram Taylor significantly contributed to
the theoretical underpinning and dynamic mechanism of electrospinning by math-
ematically modeling the shape of the cone formed by the fluid droplet under the
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Fig. 2.3 Schematic illustration of compound Taylor cone formation. a Surface charges on the
sheath solution, b viscous drag exerted on the core by the deformed sheath droplet, c sheath-core
compound Taylor cone formed due to continuous viscous drag

influence of an electric field [16] Tylor initiated with fundamental studies on the
jet forming process and Zeleny’s [27] theoretical results were corrected by him in
seminal work in which the spheroidal approximation of droplet shapes was proposed
for the case of (i) a charged droplet sustained at a given potential F0 relative to
the ground, or (ii) an uncharged droplet in a given uniform field E. In this, Tylor
studied the shape of the polymer droplet produced at the tip of the needle when an
electric field is applied and showed that it is conical in shape. This characteristic
droplet shape forming at the tip of the spinneret is now known as the Taylor cone
and the jets were ejected from the vertices of the cone. The schematic illustration of
compound Taylor cone formation is presented in Fig. 2.3. By the detailed examina-
tion of different viscous fluids, Tylor determined that an angle of 49.3° is required to
balance the surface tension of the polymer fluids with the electrostatic force. Further
Tylor worked with Melcher [44] to develop the “leaky dielectric model” also called
Taylor-Melcher model for conducting fluids, which is the standard model for the
electrodynamics of poorly conducting leaky dielectric fluids under an electric field.
Taylor introduced the leaky dielectric model to explain the behavior of fluid droplets
deformedby a steady state electric field. In 1971, PeterKarlBaumgarten [45],worked
for E. I. du Pont Nemours & Co. USA, devised a method of photographing electro-
spun fibers in flight, and in the course of investigating the effect of solution viscosity,
surrounding gas, voltage and jet radius on fiber diameter and jet length described the
electrospinning process.

Then in 1981, Larrondo and St. JohnManley [28] fabricated a melt electrospinner
for the melt spinning of polymers similar in principle of operation to a melt flow
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index devices. In this electrospinner, a static load was applied to a piston running
in a heated barrel to produce a drop of polymer melt at the tip of spinneret and
the fine fibers were drawn from the fluid drop by electrostatic force. In subsequent
years researchers studied the relationship between the structural morphology and the
process parameters on the electrospinningof polymer solutions andmelts [28, 45, 46].
In the early 1990s, several research groups notably that of Reneker [47, 48] revived
interest in this technique by demonstrating the fabrication of ultra thin fibers from a
broad range of polymers. By then, the term electrospinning has been coined starts
to widely used in the literature [1, 47, 49, 50]. The timely demonstrations by Doshi
and Reneker [47] gained dynamic momentum in the research on nanofiber, which
triggered a lot of experimental and theoretical studies related to electrospinning.
It is notable that, since then, the number of publications about electrospinning has
been increasing exponentially every year (Fig. 2.4), on account of the remarkable
simplicity, versatility and potential application of this technique.

Fig. 2.4 The annual number of publications on the subject of electrospinning as provided by search
engine Scopus (key word: electrospinning). For 2019, there are already publications reported by
December
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2.3 Parameter Affecting Electrospinning

From the previous theory and process of electrospinning, it is clear that electro-
spinning process can be manipulated by a number of variables. Doshi and Reneker
[47] listed out the parameters, that can influence the transformation of polymer solu-
tions into nanofibers through electrospinning. The important spinning parameters on
nanofiber production by electrospinning is shown in the Fig. 2.5. The parameters
affecting electrospinning of polymer solutions are broadly classified as (i) system
parameters, (ii) solution properties, (iii) governing variables (process parameters),
(iv) ambient parameters. The system parameters include the molecular weight and
molecular weight distribution of the polymers and the architecture of the polymer,
such as linear, branched or block copolymers. Polymer solution parameters include
the solution concentration, solution viscosity, surface tension, temperature, elec-
trical and thermal conductivity and dielectric constant. The solution parameters have
the most significant influence in the electrospinning process and electrospun fiber
morphology. The surface tension has a role partially in the formation of beads along
the fiber axis. The viscosity of the solution and its electrical characteristics deter-
mine the extent of the elongation of the solution. This, in turn, has an effect on the
diameter of the electrospun fiber. However, the effects of the solution properties can
be difficult to isolate since varying one parameter can generally affect other solution
properties (e.g., changing the conductivity can also change the viscosity). Governing
variables includes hydrostatic pressure in the capillary tube, flow rate, bore size of
the needle/capillary, needle tip design, electric potential at the capillary tip, and the
gap between the tip and the collecting screen, type of collector, and its speed in the
case of a dynamic type. The ambient parameters include temperature, humidity, and

Fig. 2.5 The important spinning parameters affect the production and morphology of nanofiber by
electrospinning
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air velocity in the electrospinning chamber. The ambient parameters have certain
degree of influence on fiber morphology although they are less significant than the
effect of the solution parameters. In this section, studies that investigate the effect of
each parameter on electrospun fiber morphologies and sizes are highlighted.

A lower concentration or deviation of the voltage from the optimum as well as
a smaller distance between needle and target or faster flow rate resulted in beaded
fibers with different diameters. The size range of PS fibers produced in this work
ranges from 0.8 to 20 (± 10)μm. An increasing solution concentration or increasing
flow rate as well as a decrease in spinning voltage resulted in increased fiber size.
The influence of these parameters on the pore formation is not as obvious as it is for
bead formation and fiber size. The pores range in size from 20 to 350 nm. They vary
in size and shape with changing PS concentration. There are even pores of differing
size and shape in one PS fiber electrospun from THF (18 wt%).

2.3.1 Solution Parameters

The major factor that govern the electrospinning technique is the solution parame-
ters. Solution parameters includes viscosity, electrical conductivity, surface tension,
solution properties, vapour pressure of solution etc. This rheological properties
mainly viscosity influence the electrospinning. Higher the viscosity leads to the
hard ejection of the polymer solution and very less viscous polymer cannot produce
fibers. Optimization of such parameters results in the generation of fine, smooth
fibrous membranes. Higher electric field results in smooth fibers, higher surface
tension provides smaller diameters etc. are some of the parameters that affect the
electrospinning technique. A detailed description of the influence of parameters in
electrospinning is given below.

2.3.1.1 Conductivity

The impact of the solution conductivity and charge density on the fiber diameters
and surface morphology of electrospun fibers was also studied. The studies demon-
strated that solution conductivity has important role in the fiber formation and its
morphology in electrospinning. Generally the polymers are insulators, except few
dielectric materials or conducting polymers. Many studies demonstrated that the
charged ions in the polymer solution are highly influential in jet formation, thereby
the fiber diameter and surface morphology of the fibers. The higher conductivity of
the polymer solution resulted in a higher charge density on the surface of the solu-
tion jet during the electrospinning, bringing more electric charges to the jet. As the
charges carried by the jet increase, higher elongation forces were imposed to the jet
under the electrical field, resulting bead free fibers with thinner fiber diameters. Zong
et al. [64] found that addition of ionic salts improves the conductivity of the spin-
ning solution and the resulting nanofibers were bead-free. Addition of salts, increase
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charged ions in the polymer solution and charge carrying capacity of the jet, thereby
subjecting the jet to higher tension with the applied electric field resulted beadless
fibers with relatively smaller diameters ranging from 200 to 1000 nm. It was hypoth-
esized that volatile salt additive would not remain in the fibers and therefore would
not affect the properties of the fibers. Shin et al. [65] found a higher jet stability for
PEO solution than glycerol, attributed to the higher conductivity of the PEO solution.
Lee et al. [66] observed that throughput increases with increasing electric conduc-
tivity of PS solutions. Addition of alcohol, [67] pyridiumformiate [68] non-ionic
surfactant such as dodecyltrimethylammonium bromide and tetrabutylammonium
chloride [69] has also been used to increase conductivity of polymer solutions and
demonstrated a significant reduction in bead formation with good smooth surface
finish. These studied indicates, highly conducting polymer solutions may be easily
collected in aligned form in electrospinning. This, however, does not imply that a
higher applied electrical field could result in fewer beads and smoother nanofibers.
In fact, Deitzel et al. [70] investigated the influence of electrical charge, which was
applied for electrospinning, on the morphology of PEO nanofibers. They reported
that with the increase of the electrical potential the resulting surface morphology of
the nanofibers became more rough.

Zhang et al. studied the effect of conductivity on fiber diameter by adding different
salts such as NaCl, KH2PO4, NaH2PO4 into PVA [71] and PDLA [64] polymer
solution and showed that PVA fiber diameters were decreased from 214 ± 19 nm
to 159 ± 21 nm when NaCl concentration was increased from 0.05 to 0.2%. The
PVA solution prepared using water as solvent and electrospun at an applied voltage
of 5 kV, flow rate of 0.2 mL h−1 and a distance of 10 cm between spinneret and
collection target. The studies with PDLA found that salts with smaller ionic radii
produced smaller fibers (~210 nm) while salts with larger ionic radii yielded larger
ones (~1000 nm). They attributed this difference to the higher charge density, and
thereby mobility, of ions with smaller radii; the higher mobility resulted in increased
elongational forces exerted on the fiber jet yielding a smaller fiber. Likewise, the
addition of proteins [72] and ionic surfactants [69] was found to yield fibers with
smaller diameters with uniform morphology. Since the addition of proteins did not
affect the solution viscosity, the variation in fiber diameter resulted from changing
the solution conductivity [72]. It was hypothesized that charged surfactants increased
the solution conductivity and net charge density, causing an increase in the whipping
instability yielding more uniform fibers [69]. The increase in conductivity, however,
leads to the formation of fibers with larger diameter for PAA [73] and polyamide
[74] due to the large increase in the mass flow during spinning.

2.3.1.2 Viscosity/Solvent Effects (Solution Concentration)

Solution viscosity plays an important role in determining the fiber size and
morphology during spinning of polymeric fibers. It has been found that with very
low viscosity there is no continuous fiber formation and with very high viscosity
there is difficulty in the ejection of jets from polymer solution, thus there is a
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requirement of optimal viscosity for electrospinning.Generally, the solution viscosity
can be tuned by adjusting the polymer concentration of the solution. The rela-
tionship between the polymer viscosity and/or concentration on fibers obtained
from electrospinning has been studied in a number of systems [64, 70, 75–83]
including poly(DL-lactic acid) (PDLA) [64], poly(lactic-co-glycolic acid) (PLGA)
[76], poly(ethylene oxide) (PEO) [70, 78], poly(vinyl alcohol) (PVA) [79–82],
poly(methyl methacrylate) (PMMA) [80], polystyrene [83], poly(L-lactic acid)
(PLLA) [68], gelatin [84], Dextran [72] and collagen type I-PEO [72]. There should
be an optimum solution viscosity/concentration for the electrospinning process, as at
low viscosity/concentrations beads are formed instead of fibers and at high concen-
trations the formation of continuous fibers are prohibited because of the inability to
maintain the flow of the solution at the tip of the needle [85].

For solution of low polymer concentration/viscosity, surface tension is the domi-
nant factor and just beads or beaded fiber formed [74, 86–91]. The process generally
not considered as electrospinning and is referred as electrospraying [87]. The solu-
tion having suitable viscosity, continuous fibers with bead free morphology can be
obtained. The viscosity of the solution can simply increase by polymer concentration.
At critical concentration/viscosity, (the minimum concentration of the polymer at in
the solution or theminimum viscosity of the polymer solution, at which the fibers can
be form) electrospinning yield uniform fibers with few beads and junctions [70, 83].
In most of the cases, the surface tension of the polymer solution may get change with
polymer concentration [70]. Jarusuwannapoom and Hongrojjanawiwat [83] demon-
strated the effect of viscosity on the morphology of the electrospun membranes. In
the study, polystyrene solutions with constant surface tension and varying viscosity
were used. The morphological evaluation showed bead formation is decreased with
increased viscosity [83]. At very high viscosity/concentration the droplet formed at
the top of the spinneret dried out due to the fast evaporation of the solvent which
prevent the formation of jet or spinning [64, 87, 92]. There are many attempts have
been made to quantify the minimum polymer concentrations and viscosities required
to form the fibers by electrospinning. It was found that for PVA, the solutionwith [η]C
> 5 [79] and PEO [η]C > 10 [77] forms ultrafine fibers by electrospinning, where [η]
is the intrinsic viscosity and C is the concentration. The cross-section of PVA fibers
was circular-shaped at [η]C > 9 and flat at [η]C > 10 [77]. Recently the minimum
solution concentration was quantified in terms of entanglement concentration, Ce
[93] and critical chain overlap concentration C* [75]. A concentration greater than
entanglement concentration or critical chain overlap concentration yielded uniform
fibers with bead-freemorphology. In both cases solutions with concentrations double
than entanglement concentration or critical chain overlap concentration is required
to form uniform fibers. When the solution concentration was less than critical chain
overlap concentration there was insufficient chain overlap to form polymer fibers and
resulted droplet formation, while in the semi-dilute region (concentrations between
C* and Ce), fibers with beads were obtained.

Increase in solution concentration/viscosity results in increased fiber diameter
(Fig. 2.6) [1, 20, 47, 93–100]. Researchers have aimed to find a relationship between
solution concentration and the fiber diameter. Demir et al. [87] derived a power
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Fig. 2.6 Average fiber diameter (AFD) of electrospun fibers as a function of solution concentration.
Adapted and reproduced from Ref. [20], Copyright 2012 Elsevier

relationship between the AFD and concentration.

AFD = (Concentration)3

Deitzel et al. [70] electrospun PEO; below 4 wt% concentration, they obtained
a mixture of fibers and droplets while above 10 wt%, spinning was prohibited by
high viscosity. They observed that the AFD is related to the solution concentration
through a power law relationship with exponent of about 0.5. Near 8 wt%, second
population fibers with diameters about one third of that of the primary population
fibers are produced due to fiber splaying. Jun et al. [70] prepared PLLA fibers with
diameters of 100–300 nm from 1 wt% solutions while 5 wt% solutions yielded fiber
diameter of 800–2400 nm. Similarly, the diameter of PVA fibers increased from 87
± 14 nm to 246 ± 50 nm by increasing the PVA concentration from 6 to 8% [81].

It was found that an increased fiber diameter correlated directly to a decrease in
the surface area of electrospun mats [20, 81]. Figure 2.7 shows the FE-SEM images
of PA 6.9 (Mw: 60,000 g mol−1) prepared with different solution concentrations
respectively [101]. PA 6.9 (Mw: 60,000 g mol−1) dissolved in acetic acid:formic
acid (50:50 v/v) solvent mixtures electrospun at a flow rate of 2 mL h−1, applied
voltage of 18 kV and tip of the needle to collector 6 cm. The ambient parameters
are monitored during electrospinning, the temperature is 21 ± 2 °C and the relative
humidity is 43 ± 5% RH. A higher flow rate is selected because more nanofiber
material can be collected at one time and a lower tip-to-collector distance (TCD)
selected, since it allows the use of lower voltages.
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Fig. 2.7 FE-SEM images of nanofibers made with different concentrations of PA 6.9 (wt%), a 10,
b 12, c 14, d 16, e 18, f 20 (magnification 50,000). Adapted and reproduced from Ref. [101],
Copyright 2012 Springer Science
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Brune and Bicerano [102] observed that beads are less likely to form using more
viscous solutions. They also observed that lower surface tension favors bead-free
filaments. Drew et al. [103] had demonstrated through a study on TiO2 filled PEO
that above a critical polymer concentration, the viscosity effect on fiber morphology
was the same whether the viscosity was due to polymer or some other material. Lee
et al. [66] reported increasing bead aspect ratio with increasing concentration for
electrospun PS. Above 15 wt%, fibers without beads formed due to high viscosity.
FESEM images of different acetic acid: formic acid ratio (Fig. 2.8) revels the effect
of solvent ratio on surface tension and viscosity. Solvent ratio determines the average
fiber diameter. PA 6.9 (Mw: 60,000 g mol−1) dissolved in acetic acid:formic acid
solvent mixtures to prepare 14wt% polymer solution and electrospun at a flow rate of
2 mL h−1, applied voltage of 23 ± 2 kV and tip of the needle to collector distance of
6 cm. The ambient parameters are monitored during electrospinning, the temperature
is 21 ± 2 °C and the relative humidity is 43 ± 5% RH. A higher flow rate is selected
because more nanofiber can be collected at one time and a lower tip-to-collector
distance (TCD) selected, since it allows the use of lower voltages.

2.3.1.3 Surface Tension

Surface tension is a contractive tendency of the surface of a liquid that allows it to
resist an external force. The cohesive forces among liquid molecules are responsible
for the phenomenon of surface tension. In the bulk of the liquid, each molecule
is pulled equally in every direction by neighboring liquid molecules, resulting in
a net force of zero. Hence the surface tension of polymer solution, more likely to
be a function of solvent compositions of the solution, which plays a critical role
in the electrospinning process. Generally, in electrospinning, fibers with bead free
morphology can be obtained by reducing the surface tension of the spinning solution.
The polymer solution with high surface tension inhibits the electrospinning process
because of the instability of the jets and results electrospraying rather than electro-
spinning [96]. The surface tension of the spinning solution greatly depends on the
solvent used and can be controlled by using a solvent mixture, for example N,N′-
dimethyl acetamide/acetone (70:30) mixture for preparing PVdF-co-HFP solution
for electrospinning [20, 50, 104]. In some cases, increasing the concentration of a
polymer solution can also affect the surface tension of the polymer solution [70].

The impact of surface tension on the average fiber diameter and surface
morphology of electrospun fibers has been widely investigated. Zueo et al.
[67] prepared poly-3-hydroxy butyrate-co-valerate (PHBV) solutions (4% solu-
tion) in different solvents, such as chloroform or its mixture with alcohol, tetra-
chloromethane, or N,N-dimethyl formamide, having similar conductivities and
different surface tensions with/without triethylbenzyl ammonium chloride and
studied its effect on fiber formation and its morphology. The study showed that
surface tension is an important factor for bead formation during electrospinning.
The solution of higher surface tension was favoring a bead-on-string structure. The
physics of this phenomenon may be that surface tension tries to make the area per
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Fig. 2.8 FE-SEM-images of nanofibers made with different acetic acid:formic acid solvent ratios
(v:v%), a 35:65, b 40:60, c 45:55, d 50:50, e 55:45, f 60:40 (magnification 100,000) Adapted and
reproduced from Ref. [101], Copyright 2012 Springer Science
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Fig. 2.9 Plot of critical voltage versus surface tension for electrospinning of PS in THF/DMF.
Adapted and reproduced from [20], Copyright 2012 Elsevier

unit mass smaller, by changing the jet into spheres. The addition of ethanol to PEO
[78] and PVA [81] PHBV [67] solutions lowered the surface tension. In the case of
the PEO [78] and PHBV [67], the solution containing ethanol exhibited less beading;
however, when ethanol was added to PVA solutions, beading was increased [81]. The
difference in the effect of adding ethanol to these systems was attributed to the fact
that it is a non-solvent for PVA and a solvent for PEO or PHBV. Another approach to
reducing the surface tension of polyurethane urea solutions was to add polydimethyl-
siloxane, but no significant effect in fiber morphology was observed [87]. Lee et al.
[66] found the critical voltage “Vc” increase linearly with surface tension (Fig. 2.9)
[20, 50, 104] is a plot of surface critical voltage versus surface tension of PS.

2.3.1.4 System Parameters

Morphology of the electrospun fibers are greatly influenced by the system parame-
ters, The structure of the polymer, molecular weight, molecular weight distribution,
etc. are the key factors that include in the system parameters. Smoothness of an
electrospun fiber depends upon whether it is low or high molecular weight polymer
since the molecular weight has an effect on viscosity, conductivity, surface tension,
etc. Molecular weight plays a vital role in the formation of fiber diameters. Hence a
detailed discussion of system parameters is inevitable and the effect of electrospun
fibers on applying such parameters is given below.
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2.3.1.5 Molecular Weight

Molecular weight of the polymer also has an important effect on the morpholo-
gies of electrospun fiber. Many researchers have examined the relationship between
polymer molecular weight and the morphology and average fiber diameter (AFD) of
electrospun fibers. Molecular weight of the polymer has a significant effect on the
rheological and electrical properties such as viscosity, surface tension, conductivity,
and dielectric strength of the solution. It has been observed that too low a molecular
weight solution tends to form beads rather than fibers and a high molecular weight
solution gives fibers with larger average fiber diameters. In principle, the molec-
ular weight reflects the entanglement of polymer chains in solutions, namely the
solution viscosity. By keeping the concentration fixed and lowering the molecular
weight of the polymer trends to form beads rather than smooth fiber. However, the
studies showed that high molecular weights are not always essential for the elec-
trospinning process if sufficient intermolecular interactions can provide a substitute
for the interchain connectivity through chain entanglements. Using this principle,
researchers have prepared oligomer-sized phospholipids from lecithin solutions into
nonwoven membranes through electrospinning [105]. Gupta et al. [75] systemati-
cally studied to explore the scaling relationship between polymer molecular weight
or molecular weight distribution and diameter of electrospun fibers electrospun at
identical conditions (solvent, dimethylformamide; applied voltage, 10 kV; distance
to a collector, 15 cm; flow rate, 3 mL h−1) [75]. A series of linear homopolymers
of poly(methylmethacrylate) with molecular weight (Mw) ranging from 12,470 to
205,800 g mol−1 and narrowmolecular weight distribution (1.03–1.35) were synthe-
sized and compared the effect ofmolecular weight on fiber diameter with commercial
PMMA with varying in molecular weight (Mw) from 34,070 to 365,700 g mol−1

and broader molecular weight distribution (1.6–2.12). They determined critical chain
overlap concentration, c* for each of these polymers, and found that c* decreased
with increasing molecular weight. To isolate and clearly understand the effect of
molecular weight, all the selected polymers are dissolved in the same organic solvent
(dimethylformamide) and electrospun at identical spinning parameters, i.e., voltage
= 10 kV, distance to collector= 15 cm, flow rate= 3mL h−1 and ambient conditions.
Upon electrospinning, they found as the molecular weight increased, the number of
beads and droplets was reduced and obtained uniform fibers with high molecular
weight polymer (Mw > 205,800 g mol−1). Uniform fiber formation was observed at
lower concentration (c/c* ~ 6) for all the narrow molecular weight distribution poly-
mers of Mw of 12,470–205,800 g mol−1 (Mw/Mn is 1.03–1.53) but for the broad
narrowmolecular weight distribution polymers ofMw of 34,070 and 95,800 gmol−1

(Mw/Mn is 1.6–2.12) uniform fibers were not formed until higher concentrations
(c/c* ~ 10). These scaling relationships were in general agreement with that observed
by Mckee et al. [93].

Geng et al. [106] also studied the effect of molecular weight on the fiber forma-
tion and fiber diameter of electrospun chitosan fibers. Chitosan with three different
molecular weight 30 × 103, 106 × 103, and 398 × 103 g mol-1 was used in the
study. The results showed that among chitosans with different molecular weights and
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polymer concentrations, only about 7–7.5% solution of 106 × 103 g mol−1 chitosan
(viscosity ranging from 484 to 590 cP) can produce a continuous and uniform fiber.
Only chitosan solution of a molecular weight of 106 × 103 g mol−1 at 7% polymer
concentration, dissolved in 90% aqueous acetic acid solution, formed a bead-free
and more uniform nanofiber. The electrospun samples of the lower molecular weight
chitosan solution (9.5–10.5% solution) contained large size beads and the fibers
were fragile, while those of the higher molecular weight chitosan solution (2.5–
3% solution) showed rougher and finer nanofibers with some bead defects. With
30 × 103 g mol−1 chitosan only fragile fibers with several droplets were obtained.
Uniform nanofiber morphology was stabilized at a molecular weight of 106 × 103

g mol−1, while very fine fibers (average diameter, 60 nm) with rougher surfaces were
produced at 398 × 103 g mol−1. The large population of smaller fiber at the highest
molecular weight chitosan is attributed to the higher charge density of the chitosan
molecules due to higher amino groups per molecule. Drastic morphological changes
were observed when chitosan concentration increased at the same molecular weight
[106]. For poly(N-isopropyl acrylamide), lowering the molecular weight produced
smaller fibers that were more densely packed [74]. Varying the molecular weight
of PEO from 6 × 105 to 40 × 105 g mol−1 during the spinning of PEO/chitosan
solutions resulted in little difference in fiber diameter [106]. It was found that the
spinning of polyamide at various molecular weights produced fibers with different
average fiber diameters that were dependent upon the solution viscosity [74]. At a
given concentration, fibers obtained from polyamide of higher molecular weights
appeared to be larger in diameter, but it was observed that the average diameters of
the fibers from polyamide of different molecular weights had a common relationship
with the solution viscosities which could be approximated by an exponential growth
equation.

2.3.2 Process Parameters

Process parameters play a key role in the electrospinning technique since it includes
geometry of spinneret, solution feed rate or flow rate, the distance between the tip
of the spinneret or needle to a collector, applied voltage hydrostatic pressure in the
capillary, movement of collector plate or drum, etc. Applied voltage is a crucial
element in this technique since it affects the fiber diameter since surface charges
exerting on the jet depends on the voltage. Electrostatic repulsive force increases
with the increase in voltage leading to a decrease in the fiber diameter. Low feeding
rate is suitable for the solid nanofibers and the easy evaporation of the solvent. Thus,
desirable electrospun fibers can be obtained by optimizing the process parameters
and a detailed description is discussed below.
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2.3.2.1 Applied Voltage/Field Strength

In the electrospinning process, the most crucial element is the application of high
voltage to polymer the solution and is one of the most studied parameters among
the controlled variables. Only if the applied voltage is above a given limiting value
required to overcome the surface tension of the solution (threshold voltage), induces
the necessary charges on the solution along with the electric field and the fibers get
ejected out from the spinneret. The charge transport due to the applied voltage in
the electrospinning process is mainly due to the flow of the polymer jet towards
the collector. In electrospinning, the electrical field is defined as the applied voltage
divided by the distance between the tip and collector grid and can be controlled by
changing the distance between the tip and collector or by changing the applying
voltages. When the applied voltage just above the threshold voltage, the volume of
the drop at the tip of the spinneret decreases, causing the Taylor cone to recede. Then
the jet originates from the liquid surface within the tip results fibers with beads. As
the voltage is increased further, the jet eventually moves around the edge of the tip,
with no visible Taylor cone; at these conditions, the presence of many beads can be
observed [70] Using laser diffraction, it has also been shown that increased voltages
produces jets with larger diameters and ultimately lead to the formation of multiple
jets [87].Highvoltages andhigh electric field strengths are also associatedwith higher
productivity, which is mainly considered to be due to increase in electrical current
and electrostatic stresses, which in turn draw more material out of the spinneret and
facilitates the formation of fibers with a larger diameter [1], Raghavan et al. [1]
electrospun 16% poly(acrylonitrile) solution in DMF at a different applied voltage
ranging from 10 to 25 kV and observed that average fiber diameter increases and
fiber distribution narrow down with increasing voltage. Similar trend was reported
for poly(vinyl alcohol) electrospun at 5–15 kV [81], polyurethane electrospun at
0–35 kV [87] and poly(D,L-lactic acid) (PDLA) and semi-crystalline poly(L-lactic
acid) (PLLA) electrospun at 0–35 kV [64].

However, there exists controversy in the literature as to the effect of increasing
the voltage on the final diameter of the electrospun nanofibre. Experimental voltage
effect analysis was performed for the Nylon-6 using an output voltage range between
12 and 18 kV showed, the average fibre diameter decreased from1.35 to 1.21μm.The
phenomena are attributed to higher electrostatic forces on the jet induced by higher
voltage or field results the higher repulsive forces and favor the formation of the
thinner fibres [107]. Similar results are reported for electrospun silk-like polymer
with fibronectin functionality [90] and bisphenol-A polysulfone [108]. The fiber
diameter tended to decrease with increasing applied voltage. In most cases, a higher
voltage causes greater stretching of the solution due to the greater columbic forces
in the jet as well as a stronger electric field and these effects lead to a reduction in the
fiber diameter. Larrondo et al. showed [28, 46, 109] the decrease of fiber diameter by
roughly half by doubling the applied electric field. Rapid evaporation of solvent from
the fibers also results in fibers with smaller fiber diameter. Thus, the significance of
applied voltage on fiber diameter varies with the polymer solution concentration and
on the distance between the tip and the collector [110].
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At a higher voltage, there is a greater probability of beads formation, and the
phenomena are demonstrated by many groups [19, 70, 80, 87, 90, 111–114]. The
presenceof beads and junctions at highvoltageswas foundwhen spinning solutions of
PEO [70, 78], polystyrene [19], PVA [80], polyurethane [87], PDLA [64], bisphenol-
A polysulfone [108], chitosan [106], protein-polymer [90] and gelatin [84]. As the
fluid exits from the spinneret and enters the electric field, it assumes a conical (or
nearly conical) shape, from the apex of which a thin jet emerges. In inviscid fluids,
the shape that the meniscus attains depends on the interplay between the electric
field and the surface tension and has been studied extensively. Increasing the applied
voltage to a certain level changes the shape of the pendant droplet from which the
jet originates. Chowdhury and Stylios [107] studies demonstrated the stable fiber
shape cannot be achieved for electrospun Nylon-6 with increasing applied voltage
due to the change in the shape of the droplet formed at the tip of the spinneret. Yarin
et al. [115, 116] also demonstrated that the electrified meniscus can assume a wide
variety of shapes that are different from that of the Taylor cone. In the process of
electrospinning, the electric current associated with the spinning process typically
is measured in a microampere. The droplets or fibers transport charge across the
gap between the charged needle and the electrically grounded target, i.e., closing of
the circuit. In general, the researchers have suggested that when higher voltages are
applied, more volume of polymer gets ejected from the charged needle and facilitates
the formation of fibers having a larger diameter. On the other hand, many studies
are reported that an increase in the applied voltage (i.e., increasing the electric field
strength), increases the electrostatic repulsive force on the fluid jet which ultimately
favors the narrowing of fiber diameter. Theoretically, it is widely accepted that a
higher voltage causes greater stretching of the solution due to the greater columbic
forces in the jet as well as a stronger electric field. This greater degree of stretching
leads to the reduction in the fiber diameter and rapid evaporation of solvent from the
fibers results in the disposition of more dried fibers on the collection target. FESEM
images of nanofibers produced by applying a different voltage (Fig. 2.10) depicted
on applying a voltage no significant effect was observed.

2.3.2.2 Flow Rate or Feed Rate

The flow rate of the polymer fluid from the syringe to the spinneret (blunt steel
needle) where the high voltage is to be applied is an important process parameter to
prermine the morphology of the electrospun fibers. It has a great influence on the
material transfer rate (amount of polymer solution flows out from the syringe/s) and
the jet velocity. The adjustments on the solution flow rate are essential to maintain a
stabilized Taylor cone during electrospinning [117]. To a certain extent, increasing
the flow rate whilemaintaining the Taylor cone produces larger fibre diameters [118].
Many researchers have systematically investigated the relationship between solution
feed or flow rate on fiber diameter andmorphology. There should be a minimum flow
rate of the spinning solution to form fibers during spinning, which greatly depends
on the solution concentration and viscosity of the spinning solution. Fong et al. [78]
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Fig. 2.10 FE-SEM-images of nanofibers made with varying applied voltage (kV), a 16, b 18, c 20,
d 22 (magnification 100,000). Adapted and reproduced from Ref. [101], Copyright 2012 Springer
Science

observed that a minimum solution volume at the end of the spinneret should be
present for the formation of an equilibrium Taylor cone. Generally, it was found that
a lower flow rate is more desirable as the polymer solution will get enough time
for polarization and solvent evaporation results stalking of dried fibers with smaller
diameters on the collection grid [64]. If the flow rate is too slow, smaller fibers with
spindle-shaped beads are formed and with increasing flow rate, the average fiber
diameter, pore size, and bead formation increases [19, 78, 108].

Increasing the flow rate too much causes fibers to be collected without sufficient
solvent evaporation leading to a flattened web-like appearance [119]. If the flow rate
is very high, bead fibers with thick diameter will form rather than the smooth fiber
with thin diameter owing to the short drying time prior to reaching the collector and
low stretching forces [67, 81, 108, 120]. Zong et al. [64] reported that in addition
to the bead morphology, the higher flow rate the mean pore-size increased from
90 to 150 nm. Optimally, a lower solution flow rate, while maintaining the Taylor



46 A. Das et al.

cone is more ideal since it permits time for solvent evaporation and produces better
fibers. However, a solution flow rate below the threshold for a given voltage causes
evaporation at the needle tip, thus preventing electrospinning.

It has been observed that the fiber diameter and the pore diameter increases with
an increase in the polymer flow rate in the case of polystyrene (PS) fibers and by
changing the flow rate from 0.004 to 0.24 mL min−1, the morphological structure
also changed [64]. Bead formation is observed when the flow rate is 0.10 mL min−1

and higher. With increasing flow rate, the ribbon-shaped fibers increase in size from
about 5 to 20 μm and show the typical microtexture and nanopores on the fiber. The
pore sizes range in diameter from 50 to 250 nm and the mean pore size is observed
to increase from about 90 to 150 nm with increasing flow rate. Figure 2.11 shows the
FESEM images of PS solution in THF, electrospun at different flow rates, by keeping
other parameters constant. The PS solution of concentration 30 to 35%, electrospun
at a flowrate of 0.07 mL min−1, applied voltage 7.5 to 10 kV, working distance
35 cm produced beadless ribbon-shaped fibers having fiber diameter 20 ± 10 μm
with a microtextured surface and densely packed nanopores of diameters in the 50
to 200 nm range. The study suggested that bead formation on the electrospun fibers
is a function of the concentration as well as of the spinning voltage, the working
distance, and the feed rate. The fiber diameter range of PS fibers obtained at different
flow rate ranges from 0.8 to 20 (± 10) μm with increasing flow rate.

Zuo et al. [67] also found that the solution feeding rate is an important factor for
bead formation during electrospinning.When 4wt%PHBV solutionwas electrospun
at different feed rates, while all other spinning parameters kept constant, it was
observed that bead size increased from 8 to 23 μm with increasing flow rate from
2 to 9 mL h−1. Surprisingly, however, the average fiber diameter was found to be
unchanged (1.5μm)with feed rate. This suggested that, for electrospinning of PHBV
solution, the flow rate influence only on bead formation and its size rather than fiber
diameter. As the feeding rate increases, more solutions get ejected out from the
needle tip at the same time. When the electric field force is not able to stretch the
jet sufficiently, the superfluous solutions form the beads, which may be caused by
surface tension. [67].

Chowdhury and Stylios [107] reported at the low flow rate (about 0.20–
0.25 mL h−1) the Nylon 6 electrospun fiber is cylindrical and uniform. At higher
flow rates (about 0.26–0.30 mL h−1) the fiber surface is rougher and if the flow rate
is much above 0.3 mL h−1, the fluid jet bents from the outset and breaks before it
progresses any further. The average fiber diameter of Nylon 6 increased from 1.0 to
1.6 μm with an increasing feed rate of 0.20 to 0.30 mL h−1. The study concluded
that at low feed rates 0.20 to 0.25 mL h−1, the solvent has a sufficient amount of
time to evaporate until the fibers are collected on the plate and thinner and uniform
fibers are produced. At a high feed rate 0.26 to 0.30 mL h−1 which seems above the
quasi-stable point, the solution is not completely carried away to the collector, which
resulted in unstable jet and larger fibers [107]. SEM images of fibers with different
flow rate reveals a steady increase in average fiber diameter on increasing the flow
rate to 1.8 mL h−1 and remains constant.
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Fig. 2.11 FE-SEM-images of nanofibers produced with varying flow rate (mL h−1), a 0.4, b 0.8,
c 1.2, d 1.6, e 2.0, f 2.8 (magnification 100,000). Adapted and reproduced from Ref. [102],
Copyright 2002 Springer Science
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Zong et al. [64] studied the effect of feed rate on electrospun nanofiber from
poly(D,L-lactic acid) (PDLA) solution with 1 wt% KH2PO4 electrospun at 20 kV.
It was found that at a lower feeding rate, smaller fibers with spindle-like beads were
formed. Relatively large fiber diameters and beads were seen in fibers spun from a
higher solution feeding rate (75 mL/min). This behavior of the process is attributed
to the velocity of the fluid jet. Since the droplet suspended at the end of the spinneret
is larger with a higher feeding rate, the jet of the solution can carry the fluid away
with a faster velocity. As a result, the electrospun fibers are harder to dry before they
reached the collection drum. This can result in large beads and junctions in the final
membrane morphology [64]. Similar characteristics were observed for the spinning
of PVA solution. At the flow rate of 0.3 mL h−1, a few big beads were observed on
the PVA fibers. When the flow rate exceeded a critical value, the delivery rate of the
solution jet to the capillary tip exceeded the rate at which the solution was removed
from the tip by the electrostatic forces. This shift in the mass-balance resulted in
sustained but unstable jet and fibers with big beads are use to form [81, 90]. All
these studies suggest that flow rate could affect electrospinning process and a certain
minimum value of the solution volume suspended at the end of the spinneret should
be maintained in order to form an equilibrium Taylor cone. Therefore, different
morphology can be obtained with the change in the feeding rate at a given applied
voltage. Yuan et al. [108], investigated the effect of the flow rate on the morphologies
of the PSFfibers from20%PSF/DMACsolution and showed, bead fiberswith thicker
diameters can be obtained as the flow rate is 0.66 mL h−1.

2.3.2.3 Tip to Collector Distance

The distance between the tip of the spinneret/needle and the collector has been also
shown to affect the size and morphology of electrospun fibers [84]. One important
physical aspect of the electrospinning nanofibers is their dryness from the solvent
used to dissolve the polymer [121]. Thus, there should be an optimum distance
between the tip and collector is required to dry the fibers before reaching the collector
[106]. If the distance from the tip of the needle to the collector is either too close or too
far, forms fibers with bead morphology [80, 84]. With an increasing tip to collector
distance, the electrostatic force decreases and so the drawing stress decreases. This
leads to a decrease in the aspect ratio and an increase in the size of beads, although
it facilitates the deposition of more solidified or dried fibers on the collector.

A number of researchers examined the effect of varying the distance between the
tip and the collector on the fiber morphology and average fiber diameter of elec-
trospun fibers of PVA [80], chitosan [106], gelatin [84], bisphenol-A [108], and
poly(vinylidene fluoride) (PVdF) [91]. Compared to other parameters, no signif-
icant effect of the distance between the tip and collector on the fiber size and
morphology was observed for the spinning of PVA [81], gelatin [84], Chitosan
[106], and poly(vinylidene fluoride) [91]. It has been reported that flatter fibers can
be produced at closer distances but with an increase in distance rounder fibers have
been observed with the spinning of silk-like polymer with fibronectin functionality
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[90]. For bisphenol-A polysulfone, closer distances between the tip and collector
yielded smaller fibers [108, 122]. Yuan et al. [108] also demonstrated that a little
long-distance favors the thinner fiber diameter as shown in Fig. 2.12. In brief, if the
distance is too short, the fiber will not have enough time to solidify before reaching
the collector, whereas if the distance is too long, bead fiber can be obtained. However,
the distance between needle and collector is less significant to the fiber morphology
and size when compared to the other sinning parameters.

2.3.2.4 Collector Composition and Geometry

One important aspect of the electrospinning process is the type of collector used.
In this process, a collector serves as a conductive substrate where the nanofibers
are collected. Generally, aluminum foil is used as a collector but due to difficulty
in transferring of collected fibers and with the need for aligned fibers for various
applications, other collectors such as conductive paper, conductive cloth, wire mesh
[123, 124], parallel or grided bar [125], rotating rod, rotating wheel [126], liquid
nonsolvent such as methanol coagulation bath [127] have also been studied.

A number of materials and geometries have been studied for the collection of
electrospun polymeric fibers. The fibrous membrane morphology (such as random
fibers, aligned fibers, intertwined fibers, etc.) and physical properties (such as crystal
morphology, molecular orientation, stretching, etc.) of electrospun fibers are affected
by the type and geometry of collectors [76, 98, 128]. Kim et al. [76] collected PLLA
and PLGA fibers on metal collectors, a water reservoir, and a methanol collector.
They found that smooth fibers were obtained using the metal collector. Collection
on the surface of the water caused the hydrophobic polymer fibers to shrink, while
methanol caused swelling of the fibers [76] Cellulose acetate was collected using
copper mesh, aluminum foil, water, and paper [98]. It was found that the packing
density was influenced by the conductivity of the collectors: the more conductive
collectors dissipated the charge of the fibers. When this charge was not dissipated
(non-conductive collectors), the fibers repelled one another, yielding a more porous
structure [98]. Also, porous collectors, such as paper and copper mesh, produced a
less-packed structure as compared to fibers collected on aluminum foil and water
[98]. Poly(ethylene-co-vinyl alcohol) was even spun directly onto a human hand
[89].

Collectors with various geometries have also been designed and used. The collec-
tors can be either stationary or dynamic. The most commonly used stationary
collector is a plate collector or screw jackswrappedwith aluminum foil and a dynamic
collector is a grounded rotating drum made up of stainless steel or aluminum. The
common types of drum collectors are shown in Fig. 2.13. With dynamic collectors
(due to drum speed), the diameter of the fiber can be controlled by controlling the
speed of rotation of the collector [129, 130]A significant number of aligned fibers can
be achieved by rotating drum collectors having rotating speed higher than 250 rpm.
As the speed increases the degree of aligned fibers increases. Rotating disk type
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Fig. 2.12 FE-SEM-images of nanofibers made with varying tip to collector distance (TCD) (cm),
a 6, b 7, c 8, d 9, e 10, f 11 (magnification 50,000). Adapted and reproduced from Ref. [102],
Copyright 2002 Springer Science
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Fig. 2.13 Different configurations of cylindrical or disc type collectors. Adapted and reproduced
from Ref. [141]

collector is popular for creating uniaxially aligned fibers. The morphological differ-
ence between the fibers collected by using a rotating drum collector and disc collector
is displayed in Fig. 2.13 (FE-SEM images). The most important benefit of using disk
collector instead of drum collector is that a large number of the fibers is residue on the
disk edge and the aligned fibers are gathered as nanofibers [126, 131–134]. Another
type of collector parallel plate collectors using two or more parallel plates (elec-
trodes), so that excellent fiber alignment can be obtained on each electrode based on
air holes through the electrodes that cause electrostatic rebuttal between the fibers
[131, 135, 136]. Rutledge and co-workers used two parallel plates when spinning
their fibers in order to generate uniform electric fields [65, 137]. Frame collectors
were shown to yield aligned fibers with a conductive frame producing better align-
ment than a non-conductive one [137]. Also, an array of electrospun fibers has been
produced using two conductive, collection rings [137]. The fibers were suspended
between the rings, and fibers up to 10 cm long were obtained. The rotation of one of
the collection rings allowed for the production of a multi-filament yarn [137]. PEO
was also spun using a multiple field method in which the polymer jet passed through
three parallel rings, each connected to an independent power supply. This method
produced smaller, bead-free fibers that were collected in a more focused area [137].
Fibers have also been collected using a rotating cylindrical drum collector rather than
a stationary target; doing so has allowed for the alignment of the fibers [70, 138].
Better alignment was observed when this idea was extended to use a drum composed
of copper wires that were grounded [130]. In another variation, a thin, steel pin was
used as a counter electrode and was placed behind a rotating, non-conductive cylin-
drical collector; aligned fibers greater than 10 cm in length were obtained [124].
The rotating drum was also combined with the previously mentioned multiple field
method to enable the collection of fibers into thin strips or yarns [139]. Theron et al.
[94] employed a “tapered and grounded wheel-like bobbin” to collect and align the
nanofibers of PEO [129]. Their approach yielded fibers that were several hundred
microns in length with diameters from 100 to 300 nm; braided fibers were also
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obtained. Electrospun poly(lactide-co-glycolide) (PLGA) and poly(ε-caprolactone)
(PCL), PLGA/PCLmembrane fabricated by custom-designed electrospinning set-up
with aligned and randomly oriented SEM images showing an average fiber diameter
of 554 nm (Fig. 2.14) [140].

Fibers (isotropic or anisotropic) are affected by speed and type of collector plate
or disc or drum. The rotation speed of the collector has a significant role play on the
crystal orientation. Higher speed of rotation can improve the crystal orientation of
fibers, due to the polymermolecular chains’ alignment along the direction of fiber axis

Fig. 2.14 Schematic of experimental setup diagram and SEM images of electrospun PLGA and
PCL, PLGA/PCLmembrane; a Experimental setup, b FE-SEM image of randomly oriented electro-
spun nano fiber (ENF), c experimental setup of alignedENF,d SEM image.Adapted and reproduced
fromRef. [140], Copyright 2015Elsevier, e experimental setup, f SEM images of aligned nanofibers
polyurethane fibers. Adapted and reproduced from Ref. [142], Copyright 2017 Royal Society of
Chemistry
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which is obtained due to the force of the rotational speed of collector [143]. It must be
mentioned that using high-speed rotational collector can create a ventilator effect and
evaporation of the solvent [144]. Yee et al. reported a modified rotating disc collector
for producing well-aligned electrospun fibers. In the modified version o the collector
is made by attaching separate, parallel electrodes onto a rotating disk collector as
shown in Fig. 2.15. Using the modified rotating disc collector, well-aligned elec-
trospun polyvinylidenedifluoride (PVdF), PVdF/carbon nanotube nanocomposite,
and Poly(vinylidene fluoride–trifluoroethylene) copolymer nanofibers are directly
deposited onto flat substrates forming relatively large, uniform, and compact fibrous
thin films. The attachments alter the electric-field distribution on the rotating disk,
which fosters the fanning of the nanofibers, while the electric field between the
separate electrodes and the mechanical force exerted by the rotational disk facili-
tate the fiber alignment. The study also showed that the specific environment and
force fields were created on the modified rotating disk because the electrospun fibers
being effectively stretched to form highly oriented β-form crystallites with slightly
reduced inter-chain distance. They also lead to slight increases in crystallinity and
crystal size. The proposed hypothetic mechanism for the structural alteration is that:
it may be related to the formation of extended-chain crystals with a more perfect
planar-zigzag conformation under high tensile stress [145].

Fig. 2.15 Schematics showing the electrospinning process using a a conventional rotating disk
collector, b themodified rotating disk collector. Adapted and reproduced fromRef. [142], Copyright
2017 Elsevier
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2.3.2.5 Dipole Moment and Dielectric Constant

Few studies have been performed to date to investigate the effect of dipole moment
and dielectric constant of the spinning solution on fiber properties. Table 2.2 shows
the conductivity and dielectric constants of different solvents, commonly used for
the preparation of polymer solutions. The spinning of polystyrene was studied in 18
different solvents, and the only solvents found to be used successfully had high values
of dipole moment [83]. Solvents with a high dielectric constant were used to produce
PMMA“cups” [146].Also, the productivity (number of fibers produced per unit time)
of spinning polystyrene fibers was found to correlate with the dipole moment and
dielectric constant [147]. To date, few studies have methodically examined the effect
of dipole moment and dielectric constant on the resulting fiber morphology since
these parameters are difficult to isolate.

Son et al. [77] studied the effect of solution properties on the electrospinning of
PEO to observe that the higher the dielectric constant of the solvent, the lower the
fiber diameter. As the dielectric constant of the polymer fluid increases, the AFD
decreases marginally. Solvent composition also affects fiber morphology. Lee et al.
[66] studied the beadmorphology of electrospunPS fromamixture of THF andDMF.
It was found that bead concentration depends on theDMF content; half hollow sphere
structures appeared in fibers from PS in THF only.

2.3.3 Ambient Parameters

Ambient parameters plays an important role in the morphology and average fiber
diameter of a polymer matrix. The major studies include relative humidity, the
temperature of the surroundings, solution temperature, air-flow rate, etc. Ambient
parameters mainly encompass humidity and ambient temperature. Humidity influ-
ence the morphology in such a way that on increasing humidity, uniform circular
pores can be obtained. Smaller fibers can be obtained by increasing the temperature
thereby decreases the viscosity [49, 74].

Table 2.2 Conductivity and
dielectric constants of
different solvents

Solvent Conductivity Dielectric constant

Acetone 0.0202 20.7

Dimethyl formamide 1.09 3.67

Tetrahydrofuran (THF) 0.037 7.6

Distilled water 0.447

Ethanol 0.0554 2.46

Methanol 0.12

Isopropanol 0.0385 20.1

DMAc
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2.3.3.1 Ambient Temperature

Few studies have been conducted to examine the effects of ambient parameters (i.e.,
temperature and humidity) on the electrospinning process. Mit-Uppatham et al. [74]
spun polyamide-6 fibers at temperatures ranging from 25 to 60 °C. They found that
increasing the temperature yielded fibers with a decreased fiber diameter, and they
attributed this decline in diameter to the decrease in the viscosity of the polymer
solutions at increased temperatures.

2.3.3.2 Relative Humidity

The humidity was varied by Casper et al. [148] while spinning polystyrene solutions.
Their work showed that increasing the humidity resulted in the appearance of small
circular pores on the surface of the fibers; increasing the humidity further lead to the
pores coalescing. Spinning has also been performed under vacuum in order to obtain
higher electric fields; doing so produced fibers and yarns with larger diameters [49].

In summary, we have highlighted studies that examine the effect of manipulating
each parameter in the electrospinning process and the effect of that parameter on the
resulting fiber morphology. Table 2.3 summarized the general effect of processing
parameters on fiber dimensions and Table 2.4 lists each parameter studied and its
effect on the fiber morphology. However, it is difficult to isolate the effect of many
of the parameters since they are interrelated. For example, changing the solution
concentration/viscosity affects other solution properties, such as conductivity and
surface tension. Additionally, though a large number of distinct polymers have been
electrospun, there has been a little systematic investigation of the conditions required
for successful spinning. Typically, a trial-and-error approach has been employed
in which the solution properties and spinning parameters are varied until uniform,
defect-free fibers are obtained. Previously, it has been shown that aminimum concen-
tration is required to electrospin; if there is insufficient chain overlap, uniform fibers

Table 2.3 Effect of
processing parameters on
fiber dimensions

Parameters (increasing) Effect of diameter

Viscosity Increasing

Feed rate Increasing (more beads
formation)

Solution conductivity Decreasing

Surface tension Decreasing

Needle inner diameter Increasing (more beads
formation)

Voltage First decrease after that
continuously increasing

Distance between tip and
collector (working distance)

Decreasing
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will not be obtained. This minimum concentration is typically 5–10 times c*; once
this minimum concentration has been determined, varying other process parameters
can be used to tune the resulting fiber morphology. Overall, these studies highlight
the potential of electrospinning for producing polymeric fiber meshes. By changing
the solution and processing conditions, such as the polymer concentration, the prop-
erties of the resulting mesh can be easily tuned. These meshes have tremendous
potential as tissue-engineered scaffolds, and the applications to date are discussed
below. FESEM images of 12 wt% polymer solution were electrospun with different
relative humidity at 16, 43, 74% is shown below (Fig. 2.16). As the relative humidity
increases, significant decreases in the fiber diameters were observed.

Fig. 2.16 FE-SEM-images of nanofibers made with 12 wt% PA 6.9 at different relative humidity
(%RH), a 16, b 43, c 74, d 43 (magnification 100,000, voltage 18 kV). Adapted and reproduced
from [102], Copyright 2002 Springer Science
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2.3.3.3 Surrounding Gas

The environmental conditions around spinneret such as the surrounding air, the RH,
any vacuum conditions, and the surrounding gas influence the fiber structure and
morphology of the electro-spun membrane. Baumgarten [45] observed that in dry
air (RH < 5%) spinning drops tended to dry out, spinning is possible for only a few
minutes. In humid air (RH > 60%), the fibers do not dry properly and become tangled
in the grounded screen. The breakdown voltage of the atmospheric gases influences
the charge retaining capacity of the fibers. In helium, no spinning is possible as
the gas undergoes electrical breakage at 2500 V. Fibers spun in Freon-12 gas have
diameter 1.4–2.6 times greater than those spun in the air, possibly due to the higher
breakdown voltage of Freon-12 gas than air, which allows fibers to retain electric
charges for a long time. Megelski et al. [19] investigated the pore characteristics of
polystyrene fibers at varied RH and evaluated the importance of the phase separation
mechanisms in explaining the pre-formation of electrospun fibers.

2.4 Applications of Electrospinning

In the modern technological era, electrospun membranes conquer the technological
fields owing to their higher performance. The non-woven membranes produced by
the electrospinning technique attained attraction due to its higher porosity, the higher
surface to volume ratio, smaller diameter, etc. Other than single polymers, blended
as well as composite polymers were also introduced for the fabrication of fibrous
membranes. It provides a variety of applications in textile industries, the medical
field, sensors, tissue engineering, scaffolds, energy storage devices, etc. the major
highlights for the demand of such technology is the ability to produce fibers from
micro to nanometer size. The global interest in this file is increasing day by day.
Though nanofibers can be prepared by hydrothermal synthesis vapor phase tech-
niques, etc. these methods were handicapped by high cost, low yield, complexity in
the preparationprocess, etc.A schematic diagramof the applicationof the electrospun
membrane is given in Fig. 2.17.

2.4.1 Energy Storage Devices

Electrospun membranes play a vital role in energy storage devices mainly includes
batteries, supercapacitors, sensors, piezoelectric devices, flexible electronics, etc.
This versatile technique is attracted in this area due to its high surface-to-volume ratio,
good flexibility, multiple functionalities, high length to diameter ratio, high porosity
which leads to the faster conduction of salts and improves the conductivity of the
material. Depending upon the necessity, the pore size can be adjusted by controlling
the voltage, tip to collector distance, temperature, etc. There are many reports on
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Fig. 2.17 Potential applications of electrospun fibers in different technological fields

lithium-based batteries since it increases the ionic conductivity of batteries, owing
to the wide range of applied research is mainly focusing on this technique and the
impact of electrospun fibers in different energy storage devices in terms of a number
of publications per year is illustrated in Fig. 2.18 [159] and reports published on
the electrospun lithium-ion and sodium-ion batteries in the period of 2010–2019 are
shown in Fig. 2.19.

Electrospun materials were also fabricated in Dye-Sensitized Solar Cell (DSSC)
in which a photoanode, counter electrodes, etc. photosensitizers plays a major role
in which it absorbs photons and they dissociates into free electrons and holes. Effi-
ciency increase with an increase in the absorption of electros and I-D fibers are of a
better choice. For the easy and efficient fabrication of such fibers, electrospinningwas
found to be a better choice. Electrospun membranes also play an inevitable role in
supercapacitors. Nanofibers based micro-supercapacitors are interesting technology
providing higher efficiency with cycling stability and retention capacity. Electrospun
carbon nanofibers and polymer-based materials offer higher specific capacitance
compared to other techniques. Batteries consist of anodes, electrolytes, separators,
and cathodes and electrospinning of such materials potentially improves the effi-
ciency of batteries. The first commercialized cathode material was LiCoO4 attained
attention owing to its properties such as high specific energy density, high cyclic
stability, low self-discharge, etc. but these materials were handicapped by slower
state diffusion which can be rectified by electrospun nanofibrous membrane offering
a fast rate of diffusion. In a similar way, a drastic change in the electrochemical
properties was observed by the introduction of electrospun membranes. Carbon and
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Fig. 2.18 Number of publications on electrospun fibers on different energy storage devices in terms
of different year of publications in the period of 2010–2019

Fig. 2.19 Number of research articles published on electrospun fiber for energy applications in
lithium ion batteries and sodium ion batteries published in the period of 2010–2019 (Scifinder data:
keywords electrospinning + Li-ion batteries)
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its allotropes were found to be the most prevalent and commercially available mate-
rials. Though Silicon is the material, they offer poor cycling stability. In contrast
to these materials, doping si to electrospun fibrous carbon is a suitable candidate
for anode materials. Similarly, many studies were conducted in electrospun Carbon
Nanotubes for the best performance of anode materials. In the new technological era,
polymer electrolytes attained attention, and fabrication of suchmaterialswas possible
with different techniques such as solvent casting, phase inversion, ball milling, etc.
The properties of such material depend on how the materials were made. Recently,
electrospun non-woven fibrous materials were used for battery testing and found
to produce higher conductivity. Thus, prepared nanofibers offer high columbic effi-
ciency, cycling stability, ionic conductivity, higher porosity, uptake, etc. Electrospun
blended polymers as well as composite polymers were also introduced for the better
performance of batteries [160–162]. Chinnappan et al. [163] reported the effect of
electrospunmembranes in flexible/wearable electronics. Thesematerials have awide
range of applications in touch screens, electronic devices, military garment devices,
portable electronics, etc. [164].

2.4.2 Medicinal Field

Electrospinning technique is widely applicable to biopolymers as well as synthetic
polymers. Focusing on electrospun biodegradable polymers, the use of such mate-
rials in the medical field is inevitable. Major innovations that took place in the
medical field are (i) tissue engineering for scaffolds (ii) enzyme immobilization and
(iii) drug delivery. Biocompatible polymers of both biodegradable as well as non-
biodegradable polymers were undergone electrospinning and have been used. In
the drug delivery system, bioactivity of the drug molecules was easily maintained
and electrospun membranes aid easy encapsulation of therapeutic agents present
in the fibers. Other than using a single polymer in electrospinning, Blending more
than one polymer and undergone electrospinning was also found a better alterna-
tive for higher encapsulation of therapeutic agents which also enhances the number
of binding sites in drug delivery systems. At the same time rate of drug, release
can also controlled by controlling the electrospinning parameters. Another major
field is tissue engineering for the manufacturing of Scaffolds [165]. Highly porous
electrospun matrix behaves similarly as an extracellular matrix such as collagen.
Scaffolds consist of such collagen improving nanofiber efficiency and distinct fiber
alignment. This types of electrospun membranes care also applicable for the wound
healing process. Electrospun polymers can also act as catalysts such as TiO2, ZnO,
etc. biodegradable polymers such as fibroin, chitosan, collagen, polyvinyl alcohol,
etc. were used [152, 166, 167].
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2.4.3 Textile Industry

In earlier times, electrospun nanofibers in textile industries were used for spin-
ning yarns.. different types of non-woven membranes were fabricated for the use
of everyday clothing, sports-type clothes, etc. the major aim of preparing such elec-
trospun textiles include the production of heat resistant fabrics for the use of fire-
fighters suits, fabricating anti-bacterial clothing suited formedical purpose, preparing
water-resistant clothing’s and suits, etc. [165, 168]. 3-D printing method was also
fabricated in wearable clothing. Mold has been used in this clothing and electrospun
3-D printing was fabricated in this mold. The major challenges of this method are its
durability, design, and fabrication processing time. Other than conventional colors,
different other dyes were also used for obtaining colorful fibers in the clothing.

2.4.4 Environmental and Filtration

Environmental field mainly discusses two major factors i.e., water and air. Water
purification and air purification are the two chief elements that research should
concern about. In this contest, filters play a major platform for healthier and biomed-
ical aspects of life. The major application of electrospun membranes infiltration
was the air filtration process owing to the advantage of forming pores of nanometer
scale. Air filtration thus improves its efficiency attributing its smaller fiber size with
a higher pressure drop. This can be also used in water treatment bringing towards
nanofiltration from macro filtration. The conventional method of using filters was
high-efficiency particulate air filters (HEPAF). The quality factor of the electrospun
membrane was very much higher than the conventional HEPAF [169, 170]. Liquid
filtration helps to filter out proteins, viruses, emulsions, etc. these materials should
have very little surface pore size (0.1 μm). Though electrospun technologies have
been widely used in the environmental field these materials faced many challenges
including the production of nanofibers at a larger scale, selection of polymeric matrix
etc. [171, 172]. The electrospun non-woven membranes will be further explored in
different fields. In the future, researchers will mainly focus on the large wide variety
of applications that could enhance the efficiency of the materials.

2.5 Conclusion

Electrospinning attained its attention owing to its formation of fibrous membranes
producing fibrous membranes, large surface area, etc. The tremendous progress in
electrospinning of producing nanofibers revolutionalizes in the era of advancedmate-
rials. High voltage source is applied and ultrafine fibers will ejects which is collected
from the grounded metallic targets. The nature of such electrospun fibers depends
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upon the type of polymer that has been chosen. Major factors that influence the elec-
trospinning are the nature of polymer solution, properties of polymer solution such
as surface tension, viscosity, conductivity, process parameters such as flow rate, the
distance between tip to a collector, applied voltage, ambient parameters including
temperature, humidity, etc. Due to this reason electrospinning technique expands in
a wide variety of fields such as medical, energy storage, textile, environmental, etc.
Among all these parameters type of polymer chosen is a superior parameter which is
determined by the solvent that we have used for mixing, its mixing ratio, etc. Thus,
by tailoring the parameters of the electrospun fibers a continuous controlled and
reproducible fibers can be generated. The scientific and engineering world considers
electrospinning as the most powerful tool for the high-performance applications with
a broad range of functionalities.
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Chapter 3
Electrospun Polyvinylidene Difluoride
Membranes for High-Performance
Application in Lithium Ion Batteries

Akhila Das, Neethu T. M. Balakrishnan, Jarin D. Joyner, Nikhil Medhavi,
Jou-Hyeon Ahn, M. J. Jabeen Fatima, and Raghavan Prasanth

3.1 Introduction

Lithium ion batteries (LIBs) attained a greater demand in the present technological
era. Lead-acid batteries, nickel-cadmium batteries (Ni-Cd), nickel-metal hydride
batteries (Ni-MH), etc., are some of the batteries that have been used for commercial
application. But these batteries could not attain the demanding efficiency of the
prevailing lithium ionbatteries owing to its high energydensity, cycling stability, shelf
life, etc. Hence, LIBs are in the lime light from 1991 when the Sony commercialized
it. This fast-developing lithium ion technology, almost replaced all other battery
technologies and received the Nobel prize this year (2019), which is shared by John
B. Goodenough, M. Stanley Whittingham, Akira Yoshino and Draper prize in 2014
shared by John Goodenough, Rachid Yazami, Akira Yoshino each made substantial
contributions to its development. An era of electric vehicles is pronounced since
LIBs are prominent and had wide application in consumer electronics. As a result
of these, many countries are readying its roadmap for the transition from gasoline
to zero emission electric mobility by exploring the opportunities in its varieties in
LIBs. Batteries are the heart of electric vehicles, and hence the safety of LIBs is
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a matter of discussion. LIBs are still expensive and the main concern of battery
is its thermal runway. At high functioning temperature, these batteries would have
negative impact on the cycle life and its electrochemical performance. The gases are
produced due to the electrochemical oxidation of the electrolytes paving the way for
the bulging of batteries at high temperatures. Thus, electrolytes have a major role in
the electrochemical performance and safety of batteries.

Performance of conventional liquid and solid electrolytes in LIBs was hindered
by its safety issues and lower ionic conductivity, respectively. Fabrication of an
efficient polymer electrolyte is inevitable since polymer electrolytes can solve the
boundless requirement for the energy density of LIBs. In addition to this, polymer
electrolytes provide good dimensional stability, chemical inertness, flexibility and
safety. These types of electrolytes are thermally stable at high temperatures and
prevent dendrite formation, hence polymer electrolytes are most suitable electrolytes
for the fabrication of thermally and dimensionally stable LIBs. However, for the
further improvement in ionic conductivity and cycle life, polymer electrolytes are
suitablematrix for the development of advancedLIBs,which could power the electric
vehicles.

Apart from the different synthesis of polymer electrolyte membrane, such as solu-
tion casting [1–3], phase inversion [4–8], ball milling [9–11], electrospinning is the
advanced technique that improves the battery performance. Earlier this technique
was reported for in medical fields [12], textile industries [13], environmental [14],
filtration [15] applications, etc. The name ‘electrospinning’ was derived from elec-
trostatic spraying and the first patent was published in the field of textile industry.
Later on, the use for electrospun membranes and fibres are successfully demon-
strated in various advanced applications and it touches in most of the emerging fields
such as electronic, medical and environmental applications. The major advantage of
this technique is easy to prepare fibrous membranes having high porosity, surface
area, aspect ratio, etc. Electrospun nanofibres are not only used as electrodes but
also applicable for the preparation of efficient polymer electrolytes. There are many
reports on the electrospun host polymer such as poly ethylene oxide (PEO) [16, 17],
polyacrylonitrile (PAN) [18–20], polyaniline (PANI) [14, 21, 22], polyvinylidene
difluoride (PVdF), copolymer of PVdF [23–26] etc. PEO is one of the promising
candidates for all solid-state batteries but shows poor conductivity due to the crys-
talline nature of PEO.SimultaneouslyPANshowsgood electrochemical performance
due the presence of –CN group in its molecular structure, which helps to dissociate
more lithium salts, and this polymer matrix was handicapped not only by the brit-
tleness of membrane but also by its cost [27]. Hence, materials PVdF came into
lime light due to its high dielectric constant (8.4), thermal stability (<300 °C), elec-
trochemical stability (~5 V), wide voltage range (1.2–5 V), etc. There are many
applications in fibrous PVdF in medicine [28], piezoelectric field [29] and acting as
air filters [30] etc., other than its application in batteries. There are many reports on
PVdF-based polymer electrolytes for the better battery performance [31]. But these
materials could not achieve the effective electrochemical stability having the break
down voltage. At the same time, electrospun PVdF-based materials provide high
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porosity, interconnected pore structures, high surface area, etc. Detailed investiga-
tion of the electrospun fibrous anodes, separators cum electrolytes and cathodes by
choosing the advantages of 1-D materials was also reported [9–11].

3.1.1 Polyvinyledene Difluoride Polymer Gel Electrolytes

Polyvinyledene difluoride (PVdF) is a non-reactive thermoplastic fluoropolymer
which is formedby replacing twohydrogen atomwithfluorine atoms [–CH2CF2–]n. It
possesses good mechanical strength and is chemical-resistant polymer. It possesses
high dielectric constant (8.4) offering higher dissociation of Li ions owing to the
increase in the charge carriers. PVdF possesses a melting temperature between 160
and 170 °C and the presence of electron withdrawing (–CF–) group enhances the
anodic stability of batteries. PVdF attained its attention in ferroelectric, piezoelec-
tric and pyroelectricity owing to its properties such as possessibility, lightweight
and flexibility. PVdF can easily form a homogeneous solution when it is dissolved in
dimethyl carbonate (DMC), ethylene carbonate EC, diethyl carbonate (DEC), lithium
salts, etc., in an appropriate proportions. Thermal stability is also an important factor
for the development of batteries, and PVdF possesses high thermal stability (greater
than 300 °C). It provides wettability in all organic solvents.

3.1.1.1 Polymorphs of Polyvinyledene Difluoride

Polyvinyledene difluoride exists in 5 crystalline polymorphs such as α, β, γ, δ and
ε (Fig. 3.1). For the extensive application, α, β and γ have been used in which α-
phase of PVdF will easily obtain. There are possibilities to convert from one phase
to another phase. β-phase exists as zig-zag structure attributing higher dielectric
constant. Among these polymorphs, β-phase provides maximum electrolytic uptake
(<400%), good electrical and thermal properties. There are different techniques avail-
able for the conversion of one phase from other phases; solvent casting [32], phase
transition methods [33], spin coating [34], electrospinning [35], etc., are some of
the popular techniques. By the electrospinning technique, β-phases can be easily
synthesized. This technique is relatively straight forward, simple and easier. By
controlling the parameters of electrospinning such as voltage, temperature, tip-to-
collector distance and feeding rate. β-phase of PVdF can be easily synthesized. For
temperature below 70 °C, β-phase is prominent, whereas for temperature above 110
°C, α-phase is prominent and γ-phase is only observed during melting (Tm of PVdF
is 160–170 °C).

Capillary tube, conducting substrate and high voltage supply are themajor compo-
nents in electrospinning. Electrospun PVdF was used as separators as well as elec-
trolytes in LIBs. Definite amount of PVdF dissolved in organic solvent at room
temperature and this solution is loaded in the syringe. On applying high voltage, the
electric field is developed between the sample collector and the drum. At critical
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Fig. 3.1 Schematic representation of different phases of PVdF of α-, β- and γ-phases, respectively

voltage, the surface tension of the solution was suppressed by the electrostatic force
leading to the initiation of the jet from the tailor cone tip to the negative current
collector. The volatile solvents evaporate during its fly and thus form solid fibres.
β-phase fibre was formed after electrospinning which depends on certain parameters
such as distance between tip-to-sample collector, feed rate and spinning temperature.
This fibrous membrane can be brought down to nanometer scale from micrometre
scale. The spinnability depends on the type of solvent that has been chosen and the
solubility of the polymer. The major advantage of electrospun membrane compared
to the polymermembrane prepared by other techniques is its significant enhancement
in porosity and improvement in mechanical strength, surface area, etc. [36].

It is reported that nanofibrous non-woven membranes obtained by electrospin-
ning technique show greater than 400% uptake and ionic conductivity in the range
of 10−3 S cm−1 at ambient temperature [37]. Optimization of average parameters by
controlling the voltage range is also another highlight of this electrospinning tech-
nique. At higher voltage, jet velocity arises due to the increase in the charge density
at the surface of the jet resulting a higher elongation force on the jet. Subsequently
a decrease in fibre diameter as well as formation of jumbled diameters with increase
in fibre boarders is observed with increase in voltage. Thus, electrospinning is a
versatile technique for the preparation of polymer electrolytes. This chapter mainly
focusses on the PVdF-based polymer electrolytes and its electrochemical properties.
Enhancement in electrochemical properties is observed in PVdF blend electrolytes
and composite PVdF-based electrolytes which is discussed in this chapter.
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3.2 Polyvinyledene Difluoride-Electrospun Membranes
for Lithium Ion Batteries

Electrospun membranes show better porosity and electrochemical properties. Ferro-
electric β-phase of PVdF can be easily attained by electrospinning technique. The
amount of β-phase that formed depends on the type of solvent and the processing
parameters. Andrew and Clarke [38] dissolved PVdF in DMF solvent while Choi
et al. [39] dissolved the PVdF polymer in acetone: DMAc solvent (17%) for lithium
ion batteries. As the voltage increases, an increase in the electric pole arises in
between the collector and syringe tip. At higher voltage range (15–20 kV), the frac-
tion of β-phase tends to increase with an increase in fibre diameter for DMF solvent
whereas 15 kV voltage applied for obtaining thinnest fibre diameter. Optimized
solvent ratio of DMAc: Acetone (5/5 wt%) results higher solvent uptake, increase
in pore size. DMAc will partially dissolve in the solution and remain in the surface
of the polymer which enhancing the crosslinking points. Higher viscous DMAc
(less volatile) suppresses the acetone from the easy evaporation. Electrospun PVdF
membrane is soaked in LiPF6 with 1 M solution of EC/DMC. Ethylene carbonate
easily solvates to lithium salts paving the way for good conduction behaviour. Space
between ultrathin fibres resulting in the formation of pore structure was the reason
for the large uptake of liquid electrolytes. This polymer matrix provides higher ionic
conductivity of 1 mS cm−1 with wider voltage range of 4.5 V (Fig. 3.2).

The same group reported [40] the electrochemical performance of electrospun
PVdF membrane in lithium ion batteries. The electrospun fibrous PVdF has under-
gone hot press method. A decrease in electrolyte uptake (85%) and porosity was
observed for the polymeric matrix after hot pressing technique compared to that
of non-pressed membrane (uptake ~395%). Due to the deficiency of liquid elec-
trolytes, a continuous fading of capacity was observed in hot-pressed membrane.
Capacity fading was also noted after 2 C rate which is almost 72%. This matrix

Fig. 3.2 a FE-SEM images on the surface morphology of electrospun PVdF membranes using
a acetone, b acetone/DMAc (50/50). Adapted and reproduced from Ref. [39], Copyright 2007
American Chemical Society
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exhibits different ionic conductivity towards the electrospun PVdF membrane with
andwithout hot-pressed. The electrospun PVdF polymermembrane synthesisedwith
hot press method has lower ionic conductivity (0.85 mS cm−1) compared to that of
PVdF membrane synthesised without hot press method (1.0 mS cm−1). This result
was confirmed byKim et al. [41] by fabricating electrospun PVdF in the same solvent
(DMAc:Acetone) that delivers an ionic conductivity of 1.0 mS cm−1 in 1 M LiPF6
in EC/PC/DMC. This paper mainly focusses on the physical properties of PVdF
membrane followed by its thermal stability. 12 wt% of PVdF solution dissolved
in suitable solvent undergone electrospinning. The electrochemical characteristics
depend on the amount of liquid electrolytes that are encapsulated in the polymer
matrix. The highest porosity of (<90%) was obtained with those polymer matrix with
average fibre diameter (AFD) of 0.45–1.38μmproviding higher electrolyte uptake of
300–350%. Fibrous polymer solution contains three parts (i) swollen phase, (ii) solid
fibrous phase and (iii) liquid phase. Liquid phase enhanced the ionic conductivity
of the matrix. Solution leakage was prevented by the amorphous swollen phase by
holding the electrolytes tightly. Higher electrolyte uptake was obtained with lower
average fibre diameter. Electrospun fibrous PVdF is tuned not only by the disso-
lution of solvent in the polymer but also by the addition of lithium salt. Lithium
nitrate (LiNO3) salt was added to polymer host for enhanced properties such as
uniformity of fibres and porosity which is reported by Janakiraman et al. [42]. Ionic
conductivity was raised to 1.61mS cm−1 which is greater than the above reported. At
first, PVdF was electrospun and different ratio in lithium nitrate (LiNO3) was added
and optimized. Roughness and average fibre diameter decrease with an increase
in the doping salt from 1 to 2%. Charge delocalization, high interfacial resistance
and high electronegativity are the major highlights of chosen lithium salt attributing
its improved mobility and ionic conductivity (1.61 mS cm−1). On electrospinning
PVdF and β-phase were confirmed due to the drawing of PVdF polymer into longer
stretched fibres. As the percentage of doping salt increases, enhancement in the ionic
conductivity was observed owing to the transportation of doping salt increases from
LiNO3. A higher discharge capacity of 119 mAh g−1 and voltage stability of 4.2 V,
which is higher than pristine PVdF, was observed. The electrochemical performance
of prepared PVdF membrane was compared with commercial Celgard 2500® sepa-
rator and revealed that PVdFmembrane exhibits higher discharge capacity compared
to that of commercial separator (Celgard 2500®). Encapsulation of this electrolyte
solution in fibrous PVdF membrane occurs very well, and the enhancement in the
surface area due to the thin fibre diameters also ensures the higher ionic conductivity
of a polymeric material.

3.3 Polyvinyledene Difluoride Blend Electrolytes

Electrospun PVdF has attained greater attention in lithium ion batteries. Instead of
using single polymer in a polymer matrix for the battery applications, two or more
polymers are mixed together in which no such physical contact between them exists.
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Blending of such materials enhances its physical properties as well as electrochem-
ical properties in lithium ion batteries [43, 44]. There are many reports on the devel-
opment of PVdF blend electrolytes such as PVdF/PMMA blend electrolytes [45,
46], PVdF/PEO blend electrolytes [47] and PVdF/HDPE [3] (high density polyethy-
lene) electrolytes which improved electrochemical properties compared to that of
single PVdF polymer membrane. Electrospun PVdF blend polymer electrolytes
exhibit higher ionic conductivity as well as cycling stability than electrospun PVdF
membrane alone.

3.3.1 Polymer Blend Based on Thermoplastic Polyurethane
(TPU)

Thermoplastic polyurethane is an important choice of battery application since it
provides an inherent morphology. TPU is a class of polyurethane plastics which are
block copolymers consisting of soft and hard segments. Hard segments are respon-
sible for its higher mechanical strength, spatial stability and the soft segment assist
the dissociation of anions and cations by dissolving lithium salts which paves the
enhanced ionic conductivity of the matrix [48]. The dimensional stability attributed
by the hard segment is beneficial for gel polymer electrolytes for safer lithium
ion batteries. TPU is thermally stable up to 305 °C and compatible with lithium
salts. When TPU is mixed with PVdF polymer, the hydrogen atoms present in the
amino group of TPU makes hydrogen bond with fluorine atoms of PVdF which
makes the system stronger. But the organic electrolytes used in GPE in TPU are not
safe. Wu et al. [49] first reported TPU blending with PVdF polymer in a solvent
of DMAc:acetone by electrospinning technique. Fibrous membrane was obtained
by electrospinning the polymer solution at 25 kV with tip to collector distance of
15 cm. The membrane shows an ionic conductivity of 1.6 mS cm−1 which is very
much greater than blending PVdFwith polyurethane (PU) reported by Santhosh et al.
[50] (ionic conductivity ~0.32 mS cm−1) An improvement in ionic conductivity
was reported by Peng et al. [51] by synthesizing electrospun PVdF/thermoplastic
polyurethane (TPU) gel polymer electrolyte with and without (PVdF-g-MA) PVdF–
g-maleic anhydride. Report clearly reveals the difference between the electro-
chemical performance of simple PVdF/TPU and PVdF/TPU/PVdF-g-MA. Polymer
membrane PVdF/TPU and PVdF/TPU/PVdF-g-MA of 9 wt% undergone electro-
spinning at an ambient temperature using acetone: dimethyl formamide (DMF)
solvents. PVdF/TPU/PVdF-g-MA shows higher tensile strength and enhanced ionic
conductivity (4.3 mS cm−1) with wide voltage gap 5 V. The discharge capacity
of PVdF/TPU/g-Ma is 166.9 mAh g−1 and AC impedance spectra of PVDF/TPU
and PVDF/TPU/PVdF-g-MA having ionic conductivity of 1.6 and 4.7 mS cm−1

(Fig. 3.3).Enhancement in the electrochemical behaviour is due to the high porous
morphology exhibited by PVdF-g-MA.
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Fig. 3.3 a Impedance spectra and b first charge–discharge capacity of PVdF/TPU electrospun-
based gel polymer electrolyte with an without PVdF-g-MA. Adapted and reproduced from Ref.
[51], Copyright 2017 Elsevier

Reports reveals that an enhancement in ionic conductivity obtained by applying
PVdF/TPU blend systems. Further improvement in electrochemical properties as
well as mechanical properties were observed by Xu et al. [52, 53] in which PPC and
PAN were blended along with TPU/PVdF blend systems. Polypropylene carbon-
ates are biodegradable polymers which are environmental friendly. PPC can act as
good substrate for GPE owing to its good interface effect with electrodes in batteries
and its structure similar to the carbonate plasticizer. Higher electrolyte uptake is
exhibited by this polymer due to the presence of polar ester group which absorb
the liquid electrolytes strongly [54]. A considerable decrease in the glass transition
temperature was observed when PPC was blended with PVdF/TPU polymer matrix.
PVdF/TPU/poly propylene carbonate (PPC) has blended fibrous polymer that was
obtained by applying a voltage of 24 kV producing average fibre diameter of 300 nm.
12wt%of solution shows higher ionic conductivity of 5.39mS cm−1 with lower crys-
tallinity. Blended polymer shows wide electrochemical stability window (2–4.2 V)
with a tensile strength of 9.9 MPa. Polyacrylonitrile (PAN) attained its attraction due
to its high melting point (300 °C), high modulus of elasticity, soluble in most of the
polar solvents, etc. [54]. There is a decline in the mechanical properties when plasti-
cizers are added to this polymer hence free standing of suchmaterial is so difficult. At
the same time blending PAN with PVdF/TPU shows excellent mechanical and elec-
trochemical stability (5.5V).ElectrospunPVdF-basedblendwithTPUaswell aswith
polyacrylonitrile (PAN) since PAN reduces the dendrite growth which found to be a
good candidate for blending. PAN exhibits higher ionic conductivity of 6.9 mS cm−1

and high electrochemical stability of 5.5 V owing to the VdF group in PVdF, CN
groups in PAN and ester groups in TPU which is greater than TPU/PVdF/PPC
system. PVdF/TPU/PAN (2/2/1) ratio was optimized and 9 wt% solution of polymer
blend was undergone electrospinning at a high voltage of 24 kV (1.0 mold m−3)
in LiPF6 soaked in EC/DMC solvent in electrospun PVdF/TPU/PAN forms gel
polymer electrolytes (GPE). The first discharge capacity of PVdF/TPU/PAN was
about 167.52 mAh g−1 comparable to PVdF/TPU/PPC system (165.8 mAh g−1).
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The same group reported the effect of 0TPU blended with its copolymer of PVdF
[55]. Electrospun TPU/PVdF-HFP delivered an ionic conductivity of 6.62 mS cm−1

which is higher than earlier reported PVdF/TPU (~0.32 mS cm−1). The polymer
matrixwas undergone electrospinningwith voltage of 24.5 kV and the polymer along
with its doping salt LiFePO4 shows higher initial discharge capacity (161 mAh g−1)
capacity.

3.3.2 Other Blends

Polyvinyl chloride (PVC) provides attractive properties including cost effective,
good compatibility, easy of processing, durable material, etc. PVC lacks good ionic
conductivity due to the immiscibility with liquid electrolytes. Thus, blending PVC
with other polymer can reduce its limitations and act as good polymer matrix for
the preparation of GPE. The effect of PVdF/PVC blend was reported by Rajendran
et al. [56] with different salts of LiClO4 and LiBF4 providing good ionic conductivity
than host polymers. Optimized concentration of PVdF/PVC (80/20) was prepared
by solution casting technique. Even then these blend materials could not achieve a
conductivity greater that 10−4 S cm−1. This challenge was overcome by introducing
electrospun PVdF/PVC (8:2 ratio) blend polymer electrolyte for advance lithium ion
battery applications which was reported by Zhong et al. [57]. The polymer matrix
was dissolved in DMF/acetone stirred for 6 h in 60 °C. From the morphological
studies, the polymer matrix provides higher uptake and porosity than pure PVdF
due to higher surface area, and polar nature of DMF and low volatile nature of
THF solvent. Polymer solution has undergone electrospinning with high voltage of
20 kV and syringe tip distance of 20 cm at a flow rate of 3 ml h−1. Electrospun
PVdF/PVC provides a voltage stability greater than 5 V inferring the addition of
PVC that enhances the amorphous nature of the material. Blending PVdF with PVC
increases the interconnected pore structure as well as decrease in the crystallinity due
to the increase in the PVC content to PVdF membrane. Compared with pure PVdF
fibres (932 nm), average fibre diameter was less in PVdF/PVC (624 nm) fibres. A
significant increase in conductivity was also reported with an increase in tempera-
ture owing to the increase in the carrier ions and expansion of the polymer matrix
that pave an easy path to the carrier ions. This polymeric matrix with doping salt
LiFePO4 shows low ionic conductivity of 2.25 mS cm−1 at 25 °C compared with
PVdF/PEO polymer matrix. Blending of PVdF along with PEO explores both prop-
erties to form hybrid gel polymer electrolytes (HGPE) resulting in high-performance
battery applications. Though there are reports on PEO/PVdF blend electrolytes in
batteries [58], electrospun PVdF/PEO blend electrolytes were first reported by Li
et al. [59] which deliver an ionic conductivity of 4.8 mS cm−1 much higher than
PVdF/PEO systems. Both PVdF/PEO and PVdF/PVC exhibit similar electrolytic
uptake (~250%). Blended polymer solution was electrospinned at a voltage of 15–
17 kV with drum rotation of 150 rpm having collector to drum rotation of 15 cm. An
enhancement in electrochemical stability of HGPE was observed (4.8 V) (Fig. 3.4a)
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Fig. 3.4 a Electrochemical stability window of HGPE, b charge/discharge cycling performance of
the hybrid gel polymer electrolyte with F/O ratio 5 (Li/HGPE/LiCOO2 cell, at room temperature).
Adapted and reproduced from Ref. [59], Copyright 2015 Elsevier

compared to pure PVdF polymer membrane (4.5 V) with PVdF:PEO weight ratio
of 5:1. PVdF blend-based polymer electrolytic membrane can also act as separators.
This membrane delivers high initial discharge capacity of 171 mAh g−1 (Fig. 3.4b).

PMMA is a transparent polymer having good mechanical properties. These are
hard and lowwater absorption. The amorphous nature exhibited by PMMA improved
the ionic conductivity of the polymer electrolyte and is less reactive towards lithium
salt [60, 61]. PMMA is well-suited with aqueous electrolytes as well as it enhances
the amorphous naturewhich removing themajor drawback of using PVdF as polymer
matrix. Liang et al. [62] reported the effect of electrospun PVdF/PMMA blend elec-
trolytes in the performance of lithium ion batteries. Optimized PVdF/PMMA (90/10)
has undergone electrospinning in a solvent of DMAc:acetone with a voltage range of
18 kV. Blended PVdF/PMMA of 90:10 offers an ionic conductivity of 2.54 mS cm−1

with electrochemical stability window (5 V) whereas 80:10 ratio delivers ionic
conductivity of 1.95 mS cm−1. From this report, it was noted that PVdF/PMMA
blend offers higher ionic conductivity and can also act as best separators. Therefore,
blending PVdF/PMMA along with another polymer also contributes to the function
of improved electrochemical achievement of batteries. Yvonne et al. [63] reported
PVdF/PMMA/cellulose acetate (CA) blend-based membrane prepared by electro-
spinning technique. 90:0:10 ratio (PVdF: PMMA: CA) with DMAc:acetone (7:3)
was found to be best material with 99.1% porosity, highest melting temperature
(161.8 °C), highest porosity (324%), low crystallinity, etc., compared to the pris-
tine PVdF. A voltage of 60 kV was applied with 20 cm of tip-to-syringe distance
having aluminium foil as a current collector. Biodegradable polymer cellulose has
high absorption capability attributing higher porosity and thereby its uptake.

Other than simply blending, sandwiching polyester in between PVdFwas reported
by Wei et al. [64] for the application of lithium air batteries. A bifunctional
La0.5Ce0.5Fe0.5Mn0.5O3 (LCFMO) cathode material was prepared by wet chem-
ical co-precipitation technique whereas PVdF/PET/PVdF was fabricated by elec-
trospinning method with voltage range between 15 and 25 kV. These polymer blend
membranes exhibit an ionic conductivity of 7.9 × 10−11 S cm−1 higher than glass
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fibre (7.1× 10−12 S cm−1). Similar studies was reported by Zhai et al. [65] in which
poly(m-phenylene isophthalamide) (PMIA) was sandwiched in between PVdF. This
polymer matrix mainly functions as separators owing to the easy shutdown mecha-
nism and mechanical stability of PMIA polymer. Sandwiched structure undergone
electrospinning by applying 30 kVwith tip distance of 25 cm and lithium fluorophos-
phates (LiPF6) in DMAc were utilized as doping salt for the electrochemical studies.
This matrix compares electrochemical characterization including ionic conductivity
with PVdF/PMIA/PVdF, pure PVdF and found to be of 0.81 and 0.61 mS cm−1,
respectively. This polymer membrane reached higher voltage stability greater than
5 V with discharge capacity of 131.5 Ah g−1 after 100 cycles. But these matrix could
not attain the ionic conductivity of actual PMIA.

Prasanth et al. [66] reported the effect of polyethylene oxide on PVdF which was
prepared by electrospinning technique. Uptake and porosity leakage were observed
with different doping salt such as LiClO4, LiPF6, LiCF3SO3, LiBF4, LiTFSI and
highest electrochemical properties including ionic conductivity (4.9mS cm−1) which
greater than PVdF/PEO blend reported earlier by Li et al. [59] (4.8 mS cm−1)
(Fig. 3.5) since this doping salt has highest dissociation constant.

LITFSI exhibits discharge capacity of 162mAh g−1 whereas LiClO4 only shows a
capacity of 152mAhg−1 (Fig. 3.6). Compatibility of PVdF alongwith PEO attributes
better blending properties resulting for the dissociation of lithium salts in an effective
way. 16 wt% of polymer in a solvent dimethyl acetamide (DMAc) was undergone
electrospinning with a voltage range of 18–20 kV with collector-to-tip distance of
20 cm. LiFePO4 is the cathode materials used since it is thermally stable, cheap,
non-toxic, etc., with higher theoretical capacity. LITFSI and LIClO4 were chosen
owing to the compatibility and ionic conductivity of the material. Initial discharge
capacity of LITFSI shows 168 mAh g−1 whereas for LiClO4 it is 168 mAh g−1.

Fig. 3.5 a AC impedance spectra of PE based on electrospun PVdF/PEO blend membranes with
electrolytes (SS/PGE/SS cells, frequency range 10 mHz to 1 MHz, amplitude 20 mV). b Effect
of temperature on ionic conductivity of PE is based on electrospun PVdF/PEO polymer blend
membranes activated with different electrolytes. Adapted and reproduced fromRef. [66], Copyright
2014 Elsevier
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Fig. 3.6 Cycling properties of Li/PGE/LiFePO4 cells with polymer electrolyte based on elec-
trospun membrane (25 C, 0.1 C rate): a PVdF/PEO polymer blend and b PVdF. Adapted and
reproduced from Ref. [66], Copyright 2014 Elsevier

Table 3.1 Electrochemical characterization of polymer blend

Polymer blend Ionic
conductivity
(mS cm−1)

Discharge
capacity
(mAh g−1)

Cycle
no.

Retention
capacity

Voltage
stability
(V)

References

PVdF–PVC 2.25 130.8 50 90.1 5.1 [57]

PVdF/TPU/PAN 6.91 168.56 50 96.2 4.7 [53]

PVdF/TPU/PPC 5.32 165.1 50 94.7 5.4 [52]

PVdF/PMIA/PVdF 0.81 135.29 100 93.1 5.15 [65]

PVdF/TPU/PVdF-g-MA 4.7 166.9 50 98 5 [51]

PVdF/PMMA 2.54 – – – 5 [62]

PVdF/PEO 4.8 171.8 60 86 4.8 [59]

PVdF-co-HFP/TPU 6.62 163 50 – 3.5 [55]

PVdF/PEO 4.9 168 50 96 4 [66]

PVdF/PET/PVdF 6.02 100 – – 4.5 [64]

The electrochemical properties of different electrospun blend polymer electrolyte
are tabulated in Table 3.1.

3.4 Electrospun Composite Polyvinyledene Difluoride
Polymer Electrolyte

Composite polymer electrolytes are electrolytes prepared by dispersing nanofillers
such as silica, clay, alumina and titania into the polymers. These materials enhance
the ionic conductivity, mechanical stability, thermal stability, etc. There are reports
on composite polymer electrolytes for various energy storage applications such as
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in supercapacitors [67] and lithium ion batteries [68]. Advance study of composite
polymer electrolytesmainly focussed the electrospun composite polymer electrolytes
that enhance the surface area as well as porosity paving the way to higher ionic
conduction. By introducing composite polymer electrolytes, both the electrochem-
ical and morphological properties will improve followed by the increment in the
electrode electrolytes stability. Thus, alumina and silica are very important fillers for
the preparationof gel polymer electrolytes.Aluminosilicate clayhalloysite nanotubes
(HNT) are those materials which show both the properties of alumina and silica. The
inner cylinder core of HNT is similar to alumina whereas outer surface shows proper-
ties similar to that of silica providing large variety of applications [69, 70]. The above
properties confirm the importance of using HNT in lithium ion composite polymer
electrolytes. HNT are advanced fillers which have been employed in PVdF polymer
for the fabrication of nanocomposite polymer membrane that diminishes the prob-
lems of PVdF such as thermal stability, electrochemical stability and crystallinity
[71]. HNT fibres enhance the mechanical strength, environmentally benign and cost
effectiveness. This electrospun gel polymer composite membranes in lithium ion
battery can also act as separator.

10 wt% of the PVdF/HNT fibre has undergone electrospinning with a voltage of
20 kV. From themorphological study of HNT, it was observed that a tubular structure
in which its inner and outer surfaces are chemical similar to that of TiO2 as well as
Al2O3. From the TEM image, it is visible that HNT are aligned along the PVdF
polymer because of the induced alignment (Fig. 3.7).

HNT favours electrospinning technique due to the charge potential present in the
surface of HNT fibres offering easy electrostatic conduction. Lithium cobalt oxide
with electrospun composite nanofibre electrolyte delivers specific capacitance of
131 mAh g−1, with its high electrolyte uptake of 493%. Formation of interconnected
pore structures as well as surface area improved the electrochemical stability (5.3 V)
and ionic conductivity (1.77 S cm−1). This enhanced cation mobility as well as

Fig. 3.7 a, b TEM micrographs of nanocomposite nanofibre (NCNF). Adapted and reproduced
from Ref. [71], Copyright 2016 John Wiley and Sons
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Fig. 3.8 Interactions between nanocomposite nanofibre (NCNF) and LiPF6. Adapted and
reproduced from Ref. [71], Copyright 2018 John Wiley and Sons

ionic conductivity inhibits the nucleation of the dendrite formation and material can
show better performance than the other separators such as Celgard 2400®, PVdF
separators. But it could not achieve the ionic conductivity of composite polymer
electrolytes containing SiO2 and TiO2 as fillers [72]. PVdF/HNT fibres enhance
the effective production of polymer matrix extended to large scale due to the cost
effectives, environmentally benign, mechanical and thermal stabilities. From the
schematic diagram, the mechanism of the interaction between the electrolytes and
HNT is clear (Fig. 3.8). The interactions are mainly by (i) Formation of hydrogen
bonds betweenOHgroups inHNTandfluorine atoms inLiPF6, (ii) hydrogen bonding
between PVdF and fluorine atom (iii) Dipole moment existing between Li+ ions in
LiPF6 and oxygen atom in the HNT group owing to the increment in the number of
free Li+ ions and enhance the ionic conductivity.

3.4.1 Effect of SiO2 and TiO2 Fillers in Electrospun
Polyvinylidene Difluoride

Cao et al. [51, 52, 55] reported electrospun PVdF/TPU-based polymer matrix
membrane for the application of lithium ion batteries which was described earlier.
Similar reports based on the effect of ceramic fillers on PVdF/TPU were reported
in the year of 2011 by the same group. Wu et al. [73] reported the effect of fillers
in PVdF/thermoplastic poly urethane (TPU) blend polymer gel electrolytes. Both
SiO2 and TiO2 was optimized and added to this polymer electrolyte blend which
was then undergone electrospinning technique. In situ synthesized SiO2 and TiO2

take advantages of improved porosity, better ionic conductivity, etc., because of
the Lewis acid–base interactions between polar group and the filler particles. In
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situ synthesized fillers were added to 9 wt.% polymer solution providing an elec-
trochemical stability greater than 4.6 V. 3 wt% TiO2 shows high electrochemical
performance compared to 3 wt% SiO2. The presence as well as absence of in situ
addition of fillers was reported. Ionic conductivity of polymer electrolytes without
filler was low (3.2 mS cm−1) compared to the addition of fillers. Though there is
an improvement in ionic conductivity observed by the addition of in situ SiO2 filler
(3.8 mS cm−1), in situ addition of TiO2 provided better dispersion with high ionic
conductivity 4.8 mS cm−1. Since ionic conduction is closely related to porosity and
there by atomic force diameter (AFD), SiO2 nanoparticles suffer feeble tortuosity in
the submicron phase. ThoughTiO2 plays a vital role as fillers,Ding et al. [72] reported
the effect of electrospun composite polymer membrane as separators in which TiO2

was synthesized by tetrabutyl titanate. Electrospun PVdF/TiO2 membrane was fabri-
cated by dissolving PVdF: TiO2 (95:5) the polymer in acetone: ET solvent (7:3)
and applied a 25 kV voltage having 15 cm tip to collector distance. An intercon-
nected fibre structure was observed from its morphological study that provides
better mechanical strength and less tensile and elongation modulus. An enhance-
ment in porosity and uptake was observed compared to pure PVdF membrane. Ionic
conductivity of PVdF/TiO2 (1.4 mS cm−1) was increased compared to pure PVdF
membranes (0.89 mS cm−1). Zhang et al. [74] reported a new class of electrospin-
ning as well as electrospraying technique for the better performance of lithium ion
battery. Electrospinning of PVdF polymer nanofibre along with the electrospraying
technique of nanoparticle SiO2 is utilized as ceramic filler which serves as separa-
tors in battery. Even though both the techniques are based on electric forces that
could help to eject the polymer liquids and collected in the collector, fine droplets
were produced from the jets when the electric force is greater than surface tension
which takes place in electrospraying technique whereas nanofibres were collected in
the collector without any breakage due to the inability of electric repulsion force to
surpass intermolecular force. Adding SiO2 nanoparticle enhances the ionic conduc-
tivity (2.6 mS cm−1) compared to commercial microporous PP membrane with high
uptake and porosity soaked in LiFePO4. Compared to PPmembrane, a slight increase
in initial discharge capacity was reported (159 mAh g−1) with high cycling perfor-
mance. A new kind of preparation of composite gel polymer electrolytes (CGPE)
by doping ion complex (SiO2-PAALi) into PVdF polymer matrix has undergone
electrospinning with high voltage of 15 kV [75]. To SiO2-C=C bonds, acrylic acid
(AA)was added followed by ultra-centrifugation and then undergone polymerization
(PAA). Prepared composite membrane (PVdF-SiO2-PAALi) is compared with pure
PVdF and PVdF/SiO2 composites. This membrane delivers high thermal stability as
well as electrolyte uptake providing discharge capacity of 156 mAh g−1 whereas for
PVdF and PVdF/SiO2 with capacity of 149 and 152 mAh g−1. A schematic illustra-
tion of lithium ion conduction pathway in PVdF/SiO2 along with liquid electrolyte
is given below (Fig. 3.9).
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Fig. 3.9 Channel pathway of lithium ion conducting gel polymer electrolytes

3.4.2 Other Type Fillers

Zeng et al. [76] reported a composite gel polymer electrolyte comprising of elec-
trospun PVdF along with lithium polyvinyl alcohol oxalate borate (LiPVAOB)
exhibiting good mechanical strength and ionic conductivity. The structure of
LiPVAOB was similar to that of lithium bisoxalate borate (LiBOB) which is cost
effective, thermally stable, etc., but suffers from poor mechanical and ionic conduc-
tivity. One molar solution of LiPF6 along with this electrospun polymer matrix
provides a gel polymer membrane delivering an ionic conductivity of 0.26 mS cm−1.
This type of gel polymer electrolytes enhances the safety and has high thermal
stability attributing a better matrix for the future lithium ion batteries. The evapora-
tion rate of this liquid electrolyte is very less compared to the other polymer matrix
(only 35 wt% loss). But these materials suffer from poor ionic conductivity. In order
to overcome the thermal shrinkage as well as poor mechanical stability caused by
PVdF membrane nano fillers such as Al2O3, SiO2 and clay were used. Fang et al.
[77] reported the addition of the class of clay nano particles called ‘montmorillonite’
dispersing to PVdFmembrane undergone electrospinning that overcomes the barriers
of PVdF membranes. MMT was dissolved in DMF:acetone in 7:3 ratio and 15 wt%
of this polymer solution was dispersed in MMT and this homogeneous solution was
taken in 12 ml syringe followed by electrospinning with an applied voltage of 12 kV.
7 wt% of montmorillonite (MMT) was optimized and obtained an ionic conduc-
tivity of 4.2 mS cm−1 which is greater than commercial separators such as Celgard®.
Comparing with Celgard PP separators, stable cyclic performance was observed
in composite membrane with capacitive retention even after 50 cycles at C rate of
0.2 C (Fig. 3.10). An intercalation behaviour of polymer matrix into the layered
host provides high electrochemical as well as mechanical stability. Increasing the
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Fig. 3.10 Cycling performance of Li/LiFePO4 cells containing Celgard PP and
PVdF/montmorillonite-5% membranes (0.2 C rate). Adapted and reproduced from Ref.
[77], Copyright 2016 Elsevier

Table 3.2 Electrochemical performance of electrospun composite PVdF-based materials

Polymer composite Ionic
conductivity
(10−3 S cm−1)

Discharge
capacity
(mAh g−1)

Cycle
no.

Retention
capacity
(%)

Voltage
stability
(V)

References

PVdF/HNT 1.77 138 50 97 4.2 [71]

TPU/PVdF/(SiO2&TiO2) 4.8 – – – 5.4 [73]

PVdF/TiO2 1.4 137 20 96.6 4.1 [72]

SiO2/PVdF 2.6 132 100 78 3.5 [74]

PVdF/SiO2-PAALi 3.5 156.5 30 97 5.05 [75]

PVdF/MMT 4.2 138 50 96 5 [77]

MMT content in the polymer matrix enhances lithium conducting channel pathways.
The electrochemical performance of PVdF-based composite polymer electrolytes is
tabulated in Table 3.2.

3.5 Conclusion

Electrospun PVdF-based membrane attained lots of attraction in the fabrication of
polymer electrolytes in electrochemical world. These materials offer higher ionic
conductivity, uptakes, porosity, etc., due to the fibrous structure that emerges after
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electrospinning. Though there are different polymer materials avail in the electro-
chemical studies, electrospun PVdF offers outstanding performances such as higher
dielectric constant, dimensional stability, thermal stability, chemical inertness which
can also act as separators in lithium ion batteries. Nanofibres which were produced
from electrospinning are not fragile, and fibres can be brought down to nanometre
scale. Similar to the fabrication of polymermembrane that enhances the ionic conduc-
tivity by blending, addition of fillers, etc., electrospun polymers by blending or addi-
tion of fillers to the electrospun matrix offers higher electrochemical stability as well
as mechanical stabilities.
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Chapter 4
Electrospun Nanofibrous Polyvinylidene
Fluoride-co-Hexaflouropropylene-Based
Polymer Gel Electrolytes for Lithium-Ion
Batteries

Jarin D. Joyner, M. J. Jabeen Fatima, Neethu T. M. Balakrishnan,
N. S. Jishnu, and Raghavan Prasanth

4.1 Introduction

With the ever-increasing demand to power portable electronic devices, electric vehi-
cles, and large industrial equipment via fossil fuel-less, alternative energy methods,
lithium-ion batteries (LIBs) have remained one of the most viable energy storage
options [1]. In comparison to preceding secondary battery technologies such as
lead–acid, nickel–cadmium, and nickel–metal hydride systems, LIBs have exhib-
ited superior properties that include longer lifetimes and higher energy densities
as well as specific energies [2]. LIBs are comprised of three ‘active’ components
that allow for the storage of chemical energy to then be converted into electrical
energy: the negative electrode known as the anode, the positive electrode known as
the cathode, and an electrolyte that is typically a non-aqueous-based system. During
the charging process in battery cycling, the battery is exposed to an external electrical
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power source, allowing for themigration of positively charged lithium ions (Li+-ions)
from the cathode to the anode along the electrolyte medium to then be oxidized by
the reducing agent activity of the anode. Upon discharging, the battery is exposed
to the respective device of interest and the Li+-ions migrate in the reverse direction,
i.e., from the anode to the cathode, and are effectively reduced by the ‘oxidizing
agent’ nature of the cathode, carrying a current that allows for the battery to serve as
the electrical power source. Typically, anodes in secondary LIBs consist of porous
and/or layered carbon materials such as graphite to allow for the intercalation of
lithium ions, while cathode materials consist of other intercalative materials such as
lithium cobalt dioxide (LiCoO2) and lithium iron phosphate (LiFePO4), etc. [3]. The
schematic of a typical LIB system is displayed in Fig. 4.1.

Despite not being an ‘active’ component in the storage of chemical energy to
subsequently be converted into chemical energy in LIB systems, another constituent
crucial to optimal battery performance is that of the separator. The primary function
of the separator is to serve as a physical barrier and thus prevent contact and subse-
quent short circuiting between the interfaces of the anode and cathode components.
In addition, the role of the separator is to also provide a path of free ionic trans-
port between the anode and cathode. Because the various properties of separators
nonetheless play an important role in features of battery performance such as energy

Fig. 4.1 Schematic representation of the main components of a LIB as well as the charging and
discharging processes
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Table 4.1 List of basic requirements for optimal separator performance in LIB systems

Property Requirement

Mechanical property >1000 kg·cm−1 (98.06 MPa)

Thickness 20–25 μm

Pore size <1 μm

Porosity 40–60%

Permeability <0.025 s·μm-1

Thermal stability <5% shrinkage after 60 min at 90 °C

Dimensional stability No curl-up or shrinkage upon electrolyte wetting

Chemical and electrochemical stability Stable over a large period of time (>250 cycles)

and power density, cycle life, and safety, there are a number of requirements (listed
in Table 4.1) stipulated to ensure optimal separator utilization [4].

With respect to structural and morphological classifications, separators are typi-
cally made up of either a polymeric, micro-porous membrane (that features micro-
pores <1 μm), non-woven fabric mats, or inorganic-based composite membranes
[5]. In the case of polymeric micro-porous membranes, the processes for fabrication
typically incorporates the heating of an extruded tubular film that is then stretched
to form micropores (as well as other wet-phase techniques), while the development
of non-woven fabric mats typically utilizes electrospinning techniques (and other
techniques such as solution extrusion) that yield mats made up of randomly oriented
microfibers [6, 7]. To date, the majority of separators that are considered the most
reliable and utilized on a commercial basis are that of Celgard®, which has many
different types of polymer specifications. These include Celgard® 2320 (a three-layer
laminate made up of [PP] and [PE] layers), 2400, and 2500 (2400 and 2500 both
beingmade up of a single PP layer but with varying pore sizes and percent porosities)
[8, 9].

Despite being utilized on such a large commercial level due to their favorable
porosity, electrochemical as well as chemical stability, and other mechanical proper-
ties, these aforementioned polyolefin-based separators have exhibited adverse prop-
erties mainly due to membrane shrinkage arising from processing techniques as well
as characteristic softening and/or melting at unfavorably low temperatures (occur-
ring between 120 and 170 °C) [10]. In addition, polyolefin-based separators also
suffer from poor wettability and retention to polar electrolytes arising from their
hydrophobic nature, leading to the search for alternativemembrane technologies [11].
Thus, research involving more novel polymer-based membranes along with addi-
tional chemical and physical modifications to form polymer composites to be used
as separators has been pursued. One such alternative to traditional polyolefin sepa-
rators is that of co-polymerized PVdF-based separators as well as their subsequent
physical and chemical modifications.
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4.2 PVdF-co-HFP Nanofibers as Separators

4.2.1 Properties

PVdF is a semi-crystalline, non-reactive polymer consisting of a partially fluorinated
backbone composed of approximately 59 wt% fluorine and 3 wt% hydrogen and is
synthesized by polymerizing the vinylidene fluoride monomer [12]. PVdF exists in
five crystalline polymorph types (α, β, γ, δ, and ε), with the α, β, and γ phases being
of interest and the β phase being the most extensively used in electronic and energy
storage applications due to its all-trans confirmation, which leads to the induction of
significant dipole moments [13–15]. The structural confirmations of the α, β and γ

phases can be seen in Fig. 4.2. PVdF, along with many of its co-polymeric counter-
parts such as trifluoroethylene [PVdF-co-TrFE], chlorotrifluoroethylene, [PVdF-co-
CTFE] and hexaflouropropylene (PVdF-co-HFP), has been shown to have remark-
able properties that are key for battery separators, which include excellent thermal
and mechanical properties, chemical inertness, wettability by organic electrolytes,
and relatively high dielectric constants [16]. The co-polymerization of PVdF with
these additional fluorinated monomeric functional groups also decreases its crys-
tallinity, while enhancing the ionic conductivity as well as anodic stability via the
increase in fluorine content, which provides a source of strong electron withdrawing
groups (-CF-) [16–18]. It has even been found that in comparison to commercially
available separators, the critical surface tension of electrospun PVdF-co-HFP-based
membranes is slightly lower (c of 25 mNm−2), allowing for better wettability of
non-aqueous electrolytes [19].

Fig. 4.2 Schematic representation of backbone chain confirmation of the α, β, and γ phases of
PVdF
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Fig. 4.3 DSC plot of the melting points of commercial PVdF homopolymers 301F and 741 as well
as PVdF co-polymer 2801. Adapted and reproduced from Ref. [20]. Copyright 2000 Elsevier

When considering non-woven mat structures used as separators in LIBs, pris-
tine PVdF is by far the most commonly studied polymer, but falls short in practical
industrial use, because of its relatively higher degrees of crystallinity, which is theo-
rized to result in lower ionic conductivities and stability (due to slower rates of Li
migration) [4]. Differential scanning calorimetry (DSC) experiments carried out by
Michot et al. [20] found that commercial PVdF-co-HFP membranes exhibit broader
endothermic peaks at lower temperature ranges (100–160 °C) than its homopoly-
meric PVdF counterparts (145–180 °C). This observation of having a lower melting
point (and thus lower heat of fusion) indicates that the respective co-polymer indeed
has a lower degree of crystallinity than PVdF homopolymers (Fig. 4.3). Therefore,
when considering the use of non-woven mats as separators, PVdF-co-HFP as an
alternative to pristine PVdF has been viewed as a favorable option.

The enhanced ionic conductivity, electrochemical stability, and electrochemical
performance of PVdF-co-HFP are attributed to the co-polymer’s high dielectric
constant (E= ~8.4) and favorable anodic stability, which can operate upwards of 5 V
[20, 21]. Furthermore, previous studies have shown that when used as a separator in
Li/LiFePO4 cells (with Li serving as the anode and LiFePO4 serving as the cathode)
with LiPF6 as well as other room temperature ionic liquid-based electrolytes, elec-
trospun PVdF-co-HFP non-woven mats exhibit suitable electrochemical stabilities
with respect to cycle performance [22]. However, to improve on this co-polymer’s
mechanical stability (<10 MPa) and thermal stability (due to a melting point of
172 °C), which is considered disadvantageous for LIBs that need to operate at high
discharge rates as well as sustain fail-safe mechanisms [21, 23, 24], many studies
have been employed in order to incorporate ceramic fillers, surface modifications,
and core–shell structures.
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4.2.2 Technique of Electrospinning

Electrospinning is a well-known and efficient method for yielding fibers on either a
nano-, or micro-scale. Because of this, mats generated by the collection of randomly
oriented electrospun fibers can be scaled to smaller thicknesses than other tradi-
tional mat-forming methods and thus can be employed on larger industrial levels to
produce separators for LIBs [25]. A prototypical electrospinning apparatus consists
of a syringe to contain the polymer solution of interest to be electrospun, a nozzle
attached to the syringe with a high-voltage supply connected, and a grounded collec-
tion surface where upon an electrical potential is generated between that respective
interface and the needle as well as where the fibers are distributed. The principle
upon which the phenomena of electrospinning is based upon allots to the uniaxial
elongation of a viscous polymer solution as it is spent out of a thin nozzle, which
then forms an electrically charged droplet from an applied voltage [21].

This aforementioned charged droplet then forms a conically shaped jet known as
a ‘Taylor cone,’ which arises from its interactions with electrostatic forces from both
repulsive forces between the surface charges as well as Coulombic forces which
originate from the external electric field [21, 26, 27]. When the applied potential
reaches a certain voltage (typically >10 kV), the electrostatic forces overcome the
surface tension of the polymer solution, in turn, resulting in the ejection of the
jet and subsequent evaporation of the solvent leading to a non-woven fiber that
is distributed on the collector [26]. This description can be seen in Fig. 4.4. As
expected, many parameters and factors affect the morphology and nature of fibers
that are electrospun and thus lead to a large number of related studies. These include
properties of the polymer solution (such as the solution concentration and subsequent
solution viscosity, relative molecular mass of the polymer, and conductivity of the
polymer solution) as well as experimental parameters (such as the voltage of the
applied external field, the distance from the nozzle tip to the collection interface, the
flow rate of the polymer solution), and environmental factors (such as the ambient
temperature and relative humidity) [28].

Studies carried out by Fridrikh et al. [29] as well as others [30] have entailed
the computational and theoretical investigations of controlling the fiber diameter by
analytically determining stability domains of the spinning jet based on the kine-
matic viscosity of the polymer solution, solution density, and intensity of the elec-
trostatic field. Beachley et al. [31] reported that when using a parallel collection
surface set up, the fibrous properties of polycaprolactone (PCL) such as average fiber
diameter, uniformity, and quality were indeed affected by the distance between the
parallel plates as well as the concentration of the PCL solution (in a dichloromethane:
methanol, 7:3 mixture) and applied voltage. With respect to the electrospinning of
fibers based upon PVdF, similar studies have also been carried out byMotamedi et al.
[32]. These authors reported that increasing the PVdF solution concentration (w/v
%) in N, N’-dimethylacetamide (DMAc)/acetone resulted in larger fiber diameters.
However, increases in the distance from the spinning nozzle to the collection plate
yielded smaller diameters of the PVdF fibers [32].
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Fig. 4.4 Schematic of basic principles of electrospinning

With respect to the variation of the voltage applied during the electrospinning
process, Gao et al. [33] found that with an increase in the voltage range of 8–15 kV,
the diameter of PVdF nanofibers as well as crystallinity decreased. This observation
of smaller diameters over higher voltages was suggested to be a result of the fact that
a higher applied voltage leads to a higher charge density on the jet surface, which in
turn results in a faster velocity and thus subsequent higher elongation forces of the
jet as it is spent. In addition, because of the faster velocity of the charged jet, the time
that it takes for the nanofibers to form and reach the grounded collector shortens,
resulting in the maintenance of molecular chains in a non-crystalline state, hence the
smaller degree of crystallinity in PVdF nanofibers at higher voltages. Zulifkar et al.
[34] found that in order to limit the amount of bead defects on PVdF nanofibers when
electrospun in N, N’-dimethylformamide (DMF), it was observed that flow rates of
~0.04mL·min−1 lead to aminimal amount (and increase as flow rate decreases). This
most likely is attributed to the fact that at higher flow rates, fibers are formed at faster
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rates resulting in a higher strain force on the collection plate and thus defects form
at much slower rates. Concurrently, at larger nozzle-to-collection plate distances
(~15 cm), PVdF fibers were found to have a more uniform morphology with less
bead formation [34]. This is most likely because at larger distances, the electrical
field strength of the applied voltage decreases and the evaporation time as the fiber
settles on the collection interface increases [34, 35].

4.3 PVdF-co-HFP-Based Separators in LIBs

The first demonstration (although not a fibrous, non-woven mat but rather a polymer
laminate membrane) of the use of a fluorinated polymer as a separator in an LIB
system was indeed that of PVdF-co-HFP in 1996 by Tarascon et al. [36] This study
resulted in the fabrication of an ‘all-plastic’ LIB by solvent casting the electrode
components with a PVdF-co-HFP binder to generate flexible membranes along with
a plasticizer extraction method forming a flexible PVdF-co-HFP separator. At the
time, this ‘all-plastic’ battery proved to rival its traditional LIB counterparts with
respect to gravimetric/volumetric energy density, cycle life, and self-discharge rates,
while also demonstrating enhancedflexibility, safety, and scalability features. In addi-
tion to the plasticizer extractionmethod, amultitude of different techniques including
solution casting and phase inversion have been employed to develop PVdF-co-HFP
membranes as separators in other studies such as that carried out by Cheruvally
et al. [37]. However, in the case of solvent casting and phase inversion, the challenge
of removing residual solvent, which in turn results in drawbacks concerning elec-
trochemical stability, low rate capability, and overall safety of batteries have been
considered disadvantageous, and thus, the electrospinning of PVdF-co-HFP has been
considered a preferred method [38].

One of the earliest examples of the preparation of fibrous membranes of PVdF-
co-HFP via electrospinning was carried out by Kim et al. [39] In this study, it was
found that the variation of the PVdF-co-HFP concentration in an acetone/DMAc
(7:3 by weight) was a facile strategy to control fiber diameter, porosity, and pore
size (Fig. 4.5a). These separators were able to achieve ionic conductivities above
1 × 10−3 S·cm−1 at room temperature, withstand an electrochemical window up
to 4.5 V using a 1 M LiPF6 ethylene carbonate/dimethylene carbonate/diethyl
carbonate (EC/DMC/DEC, 1:1:1 by weight) electrolyte, and exhibited suitable
charge/discharge properties with minimal amounts of capacity fading (Fig. 4.5b).

Li et al. [22]were able to achieve electrochemical stability potentials for PVdF-co-
HFP-based separator membranes that exceeded 4.5 V (~5 V) using a 1 M LiCF3SO3

in tetra (ethylene glycol) dimethyl ether (TEGDME) electrolyte and demonstrated
high initial discharge capacities and minimal capacity fading for longer cycles when
using PVdF-co-HFP-based electrolytes prepared by electrospinning a 16%byweight
solution in acetone/DMAC (7:3 by weight) at 18 kV.

More recent studies on these respective electrospun co-polymer-basedmembranes
have considered the fact that porosity, uptake, and ionic conductivity can be as high
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Fig. 4.5 a Average fiber diameter and mean pore size as a function of PVdF-co-HFP concentration
in acetone/DMAC solvent, b cycle performance for a PVdF-co-HFP separator having an average
fiber diameter of 0.5 μm (C/PE/LCO). Adapted and reproduced from Ref. [39]. Copyright 2005
Journal of Electrochemical Society

as 70%, 247%, and 3.2 × 10−3 S·cm−1, respectively, using 1 M LiPF6 in EC/DMC
(1:2 v/v) despite poor mechanical integrity. This property was greatly improved by
electrospinning a tri-layer that consisted of two PVdF-co-HFP layers that sandwich
a polyvinyl chloride (PVC) layer. The stress–strain behavior of this tri-layer polymer
electrolyte membrane is shown in Fig. 4.6 [19].

Fig. 4.6 Stress versus behavior of single layer of electrospun PVdF-co-HFP layer and electrospun
PVdF-co-HFP/PVC/PVdF-co-HFP tri-layer. Adapted and reproduced from [19]. Copyright 2014
Elsevier
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These promising results based off of the properties of PVdF-co-HFP-based fibers
have led to further studies into how properties such as compatibility with different
liquid electrolytes, ionic conductivity, uptake, andmechanical integrity can be further
improved.

4.4 Electrolytes Used with PVdF-co-HFP Separators

The current state of both LIBs available on the market as well as research that
revolves aroundLIBsmostly employs the use of non-aqueous (organic) aprotic, alkyl,
carbonate-based electrolytes such as EC, DMC, DEC, and ethyl methyl carbonate
(EMC) due to their suitable electrochemical stability, high ionic conductivity, and
fairly low toxicity [40]. Lithium containing salts such as LiPF6, LiTFSI, LIClO4 are
also typically added to the aforementioned electrolytes in order to further enhance
the ionic conductivity and to assist in the formations of a solid electrolyte interface
(SEI) layers [40, 41]. Due to the strong fluorinated groups present in PVdF-co-
HFP separators that provide high polarity, as well as dielectric permittivity, these
membranes exhibit a strong affinity for polar liquid electrolytes [42]. With respect to
electrospun fibers of the pristine PVdF polymer, FT-Raman spectra studies carried
out by Choi et al. [43] confirmed that strong interactions take place between the
hydrogens of the methylene groups in the PVdF backbone and the carbonyl oxygen
in linear alkyl carbonate molecules (i.e., DMC and EMC) via the hydrogen bonding
(where as the EC component of mixed alkyl carbonates more so assists with the
solvation of Li+ ions) (Fig. 4.7a) [43, 44].

These specific interactions between the polymer chain and the alkyl carbonate-
based electrolytes are allowed to occur due to the fact that these electrolytes are able
to penetrate into the crystalline phase of PVdF (seen in the broadening of the PVdF
fiber-based polymer electrolyte peak that indicates the collapse of the crystal structure
in theX-ray diffraction analysis of Fig. 4.7b) resulting in the reduction of crystallinity
of the polymer matrix and subsequently leading to the swelling of the PVdF fiber
membranes. This swelling of PVdF to form a gel phase results in the enhancement of
room temperature ionic conductivity and electrochemical properties. Because ionic
conductivity is also a function of viscosity, with a decreasing order of EC > DEC
> EMC > DMC, the same study found that the conventional polycarbonate-based
electrolytes decrease in ionic conductivity in the order of 1MLiPF6 inEC/DMC/DEC
(1:1:1) > 1 M LiPF6 in EC/DMC (1:1) > 1 M LiPF6 in EC/EMC (1:1) > 1 M LiPF6
in EC/DEC (1:1) > 1 M LiPF6 in EC/DMC (2:1) [45].

Solvent effects on characteristics such as uptake on PVdF and PVdF-co-HFP-
based membranes have been summarized in Fig. 4.8, and different uptake ratios can
be observed due to interactions with cations and/or anions and the polymer by the
solvation process [42].
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Fig. 4.7 a Normalized FT-Raman spectra of the EC breathing mode and C-O stretching mode of
linear carbonates in mixed solvents and polymer with mixed solvents, bX-ray diffraction spectra of
raw PVdF material along with corresponding electrospun PVdF fiber-based membrane and PVdF
fiber-based membrane soaked in 1 M LiPF6 in EC/DMC/DEC (1:1:1 by weight). Adapted and
reproduced from [43]. Copyright 2007 American Chemical Society

Fig. 4.8 Porosity versus percentage uptake of various electrolyte solutions incorporated into PVdF
membranes. Adapted and reproduced from Ref. [42]. Copyright 2013 Royal Society of Chemistry

In addition to conventional organic-based electrolytes, room temperature ionic
liquids (RTILs) have drawn much attention as electrolytes in LIBs due to phys-
ical properties such as low volatility and non-flammability and other charac-
teristics such as thermal stability, tunability (due to selectability of cations
and anions), and recyclability [45]. Cheruvally et al. [37] investigated the
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Fig. 4.9 a Variation of ionic conductivity with temperature of electrospun PVdF-co-HFP
membranes, b anodic stabilities of electrospun PVdF-co-HFP membranes with 0.5 M LiTFSI in
BMITFSI and 0.5 M LiBF4 in BMIBF4. Adapted and reproduced from Ref. [37]. Copyright 2007
Elsevier

compatibility of electrospun PVdF-co-HFP fibers with two RTILs, a 0.5 M
solution of lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) imide (BMITFSI) and a 0.5 M
solution of LiBF4 in 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4).
By immersing the fibrous membrane in the respective RTILs and assembling a
Li/LiFePO4-based cell, both RTILs achieved ionic conductivities up to 2.3 × 10−3

S·cm−1 at room temperature, which is considered a suitable value for LIBs. The
RTILs also exhibited anodic stabilities upwards of 4.5 V, and the PVdF-co-HFP
membrane showed compatibility specifically with the LiTFSI in BMITFSI. The
lithium cells assembled using PVdF-co-HFP membrane activated with LiTFSI in
BMITFSI, delivered an initial discharge capacity of 149 and 132 mAh·g−1 at 0.1
and 0.5 °C, respectively, at room temperature and showed stable cycling proper-
ties (Fig. 4.9), and the electrochemical performance of the system is displayed in
Fig. 4.10. It was proposed that the performance of these membranes with the respec-
tive RTILs was attributed to the strong affinity of the PVdF-co-HFP co-polymer with
the relatively polar electrolytes and the available surface area by the ~1 μm fiber
diameters of the membranes, which resulted in high electrolyte retention throughout
the separator network.

4.4.1 Additives and Surface Modifications to PVdF-co-HFP
Separator Membranes

One of the most important intrinsic properties that allows for a favorable separator
and thus good LIB performance is that of room temperature ionic conductivity.
Ionic conductivity, which is measured in S·cm−1 (or mS·cm−1) and influences the
power and energy of the battery, is mostly correlated to the degree of porosity and
thus also related to electrolyte uptake of a membrane. [20, 46] The minimum value
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Fig. 4.10 a Initial discharge capacities of electrospunPVdF-co-HFPmembraneswith 0.5MLiTFSI
in BMITFSI and 0.5 M LiBF4 in BMIBF4 (0.1 C, RT). b Discharge capacity of electrospun PVdF-
co-HFP membrane with 0.5 M LiTFSI in BMITFSI (0.5 C, RT). Adapted and reproduced from Ref.
[37]. Copyright 2007 Elsevier

of ionic conductivity to ensure suitable battery performance is >1×10−4 S·cm−1,
and the maximum value of ionic conductivity is essentially limited by that of the
ionic conductivity of the respective liquid electrolyte used for activating the polymer
membrane [46]. The electrolyte uptake is not only determined by the membrane
porosity, but also degree of crystallinity and morphology (via the filling of lattice
voids) of the separator material, in order to yield good battery performance. It has
been shown that separators that have a degree of crystallinity above 50% exhibit
lower compatibility with liquid electrolytes [46, 47].

Although there is not a specific, defined relationship between ionic conductivity
and electrolyte uptake, the low uptake values result in high resistivity since there are
lack of conduction paths for Li+ ion migration leading to poor cycling performance
[39, 46]. With respect to porosity, which is characterized by the bulk fraction of void
space in a porous sample, studies regarding PVdF-based separators have shown that
for good battery performance >80% with pore diameters <1 μm are ideal [42, 46].
In order to improve on these properties of PVdF-co-HFP membranes, many studies
involving the addition of ceramic fillers and surface modifications have been carried
out.

Raghavan et al. [48] reported the direct addition ofmetal oxides such as aluminum
oxide (Al2O3), silicon dioxide (SiO2), and barium titanate (BaTiO3) into PVdF-co-
HFP solutions (6% by weight to total polymer solution) and electrospun into fibrous
membranes having thicknesses of ~50μm[46]. This process yielded activatedfibrous
membranes with ionic conductivities of 5.92× 10−3, 6.45× 10−3, and 7.21× 10−3

S·cm−1 for Al2O3, SiO2, and BaTiO3, respectively. These enhancements of ionic
conductivity in comparison to previously PVdF-co-HFP (such as those carried out
by Kim et al. [39] can be considered a result of the Lewis acid/base-type interactions
between the O/OH functional groups from the ceramic oxides interacting with the
amorphous phase of the polymer fibers [39, 48, 49]. The addition of the ceramic
fillers and subsequent electrospinning also assisted in the formation of a highly
interconnected pore structure within the membrane that leads to electrolyte uptake
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Fig. 4.11 a Electrolyte uptake (%) with 1 M LiPF6 in EC/DMC (1/1 v/v), bAnodic stability using
LSV of PVdF-co-HFP fibrous membranes with different ceramic fillers. Adapted and reproduced
from Ref. [48]. Copyright 2008 Elsevier

percentages of ~460% as opposed to pristine, electrospun PVdF-co-HFP membrane
[48]. In the same study, it was found that the addition of the ceramic fillers overall
enhancemechanical properties such as tensile strength andmodulus aswell as slightly
enhancing the anodic stability to a potential of 4.9V, and in the case of BaTiO3 anodic
stability was 4.7 V (both vs. Li/Li+), which was that of the pristine polymer fibers
(Fig. 4.11a). The cell with BaTiO3-based electrolyte exhibits a discharge capacity of
164 mAh·g−1 which is 96.5% utilization of material (Fig. 4.11b).

The BaTiO3 incorporated PVdF-co-HFP membranes also lead to an enhancement
in charge–discharge capacity (164 mAh·g−1, which is 20 mAh·g−1 higher than pris-
tine PVdF-co-HFP membrane) and stable cyclability with Li/LiFePO4 cathode in
lithium cells at room temperature.

Zhang et al. [50] carried out a study that consisted of incorporating different
concentrations of a SiO2 sol–gel [prepared by hydrolyzing SiO2 nanoparticles
in a tetraethoxysilane (TEOS): ethanol (1:1, v:v) solution] into a homopolymer
PVdF solution (DMAC:acetone, 7:3 w:w) prior to electrospinning. Between the two
concentrations (one consisting of 9:1, PVdF solution: SiO2 sol–gel and the other,
10:1 PVdF solution: SiO2 sol–gel, w:w), it was found that the higher concentration
of SiO2 in the PVdF membranes led to more porous fibers within the membranes,
potentially yielding more tortuous paths for ion movement and thus yielding a better
ionic conductivity. The higher SiO2 concentration-based fibrous membranes also
exhibited higher electrolyte uptakes, leading to improved discharge capacities and
rate capabilities over various C-rates (Fig. 4.12) that could further be considered a
significantly enhanced membrane in comparison to Celgard® PP membranes.

In addition, Fig. 4.13a, b show that the 9:1, PVdF solution: SiO2 sol–gel nanocom-
posite fibrous membrane retains its discharge capacity of 159 mAh·g−1 which is
nearly 100% and delivers high efficiency over 50 charge/discharge cycles. The prin-
ciples in this study can most likely be used as a rationale for the incorporation of
SiO2 sol–gels in PVdF-co-HFP solutions prior to electrospinning.

The direct addition of SiO2 nanoparticles into PVdF-co-HFP pre-cursor solu-
tions (as opposed to SiO2 sol–gels) has actually been more recently studied by
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Fig. 4.12 Discharge rate capabilities of SiO2 sol–gel: PVdF composite membranes and PP
membranes. Adapted and reproduced from Ref. [50]. Copyright 2014 Elsevier

Fig. 4.13 a Cycle performance of a Celgard PP membrane and (9:1) PVdF/SiO2 composite
membrane separator at a 0.2C rate, b Charge-discharge efficiency for the (9:1) PVDF/SiO2
composite membrane separator at a 0.2 C rate. Adapted and reproduced from Ref. [50]. Copyright
2020 Elsevier

Solarajan et al. [51] In this report, different weight percentages (0, 3, 5, 7, and
10%) of SiO2 nanoparticles (~15 nm in size) in a 16% solution of PVdF-co-HFP
in acetone/DMAC (7:3, w:w) were electrospun and activated with 1 M LiPF6 in
EC: DMC (1:1 v:v). It was found that the weight percentage of 7% showed the
optimal porosity (~86%) as well as electrolyte uptake (412%), and the highest ionic
conductivity (2.26 × 10−3 S·cm−1) in comparison to the other weight percentages
of PVdF-co-HFP/SiO2 nanocomposite fibers. In addition, the 7%-based nanocom-
posite improved the thermal properties such as thermal shrinkage as well as other
mechanical properties in comparison to the pristine PVdF-co-HFP electrospun fibers.
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Fig. 4.14 Thermal shrinkage of a Pristine PVdF-co-HFP nanofibrous membranes b 7% SiO2
incorporated into PVdF-co-HFP as functions of temperature. Adapted and reproduced from Ref.
[51]. Copyright 2017 John Wiley and Sons

The 7%-based nanocomposites were able to maintain their dimensional integrity of
up to 150 °C, while the pristine fibers exhibited shrinkage beginning at 110 °C and
undergoing further significant shrinkage at 130 °C (Fig. 4.14), rendering the former
membrane as a separator candidate in high-temperature energy storage applications.

The 7% nanocomposite fibers also exhibited a 1.6 times higher tensile strength
and 1.3 times higher Young’s modulus than the pristine counterpart due to the good
interfacial adhesion between the SiO2 nanoparticles and the nanocomposite polymer
matrix, resulting in an effective load transfer from the polymeric matrix phase to the
SiO2 reinforcing filler phase (Fig. 4.15) [51].

Padmaraj et al. [52] investigated the oxide ceramic, zinc aluminate (ZnAl2O4)
by incorporating it into electrospun PVdF-co-HFP membranes by way of addition
of ZnAl2O4 (in weight-based concentrations of 1, 2, 3, 5, and 8%) into a PVdF-
co-HFP pre-cursor solution to be electrospun. The results of this study found that
per the addition of the ZnAl2O4 nanoparticles, the formation of an additional amor-
phous phase, which leads to a potential increase in Li+-ions via fine pore structures,
occurred. However, concentrations as high as 8% of the respective nanoparticles
led to the formation of a crystalline ZnAl2O4 phase in the nanocomposite fibers,
in turn, impeding the path of Li+-ions, and thus, it was found that a concentration
of 5% was optimal. It was therefore reported that the 5% concentration yielded
ionic conductivities as high as ~1.6 × 10−3 S·cm−1 and electrolyte uptakes >400%.
When utilized with 1 M LiPF6 in EC:DEC (1:1, v/v) in a Li/LiCoO2 battery setup,
the 5% ZnAl2O4 nanofibers withstood potentials up to 4.3 V (therefore rendering
their potential capability with high-voltage cathode materials such as LiCoO2 and
LiMnO2) and exhibited discharge capacities of 110 mAh·g−1 for the 30th cycle (at
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Fig. 4.15 Stress versus strain curves of electrospun polymer membrane (esPM) of PVdF-co-
HFP and electrospun composite polymer membrane (esCPM) of 7% weight SiO2. Adapted and
reproduced from Ref. [51]. Copyright 2017 John Wiley and Sons

0.1 °C), which is in contrast to the discharge capacity of pristine PVdF-co-HFP
(102 mAh·g−1) (Fig. 4.16a). These aforementioned capacities of the 5% ZnAl2O4

nanofibers also displayed less fading in comparison to the pristine nanofibers over 30
cycles (Fig. 4.16b). In a separate report, Padmaraj et al. [53] also investigated another
aluminate nanocomposite (MgAl2O4) as filler in fibrous PVdF-co-HFP membranes
and found that the ionic conductivities, discharge capacities, and voltage stabilities
were even higher than that of ZnAl2O4 nanocomposites.

Although studies specific to nanocomposite incorporation into PVdF-co-HFP pre-
cursor solutions to be specifically electrospun are limited, these types of membranes

Fig. 4.16 a Charge/discharge capacities, b Cycle performance of over 30 cycles of Li/LiCoO2
cells assembled with 5% ZnAl2O4/PVdF-co-HFP fibrous composite membrane as separator (at
room temperature). Adapted and reproduced from Ref. [52]. Copyright 2014 John Wiley and Sons
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have shown promise and thus research in this area is still ongoing. Some of those
mentioned are summarized in Table 4.2.

Enhancing the properties of PVdF-co-HFP membranes, however, is not limited to
utilizing ceramics as nanofillers to fabricate composite fibers. Surface modifications
through processes such as plasma treatment can also be carried out as seen by a study
reported by Laurita et al. [54] Using atmospheric pressure non-equilibrium plasma
induction to both pre-treat a PVdF pre-cursor solution prior to being electrospun as
well as post-treating the membrane after with the same method (Fig. 4.17) led to vast
improvements to both electrolyte uptake (of 1 M LiPF6 in EC: DMC, 1:1 v:v) and
mechanical properties.

The authors proposed that the pre-treatment process of the PVdF solution led to
further cross-linking among the PVdF chains that yielded ‘defect-free’ nanofibers,
while the post-treatment of the non-woven mats induced chemical modifications of
the membrane surface, forming hydroxy and other polar C=O groups and increasing
the polymer electrolyte affinity.

4.5 Conclusions

Given that separators play an important role in not only the efficiency, but also safety
in LIB systems, it has been seen that PVdF-co-HFP-based separators can serve as
a much improved alternative to commercial and widely used PP/PE Celgard® sepa-
rators. From this co-polymer’s properties that make it ionically conducive to be
utilized in energy storage applications as well as its very feasible processability
via electrospinning, it remains an attractive and potential candidate as a separator.
Furthermore, in order to improve on properties that are considered disadvantageous
for separator applications, methods including the addition of nanoparticles to form
nanocomposites as well as surface modifications can lend to facile studies to easily
observe potential enhancements in room temperature ionic conductivity and electro-
chemical performance. There remains much room for further studies in the use of
PVdF-co-HFP as a fibrous template as a potential new state-of-the-art separator.
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Fig. 4.17 a Schematic of post-treated PVdF non-woven membranes via a nano-second pulsed
dielectric barrier discharge operating in ambient air. b Electrolyte uptake of PVdF electrospun
separators. Adapted and reproduced from Ref. [54]. Copyright 2020 John Wiley and Sons
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Chapter 5
Electrospun Polyacrylonitrile
(PAN)-Based Polymer Gel Electrolytes
for Lithium-Ion Batteries

Neethu T. M. Balakrishnan, Jarin D. Joyner, N. S. Jishnu, Akhila Das,
M. J. Jabeen Fatima, and Raghavan Prasanth

5.1 Introduction

The desire of long lasting, efficient and compact power sources are upturning day
by day. Powering the electronic devices are became a serious concern when there
arise problems regarding the extinction of non-renewable sources of energy that were
constantly used for the energy production. From this scenario, as a solution of this
uneasiness the exploitation of renewable sourceswas introduced and for the complete
usage of these sources, energy storage devices were introduced that can effectively
store the energy produced from the green and sustainable energy sources and can use
it whenever there is a requirement of it [1–3]. Such energy storage devices include
capacitors [4], supercapacitors [5], fuel cells [6] and batteries [7]. In most of the
electronic devices, especially for portable electronic gadgets, battery serves as the
prime powering source. Rechargeable batteries are considered to be worth in use
than non-rechargeable systems because, it can be reused by recharging and thereby

N. T. M. Balakrishnan · A. Das ·M. J. Jabeen Fatima (B) · R. Prasanth (B)
Department of Polymer Science and Rubber Technology, Cochin University of Science and
Technology (CUSAT), Cochin 682022, India
e-mail: jabeen@cusat.ac.in

R. Prasanth
e-mail: prasanth@cusat.ac.in

J. D. Joyner
Department of Materials Science and NanoEngineering, Rice University, 6100 Main St, Houston,
TX 77005, USA

N. S. Jishnu
Rubber Technology Centre, Indian Institute of Technology-Kharagpur (IIT-KGP), Kharagpur,
West Bengal 721302, India

R. Prasanth
Department of Materials Engineering and Convergence Technology, Gyeongsang National
University, 501 Jinju-Daero, Jinju 52828, Republic of Korea

© Springer Nature Singapore Pte Ltd. 2021
N. T. M. Balakrishnan and R. Prasanth (eds.), Electrospinning for Advanced Energy
Storage Applications, Materials Horizons: From Nature to Nanomaterials,
https://doi.org/10.1007/978-981-15-8844-0_5

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8844-0_5&domain=pdf
mailto:jabeen@cusat.ac.in
mailto:prasanth@cusat.ac.in
https://doi.org/10.1007/978-981-15-8844-0_5


122 N. T. M. Balakrishnan et al.

reduce the waste and cost which is not possible with non-rechargeable batteries [8,
9]. Apart from this, the desire of electric vehicle further demands the research over
the rechargeable battery systems that can efficiently full fill the advanced need of
human beings. This headed to the discovery of lithium-ion batteries which is the
most promising rechargeable system that can ensure good energy density and power
density [10, 11]. Even though the main problem that faced while using the lithium-
ion battery is its safety concern which limits its application, there are several thermal
issues reported with the LIBs. On 2013, Boeing 787 Airlines experienced a thermal
issue due to the presence of lithium-ion battery. This forced to remove the battery pack
from all Nippon Airways. The main issue was related with the flammable electrolyte
inside the battery. Similar thermal issues were reported with Samsung Note 7 and
Tesla car. A series of fire issues were reported with Tesla Model S car in 2013 and
in 2016 fire explosion was reported with the same in France. Tesla car driver by
a British TV director Michael Morris burst into flames in 2018 and very recently
the issue that took place with the parked Tesla car in Shanghai. These all incidents
light up to the necessity of having a thermally stable system which can acquire by
replacing the liquid electrolytes that used in LIBs.

In this scenario, electrolytes are the crucial part of lithium-ion batteries also known
as the heart of battery. When LIBs are commercialized in 1990 by Sony the elec-
trolyte system that introduced was a liquid electrolyte that can provide good ionic
conduction as well can result a flexible system [12, 13]. But the atmospheric changes
can impart an improper effect in the battery components even they are sealed inside
an insulating envelop, the problem was raised at extreme conditions such as high or
low temperature. During high temperature application or even during the continuous
or long time charge discharge process the battery can heated up that will cause the
heating up of the electrolyte which will get evaporate due to its low boiling point and
finally leads to thermal runway and explosion. This scenario leads to the research
over the development of electrolytes systems that could be safer and well performing
[14, 15].

The use of polymer as electrolytes in LIBs, helps to reduce the safety prob-
lems that caused by the use of liquid electrolytes. Because, compared to liquid
electrolytes they can withstand more temperature and thereby limit the chances
for thermal issues [16, 17]. While replacing the liquid electrolytes with polymer
electrolytes, the main difficulty facing is the room temperature ionic conductivity.
In order to ensure better electrochemical properties a proper electrolyte with good
ionic conduction is prime important. Choosing a proper materials and the right
synthesis method is one of the best options that can bead opted to develop a well
performing polymer electrolyte (PEs) with enhanced electrochemical properties.
Different polymers such as polyethylene oxide (PEO) [18], polyacrylonitrile (PAN)
[19], polymethyl methacrylate (PMMA) [20], polyvinylidene difluoride (PVdF) [21]
and poly(vinylidene fluoride-co-hexafluoro propylene)(PVdF-co-HFP) [22, 23] are
extensively studied as PEs in LIBs. PVdF-co-HFP is one of the best’s polymers for
electrolytes that can provide good ionic conductivity and dielectric constant (E ~
8.4) at room temperature. But the problem with the PVdF-co-HFP is that, a deteri-
oration in battery performance is occurs due to the formation of a stable LiF and >
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C=CF unsaturated bonds that formed by the interaction between the fluorine atom
of PVdF and lithium ions of lithiated graphite. Further it causes safety problems
due to the exothermic reactions taking place. Furthermore the inhibition of lithium
ion transport by the crystalline part of P(VdF-co-HFP) results low charge-discharge
capacities and poor Crates [24]. So the research is extended to other polymers and
among the different systems studied. Polyacrylonitrile (PAN) is preeminent material
for the preparation of polymer electrolytes in LIBs. Being a polymer material PAN
possess good thermal stability along with good processability, oxidation resistance,
electrochemical stability and high thermal stability [25]. The PAN based polymer
electrolytes membranes are prepared by any conventional methods such as solvent
casting or phase inversion normally observed to be highly brittle in nature due to the
presence of adjacent cyanide group that will interact with each other and limits the
chain flexibility [26]. So developing a flexible as well as porous electrolyte becomes
an alarm.Among the variousmethods studied for the synthesis of PANbased polymer
electrolytes electrospinning is considered to be the promising and simple method for
the production of fibrous polymer electrolytes, especially for PAN, as they provide
flexiblemembraneswith good electrochemical properties. Electrospinning results the
formation of PAN based polymer electrolytes (PEs) membranes with high porousity
as well as good flexibility. It is because of the fact that the nitrile group that present in
the PAN can hinder the alignment of macromolecules there by results the formation
of flexible porous polymer electrolytes [27]. This chapter is discussing the various
studies related with the development of PAN based PEs through electrospinning
method in detail.

5.2 Preparation of Electrospun Polyacrylonitrile-Based
Polymer Electrolytes

Electrospun PAN based fibrous polymer electrolytes are prepared by the electrospin-
ning of PAN solution in organic solvents. Different organic solvents are employed
for the preparation of electrospun polymer membrane. Choice of solvent is important
because they can influence the morphology of the resulting membrane [28, 29] For
PAN based electrospun membranes, DMF is mostly studied and dimethyl acetamide
(DMAc) is seldom studied solvent [30]. The reason for the choice of DMF as the
best solvent for PAN arise from its good interaction with the polymer as well as
the polarity hence easy to forms a homogeneous solution [31]. As per the literature,
only one study is reported with DMAc as the solvent for PAN based polymer elec-
trolyte synthesized by electrospinning. About 12 wt% solution of PAN in DMAc
forms a microporous fibrous membrane with smooth surface and high porosity of
about 90% [32]. Similar to the solvents, the experimental parameters such as the
collector distance and applied voltage have a great influence over the diameter of
the resulting fibers [30]. The effect of electrospinning parameters over the fibrous
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morphology of PAN was studied by Prasanth et al. [24] by spinning the PAN solu-
tion in DMF. The effect of polymer concentration as well as applied voltage was
systematically evaluated in the study. Four different concentrations, 10, 12, 14, 16
and 18 wt% and applied voltage 10, 15, 20 and 25 kV were used for the preparation
of fibrous membrane. The membrane morphology (SEM images) shows the effect
of solution concentration and applied voltage on the morphology and fiber diameter
of the membranes. The study reveals that the concentration of polymer solution and
applied voltage has significant influence over the average fiber diameter and fiber
morphology. With increasing the concentration of solution and applied voltage the
average fiber diameter (AFD) get increased which is the direct effect of increase in
the viscosity of solution that will lead to large drops to come out from the syringe
and deposited as fibers, results fibers having large diameter. The AFD of the fibers
increases with increasing solution concentration, due to the higher viscosity which
is directly related to the solution concentration. Higher solution viscosity leads to
the ejection of larger drops of the dope solution from the tip of the spinning needle
which forms fibers having larger diameter and collected on the collection drum [33].
At lower solution concentration (10, 12 and 14 wt%), the membranes displayed a
broad range of fiber diameter and the morphology was not uniform. With 10 wt%
solution the membrane showed poor morphology and partially beaded fibers with
wide range of fiber diameter distribution. This shows that the concentration of 10wt%
solution might be the critical solution concentration to obtain good nanofibers with
narrow fiber diameter distribution for electrospinning of PAN.

Similarly, the higher applied voltage ejects more fluid from the needle resulted a
thicker fluid jet and leads to the formation of fibers with larger fiber [33]. In Prasanth
et al. [24] study an applied voltage of 20 kV is found to be the optimum for obtaining
the most uniform fiber morphology with straight fibers having smooth fiber surface
and narrow distribution of fiber diameter. Application of higher voltage results in the
formation of considerable amount of large fibers with narrow range of fiber diameter.
At lower voltage the AFD of the fibers was lower, but it shows wide range of fiber
diameter. Also the fibers are not completely bead free and as straight as those with
higher applied voltages. In Prasanth et al. [24] study they were optimized 16 wt%
polymer solution under 20 kV voltage as the best with uniformmorphology andAFD
of 350 nm (Fig. 5.1) [24]. The surface morphology of electrospun polyacrylonitrile
fibrous membrane soaked in 1 M LiPF6 in EC/DMC (1:1 v/v) after 1 h and 750 h is
displayed in Fig. 5.2. The high porous nature of themembrane results high electrolyte
absorption which is attributed by the presence of polar functional groups of PAN.

Followed by Prasanth et al. [24] similar study was reported by Carol et al. [34]
and process optimization was done by changing the three important parameters:
polymer concentration (6–14 wt%), flow rate (0.5–2.0 ml h−1) and applied voltage
(8–20 kV). Under each condition, PAN membranes were spun to about 200–250 nm
thickness, which is lower than that reported by Prasanth et al. [24]. In Carol et al.
[34] study observed that at low concentration (<8%) the fiber formed consists of
large number of beads and are very difficult to handle due to the puffy nature. When
the solution concentration increased to >12%, resulted in thicker fibers with non-
uniformmorphology. For an applied voltage 10–18 kV and a flow rate 1.0 and 2.0 ml
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Fig. 5.1 FE-SEM images on the surface morphology of electrospun polyacrylonitrile fibrous
membranes prepared with different polymer concentrations (wt%): a 10, b 12, c 14 and d 18;
(applied voltage: 20 kV); and with different applied voltage (kV): e 10, f 15, g 20, h 25 (polymer
concentration: 16 wt%) Adapted and reproduced from Ref. [24]. Copyright 2011 Elsevier

h−1resulted smooth fiber structure and bead free uniformmorphology [34]. The effect
of electrospinning parameters on the characteristics of membranes in the study are
displayed in Table 5.1.

Arifeen et al. [35] studied the influence of thermal pressing and pressure over the
morphology of the electrospun PANfibers produced from 10wt% solution of PAN in



126 N. T. M. Balakrishnan et al.

Fig. 5.2 FE-SEM images on the surface morphology of electrospun polyacrylonitrile fibrous
membrane soaked in 1 M LiPF6 in EC/DMC (1:1 v/v) after a 1 h, b 750 h. Adapted and reproduced
from Ref. [24]. Copyright 2011 Elsevier

DMF.By varying the processing conditions three differentmembraneswere prepared
denoted as PAN 1, PAN 2 and PAN 3. The obtained fibers are thermally pressed at
various pressures (20–50 MPa) and constant temperature and finally cross linked
fibers were obtained. With increasing applied pressure flattened fibers are formed
even though most fibers retained their shape (Fig. 5.3). The diameter exhibited by
the fibers comes in between 320 and 550 nm [35].

Similar result in Prasanth et al. [24] and Carol et al. [34] studies, PAN solution
having different concentration 7, 10 and 12 wt% were electrospunned and the fibers
prepared at lowest concentration of 7 wt% exhibit a beaded morphology while the
polymer solution concentration greater than 12 wt%, thicker fibers having a diameter
close to 1 micro meters are formed, which is much higher compared to Prasanth et al.
[36] (AFD was 350 nm) or Carol et al. [34] (AFD 900 nm) studies. Porous PAN
based separator system developed by Chao et al. [37] using PAN in DMF exhibit
an AFD of 350 nm and a better thermal stability than that of commercially using
celgard separators. Other than PAN/DMF systems, a ternary system composed of
PAN/DMF/Water was developed by Sabetzadeh et al. [37] appears to exhibit better
electrochemical performance. The porous membrane fabricated by using this ternary
system was compared with non-porous PAN membrane synthesized with similar
diameter (700–800 nm). The porous PAN separator system exhibit an interconnected
porous structurewith a specific surface area of 52.6m2g−1 which is three times higher
than that of the non-porous membrane [37].

5.3 Preparation of Electrospun Polyacrylonitrile-Based
Composite Polymer Electrolytes

For a polymer electrolyte system the number of charge carriers as well as their
mobility will determine the conductivity and electrochemical stability. Lithium salts
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Table 5.1 Effect of electrospinning parameters on the characteristics of membranes obtained

Sample Solution conc.
(wt%)

Voltage (kV) Flow rate (ml h−1) Observations Ref.

PAN-01 10 20 6 AFD of 0.28 μm, and
wide fiber diameter
distribution and
partially beaded fibers
having more fluffy
structure

[24]

PAN-02 12 20 6 AFD of 0.3 μm, and
narrow fiber diameter
distribution having
highest number of
thin fibers, and bead
free and uniform
morphology

[24]

PAN-03 14 20 6 AFD of 0.32 μm, and
wider fiber diameter
distribution, and bead
free morphology with
more smooth fibers

[24]

PAN-04 16 20 6 AFD of 0.35 μm,
very narrow fiber
diameter distribution
with significantly
higher number of thin
fibers and very
straight fibers having
very smooth fiber
having very uniform
morphology surface

[24]

PAN-05 18 20 6 AFD of 0.44 μm,
wide fibers diameter
distribution having
higher fiber diameter,
bead free morphology

[24]

PAN-06 16 10 6 AFD of 0.32 μm,
wide fiber diameter
distribution have
large number of thin
fibers, and bead free
and straight fibers

[24]

(continued)
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Table 5.1 (continued)

Sample Solution conc.
(wt%)

Voltage (kV) Flow rate (ml h−1) Observations Ref.

PAN-07 16 15 6 AFD of 0.33 μm,
wide range of fiber
diameter distribution
than other
membranes, but large
number of thin fibers
than PAN-03 and
PAN-05

[24]

PAN-08 16 25 6 AFD 0.40 m, narrow
fiber diameter
distribution but more
number of larger
fibers, straight and
smooth fibers having
uniform morphology

[24]

PAN-09 8 10 2.0 Fibers formed with
beads in between,
nearly uniform
distribution, flimsy
membrane

[34]

PAN-10 8 17 2.0 Thin fibers formed,
nearly uniform
distribution, better
strength compared to
PAN-09, difficult to
handle

[34]

PAN-11 10 15 1.5 Fibers formed with
uniform distribution,
reasonably good
handling strength

[34]

PAN-12 10 15 2.0 Fibers formed with
uniform distribution
and closer packing,
stronger membrane
with better handling
strength than PAN-11

[34]

PAN-12 12 18 1.0 Thicker fibers formed
with non-uniform
distribution

[34]

have a remarkable impact over the determination of ionic conductivity of polymer
electrolytes for LIBs. For a PAN based system PAN-LiClO4 system is appeared to
exhibit good ionic conductivity than the other lithium salts because of the smaller
ionic radius of perchlorate ion [38]. Another approach for enhancing the performance
of electrolyte is addition of fillers. Different fillers are employed in order to enhance
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Fig. 5.3 FE-SEM images on the surface morphologies of the optimized polyacrylonitrile (PAN)
membranes at different processing conditions: a PAN 1, b PAN 2. Adapted and reproduced from
Ref. [35]. Copyright 2019 Elsevier

the property of fibrous PAN membrane. By the addition of fillers, the mobility of
main chain will get reduced that will influence the glass transition temperature of
the system as well as it can enhance the dissociation of lithium salts by Lewis acid-
base interaction (Fig. 5.4) [39]. Moreover electrospinning results the formation of
microporous structures rather than mesoporous structures. This leads to the polymer
degradation and leakage of liquid electrolytes during cycling andfinally results a poor
discharge capability at high discharge rate. Addition of fillers to form composite
membrane is chosen to be a best method to resolve this issue [40]. Synthesis of
composite porous polymer membrane is rather simple by electrospinning method,
because the filler can be simply added to the polymer solution employed [41].

Carbon allotropes such as carbon nanotubes (CNT) [42, 43] graphene and
graphene derivatives [44, 45] are also employed for the property enhancement of
electrospunned PAN but the application of such composites in lithium-ion batteries
are not reported yet. For PAN based polymer electrolytes, incorporation of ceramic
materials are extensively reported as one of the effective methods to enhance the
electrochemical properties. Ceramic fillers are classified into active fillers [46] and
inactive fillers [47]. The fillers that will not participate in lithium-ion conduction
process are called inactive fillers such as silica and alumina while active fillers like
silicon carbides are capable to participate in the lithium-ion conduction process [48].
Silica is one of the promisingfiller that can influence the electrochemical properties of
polymer electrolytes up to a greater extend. Jung et al. [40] studied the electrochem-
ical properties of PAN/fumed silica composite synthesized by electrospinning. The
resulting composite polymer consists of homogeneously distributed silica which is
the direct influence of electrospinning process. Fumed silica is hydrophilic in nature
and hence provides silanol groups at the surface of the PAN fibers. The presence of
silanol group enhances the zeta potential that will nullify the effect of increase in
viscosity caused by silica and there by produce very fine fibers. The resulting fibers
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Fig. 5.4 a Schematic representation of the dissociation effects of Lewis acidic, basic and neutral
surface groups on nano-Al2O3 particles. b Schematic representation of polymer electrolyte Adapted
and reproduced from Ref. [39], Copyright 2005 Elsevier

exhibit a unique pore size distribution with the combination of both mesoporous
and microporous structure [40]. Electrolytic separator membrane synthesized using
silica/PAN by the combination of sol gel and electrospinning method results the
formation of membrane having high thermal stability. Compared to the polypropy-
lene separates this silica/PAN system is best that it can withstand the dimensional
stability even up to 150 °C (Fig. 5.5) which is results by the presence of silica.
Samples containing different silica loading were prepared by making use of TEOS
along with HCl. Resulting PAN/silica solution is electrospunned to obtain the elec-
trolytic separator. With increasing the silica content the electrolyte uptake and ionic
conductivity of the resulting membrane was drastically increase due to the highly
porous structure results by the silica content [49].

Aluminumoxide iswell studied as nano-sized filler in PEs of LIBs [50] but there is
only limited studies were reported in electrospunned PAN based PEs. PAN/alumina
composite membrane prepared by electrospinning of PAN solution in DMF mixed
with alumina particles exhibit excellent mechanical strength, thermal along with
high porosity and electrolyte stability uptake. With increasing the alumina content
the porosity is observed to be increased (Fig. 5.6) as a result of this, electrolyte uptake
is gradually increased. An electrolyte uptake of greater than 400% is exhibited by all
the membranes and a maximum of 561% is shown by the membrane consist 40 wt%
alumina content. This is due to the large surface area of alumina that results high
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Fig. 5.5 Photographs of SiO2/PAN hybrid nanofiber membranes with different SiO2 contents and
microporous PP membrane before and after thermal exposure at 150 °C for 30 min. Adapted and
reproduced from Ref. [49]. Copyright 2016 Elsevier

hydrophilicity. Similar effect is also observed in electrolyte retention ability. The 3D
network structure results by this method provide large porous space for the entrap-
ment of triethylene glycol diacetate-2-proponoic acid ester electrolyte (TEGDA-BA)
used in this study and thereby provide large ionic channel [51].

Liang et al. [52] evaluated the electrochemical characterization of
lithium lanthanum titanate oxide (LLTO)/PAN submicron composite fibermembrane
prepared by electrospinning. LLTO is a conductingmaterial that exhibits a pervoskite
structure [53]. The composite membrane prepared by the combination of LLTO
along with PAN can effectively use as the electrolytic separator due to its unique
porous structure. The LLTO particles chosen exhibit a particle size ranging from
ten of nm to hundreds of nm and possess an average particle size of about 200 nm.
By the addition of LLTO particles, the membrane can trap impurities from liquid
electrolytes and there by provide smaller interfacial resistance that will enhance
the battery performance [52]. Lithium aluminum titanium phosphate (LiTi2 (PO4)3
simply LATP) is a promising filler that consist of Ti4+ ions that get partially replaced
with Al3+ ions. This replacement reduces the unit cell dimension and thereby
enhances the ionic conductivity. Moreover its structure consists of cavities and
bottle neck at which lithium ions can occupy and move so that it can ensure the
proper ionic mobility [54, 55] LATP/PAN composite polymer electrolytic separator
membranes prepared by electrospinning and with increasing the LATP content
the electrolyte uptake and electrochemical performance increases [56]. PAN based
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Fig. 5.6 FE-SEM images on the suface morphology of electrospun polyacrylonitrile (PAN)
based composite membranes with varying PAN:Al2O3 contents of a 100:0 b 90:10 c 80:20 d 60:40.
Adapted and reproduced from Ref. [51]. Copyright 2015 Elsevier

composites membranes synthesized by the methods other than electrospinning also
explored for energy storage devices [57]. PAN/organic clay composite membrane
prepared by solvent induced phase inversion show superior thermal and mechanical
stability that induced by the presence of layered organic clay [58]. Even though
the ceramic nanoparticles can enhance the electrochemical properties of polymer
electrolytes, one of the challenge that facing is the formation of efficient network
for the ionic conduction. Polymer composite synthesized by the incorporation of
ceramic nanowires can efficiently form such network structures and they are exten-
sively studied for the solid polymer electrolyte systems. Li0.33La0.557TiO3(LLTO)
nanofibers were fabricated by electrospinning of polyvinyl pyrrolidone (PVP) with
relevant salts followed by calcination to produce LLTO nanowires and 15% of
the same is dispersed in PAN lithium per chlorite (LiClO4) (Fig. 5.7). Resulting
composite exhibit a continuous ionic transport pathway and exhibit an ionic
conductivity of about 2.4 × 10−4 S cm−1 at room temperature which is a superior
conductivity reported for solid polymer electrolytes [59].
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Fig. 5.7 a–e Schematic illustration for the synthesis of ceramic nanowire-filled polymer-based
composite electrolytes c as spun fibers e illustration of the electrode configuration for the AC
impedance spectroscope measurement f perspective view of lithium lanthanum titanate oxide
(LLTO). Adapted and reproduced from Ref. [59]. Copyright 2015 American Chemical Society

A novel tailor made PAN based sandwich structured composite polymer elec-
trolyte membrane with unique architecture is introduced to make use in LIBs by
Prasanth et al. [60, 61] and the same method of preparation is adopted to prepare the
electrospun polymer electrolytes by other groups by using polysulfonamide (PSA)
and polyacrylonitrile [60]. The schematic and surface morphology of the tailor made
electrospun polymer electrolyte prepared by Prasanth et al. [60, 61] is displayed in
Figs. 5.8 and 5.9. The study elucidated the synthesis, characterization, and electro-
chemical investigation of a novel composite polymer electrolyte based on electrospun
membranes of PVdF-co-HFP [60], poly(methyl methacrylate) (PMMA), poly(vinyl
acetate) (PVAc), or poly(ethylene oxide) (PEO) [61] sandwiched between the layers
of fibrousPANmembranes fabricated using continuous electrospinning. Thepolymer
membranes were synthesized in a layer by layer fashion, stacked in layers to incorpo-
rate the advantages of the different polymers. The study introduced a novel method of
preparation of layer-by-layer structure, instead of conventional assembly of separate
layers of the membranes one over the other. The sandwiched structure of the elec-
trolyte membranes are prepared by adopting continuous electrospinning, in which
the polymeric doping solutions are continuously fed to the tip of the needle one
after another. As a result, the membranes had good adhesion between the layers.
In the tailor-made composite membranes, the thickness of each layer was carefully
controlled during the process of electrospinning by optimizing the spinning time
and other spinning parameters. In the study they demonstrated that the utilization of
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Fig. 5.8 Schematic representation of electrospun poly(vinyldeneflouride-co-
hexaflouropropylene)/polyacrylonitrile (PVdF-co-HFP/PAN) composite membranes. Adapted
and reproduced from Ref. [60]. Copyright 2010 Elsevier

Fig. 5.9 FE-SEM images on the surface morphology of electrospun PVdF-co-HFP/PAN
blend/composite membranes: a pristine PVdF-co-HFP and b 50:50 blend of PVdF-co-HFP and
PAN. Adapted and reproduced from Ref. [60]. Copyright 2010 Elsevier

certain polymers such as PMMA or PEO which are completely soluble in common
battery electrolyte solvents, or very fragile fibers like PMMA could not handle or
even transfer from the collector plate or drumwithout breaking, could make to use as
fibrous membranes gel electrolytes in LIBs. In these membranes the out pan layers
act asmechanical support and the inner PEOor PMMAwill offer better ionic conduc-
tivity and better electrolyte uptake as well as electrolyte retention, thereby make it
good leak proof fabrication of LIBs and better safety.

Based on Prasanth et al. [60] poly(methyl methacrylate) (PMMA), poly(vinyl
acetate) (PVAc),or poly(ethylene oxide) (PEO) [61] study, similar layer-by-layer
structured polymer electrolyte of PAN sandwiched between PSA is recently reported
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Fig. 5.10 Schematic representation of the preparation process of the polysulfon-
amide/polyacrylonitrile/polysulfonamide (PSA/PAN/PSA) composite nanofibrous membranes.
Adapted and reproduced from Ref. [62]

[62]. In the study a uniform solution of PSA was electrospunned and a solution of
PAN is spunned over the formed fiber, again the same PSA solution is spunned in
order to get a sandwich structure that consist of PSA/PAN/PSA (Fig. 5.10). The
sandwiched structure exhibit enhanced mechanical property due to the presence of
PAN nanofibers that are capable to exhibit a maximum stress of about 41.2 MPa.
Compared to commercial Celgard® separator this sandwich membrane exhibit high
porosity, high thermal stability and electrolyte uptake [62].

5.4 Preparation of polyacrylonitrile-Based Blend Polymer
Electrolytes

Blending is an effective method to improve the electrochemical properties of PEs.
Different polymers are employed for the preparation of polymer blends based on
PAN. Blends of PAN with PMMA [63], PS [64], PVdF [65] or PVdF-co-HFP [60]
are widely studied for the preparation of PEs in LIBs. These polymers individually
have certain characteristics that are important for use it as the electrolyte host in
batteries. Even though each system exhibit its own characteristics that could not
be exhibited by other. So blending can deliver the synergetic advantage of each of
the component. For the blend polymer electrolyte systems both binary and tertiary
blends were explored for lithium-ion batteries. Prasanth et al. [66] first demonstrated
a multi component polymer blend based on PAN/PMMA/PS. Also he demonstrated
a tailor made gel polymer electrolyte based on blends and composites of PVdF-co-
HFP and PAN [60]. For the evaluation of the property of the system, membranes with
different concentration of individual polymers were synthesized which is denoted
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as GPE-01, GPE-02, GPE-03 and GPE-04 which consist of PAN/PMMA/PS in the
ratios 80:10:10, 90:05:05, 90:10:00 and 90:0:10, respectively. According to Prasanth
et al. [66] the microporous membrane that results by the homogeneous blending of
individual components results high electrolyte uptake due to the presence of PAN,
PMMAwhich results the swelling or gelation rather than dissolution. PAN is capable
to impart a mechanical stability while PS is introduced in order to provide the amor-
phous path for providing toughness as well as for the easier penetration of Li+-ions.
However with increasing the PMMA/PS content the resulting membrane shows an
irregularity and non- uniformity, membrane with high concentration of both PS and
PMMA exhibit higher AFD (950 nm) and an increment in AFD is observed with a
surge in PS content. Thismulticomponent blend electrolyte exhibit a thermal stability
lower than 300 °Cwhich is lower than that of PAN, attributed by the reduction in crys-
tallinity, which is further confirmed with the X-ray diffraction analysis (Fig. 5.11a).
On evaluating the variation of ionic conductivity with time (Fig. 5.11b) of the blend,
an increment in conductivity is observed with respect to time and from the data it
is clear that the average pore size is independent of the activation energy of ionic
conduction.

The amorphous nature of the membrane promotes the lithium ion mobility and
thereby results in better electrochemical performance in electrospun fibrous elec-
trolyte [66]. The advantage of both blending and composite preparation was bringing
in a single system by Prasanth et al. [60] with the fabrication of blend and composite
of PVdF-co-HFP and PAN. The resulting fibrous membrane exhibit a uniform
morphologywithAFDof 390–450nm[59]. FollowedbyPrasanth et al. [66], Tan et al.
[64] developed a tertiary blend based on PAN along with thermoplastic polyurethane
(TPU) and polystyrene (PS). Electrospinning is carried out with the solution of DMF
that containing PAN: TPU: PS in the ration 5:5:1. The presence of TPU can enhance
the ionic conductivity of the resulting electrolyte due to the presence hard as well as

Fig. 5.11 aXRDspectra of polyacrylonitrile/polymethylmethacrylate/polystyrene (PAN/PMMA/PS)
blend in ratio; 80:10:10 (GPE-01), 90:05:05 (GPE-02), 90:10:0 (GPE-04), pristine PAN and pristine
PMMA, and inset shows the XRD of pristine polystyrene (PS). b Effect of temperature on ionic
conductivity of polymer electrolytes based on electrospun PAN/PMMA/PS blend membranes.
Adapted and reproduced from Ref. [66]. Copyright 2012 Elsevier
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the soft segments that it contains. Soft segments are responsible for the dissociation of
salts and thereby result in an enhancement in the ionic conductivity. The mechanical
strength is provided by PS. It ensures good fatigue resistance, mechanical strength
and spatial stability. Furthermore smooth and completely stretched fiber morphology
(Fig. 5.12) and high thermal stability is observed (Fig. 5.13). The enhancement in
thermal stability is arise because of the interaction between PAN and TPU a slight
increase in thermal stability is observed in between 300 and 450 °C for this tertiary
blend electrolyte compared to that of the binary system [64]. Wang et al. [63] fabri-
cated PAN based polymer electrolytes using a copolymer of PAN, polyacrylonitrile-
co-vinyl acetate (PAV) that is blended with PMMA to form a polymer host for the gel
polymer electrolyte that can exhibit reduced crystallinity with improved mechanical
strength and good adhesion with the electrode that is induced by the presence of
PAV which is formed by the linear conjugation of PAN with PVAc (Fig. 5.14a). An
improved ion transfer at the electrode-electrolyte interface is delivered by the system
due to the presence of PMMA. Moreover it can help to reduce the crystallinity of

Fig. 5.12 FE-SEM images on the surface morphology of PAN based polymer blend electrospun
films with different weight ratio (wt.%): a PAN/PS (5:1), b PAN/TPU(5:5), c TPU/PS (5:1) and
d PAN/TPU/PS (5:5:1). Adapted and reproduced from Ref. [64]
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Fig. 5.13 TGA curves of the PAN based polymer blend electrospun films. Adapted and reproduced
from Ref. [64]

PAN. On evaluating the temperature dependence over the ionic conductivity, the gel
polymer electrolyte is more conducting than the celgard separator activated with
the liquid electrolyte (1 M LiPF6 EC/DMC/DEC solution) and at 30 °C GPE-AVM
and GPE-AV exhibit a conductivity of about 3.5 and 2.5 mS cm−1, respectively
(Fig. 5.14b). This improved conductivity is attributed by the presence of interstitial
space- that caused by the segregation of PAN fibers in the presence of PMMA [63].

In the binary blend system PAN/PMMA blends are extensively studied for the
development of polymer electrolytes. It has been found that PAN/PMMAGPEs with
acrylonitrile to methyl methacrylate ratio 4:1 exhibit high ionic conductivity and
better electrochemical properties [67, 68].Another polymer that commonly blended
with PAN is PVdF which exhibit a good electrochemical stability along with an
excellent affinity toward the lithium ions. On synthesizing its blend along with PAN
the issue comes across is the miscibility of the individual system with each other.
During the mixing of PAN and PVdF a phase separated mixture is get formed.
So electrospinning is used effectively that can ensure the phase mixing of both
of the polymer matrixes and there by avoid the phase separation. Gopalan et al.
[64] studied the electrochemical properties of electrospun PAN-PVdF electrolyte
membrane synthesized with different porousity. The proper phase mixing of the
components is evaluated by using the FTIR spectra [65].

Polyvinyl chloride (PVC) based polymer electrolytes are also studied for LIBs
due to its dielectric properties that can induce good the ionic conductivity [69, 70].
PAN/PVC blend polymer electrolytes synthesized by solution casting followed by
activation with lithium perchlorate (LiClO4) in propylene carbonate (PC) exhibit
ionic conductivity 7.01 × 10−5 S cm−1 [41] Zhong et al. [71] developed PAN/PVC
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Fig. 5.14 a Conceptual Illustration of the polymer frameworks of PAV and PAVM b ionic conduc-
tivities of the GPEs and SLE at temperatures of −40 to 90 °C. Adapted and reproduced from Ref.
[63]. Copyright 2014 American chemical Society



140 N. T. M. Balakrishnan et al.

(8:2w/w) based electrolytes for LIBs by electrospinning that exhibit an ionic conduc-
tivity of 1.05× 10−3 S cm−1 at 25 °C and the electrolyte system is stable up to a 4.9 V
[71]. Incorporation of ionic liquids is another method that can be adopted in order to
improve the electrochemical performance of polymer electrolytes. Room tempera-
ture ionic liquids are thermally as well as chemically stable and exhibit a low vapor
pressure, flammability and a wide electrochemical window [72, 73]. PAN/PMMA
blend polymer electrolyte synthesized by the incorporation of room temperature
ionic liquid N-methyl N-butyl pyrrolidenium bis(trifluoromethanesulfonyl imide)
(PYR14TFSI) exhibit a room temperature conductivity of 3.5 × 10−3 S cm−1 and a
stable potential higher than 5 V (Li+/Li) [74].

5.5 Electrochemical Properties of Electrospun
Polyacrylonitrile-Based Polymer Electrolytes

Electrospun PAN based polymer electrolytes exhibit high electrochemical properties
owing to the presence of microporous structure formed by electrospinning. Lithium
salts that entrapped at these micro pores results improved electrochemical proper-
ties. Along with the lithium salts, the liquid electrolytes employed for activating
the polymer membrane also have greater impact in its electrochemical properties.
So the choice of salt as well as organic electrolytes has great influence in deter-
mining the final performance of the electrolyte. Electrospun PAN based fibrous
membrane with a diameter of about 880–1260 nm activated with 1 M LiPF6 in a
mixture of ethyl carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate
(DEC) (0.25:1:1) exhibit a ionic conductivity of about 1.7 × 10−5 S cm−1 at 20 °C
[34]. Compared to this a peak increase in ionic conductivity is observed for the
membrane with AFD 350 nm activated by 1 M LiPF6 in a mixture of ethyl carbonate
(EC), diethyl carbonate (DEC) (>2×10−3 S cm−1) as well as an oxidative stability
>4.7 V. On evaluating the battery performance using lithium iron phosphate cathode
(LiFePO4 simply LFP), the cell exhibit a capacity 150 mAh g−1 which is 88% of the
theoretical capacity [24]. Choi et al. [32] investigated the dependence of different
organic liquids over the electrochemical performance of PANbased PEs by activating
the membrane with one molar solution of LiPF6 in different organic electrolytes
(EC/DMC (2:1), EC/DMC (1:1), EC/EMC, EC/DEC, EC/DMC/DEC). Among this
polymer electrolyte with EC:DMC in the ratio 1:1 exhibit high discharge capacity
of about 145 mAh g−1(LCO/PE/LCO) and 94.1% of capacity is retention even after
150 cycles at a charge discharge rate of 0.5 °C (Fig. 5.15) [32].

The PAN based polymer electrolyte synthesized by Prasanth et al. [24] with
16wt% of PAN inDMF activated with 1MLiFP6 in EC/DC (1:1) display a discharge
capacity of 150 mAh g−1at 0.1C (Li/PE/LFP) which is 88% of the theoretical value
and even after 50 cycles, the cell retained 90% of the initial discharge capacity. The
PAN based separator membrane fabricated by electrospinning of 10.5 wt% solution
in DMF exhibits voltage stability up to 4.5 V versus Li and a discharge capacity of
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Fig. 5.15 Cycle performances of graphite/electrospun PAN-based fibrous polymer electrolytes
in 1 M LiPF6 in varying electrolyte compositions and LiCoO2 cells at 0.5C/0.5C rate of
charge/discharge condition. Adapted and reproduced from Ref. [32]. Copyright 2005 Electro
Chemical Society

about 125 mAh g−1 which is higher than that of commercially used PP separator
(120.4 mAh g−1) and PE separator (120.7 mAh g−1) [75]. Compared to this a greater
capacity was exhibited by the separator fabricated by Carol et al. [34] which is about
of 128 mAh g−1 (Li/PE/LCO). Moreover it exhibit 86% of capacity retention after
30 cycles. The presence of water has a greater influence over the electrochemical
performance of the system. The porous PANmembrane formed by the tertiary system
consist of water shows a discharge capacity of 130mAh g−1 which is higher than that
of non-porous PAN membrane synthesized in the same diameter. This is attributed
by the interconnected porous structures formed by the spinodal phase separation
that happens during the electrospinning process [37]. For the further enhancement
of electrochemical performance different fillers are incorporated to the matrix, and
silica is one of the extensively studied filler for the polymer electrolytes in LIBs.
Composite polymer electrolyte formed by the incorporation of fumed silica to the
PAN matrix and activated with the LiPF6 in EC/DMC mixture exhibit excellent
discharge capacity and cyclic stability. 12 wt% of SiO2 in PAN exhibits a discharge
capacity of 139 mAh g−1 (graphite/PE/LiCoO2), which is 98% of the theoretical
value. Even after 150 cycles, the system retains a capacity of 127 mAh g−1 which
corresponds to 89% of the theoretical value, which is much better than that of elec-
trospunned pure PAN based electrolytes for LIBs [40]. With further increase in silica
content an enhancement in electrochemical performance was observed. A 7 wt%
silica containing system shows discharge capacity of 163mAh g−1 for the cell cycled
with LFP,which is close to the theoretical capacity of cathode (170mAh g−1) and this
same system exhibit very low capacity fadingwith increase in the C-rate as compared
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Fig. 5.16 a Electrochemical impedance spectra of liquid electrolyte-soaked LLTO/PAN composite
fiber-based membranes with different LLTO contents, b cycle performance of Li/LiFePO4 cells
containing liquid electrolyte-soaked Celgard 2400 separator, PAN fiber-based membrane and
LLTO/PAN composite fiber- based membrane at 0.2 C rate. Adapted and reproduced from Ref.
[52]. Copyright 2011 Elsevier

to that of commercial PP separators. Even at 8C, 27 wt% silica containing system
exhibit a discharge capacity 82 mAh g−1 [49]. Lithium lanthanum titanate (LLTO) is
the best to use as filler due to the high bulk Li+-ion conductivity (10−3 S cm−1). The
system containing 15 wt% of LLTO exhibit very low interfacial resistance, which
arise because of their ability to trap the impurities present in the liquid electrolyte
(Fig. 5.16a). The separator membrane fabricated by incorporation of LLTO exhibit
a discharge capacity of about 160 mAh g−1 when cycled by using LFP cathode and
it persist almost this capacity up to 50 cycles (Fig. 5.16b) [52].

Similar electrochemical characteristics were observed in lithium aluminum tita-
nium phosphate (LATP) imparted PAN based polymer matrix. LATP exhibit an ionic
conductivity of about 10−4 S cm−1 at room temperature. The cell (Li/PE/LFP) with
15% LATP exhibits an initial discharge capacity in between 145 and 165 mAh g−1.
Compared to commercial celgard separator this cell can exhibits a first cycle effi-
ciency of 93%, which is for the celgard separators are about 91.9% [56]. Composite
membrane that containing alumina (PAN: Al2O3: 80:20) and TEGDA-BA as liquid
organic electrolyte exhibit an ionic conductivity of 2.35 mS cm−1 at 25 °C and
an electrochemical stability greater than 4.5 V. It also shows a discharge capacity of
249Ah g−1 when the cell is cycledwith half cells that containing electrodes such as Li
[Li1/6Ni1/4Mn7/12]O7/4F1/4. Apart from this a capacity retention of 240.4 mAh g−1 is
observed after 50 cycles which is excellent capacity than that of pure PANmembrane
[51]. A different approach for the fabrication of composite electrolyte was made by
Tian et al. [62] using PSA along with PAN by spinning PSA/PAN/PSA. This system
exhibits capacity 154 mAh g−1 along with 85.94% of capacity retention from 0.2 to
2C. Moreover, about 96.2% of capacity retention was observed even after 70 cycles
[62].

While composite polymer electrolytes enhance the electrochemical performance
by the increase in the amorphous content that is induced by the presence of filler
and there by the Li+-ion movement, polymer blend based use different polymers to
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blend together to produce the synergetic advantage of individual ones and thereby
increase the final performance. For the blend based polymer electrolytes both binary
and tertiary blends were extensively studied, for the PAN based polymer electrolytes.
The first multicomponent blends system proposed by Prasanth et al. [66] composed
of PAN, PMMA, PS activated by soaking in liquid electrolyte containing 1 M LiPF6
in EC: DEC (1:1). The charge discharge profile of resulting electrolyte membrane
was evaluated using Li/LiMn2O4 coin cell. During the first discharge about 82% of
theoretical capacity was achieved The gel polymer electrolyte with high concentra-
tion of PMMA (GPE-01) exhibits a discharge capacity of 122 mAh g−1 which is
close to the theoretical value of LiMn2O4 [66]. These electrochemical performances
are the effect of PVdF and PS employed that can improve the electrochemical perfor-
mance of PAN membrane. At 0.1 C the cell (Li/GPE/LiMn2O4) exhibit a discharge
capacity of 120mAh g−1 at a discharging rate of 0.1C, with increasing the cycling the
discharge capacity get decreased slightly and the system containing PAN/PVdF/PS
in ratio 80:10:10 exhibit a discharge capacity of 113 mAh g−1 which corresponds to
92.7% of initial capacity and it is higher than that of cell fabricated with the polymer
ratio 90:05:05, 90:10:0 and 90:10:0 [66].

Followed by this the blend polymer membrane was fabricated by Tan et al.
[64] using PAN/TPU/PS was examined using Li/GPE/LFP cell. This cell exhibits
a charge discharge capacity of 161 mAh g−1 with a stable cycle performance and
high coulombic efficiency and about 94% of capacity retention is observed even
after 50 cycles [64]. It is observed that the cell exhibits an excellent electrochemical
stability of 5.8 V which is attributed by the interaction between the C=O group of
the carbonate, –NH group of the TPU and–CN group of the PAN [64]. Instead of
using the PAN separately the copolymer of PAN with PVAc (polyacrylonitrile vinyl
acetate simply PAV) was explored with PMMA. Activating with 1 M solution of
LiFP6 in carbonate solvent, the cell shows a capacity of 140 mAh g−1 at a discharge
rate of 0.2C (Fig. 5.17a). Cycling at 17C, 93% of capacity retention is observed for
the system and even after a 1000 cycles also 63% of capacity retention is observed

Fig. 5.17 aDischarge capacity and b cycle performance of GPE and SLE. Adapted and reproduced
from Ref. [63]. Copyright 2014 American Chemical Society
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(Fig. 5.17b) which is higher than that of celgard separator (SLE) activated with the
carbonate solvent containing LiFP6 salt [63].

A novel multicomponent electrolyte system fabricated Prasanth et al. [60] as a
three layer structure, of electrospun PVdF-co-HFP and PAN or a the blend composite
membrane of PVdF-co-HFP along with PAN having a three-dimensional network
structure is explored owing to its good electrochemical properties [60]. In the three
layer system one layer of electrospun PAN membrane is sandwiched between the
layers of electrospun PVdF-co-HFP fibrous membrane or a layer of electrospun
PVdF-co-HFP sandwiched between two layers of electrospun PAN membrane is
fabricated by continuous electrospinning which facilitate good adhesion between
the layers. The tailor made gel polymer electrolyte can entrap liquid electrolyte to
form a swollen fibrous matrix with large surface area. It exhibits an anodic stability
greater than 4.6 V versus Li/Li+ (Fig. 5.18a) ascribed by the excellent affinity of
the membrane to the carbonate electrolyte (EC, DMC etc.). The electrochemical
stability exhibited by themembrane is in the order 4.6<4.7<4.9V forPAN/PVdF-co-
HFP/PAN layer by layer-membrane (PE-LM1), (PVdF-co-HFP/PAN/PVdF- co-HFP
layer by layer membrane (PE-LM2), and PAN/PVdF-co-HFP blend (50:50 wt./wt.)
membrane (PE-BM), respectively. With increase in the storage time an urge in the
interfacial resistance is observed which is reported highest for the sample PE-LM1
and the least for PE-BM (Fig. 5.18b). The similar composition of PAN/PVdF-co-
HFP blend (50:50 wt./wt.) is observed to exhibits a discharge capacity 140 mAh g−1

(Fig. 5.19a) which corresponds to 85% of the utilization of the activematerial, but for
the remaining, the capacity reported was 19–23% low than the theoretical capacity.
Even after 50 cycles the blend membrane (PE-BM) could retain 94% of its initial
discharge capacity that corresponds to 81% of its theoretical capacity (Fig. 5.19b).
This enhanced performance is attributed by the higher ionic conductivity (6.5× 10−3

S cm−1 at 25 °C) resulted from the three dimensional network structure provided by
the electrospun membranes blend compared to that of layer by layer structure (3.9×
10−3, 4.9 × 10−3 S cm−1, respectively, for PAN/PVdF-co-HFP/PAN layer by layer
membrane (PE-LM1), (PVdF-co-HFP/PAN/PVdF-co-HFP layer by layer membrane
(PE-LM2) at 25 °C) [60].

Later, Prasanth et al. [61] again fabricated multicomponent polymer gel elec-
trolyte system by sandwiching a layer of electrospun PVAc or PMMA or PEO
between two electrospun PAN by using continuous electrospinning, Among these
membranes the polymer gel electrolyte activated with 1 M LiPF6 in EC/DMC (1:1
v/v), PAN/PVAc/PAN (PE-PVAc) membranes shows the highest ionic conductivity
(4.83 × 10−3S cm−1 at 25 °C), which is ascribed to the combined effect of high
electrolyte content at the pores and increase in Li+ ion mobility in the membrane.
The compatibility of lithium metal with PEs was evaluated using electrochemical
impedance spectra, Nyquist plot. The interfacial resistance of the cell Li/PE-PVAc/Li
is found to be increased evaluating the cell for 7 days and reaches a maximum of
200% of the initial value and then get reduced. Comparatively the resistance exhib-
ited by the cell is low and on evaluating the variation of interfacial resistance (Rf) with
temperature (between 20 and 60 °C), a reduction in Rf is observed with temperature
which favors the facile charge transfer [61]. An initial discharge capacity of 137 and
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Fig. 5.18 Electrochemical properties of polymer electrolytes based on electrospun P(VdF-
co-HFP)/PAN blend/composite membranes activated with 1 M LiPF6 in EC/DMC (1:1 v/v)
at room temperature: PVdF-co-HFP/PAN layer by layer membrane (PE-LM1), PVdF-co-
HFP/PAN/PVdF-co-HFP layer by layer membrane (PE-LM2) and PAN/PVdF-co-HFP blend
membrane (50:50 wt./wt.) (PE-BM): a anodic stability by LSV (Li/PE/SS cells, 1 mV s−1, 2–
5.5 V) and b variation of interfacial resistance as the function of time (Li/PE/Li cells, frequency
range 100–2 MHz). Adapted and reproduced from Ref. [60]. Copyright 2010 Elsevier
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Fig. 5.19 Charge–discharge properties of Li/PE/LiFePO4 cells with polymer electrolytes based
on electrospun P(VdF-co-HFP)/PAN blend/composite membranes activated with 1 M LiPF6 in
EC/DMC (1:1 v/v): a Initial charge-discharge profiles and b cycling stability (at 25 °C, 0.1 C-rate,
2.5 to 4.0 V). PVdF-co-HFP/PAN layer by layer membrane (PE-LM1), PVdF-co-HFP/PAN/PVdF-
co-HFP layer by layer membrane (PE-LM2) and PAN/PVdF-co-HFP blend membrane (PE-BM)
(50:50 wt./wt.). Adapted and reproduced from Ref. [60]. Copyright 2010 Elsevier
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145 mAh g−1 is shown by the cell at 0.1 C using LFP cathodes, which is 80–85%
of the theoretical capacity and the highest discharge capacity, was exhibited by the
PE-PVAc cell. This same cell is observed to be exhibits high retention in capacity
(140 mAh g−1) even after 50 cycles. The percentage capacity fade was higher for the
cell with PE-PMMA which is attributed by the brittle nature of PMMA that results
poor mechanical strength [61].

For the binary blend system PVC based blends of PAN are less studied for LIBs.
PAN/PVCpolymer electrolyte (8:2) obtainedby activating themembrane in 1Msolu-
tion of LiClO4 in PC solution exhibit a voltage stability above 4.5 V as well as good
interfacial stability with lithium electrode [71]. PMMA binary blends formed exhibit
enhanced electrochemical properties than that of PVC based blends. PAN/PMMA
blend electrolyte along with ionic liquid PYR14TFSI a good discharge capacity 139,
134, 120 and 101 mAh g−1 at discharge rate of 0.1, 0.2, 0.5 and 1C, respectively
(Li/GPE/LFP) [74]. Similarly PAN/PVdF blend electrolyte explored with 25% of
PAN also capable to exhibit high electrochemical stability of 5.1 V and exhibit a
discharge capacity of 112.38 mAh g−1 at 0.2C (Li/PE/LCO) [65]. Even though the
capacities exhibited by these binary systems are lower than that of the tertiary systems
explored, the electrochemical performance is much better than that of pure electro-
spun PAN based electrolytes. Hence blending with polymers is considered to be the
best method for the enhancement of electrochemical performance.

5.6 Conclusion

PANbased polymer electrolytes are seems to better for the lithium-ion batteries due to
the high electrochemical property that it can deliver. PAN is thermally stable polymer
and can withstand very high temperature. Even though it does not have a sharp
melting temperature, it is found to be thermally stable up to 300 °C. Regarding the
safety concern of lithium-ion battery a thermally stable and electrochemically good
performing electrolytes is prime important. Being a polymer and polymer electrolyte
PAN can ensure this by its structural features, physical and chemical properties. For
the development of polymer electrolytes systems highly porous membranes were
prepared. Due to the brittleness of the porous PAN membranes, electrospinning is
chosen to be the bestmethod. ElectrospunPANbasedmembranes can result sufficient
porousmembraneswith highflexibility byhindering the alignment of cyanide groups.
This membrane is capable to exhibit better electrochemical properties due than the
PAN based electrolytes prepared by other conventional techniques. Even though
in order to reach high electrochemical properties different structural modification
such as blends and composite preparation were proposed for the PAN based polymer
electrolytes.Many polymers such as PVdF, PMMA, and PVdF-co-HFPwere blended
with PAN in order to enhance its electrochemical properties. Moreover composite
systems composed of PAN along with ceramic fillers such as silica and alumina can
results electrolytes with improved ionic conduction. Reviewing this chapter, we can
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ensure that PAN based electrolytes are the best and well performing system for safer
lithium-ion batteries.
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Chapter 6
Electrospun-Based Nonwoven 3D
Fibrous Composite Polymer Electrolytes
for High-Performance Lithium-Ion
Batteries

M. A. Krishnan, Neethu T. M. Balakrishnan, Akhila Das,
Leya Rose Raphael, M. J. Jabeen Fatima, and Raghavan Prasanth

6.1 Introduction

The increased energy demand and need for more reliable and safer energy storage
devices have led researchers to exploremore on lithium-ion batteries. Electrolytes are
considered as the prime content of the battery as the performance of the energy storage
device is relied on the performance and the conductivity of the electrolytic species.
High-energy solid-state batteries are replacing conventional liquid electrolyte with
polymer electrolytes in order to prevent leakage. Polymer electrolytes possess the
advantageous properties of both liquid and solid electrolytes. The basic polymer elec-
trolytes have several drawbacks such as low electrolyte uptake and low conductivity;
hence, to enhance the performance of these systems, several additives have been
incorporated into the matrix. These composite polymer electrolytes possess higher
ionic conductivity at ambient conditions.They also are having improved lithium inter-
facial stability, better cycling capability, comparable or superior ambient-temperature
ionic conductivity and goodmechanical strength [1]. Hence, composite polymers are
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Fig. 6.1 Schematic representation of lithium-ion battery

more effective electrolytes for high-performance lithium-ion battery (LIB). A typical
schematic representation of LIB is given in Fig. 6.1.

The main advantages of composite polymeric membrane as electrolyte compo-
nent in lithium cell are (i) suppression of dendrite growth, (ii) enhance endurance to
varying electrode volume during cycling performance, (iii) reduced reactivity with
liquid electrolytes, (iv) improved safety and (v) better shape flexibility and manufac-
turing integrity. There are mainly two directions in the field of solid polymer elec-
trolytes [2]. One is the highly conductive materials via the cross-linking of mobile
chains to form network, which are then swollen (gel electrolytes) by lithium salt
solutions. The matrix in this type of SPE is liquid-like to transport ions. The other is
the development of SPE by supramolecular architectures, which intrinsically gives
to much improved mechanical strength. The use of these materials as separators in
LIBs has advantage of minimizing the separator thickness, and this will in turn lower
the internal resistance of a lithium solid-state cell. They have strong tendency to
self-organize into supramolecular architectures when cast from solution. This prop-
erty will overcome the compatibility limitations of rigid and flexible polymer mate-
rials, and these materials can thus be considered as molecular composites. To obtain
maximal results, both these directions should merge. The gel electrolytes exhibit
excellent conductivities but still lack chemical stability under working conditions,
and it is weak in mechanical strength, whereas the reinforced SPEs are mechanically
strong but lack in ionic conductivities.

In polymer electrolytes, both cations and anions may contribute to the ionic
conductivity of the electrolytes. Studies in the near period reveal that the composite
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polymer electrolytes alone can improve the electrolyte compatibilities and safety
hazards. The electrolytes of lithium power resources are mainly classified into liquid
polymer and solid ones, that is, crystalline compounds with chemical bonds of ionic
nature [3]. The lithium power sources comprised of nanocomposite polymer elec-
trolytes are amodification of solid polymer electrolytes added by foreign component,
that is, inorganic oxide particle. The polymer electrolyte plays a crucial role in the
isolation of lithium-ion batteries electrodes from short-circuiting; it helps in ion
transportation by providing a medium between the electrodes.

The additives incorporated in the polymer matrix may be organic or inorganic
moieties. The organic compounds such as cellulose [4–7], cellulose derivatives [8],
kraft lignin [9], chitin [10], chitosan [11], carbon nanotube (CNT) [12] and graphene
oxide (GO) [13] have been widely employed as fillers for polymer electrolytes in
LIBs. Inorganic/ceramic fillers such as aluminium oxide (Al2O3) [14–18], titania
(TiO2) [19–23], silica (SiO2) [24–28] and nickel oxide (NiO) [29] have also been
tried out as electrolytes. The synthesis method of these polymer systems may vary.
One of the promising and effective techniques for synthesis of polymer separators
in LIBs is electrospinning method, because it was able to retain 500 wt% of liquid
electrolyte. The conductivity of electrolyte was improved by many methods; the
most popular one is the addition of low molecular weight solvents that make the
polymer chain and lithium ions more mobile. These are called as the polymer gel
electrolytes (PGE). Solid polymer electrolytes incorporating nanofillers are termed as
nanocomposite polymer electrolyte (NCPE). A SEM image of honeycomb structure
of polymer electrolyte membrane of PVdF-co-HFP is given in Fig. 6.2.

There are two types of ceramic fillers: active and passive fillers. The active fillers
involve in the conduction process, e.g., Li2N and LiAl2O3, whereas passive fillers
are inactive compounds which do not involve in conduction process, e.g., Al2O3,
SiO2 and MgO [31]. Dispersing fillers in polymer electrolytes generating NCPE is
known to have a very stable lithium electrode interface and has an increased ionic
conductivity even in low temperatures. This exceptional interfacial stability is due to
the addition of fillers which involves in residual removal of liquid impurities from the
surface and favouring the formation of smooth surfaces [32]. The resistance offered
by filler coated composite polymer electrolyte is lower than a battery using filler-free
electrolyte. In addition to the increased ionic conductivity, it also widens the temper-
ature range, which is indeed a major factor [33]. In addition, to enhance the value of
ionic conductivity of the resulting composite polymer electrolyte, ceramic filler also
widens its wanted temperature range. The composite polymer electrolyte operates
at temperature values, which are normally excluded for electrolytes of conventional
polymer batteries.

Some researchers have found that the cationic transfer number can be increased
by synthesizing polymers in which anions are covalently bonded to polymer back-
bone as exemplified [34]. This kind of polymers is named as ‘polyelectrolytes’. A
typical difference between polymer electrolyte and polyelectrolyte has been depicted
in Fig. 6.3. The increase in ionic conductivity is due to the cationic transport, and
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Fig. 6.2 FESEM images of a, b the front side, c, d the back side, and e, f the cross-section of
the PVdF-co-HFP honeycomb-like porous polymer membrane. Adapted and reproduced from Ref.
[30]. Copyright 2014 Springer Nature

the anions are being effectively immobilized. These materials are very much flex-
ible and exhibit ambient-temperature conductivities. Polyelectrolytes are not suscep-
tible to the build-up of potential resistive layers of high or low salt concentration at
the electrode/electrolyte interfaces during charging and discharging unlike polymer
electrolytes.
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Fig. 6.3 Chemical structure
of a polymer electrolyte,
b polyelectrolyte

Advancement in the polymer electrolytes is achieved by the introduction of
substantial amounts of plasticizers in the electrolyte. Plasticizers reduce the crys-
talline content and increase the polymer segmentalmobility. They also exhibit greater
ion dissociation, which helps greater numbers of charge carriers for ionic transport.
Polar organic solvent and lowmolecularweight polyethers are common types of plas-
ticizers. Another category of polymer electrolyte is the ‘gelled polymer electrolytes’
and is characterized by a higher ambient ionic conductivity but poorer mechanical
properties when compared with pure solid polymer electrolyte. They are usually
obtained by incorporating a larger quantity of liquid plasticizer. The gel is used in
polymer electrolyte application because of its duality. Croche et al. [32] conducted
a study on lithium polymer electrolytes formed by dissolving a lithium salt LiX in
poly(ethylene oxide) PEO, useful for applications as separators in lithium recharge-
able polymer batteries. In this study, a new nanocomposite of PEO-LiX polymer
electrolyte is characterized by enhanced interfacial stability as well as by improved
ambient-temperature transport properties. The interfacial stability is obtained due to
the removal of residual traces of liquid impurities from the interface. In another study
by Krawiec et al. [35], the polymer nanocomposite polymer electrolyte is developed
by nanosized alumina particleswith PEOand lithium tetrafluoroborate. The influence
of nanoparticles of alumina increases the interfacial stability of overall electrolyte.
This study concludes that the interfacial stability of a composite polymer electrolyte
mainly depends on the particle size and ceramic content. The increased ionicmobility
and ionic concentration at grain boundaries suggest that the ionic conductivity is a
function of particle size. Several synthesis methods are known for the synthesis of
polymer composite electrolytes. The most accepted and best method is electrospin-
ning. The main advantage of electrospinning is the formation of continuous fibrous
and interconnected network which provide a pathway for ionic movement. Hence,
herein we are focusing on the synthesis and application of electrospun polymer
composite as electrolytes for lithium-ion batteries.
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6.2 Effect of Size of Ceramic Fillers on the Properties
of Polymer Composite Electrolyte

The incorporation of ceramic fillers on the matrix of polymer enhances the physical
and conducting properties of polymer gel composite electrolyte [36]. The presence
of additive shows improvement in the ionic conductivity and transference number
of Li+ ions. The addition of ceramic fillers decreases the interfacial impedance of
electrode-electrolyte interface, increasing the ionic conductivity of Li+ ions. These
additives also reinforce the polymermatrix leading to enhancement in themechanical
properties. The additives enter the polymeric matrix flexblizing the interlinking of
the polymeric chains enhancing the amorphicity of the polymer. The ionic movement
is fastened through the amorphous part of the polymer chain; hence, the increase in
amorphicity enhances the ionic conductivity of the ions through the membrane. The
cationic charges on the ceramic fillers like SiO2, TiO2, clay, Al2O3, etc. enable the
Lewis acid-base interaction with Li+ ions. The cationic charges on the filler compete
with active ions like Li+ enhancing the ionic conduction in the matrix.

6.3 Electrospinning Technique for Synthesis of Polymer
Composite Electrolyte

Electrospinning of composite electrolytes enhances the properties of the electrolyte
as it produces fibrous composite membranes, which are of high porosity and uniform
morphology. This enhances the ionic conductivity and interfacial stability and
improves the efficiency of electrolytes in high temperatures. To prepare the porous
membrane, to tailor easy ion conduction path for the movement of ions, electrospin-
ning method is adopted. The membrane properties such as membrane morphology,
porosity, pore density and thickness can be monitored by changing the spinning
parameters such as solution concentration, feed rate, bore size of the needle, applied
spinning voltage and distance between the collection drum and tip of the needle.
The pore structure of electrospun membranes is fully interconnected which helps in
easy penetration, and absorption of large amounts of liquid electrolyte and cobweb
structure formed by stacking of fibres helps to hold the absorbed electrolyte with
minimum leakage or electrolyte retention, which makes it an improved polymer
composite electrolyte. The polymeric matrix provides a good mechanical substrate
and enhances the transfer rate by offering active ion for lithium ions. The surface
morphology ofmembranewhen studied exhibits three-dimensional network of fibres,
with large number of fully connected pores formed by interlaying fibres with uniform
bead free morphology. This shows that the evaporation of solvent is faster during the
electrospinning method.

Polymers are themedium used in the electrospinning technique. A variety of poly-
mers have been attempted for synthesis and application inwide area including energy
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conversion and storage devices. Polyacrylonitrile (PAN), polyvinylidene difluo-
ride (PVdF), poly(ethylene oxide) (PEO), polypropylene oxide (PPO), polyethy-
lene terephthalate (PET), polymethyl methacrylate (PMMA), polyvinylpyrrolidone
(PVP), polyvinylidene difluoride-co-hexafluoropropylene (PVdF-co-HFP), acryloni-
trile butadiene styrene (ABS), etc. are some of the polymer matrix mainly used
as matrix for electrospinning. Some of the electrolytes are modified with ceramic
compounds to enhance the properties for the application of the membranes as
electrolytes for energy storage application.

6.4 Electrospun Polyacrylonitrile-Based Composite
Polymer Electrolyte

Polyacrylonitrile (PAN) is also known as polyvinyl cyanide, which is formed by
polymerization of acrylonitrile monomer. The general formula of PAN can be repre-
sented as C3H3N. The typical structure formation has been depicted in Fig. 6.4.
The backbone of PAN is hydrocarbon chain, and it provides hard and high melting
polymer. The solubility of PAN is low in aqueous medium. It is highly stable and
requires very high temperature to undergo carbonization [37]. PAN exhibits good
electrochemical stability and fire-resistant properties compared to other polymer
electrolytes. Persisting the aforementioned qualities of the polymer, they also possess
the major disadvantage of low electrolyte uptake retarding the property of material
as electrolyte for LIB.

In 2000, Tsutsumi et al. [38] reported PAN-based electrolyte with enhanced
ionic conductivity for the application as electrolytes in LIB. The conductivity of
the samples was in the order of 10−5 S cm−1. Later in 2011, Raghavan et al. [39]
reported electrospun PAN polymer electrolyte at varying concentrations (10, 12, 14,
16 and18wt%) for application as electrolytes inLIBs. Themaximumelectrolyte (1M
lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC)/dimethyl carbonate
(DMC)) uptake was given by PANwith 16 wt%. They optimized the effect of applied

Fig. 6.4 Structure and formation of polyacrylonitrile
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Fig. 6.5 SEM image electrospun membrane of 16 wt% PAN biased at a 15 kV with an average
diameter of 330 nm, b 20 kV with an average diameter of 350 nm. Adapted and reproduced from
Ref. [39], Copyright 2011 Elsevier

voltage on the size and shape of the fibre. On varying the applied voltage from 10
to 25 kV, the diameter of samples increased gradually from 80 nm to ten times the
initial diameter. The electrospun PANmembrane with 16 wt% of PAN spun at 15 kV
which gave porosity of 84% and 20 kV which delivered a porosity of 86% is given
in Fig. 6.5, where the membrane spun at 20 kV gave uniform fibres with an ionic
mobility in the range of 10−3 S cm−1 and a discharge capacity ~150 mAh g−1 [39]. A
similar study on electrospun PAN membrane for LIB was reported by Ma et al. [40]
in 2017. They varied the concentration of PAN from 7 to 12 wt%. They confirmed
that the samples formed from 7 wt% of PAN showed bead-like formation which was
not much identifiable in low-resolution microscopic images, but on increasing the
concentration the samples formed uniform morphology fibres.

6.4.1 Electrospun Polyacrylonitrile/Alumina Composite
Polymer Electrolyte

Alumina is one of the important ceramic compounds introduced into the polymer
matrix for enhancing the electrochemical properties for the application in energy
storage devices. In 2002, Yang et al. [41] reported the α-alumina (α-Al2O3) incorpo-
rated composite PAN electrolyte with an ionic conductivity of ~5× 10−4 S cm−1. In
2015, Wang et al. [42] reported the electrospun synthesis of PAN/alumina composite
membranes for LIBs. Nano-alumina (10–20 nm) 0–40 wt% was mixed in PAN
matrix. The composite mixture was electrospun at 21 kV at a distance of 25 cm.
The nonwoven membranes showed increase in electrolyte uptake from 452 to 561%
on increase in concentration of alumina in the matrix from 0 to 40 wt%, respectively.
The porosity of the electrospun membrane also increased with increase in alumina
concentration. But the ionic conductivity of the samples increased on increase in
alumina concentration up to 20 wt% (2.35× 10−3 S cm−1) compared to pristine PAN
membrane (1.86 × 10−3 S cm−1). Further increase in concentration of alumina led
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Fig. 6.6 Cycling performance of cells using Li[Li1/6Ni1/4Mn7/12]O7/4F1/4 as electrode. Adapted
and reproduced from Ref. [42], Copyright 2015 Elsevier

to a marked decline of ionic conductivity indicating the agglomeration of alumina
particles at higher concentrations hindering the ionic movement. The PAN/Al2O3

(20 wt%)/electrospun membrane showed a maximum electrochemical stability up
to 5 V. PAN/Al2O3 polymer composite electrospun membrane was immersed in
gel electrolyte with triethylene glycol diacetate (TEGDA)–2-propenoic acid butyl
ester (BA). The Li-cell studies indicate that the samples with 20 wt% of alumina
gave a maximum discharge capacity of 283 mAh g−1 and an ionic conductivity
of 2.35 × 10−3 S cm−1. The cycling performance of the cells has been given in
Fig. 6.6 [42]. The charge/discharge curves indicated a long plateau region above
4.5 V. The plateau regions are resultant of the extraction of lithium ions along with
the release of oxygen from Li2MnO3 cathode. The electrospun PAN/Al2O3 elec-
trolyte cell showed an initial discharge capacity ranging from 223 to 277 mAh g−1.
The maximum discharge capacity was obtained for 20 wt% alumina incorporated
membrane and further increase in concentration of alumina decreased the perfor-
mance of the cells. The cycle stability of the cell indicates retention of 86.7%whereas
pristine electrospun PAN membrane showed retention of 78.2% (Fig. 6.6).

6.4.2 Electrospun Polyacrylonitrile/Ternary Metal
Oxide/Phosphate Composite Polymer Electrolyte

Ternary metal oxides such as lithium lanthanum titanate oxide (LLTO) have been
reported as composite fillers in PAN matrix. The importance of pervoskite type
ceramic ternary oxides is their ability to conduct lithium ions. LLTO nanoparticles
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were synthesized by sol-gel method [43] from precursors lithium nitrate (LiNO3),
lanthanum nitrate (La(NO3)3.6H2O) and titanium tertiary butoxide (Ti(OC4H9)4) in
the ratio 0.35:0.55:1.00. As synthesized, LLTO nanopowder was mixed with 8 wt%
PAN in DMF matrix, varying the concentration from 0 to 15 wt% by mechanical
stirring for 1 day. The slurry was then electrospunned to membrane at and applied
bias voltage of 18 kV with a separation of 18 cm and a flow rate of 0.5 ml h−1

[44]. The electrolyte uptake and ionic conductivity of the samples increase with
increase in LLTO concentration with electrolyte 1 M LiPF6 in equi-volume mixture
of ethylene carbonate (EC) and ethyl methyl carbonate (EMC). The sample gave a
electrochemical stability up to 5 V. The interfacial resistance decreases with increase
in concentration of LLTO. 10 wt% LLTO/PAN composite polymer gave a highest
discharge capacity of 156 mAh g−1 with capacity retention up to 50 cycles [44].

In 2011, Liang et al. [45] reported nonwoven electrospun composite PAN
membrane with lithium aluminium titanium phosphate (LATP) as filler. LATP is
glass-ceramic compound with general formula Li1+xAlxTi2-x(PO4)3. The impor-
tance of this ceramic moiety is the high conductivity of Li+ ions. Synthesis of
LATP is achieved by sol-gel method by mixing the precursor in the molar ratio
Li(1.4):Al(0.4):Ti(1.6):P(3) followed by pyrolysis at higher temperatures to obtain
LATP nanopowder. For electrospinning LATP/PAN composite membrane, 8% PAN
in dimethylformamide was mixed with different wt% of LATP (0, 5, 10, 15 wt%)
followed by stirring at 70 °C for 12 h. The resulting dispersion was electrospun at
14 kV with at flow rate of 0.75 ml h−1. The needle to collector distance was main-
tained at 18 cm. The membrane obtained was vacuum dried at 60 °C for 12 h. The
SEM image of the samples revealed that the fibre diameter decreases with increase in
theLATPconcentration from1 to 15wt%, and also someprojectionwas visualized on
the fibre owing to the agglomeration of LATP as lumps. The ionic conductivity of the
samples increased about 10 times on addition of LATP at 15 wt% concentration due
to increase in the porosity of the fibre. Themembrane also showed an enhancement in
the ionic conductivity on raising the temperature to 90 °C. The battery performance
of the polymer composite was compared with pure PAMmembrane and commercial
Celgard 2400 separator. The LATP/PAN composite membrane with 15wt% of LATP
gave a discharge capacitance of 165 mAh g−1 at 0.2 C rate which was almost stable
up to 50 cycles with a capacity retention of 91% which was in turn better than that
of commercial Celgard 2400 separator (84%) (Fig. 6.7) [45].

6.5 Electrospun PVdF-Based Composite Polymer
Electrolyte

Polyvinylidene difluoride (PVdF) is one of the main polymer systems widely
explored as separator-cum-polymer gel electrolytes for LIBs. Many polymeric
blend systems are also being investigated owing to the ability to conduct Li+

ions through the membrane. Polyvinylidene difluoride-co-hexaflouropropylene
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Fig. 6.7 Cycling performance of Li/LiFePO4 cells containing liquid electrolyte-soaked Celgard
2400 separator, PAN fibre-based membrane and 15 wt% LATP/PAN composite fibre-based
membrane at 0.2 C rate. Adapted and reproduced from Ref. [45], Copyright 2011 Elsevier

(PVdF-co-HFP), polyvinylidene fluoride-co-chlorotrifluoroethylene (PVdF-co-
CTFE), polyvinylidene difluoride/polyacrylonitrile (PVdF-PAN), polyvinyli-
dene difluoride/polymethyl methacrylate (PVdF-PMMA), polyvinylidene difluo-
ride/polyvinylchloride (PVdF-PVC), etc. are some of the polymeric compounds
based on PVdF used as polymeric electrolyte for LIBs. To enhance the ionic conduc-
tivity, thermal stability and tensile strength of the polymer, certain ceramic fillers
such as titania, clay, alumina and magnesium aluminate have been composited with
the matrix.

6.5.1 Electrospun Polyvinylidene Fluoride/Alumina
Composite Polymer Electrolyte

Electrospun hybrid composite membranes have been reported on PVdF and PVdF-
based polymers with alumina (Al2O3) as separators-cum-electrolyte for LIBs.
Recently in 2017, Wu et al. [46] reported the synthesis and application of elec-
trospun PVdF-alumina composite as electrolytes. The PVdF membrane has been
fabricated by tip-induced electrospinning process (TIE). In this process, several
polymeric spikes have been mechanically generated on the PVdF stock solution
which is subsequently focused on to the collection drum via potential biasing. The
major advantage of the membranes synthesized by the method is the enhancement
in the porosity of the membranes increasing the percentage of electrolyte uptake
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and ionic conductivity. The PVdF membranes are then composited with alumina
by dip-coating method. On compositing with alumina, the porosity and electrolyte
uptake reduced substantially when compared with pure PVdF membrane. The ionic
conductivity of PVdFmembrane was reported to be 3.32 and 2.23mS cm−1. The rate
capacity comparison of PVdF membrane and alumina composited PVdF membrane
with polypropylene is given in Fig. 6.8. The rate capability comparison was done
with charging dummy cells at 0.2 rate to 4.2 V and discharging them at 0.5, 1, 2
and 4 rates up to 3.6 V. The cell was C rate was cycled five times each to confirm
the stability. The rate comparison revealed that discharge capacity at 0.5 C is ~120
for both PVdF and alumina composite which has been retained even after cycling
at 4.0 C rate. Comparing to the commercial PP membrane, the electrospun PVdF
and alumina PVdF composite membranes show better and stable performance in the
discharge capacity.

Lee et al. [47] reported a hybrid composite prepared by electrospinning PVdF-co-
CTFE with Al2O3 powder on a polyethylene (PE) membrane [47]. PE membrane is
having good electrochemical properties and adhesion to electrodes. Al2O3 ceramic
filler added thermal stability of PE membrane and retention capacity of liquid
electrolyte. The addition of inorganic inert ceramic filler like Al2O3 can prevent
thermal deformations which caused the performance of the membrane at higher
temperatures owing to the heat resistant property of the ceramic powder in the
membrane network. The hybrid composite incorporating 5 wt% of alumina was
electrospun on to PE membrane of 20 μm thickness. The composite with alumina
improves efficiency by enhancing the gelation of liquid electrolyte during electrolyte
uptake. The performance of the hybrid composite membrane was compared with

Fig. 6.8 Rate capacities of cells made by the PP, PVdF and PVdF/Al2O3 composite separator.
Adapted and reproduced from Ref. [46]. Copyright 2017 Elsevier
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PE membrane. The electrolyte uptake was enhanced from 160 to ~220% on using
hybrid composite membrane. The cycling performance and discharge capacities of
the hybrid membrane have improved. The electrospun fibre consisting of Al2O3

powder in composite membrane with high surface area and hydrophilic PVdF-co-
CTFE can hold the solvent effectively, and the reactivity between the organic solvent
and electrode is decreased. High discharge capacity of 133 mAh g−1 even at a 3.0
C rate was delivered by the cell, where its discharge capacity was 93% compared to
that at a 0.1 C rate. The composite membrane also gave a cycling stability up to 200
cycles.

6.5.2 Electrospun Polyvinylidene Difluoride/Magnesium
Aluminate Composite Polymer Electrolyte

Magnesium aluminate (MgAl2O4) is a spinel compound with strong Lewis acid
character. Many researchers have explored the importance of magnesium aluminate
as ceramic filler for enhancing the ionic conductivity and thermal resistive properties
of the composite membranes as electrolytes for lithium-ion batteries [48]. Padmaraj
et al. [49] recently reported electrospun PVdF-co-HFPwith magnesium aluminate as
filler. The filler has high dielectric constant than other fillers. Magnesium aluminate
has a competing nature with the Lewis acid character of Li+ ions in LiPF6 salt
in the electrolyte for the formation of complexes with the strongest Lewis base
PVdF-co-HFP polymer chains. The major advantage of the usage of such Lewis
acid is the creation of easy conduction pathway for Li+ ions, which can enhance
ionic transport and conductivity of the composite membrane. PVdF-co-HFP and
MgAl2O4 fillers preparedbygel-combustionmethodwere used as the initialmaterials
for preparation of fibrous nanocomposite polymer membranes by electrospinning
technique. The MgAl2O4 nanoparticle filler was added in variable proportions (1,
2, 3, 4, 5, 6 and 8 wt%). The optimized viscous solution was loaded in a syringe
pump for the fabrication of nanocomposite fibres. Electrospinning was conducted at
a potential bias of 18 kV with a rate of 1 ml h−1. The distance between the tip and
collector drum was maintained at 12.5 cm. The electrospun fibrous membranes with
an average thickness of 80 mm were collected, dried and analysed (Fig. 6.9).

The ionic conductivity of the electrospun MgAl2O4 filler incorporated PVdF-co-
HFP revealed an increase in ionic conductivity on increase in concentration of the
sample up to 5 wt%, and on further increase in concentration, a marked decrease
in ionic conductivity is observed. Similar behaviour was observed in the electro-
chemical impedance analysis. A decrease in resistance is observed up to 5 wt%
followed by increase in the value. Hence, the performance of 5 wt% of the composite
membrane was compared with standard commercial Celgard 2320® and electro-
spun membrane without filler. The studies revealed that the discharge capacity of
compositemembrane initially is obtained around 160mAhg−1, and a steady decrease
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Fig. 6.9 FE-SEM images of electrospun nanocomposite fibrousmembraneswith variousMgAl2O4
filler contents (wt%): a 0 (pure), b 2, c 5, d 8. Adapted and reproduced from Ref. [49], Copyright
2014 Elsevier

is observed up to 30 cycles. Comparing to the performance of Celgard 2320, the
performance of battery is better even after 30 cycles to about 10 mAh g−1 [49].

6.5.3 Electrospun Polyvinylidene Fluoride/Clay Composite
Polymer Electrolyte

Clay as a filler in polymer electrolytes helps in improving mechanical strength,
thermal resistance and compatibility with lithium electrodes. Clay is not extensively
studied as ceramic filler in polymer electrolyte in LIBs. Clay has a layered silicate
structure. The clay is hydrophilic in nature. In order to convert hydrophilic system
to organophilic compound, the surface modification of the clay is necessary. The
surface modification of these hydrophilic surfaces can be converted to a hydrophobic
surface by surfactant and organo-modified system. The surfactant system covers the
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Fig. 6.10 Structure of layered silicate/nanoclay. Adapted and reproduced fromRef. [50], Copyright
2013 Elsevier

clay moiety and thereby modifies the surface with lyophilic chains of the surfactant
similar to micelle formation. The structure of nanoclay is depicted in Fig. 6.10. The
addition of clay as a filler in polymer electrolytes provides easy pathways for ion
transportation and thus increases ionic conductivity. This also has shown results of
high cyclic performances and charge-discharge properties.

Electrospinning has been used for fabricating the polymer gel electrolytes incor-
porated with layered nanoclay as a filler. Smectite clay/montmorillonite (hydrated
sodium calcium aluminium magnesium silicate hydroxide) has been used as filler
at various weight percentage with PVdF-co-HFP for electrospinning process [50].
The PGEs are prepared by activating the porous polymeric film with liquid elec-
trolyte. The pores of membrane are filled with the absorbed electrolyte and help
in ion conduction. The layered structure of nanoclay offers possibility of polymeric
chain intercalating between the layers. This reduces the crystallinity of the composite
and in turn enhances mechanical integrity, thermal resistance and compatibility with
lithiumelectrodes.One among the commonly used inorganic layered nanoclay,mont-
morillonite (MMT) was studied as it has its unique properties like high aspect ratio,
high cation exchange capacity, high specific surface area and appropriate interlayer
charge. Completely interconnected pore structure of electrospun membrane (ESM)
developed by the interlaying of ultrafine fibres that make easy pathways for ion
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transportation. Methods like intercalation and exfoliation of nanoclay reduce the
crystallinity of the host polymer and minimize the ion-pair formation, which affects
the mobility of cations directly when avoiding the mobility of counterions. This
leads to increase in ionic conductivity. This also provides a very high interfacial
area, which enhances the mechanical properties of PGE and compatibility with
lithium electrodes. In the process, when sonication time increases, the clay parti-
cles may become pulverized and help in the formation of intercalated/exfoliated
nanocomposite structure. The distribution of clay tactoids and the interlaying fibres
in the membrane forms simple paths for ion transportation. Smectite clay (hydrated
sodium calcium aluminium magnesium silicate hydroxide) treated with ditallow
dimethylamine (quaternary amine) was taken as the nanoclay because of its good
intercalation capability, lower cost and availability. Basically, montmorillonite is a
polar compound with hydrophilic properties; hence, to obtain uniform dispersion
of clay in the PVdF-co-HFP matrix, the surface modification of the material has
been carried out using ionic surfactants. Different dispersions have been obtained by
mixing 0, 1, 2 wt% of modified clay in PVdF-co-HFP in acetone/DMAc mixture.
The dispersion is then electrospun at 16-20 kV at a feed rate of 0.2 mlmin−1 [50].
The SEM image and fibre diameter distribution are given in Fig. 6.11.

The membranes with nanoclay show uniform fibre diameter and pore structure,
but surface roughness and AFD increase with increasing clay content. Viscosity is a
major factor in the porosity of themembranes in electrospinning. Lower the viscosity
of the solution thinner the loose packing of fibre on the collection drum due to rapid
evaporation. The electrolyte uptake of PVdF-co-HFP increases with increase in the
clay content. The thermal stability also was enhanced for the nanocomposite with the
presence of clay as filler. This may be because of: (i) high thermal energy is required
to initiate the chain scission due to the restricted chain motion in the nanocomposite,
and (ii) the exfoliated and well-dispersed high aspect-ratio clay platelets hinder the
outward diffusion of decomposed volatile products and act as an insulating surface
that will slow down the pace of degradation of underlying material and loss in weight
of decomposed materials. Figure 6.12 shows variation of interfacial resistance of
polymer electrolytes based on PVdF-co-HFP with increase in the weight percentage
of nanoclay as filler. The cycling performance of cell was studied and found that at
the end of 50 cycles, the cell delivers a discharge capacity of 147 mAh g−1, which
is about 17% higher than the cell comprising polymer gel electrolyte without clay.

In another study, electrospun membrane for electrolyte based on PVdF/organo-
modified clay (OC)/tripropylene glycol diacrylate (TPGDA) composite nanofi-
bres was studied [51]. Electrospinning was used to utilize the micropores having
larger surface areas. The porosity of the composite PVdF/OC/TPGDA is drastically
improved due to electrospinning since electrospun nanofibreswith a diameter of a few
hundred nanometres are fully interconnected and provide a three-dimensional open
microporous structure, which can increase the number of ionic conduction and chan-
nels to providemore surface area. A schematic representation of the cross-linking has
been depicted in Fig. 6.13. The applied voltage for electrospinningwas 15 kV, and the
drum was rotated with speed rate of 200 rpm. The electrospun PVdF/OC/TPGDA
membrane was irradiated using ultraviolet light with a wavelength of 360 nm in
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Fig. 6.11 Surface morphology and fibre diameter distribution histogram of electrospun PVdF-co-
HFP/clay nanocomposite membranes with different clay content (wt%): a 0, b 1, c 2, d AFM of
the fibre with 1% clay content. Adapted and reproduced from Ref. [50], Copyright 2013 Elsevier

order to graft on and cross-link between electrospun fibres. The current density in
the composite PVdF/OC/TPGDA is 105mAh g−1. The cycling performance of PVdF
electrolyte is significantly enhanced by incorporating organoclay and TPGDA. All
results suggest that the composite gel polymer electrolyte obtainedwhenPVdFdoped
with OC and TPGDA effectively increases the properties such as electrochemical
stability, mechanical strength and cyclic performances.

6.5.4 Electrospun Polyvinylidene Difluoride/Titania
Composite Polymer Electrolyte

Electrospun PVdF/TiO2 composite and the polymeric blends based on PVdF have
been composited with TiO2 to enhance the inherent properties of the polymeric
matrix. Ding et al. [52] reported the synthesis and application of PVdF/TiO2 electro-
spun polymeric membrane as electrolyte for LIB. 5 wt% of tetrabutyl titanate was
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Fig. 6.12 Variation of interfacial resistance of polymer electrolytes based on PVdF-co-HFP-
clay nanocomposite with different clay content (wt%). Adapted and reproduced from Ref. [50],
Copyright 2013 Elsevier

Fig. 6.13 Schematic of grafting of TPGDA onto PVdF fibre. Adapted and reproduced from Ref.
[51], Copyright 2010 John Wiley and Sons

mixed with 20% PVdF solution in acetone/DMAc mixture, and the resulting slurry
was fed in syringe for electrospinning process. The electrospinning was conducted
at 25 kV potential bias at a separation of collector syringe distance of 15 cm. The
resultingmembranewas dried at 100 °C for 24 h and used as polymericmembrane for
lithium-ion batteries. TheAFM image of titania/PVdFpolymer compositemembrane
has been given in Fig. 6.14. Membrane porosity, electrolyte uptake and fibre diam-
eter of the electrospun membrane increased on incorporating titania on to the PVdF
matrix. On the incorporation of titania, the ability to trap electrolyte in the membrane
enhanced leading to a decrease in leakage of the electrolyte compared to the pure
matrix. The composite membrane also gave an enhanced discharge capacity above
140 mAh g−1 compared to that of pure PVdF matrix and commercial Celgard
polymeric membrane.
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Fig. 6.14 AFM images of PVdF/TiO2 electrospun membrane. Adapted and reproduced from Ref.
[52], Copyright 2008 National Institute of Material Science

6.5.5 Electrospun Polyvinylidene Difluoride/Barium Titanate
Composite Polymer Electrolyte

Barium titanate is an inorganic ceramic compound with general chemical formula
of BaTiO3. In 2008, Raghavan et al. [53] reported PVdF-co-HFP compared the
performance of incorporation of fillers. They compared the effect of incorporation of
BaTiO3, Al2O3, SiO2 nanoparticles in the polymer matrix for as electrolyte for LIBs.
6 wt% of filler was added to 14% of PVdF-co-HFP matrix in acetone DMAcmixture
of solvents to prepare the slurry for electrospinning. The slurry was fed into the
syringe kept at a distance of 16 cm from the collector and biased at a potential of 20 kV
at a feed rate of 0.1 mlmin−1. The obtained membrane was then dried at 60 °C for
12 h and used for further analysis. The average fibre diameter of BaTiO3 incorporated
polymer was slightly increased than that of pure electrospun polymer followed by
the matrix incorporated with alumina followed by silica. The BaTiO3/PVdF-co-
HFP gave uniform fibre diameter. The electrolyte uptake percentage of the ceramic
filler incorporated polymeric membrane gave almost similar results, but the relative
absorption ratio of polymer composite with BaTiO3 ceramic filler gave lower value.
BaTiO3/PVdF-co-HFP polymer composite membrane showed enhanced mechanical
property, electrolyte uptake, porosity and ionic conductivity than other composite
membranes. The electrochemical studies revealed that the sample itself showed an
enhanced stability potential, and also lower interfacial resistance is offered by the
sample. The polymer electrolytewith ceramic filler BaTiO3 gave a discharge capacity
of 164 mAh g−1 whereas electrolyte with Al2O3 and SiO2 gave 153 and 156 mAh
g−1. The properties of the ceramic filler incorporated PVdF-co-HFPmembranes have
been depicted in Table 6.1.
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Table 6.1 Properties of ceramic polymer composite

Properties PVdF-co-HFP Al2O3 SiO2 BaTiO3

Average fibre diameter (μm) 1.2 2.78 2.22 1.76

Tortuosity 14.81 12.56 12.04 11.52

Porosity (%) 84 85 85 87

Electrolyte uptake (%) 425 459 459 462

Ionic conductivity at 25°C (mS cm−1) 4.21 5.92 6.45 7.21

Tensile strength (MPa) 6.5 9.2 1.3 12.5

Modulus (MPa) 9.2 15.8 16.9 17.3

Elongation at break (%) 75 62 60 58

Electrochemical stability (V) 4.7 4.8 4.8 4.9

Discharge capacity (mAh g−1) 146 153 156 164

6.6 Other Electrospun Ceramic Composite Polymer
Electrolytes

Several polymer membranes have been reported other than PAN and PVdF, among
which some of the polymer have been electrospun with certain ceramic materials for
application as electrolytes in LIBs. Nylon 6,6, PVA, etc. are some of the polymer
matrix studied as electrospun membranes. Nylon 6,6 is a polyamide synthesized
by dehydration reaction of hexamethylenediamine and adipic acid. The polymer is
widely used in textile industry. In 2014, Yanilmaz et al. [54] reported the synthesis
of electrospun nylon 6,6 polymer nanocomposite membrane incorporating silica
nanoparticles. Commercial nylon 6,6 and silica nanoparticles of 20 nm were used
for the fabrication of the membranes. 18 wt% of nylon 6,6 was mixed with various
percentage byweight of silica nanoparticle (0, 3, 6, 9, 12wt%) in formic acidmedium.
The slurry was then electrospun at 20 kV potential bias at a collector spinneret
distance of 12 cm at a feed rate of 1 ml h−1. Thus, obtained nonwoven membranes
were dried at 60 °C at 24 h. The SEM image revealed that the incorporation of silica
nanoparticle decreased the average fibre diameter to 56% for 12 wt% silica addition.
Enhancement in the electrolyte uptake, porosity and ionic conductivity was visual-
ized on increase in the concentration of silica nanoparticle in the polymeric matrix.
The minimum interfacial resistance was obtained for 12 wt% of silica incorporated
polymer composite. The silica polymer composite membranes also showed excellent
thermal stability in the studies conducted at 150 °C for 30 min. LIB with polymer
composite electrolyte membranes (SiO2/nylon 6,6) containing 0, 3, 6, 9 and 12 wt%
SiO2 delivered a discharge capacity of 128, 128, 129, 129 and 130 mAh g−1, respec-
tively. The composite membranes also gave a capacity retention almost equivalent to
93%. The cycling performance of the samples at different C rate is given in Fig. 6.15.
At lower C rate (0.2 C), the silica incorporated samples and pristine samples showed
almost similar behaviour, but on increased C rate (8 C), 12% of SiO2 incorporated
nylon 6,6 showed better discharge capacity.
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Fig. 6.15 C-rate performance of Li/LiFePO4 cells containing SiO2/nylon 6,6 nanofibremembranes
with different SiO2 contents and microporous PP membrane. Adapted and reproduced from Ref.
[54], Copyright 2014 Elsevier

Chand et al. [55] nano-Al2O3 filled PVA-NH4SCN electrolyte nanofibres by elec-
trospinning reported an improvement in ionic conductivity. Commercial nanoAl2O3

possessing an average particle size of 40–50 nm was mixed with PVA-NH4SCN
matrix in aprotic solvent dimethyl sulfoxide (DMSO) to form the feed solution
mixture. The mixture is fed in syringe for electrospinning and biased at 22 kV at a
distance separation of 14 cm at ambient reaction condition. The alumina was added
at various weight percentage (0, 2, 4, 6 wt%) to the polymer matrix to analyse the
effect of filler in the performance of the electrolyte membrane. The analysis of SEM
images revealed that the increase in the concentration of Al2O3 contents resulted in
more uniformfibreswhichwere obtained. The filler is dispersed homogeneously, and
this promotes conduction pathways formobile ions. There is improvement in thermal
stability and ionic conductivity on the addition of Al2O3 as filler in the electrolyte.
The increase in concentration of filler increases the conductivity, and it tends to satu-
rate though the change remains within an order of magnitude. The enhancement is
possibly due to the amorphous structure. Addition of filler also increases the conduc-
tion pathway prevailing Li+ ion for conduction in LIBs. The electrical conductivity
increased from 2.39× 10−5 S cm−1 to 5.31× 10−3 S cm−1 for 4wt% of filler concen-
tration at room temperature which is better than conductivity of corresponding gel
film [55].
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6.7 Electrospun Polymer Blend Ceramic Composite
Electrolytes

Several reports on study of the effects and properties of pure and copolymer-
based membranes with various ceramic fillers were discussed. Some researchers
also studied the effect of filler on the polymeric blends as electrospun membranes
as polymer electrolytes for LIBs. Polymeric blends enhance the inherent prop-
erties of the pristine polymer by mixing the properties of both the polymeric
matrix. Recently in 2018, Fu et al. [56] reported the synthesis of electrospun
PVdF/PMMA/SiO2 composite membranes as electrolytes for LIB. An electro-
spun polymer composite membrane was compared with pure PVdF membrane and
polymer blend membrane. The fibre diameter of the membranes was in the order
of pristine PVdF > PVdF/PMMA > PVdF/PMMA/SiO2. The porosity and elec-
trolyte uptake of the samples also showed a similar trend. The composite membranes
also showed minimum interfacial resistance to the ionic movement; hence, an
enhanced ionic conductivity is obtained (4 × 10−3 S cm−1). The electrochemical
stability window exceeded 5.0 V implying the stability of the composite blend
electrolyte. The discharge capacity of various polymer electrolytes was compared
(PVdF/PMMA/SiO2 −158 mAh g−1, PVdF/PMMA −153 mAh g−1, PVdF −
150 mAh g−1 and PP −140 mAh g−1).

6.8 Conclusion

The polymer electrolyte is considered to be the most effective and reliable electrolyte
for LIBs. The major drawbacks of the conventional electrolytes such as leakage and
dendrite formation can beminimized upon the usage of polymeric electrolytes. Apart
of the pros, the major con of polymer electrolyte is the decreased ionic conductivity
of the electrolyte through the membrane. To enhance the conductivity of Li+ ions,
several changes have been made on the polymeric electrolyte membrane. The major
changes done are (i) tuning the synthesis method to assure enhanced porosity and
electrolyte uptake, (ii) polymeric blend synthesis and (iii) incorporation of fillers in
the matrix. The present chapter discussed the importance and effect of several fillers
in polymeric matrix enhancing the properties of the electrolyte membrane synthe-
sized by electrospinning technique. The electrospinning is one of the most effec-
tive techniques to synthesize porous membrane. The incorporation of various fillers
such as alumina, silica, titania and magnesium silicate enhances the porosity, elec-
trolyte uptake, ionic conductivity, discharge capacity, etc. of the polymer composite
membranes.
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Chapter 7
Electrospun Silica-Based Polymer
Nanocomposite Electrolytes
for Lithium-Ion Batteries

Akhila Das, Neethu T. M. Balakrishnan, Anjumole P. Thomas,
Jou-Hyeon Ahn, M. J. Jabeen Fatima, and Raghavan Prasanth

7.1 Introduction

Current status of world fuel consumption has been raised to ~3% in the past 1 year
[1]. The energy still relies mainly on coal. The environmental changes and global
warming have led the officials to step ahead by replacing coal by eco-friendly systems
to reduce harmful emissions. In the current context, the need for efficient and reliable
energy storage devices has emerged as a necessity. The most important and widely
used portable energy storage device is lithium-ion batteries. The discovery of lithium-
ion batteries (LIBs) by Prof. Goodenough et al. [2] paved away for the use of portable
devices. Since the introduction of portable batteries was commercialized the era of
electronic gadgets was also started to be as usual as part of our life. Mobile phones,
laptops, palmtops, tablets, etc. are some of the devices working with LIBs. In the
past few years, electric vehicles are being a commercialized. These e-vehicles are
powered by electrical energy stored in batteries as well as hybrid e-vehicles are
available which is capable of utilizing the CNG system along with stored energy.
The batteries mainly employed in these systems are currently lithium-ion batteries
owing to their enhanced energy density and cycling performance.

The major constituents of LIBs include an anode, cathode, and electrolyte
(Fig. 7.1). Even though all the components are equally important, a major role
is assigned to electrolytes and hence it is known to be the heart of the battery.
Conventional batteries employed liquid phase electrolytes, which possess high ionic
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Fig. 7.1 Schematic representation of lithium-ion batteries

conductivity but have several drawbacks such as leakage and safety issues. Hence
polymer electrolytes were introduced to overcome the drawbacks. Polymer elec-
trolytes showed superior properties like high energy density, flexibility, etc. with a
leakage-proof geometry.

The performance of LIBs is critically influenced by the solid electrolyte interface
(SEI) formation. SEI is a passivation layer formed on the surface of the electrode in
LIB preventing the chemical reactions leading to the decomposition of electrolyte
and exfoliation of the active electrode [3]. An irreversible layer is grown on the
electrode/electrolyte interface by the reduction reaction of the electrolyte leading to
the formation of decomposition products that are capable of irreversible chemical
interaction with lithium ions [3]. The formation of SEI layer is initiated during the
cycling, these layer acts as a semipermeable layer allowing the transport of Li+-ions
while pausing the movement of electrons to the electrolyte [4]. On prolonged cycling
of the battery results in the ageing of anode (graphite) leading to decomposing of the
electrolyte, crack formation, solvent co-intercalation, continuousSEI growth, volume
expansions leading to change in porosity, decomposition of the binder and metallic
lithium plating (Fig. 7.2). Hence prolong cycling of LIBs results in an increase in the
impedance and decrease in conductivity of Li+-ions leading to a marked decrease
in the performance. SEI growth is the major issue faced by ageing of LIBs [5]. The
passivating layer tends to form a dendritic projection from the anode, piercing the
separator through the electrolyte towards the cathode. These dendritic projections
are formed by chemical reactions catalyzed by positive and negative ion interactions
occurring in the electrolyte. The extension formed from anode to cathode is capable
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Fig. 7.2 SEI formation and changes occurring at the anode/electrolyte interface. Adapted and
reproduced from Vetter et al. [5]

to cause blasting of LIBs [5]. The replacement of liquid electrolyte with polymer
electrolyte is a widely accepted solution to prevent such hazards caused in LIBs.

Polymer electrolytes (PE) are ion-conducting membranes. Polyethylene oxide
(PEO), poly(propylene oxide) (PPO), poly(methyl methacrylate) (PMMA),
polyvinyl pyrrolidone (PVP), poly(acrylonitrile) (PAN), poly(vinylidene difluo-
ride) (PVdF), poly(vinylidene difluoride-co-hexafluoropropylene) (PVdF-co-HFP),
polyethylene terephthalate (PET), etc. are some of the polymer-based electrolytes
used in LIBs. The major advantages of PEs (1) they are capable to overcome the
SEI dendrite formation since they are inert towards decomposition reactions, (2)
Flexibility of polymers enables the electrolyte to withstand the volume expansion
occurring as a result of the continuous cycling of batteries, (3) flexibility in molding
to various shapes and size depending on the application, (4) the ionic conductivity of
polymer electrolyte is comparatively high (<104 S cm−1). Polymer electrolytes can
be characterized mainly into three based on the composition and state of matter (i)
gel polymer electrolyte (ii) solid polymer electrolyte (iii) composite polymer elec-
trolyte. Considering solid polymer electrolyte for LIBs, the low conductivity and
ionic mobility are the major issues dragging them from the application.

PEO has initially developed the PE system. In 1973, Fenton [6] reported the
complex formation of polyethylene oxidewith alkali metal ions, and thereby increase
in conductivity of the complex was been reported. The potential role of the polymer
as an electrolyte for conduction of alkali metal ion was hence been suggested. PEO10

LiCF3SO3 polymer electrolyte has been prepared by the solvent casting method and
incorporated various percentage composition of polystyrene for improving the phys-
ical properties [7]. The ionic conductivity of these polymeric systems was found to
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be lower. Hence to enhance the conductivity for better performance of these elec-
trolytes certain additives were added and the resultant systems are included under
the generic title of polymer composites.

7.2 Composite Polymer Electrolytes for Lithium-Ion
Batteries

The ionic conductivity of the polymer electrolyte can be enhanced by the incor-
poration of organic and inorganic fillers. Polypropylene (PP), cellulose, cellulose-
based compounds are the most widely used organic filler in LIBs. Electrospin-
ning method was employed to fabricate polymer composite electrolytes by incorpo-
rating PP nanofibers in polyvinylidene difluoride-co-chlorotrifluoroethylene (PVdF-
co-CTFE) and PVdF-co-HFP. The electrolyte uptake study revealed that the incor-
poration of PP enhances the performance of the electrolyte due to the capillary effect
of the fibers [8]. Nanocellulose (NC) incorporated PVdF, PVdF-co-HFP, etc. have
been reported as electrolytes in LIBs. In 2013, Laila et al. [9] reported nanocrys-
talline cellulose (2 wt%) with PVdF-co-HFP activated with ionic liquid electrolyte
(1M of lithium bis(trifluoromethane sulfonyl)imide/1-butyl-3-methylpyrrolidnium
bis(trifluoromethane sulfonyl)imide solution) in LIBs to have an ionic conductivity
of 4 × 10−4 S cm−1 at ambient temperature. Cellulose nanofibers (CNF) was been
reported as binders and electrolytes inLIBs [10]. Terpyridine functionalizedCNFwas
coated on electrospun PVP/PAN microlayer with LiMn2O4 (LMO) was reported to
have enhanced ion transport rate [11]. Synthesized terpyridinewas coated on carboxy
group functionalized CNF via chemical bonding owing to the reaction of the amino
group and carboxyl group forming amide bond. This terpyridine cellulose nanofiber
was coated on to PVP/PANmicrofiber byBuchner funnel filtrationmethod as given in
Fig. 7.3. Cellulose-based compounds such as methylcellulose (MC), hydroxypropyl
methylcellulose (HPMC) was also reported as organic fillers in polymer composites
for LIB. PVdF coated onMCwas reported to have better ionic conductivity than pure
MC [12]. Natural cellulose like HPMC was blended with PVdF-co-HFP to obtain
electrochemical stability up to 5 V Versus Li/Li+ [13].

Inorganic fillers can be further classified into active and passive fillers. Active
fillers take part in ionic conduction such as lithium nitride (Li3N simply as LN),
lithium triflate (LiCF3SO3 simply as LTF), lithium tetrafluoroborate (LiBF4 simply
as LTFB), lithium aluminate (LiAlO2 simply as LA), etc. α and β phases of LN have
good Li+-ion conductivity of 5.8× 10−4 S cm−1 and 2.0× 10−4 S cm−1, respectively
[14]. Electrolyte with polymer composite of LTF, LN, and PEO was been reported
to create an amorphous polymeric phase enhancing the conductivity of ions [15].
LTBF and LA in PEO matrix was been reported to have an ionic conductivity in the
range of 10−4 S cm−1 and stability up to 60 °C [16]. Passive inorganic fillers such
as silica (SiO2), zirconia (ZrO2), titania (TiO2), alumina (Al2O3), zinc oxide (ZnO),
and magnesium oxide (MgO) have been reported as polymer composite electrolytes
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Fig. 7.3 Synthesis of terpyridine cellulose nanofiber/PVP/PAN electrolyte. Adapted and repro-
duced from Kim et al. [11]. Copyright 2016 American Chemical Society

in LIBs. Zirconia embedded PET showed capacity retention of 94.5% at 1 C with a
discharge capacity of 143mAh g−1 [17]. Nano titania synthesized via sol-gel method
was incorporated as ceramic filler in the PEO matrix with LTFB as Li+-ion donor
with and electrochemical stability window up to 4.5 V and ionic conductivity in the
range of 10−7 S cm−1 [18]. Alumina PVdF composite electrolyte was prepared via
solvent casting method to obtain a specific discharge capacitance of 135 mAh g−1

[19]. Aravindan et al. [20] compared the performance of incorporating silica and
alumina as fillers in PVdF-co-HFP reporting an ionic conductivity of 1.16 × 10−3 S
cm−1 and 0.98× 10−3 S cm−1 respectively. PEO–ZnOcomposite polymer electrolyte
with lithium bis(trifluoromethanesulfonyl)imide (LTFSI) as a source of Li+-ion was
employed as electrolyte to obtain about 100 mAh g−1 [21]. Nanofillers are more
effective in enhancing the conductivity in a composite electrolyte than micron-sized
ceramic fillers. The electrode contact with active polymer is reduced on the addition
of nanofillers owing to the decoration of ceramic moiety at the interface as given in
Fig. 7.4. Herein we are focusing on the silica incorporated polymer nanocomposite,
synthesis, and electronic properties for application as an electrolyte in LIBs.
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a b

Fig. 7.4 Schematic diagram of lithium composite electrolyte a with micron-sized filler, b with
nanosized filler

7.3 Silica and Forms of Silica

Silica is commonly represented by the chemical formula SiO2. Mostly the silica
compounds are formed by the tetrahedral coordination of oxygen i.e. each silicon
atom is surrounded by four oxygen atoms with a bond angle of 109°28′′. The silica
is known to have nine polymorphs [22] (i) α-quartz (ii) β-quartz (iii) α-cristobalite
(iv) β-cristobalite (v) tridymite (vi) coesite (vii) stishovite (viii) fluorite (ix) Pa3. The
crystal structure of these polymorphs is depicted in Fig. 7.5. Even though several
polymorphs have been reported mostly explored polymorphs are less out of which
α-quartz/low quartz is of prime importance owing to its stability at ambient temper-
ature and pressure. α-quartz is having a three-dimensional (3D) network structure
crystallized with a hexagonal phase having length a = b = 4.913 Å c = 5.4012 Å
and angle α = β = 90° γ = 120° [23]. α-quartz and β-quartz posses the same crystal
structure with variation only in the length of sides (a = b = 5.010 Å c = 5.470 Å).
These phases can undergo a phase transition at temperature of 573 °C and pressure
of 1 barr. Since this phase transition occurs as a result of the displacement of atoms
in the lattice, it is also known as displacive transformation. Cristobalite and tridymite
are polymorphs of silica found in the hardened rocks formed by volcanic eruption
hence they form a metastable structure that is solidified and stabilized to form rocks.
Cristobalite is having a 3D tetragonal structure with a side length of I = b = 4.978 Å
c = 6.948 Å. Tridymite can be formed by the reconstructive transformation of β-
quartz at higher temperatures. The crystallinity of this crystal is uncertain owing to
the scarcity of the mineral [24]. It is assumed to be crystallized with triclinic crystal
structure possessing side length of a = 9.932 Å b = 17.216 Å c = 81.854 Å. Coesite
forms a monoclinic prismatic structure with space group B2/b with side length a
= c = 7.143 Å b = 12.383 Å. On an increase in pressure, coesite crystals show
compression followed by a decrease in the Si–O–Si angles as well as Si–Si bond
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Fig. 7.5 Polyhedron crystal structure of various polymorphs of SiO2 a α-quartz b β-quartz c
α-cristobalite d β-cristobalite e stishovite f coesite

length, but the tetrahedra do not under any distortion and are found to be flexible
almost up to 52 barr [25]. Stishovite is having a 3D cubic structure with side length
of 7.160 Å.

Thermodynamic stability of the polymorphs on silica indicates that only low
quartz or α-quartz is stabilized at ambient conditions and the rest of the polymorphs
are stabilized at high temperature and pressure. The phase diagram of the silica
polymorph is given in Fig. 7.6. confirms the thermodynamic stability of various
polymorphs. Tridymite and cristobalite polymorphs are stabilized at higher temper-
atures above 867 and 1300 °C, respectively at 1 barr pressure. Beyond ~1700 °C
silica acquires a molten phase forming liquid which is in turn stable at high-pressure
conditions up to 90 kb. At a pressure range of 10–75 kb, coesite structure of silica is
stabilized but on further increase in pressure stishovite, the crystal phase is formed.
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Fig. 7.6 Thermodynamic phase diagram of SiO2

7.4 Polymer Silica Nanocomposites for Lithium-Ion
Batteries

Polymer nanocomposite combines the properties of both organic and inorganic
moiety enhancing the inherent properties of each other through a synergistic mech-
anism. Among different metal oxide systems, silica has a potential role imparted by
the co-functioning of the composite membranes. Silica is a comparatively low-cost,
abundant, and eco-friendly additive. Polymer nanocomposites can be synthesized
by various routes in which silica can be introduced from any precursors or as silica
nanoparticles/fibers. The ionic conductivity enhancement of inert inorganic addi-
tive incorporated electrolytes was reported by Nan et al. [26]. The conductivity of
Li+-ions was enhanced by the connected network structure of the nanofillers in the
polymer matrix and the uniform dispersion of the silica particles in PEO. The inor-
ganic fillers like SiO2, increases the amorphous nature of the polymer network. The
Lewis acid-base interaction also acts as an interface for the enhancement of ionic
conductivity [27]. The ceramic polymer intertwined structure imparts an increase in
the mechanical strength of the polymer composite. The flexibility of the polymer
is maintained in the formed nanocomposite further promoting the applicability of
these materials as electrolytes in LIBs. PEO-based electrolyte containing 5 wt% of
silica and LTFSI gave a conductivity of 1.4 × 10−4 �−1cm−1 and the lithium-ion
transport number was enhanced on the addition of the filler (fumed silica (~7 nm
diameter and 0.2 μm length)) from 0 to 10 wt% [28]. PEO was modified with silica
via in situ deposition using TEOS and lithium perchlorate [29]. Composite polymer
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Fig. 7.7 Effect of SiO2 content on a conductivity of composite polymer electrolytes at 30 °C
b surface energy of composite polymer electrolytes. Adapted and reproduced from Pan et al. [29].
Copyright 2008 Springer Nature

matrix was prepared by mixing the precursors in suitable solvents and the membrane
was prepared by solvent casting technique. Pan et al. [29] reported the comparison of
acid-catalyzed silica PEO(ACSiP) electrolyte composite and alkali catalyzed silica
PEO(AlCSiP) composite membranes. The ionic conductivity of AlCSiP was found
to be higher than that of ACSiP indicating an increased surface energy of ACSiP than
that of AlCSiP as given in Fig. 7.7. The conductivity of the samples with a different
weight percentage of silica has been given in [29].

The role of nano-silica and titania in the thermal, electrochemical, andmechanical
properties of PVdF-co-HFP was investigated with lithium triflate electrolyte [30].
Investigation on the effect of different mole concentrations of nanofiller revealed
that the bulk resistance of the 8 mol% of silica incorporated polymer composite
was minimum with enhanced conductivity and mechanical strength [30]. The effect
of fumed silica (15 wt%) PEO nanocomposite, in the conduction of Li+-ions was
also compared TiO2/PEO nanocomposite [31]. The activation energy of 15 wt%
of silica loaded PEO was 32.58 kJ mol−1 whereas polymer nanocomposite loaded
with the same amount of titania gave activation energy of 61.62 kJ mol−1 [31].
The differential scanning calorimetry (DSC) studies of the composites show that
the melting temperature and glass transition temperature of silica PEO composite is
slightly higher than that of the titania PEO composite membrane. The amorphicity of
silica/PEO is 4-10% higher than that of titania/PEO thereby enhancing the mobility
of Li+-ions in the electrolyte [31].

PVdF-co-HFP/silica blend was prepared by agitating the nanoparticles of silica
with polymer and stabilized with 0.2% of sodium dodecyl sulfate (SDS) followed
by the addition of ionic liquid (LiTFSI-Pyr13TFSI (propyl-N-methylpyrrolidinium
bis(trifluoromethane sulfonyl)-imide)) [32]. The slurry was then hot pressed using
a hydraulic press at 120 °C and 10 kN. The composition of silica in the polymer
ionic liquid matrix has been varied 0, 10, 20, 30 wt% [33]. The introduction of silica
on to the ionic liquid polymer composite membrane enhances the ionic conductivity
and Li+-ion transport. 10 wt% of silica-added membrane gave the maximum ionic
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conductance and hence is considered as an optimum concentration of inorganic filler
in ionic liquid polymer membrane [33].

7.5 Electrospun Silica Polymer Nanocomposite
for Lithium-Ion Batteries

Electrospinning is considered to be one of the best methods of synthesis of networked
polymer membranes. These networks of polymers formed to enhance the ionic
conductivity of the polymers enhancing the properties of the electrolyte. These
polymer chains also impart high mechanical strength. It prevents the leakage of the
electrolyte by holding them in the pores of the fiber through capillary mechanism.
Hence, the amount of electrolyte uptake enhances reflecting the effect in the perfor-
mance of the lithium-ion batteries. Raghavan et al. [34] compared the properties
of electrospun and phase inversion synthesized PVdF-co-HFP as an electrolyte for
lithium-ion batteries.AFM images of the polymericmembranes synthesized by phase
inversionmethod (PIM) and electrospinningmethod (ESM) is given in Fig. 7.8a. The
AFM images was the first comparative study been reported for the surface character-
ization of PVdF-co-HFP polymeric membranes. The change in surface texture and
roughness is clearly evident from the imaging. The ‘lunar landscape-like’ surface
for electrospun fibers and enhanced roughness of the surface compared to those
membranes fabricated by phase inversion method (Fig. 7.8b). The studies revealed
that the ionic conductivity of the polymer membrane synthesized by the electrospin-
ning method (ESM) showed an enhancement in the conductivity to about five times
that synthesized via the phase inversion method (PIM). The discharge capacity of
the battery also showed a corresponding increase (Fig. 7.9).

In 2008, Raghavan et al. [35] investigated the role of silica incorporation on the
electrospun PVdF-co-HFP. The investigation revealed that the incorporation of silica

Fig. 7.8 AFM images of membranes, a PIM and b ESM Adapted and reproduced from Raghavan
et al. [34]. Copyright 2010 Elsevier
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Fig. 7.9 a Time dependent interfacial resistance of polymer electrolytes based PVdF-co-HFP
membranes b cycle performance of Li/PE/LiFePO4 cells with polymer electrolytes based on
PVdF-co-HFP membranes. Adapted and reproduced from Raghavan et al. [34] Copyright 2010
Elsevier

enhances the porosity, electrolyte uptake, ionic conductivity, and mechanic strength
of the polymer membranes. The electrochemical impedance spectroscopic (EIS)
analysis, clearly explains the decrease in the electrode-electrolyte interfacial resis-
tance on the addition of silica into the PVdF-co-HFP polymermatrix. The silica addi-
tion into the polymer is supposed to impart amorphous nature to the polymer which
can be directly related to the enhancement in the ionic conductivity and decrease in
the interfacial resistance. The studies conduct on electrospun PAN/silica composite
membranes [36] as well as electrospun PEC/silica membranes [37] confirmed the
observations. The electrospun silica polymer nanocomposite can be synthesized by
a mechanical blending of silica with the polymer carrier matrix, in situ method, and
combined electrospinning electrospraying technique (EET).

7.5.1 Addition of Silica into Polymer Matrix by Mechanical
Blending Method

The direct addition of silica into the polymer matrix is achieved by mixing pure
silica particles in the polymer matrix at varying compositions followed by electro-
spinning. The parameters (applied voltage, jet to collector distance, etc.) will be
variable according to the polymer and the solvent used. Several polymers such as
PAN, PVdF, PEO, etc. have been used for the synthesis of electrospun membranes.
Raghavan et al. [38] compared the performance of various inorganic fillers (SiO2,
BaTiO3, Al2O3) with size ranging from 30 to 50 nm in PVdF-co-HFP matrix via
mechanical blending method followed by electrospinning at a voltage of 20 kV at
a syringe collector distance of 16 cm. The mechanical stability, ionic conductivity,
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electrolyte uptake (1MLiPF6 inEC/DMC), and averagefiber diameterwasmaximum
for BaTiO3, tailed by silica. The crystallinity of the pure polymer matrix was about
74.5% whereas the inorganic filler/polymer composite gave more amorphous nature
(crystallinity of PVdF-co-HFP/BaTiO3–47.1%, PVdF-co-HFP/SiO2–47.9%, PVdF-
co-HFP/Al2O3–49.2%). The discharge capacities of PVdF-co-HFP/BaTiO3 were
reported to be 164 mAh g−1 whereas PVdF-co-HFP/SiO2 and PVdF-co-HFP/Al2O3

gave lower capacitance of 153 and 157mAhg−1 [38]. PVdF-co-HFP/BaTiO3 showed
a capacity fading after 30th cycle. The team also reported a modified study of the
same work by replacing the electrolyte (LiPF6) with ionic liquid BMITFSI in elec-
trospun polymermembranes PVdF-co-HFP/BaTiO3, PVdF-co-HFP/SiO2, PVdF-co-
HFP/Al2O3 [39]. The SEM images of electrospun polymer composites of PVdF-
co-HFP, PVdF-co-HFP/BaTiO3, PVdF-co-HFP/SiO2, PVdF-co-HFP/Al2O3 is given
in Fig. 7.10. The initial discharge capacity of electrospun PVdF-co-HFP without
filler was reported to be 168.5 mAh g−1 and PVdF-co-HFP/BaTiO3 165.8 mAh
g−1, PVdF-co-HFP/SiO2 168.1 mAh g−1, PVdF-co-HFP/Al2O3 165 mAh g−1. The
maximum electrochemical performance was shown by electrospun PVdF-co-HFP

Fig. 7.10 SEM images of electrospunmembranes of PVdF-co-HFP; awithout filler, bwith Al2O3,
c with SiO2, d with BaTiO3. Adapted and reproduced from Raghavan et al. [39] Copyright 2010
Elsevier
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Fig. 7.11 AC impedance spectra of various electrospun SiO2/PAN composite electrolyte
membranes. Adapted and reproduced from Jung et al. [36], Copyright 2009 Elsevier

and silica incorporated nanocomposite. After 20 cycles electrospun PVdF-co-HFP
showed capacity fading, but the capacity of PVdF-co-HFP/SiO2 was retained at 164.6
mAh g−1 [39].

A comparative study was performed on electrospun PAN incorporated
with hydrophilic fumed silica by direct addition method dispersed in N,N-
dimethylformamide (DMF) solvent was electrospun with varying silica composi-
tions (0, 8,10, 12, 15 wt%) applying a voltage of 20 kV and collector–jet distance of
17 cm at room temperature. The results revealed that the 12 wt% of fumed silica PAN
composite showed the best performance with an ionic conductivity of 1.1 × 10−2 S
cm−1, lowest electrode-electrolyte resistance (Fig. 7.11) [36], large electrolyte uptake
of 490%, high discharge capacity (139 mAh g−1) almost approaching the theoretic
value [36]. The increase in silica composition also enhanced anodic stability. The
stability of electrospun PANmembrane was about 4.0 V whereas 12 wt% silica PAN
composite polymer was obtained about 5.0 V [36]. Commercially available silica
nanopowder (10 wt%) was mixed with PEO in aqueous medium and electrospun at
a voltage of 13 kV and needle to collector distance of 30 cm [40]. The incorporation
of silica on to PEO matrix in presence of polysulfide reduced the performance of
electrospun PEO. The decrease in the performance of the solid electrolyte can be
attributed to the interaction of inorganic filler and the polymer medium leading to
the formation of incomplete chain networks reducing the electrolyte properties of
the material [40].

Fumed silica (0, 3, 5, 7 wt%) was blended with PVdF in DMF and electrospun
applying high voltage of 18 kV at 15 cm distance (jet to collector) on aluminum foil
[41]. The ionic conductivity varied from 7.7 to 0.24 S cm−1 on an increase in the
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percentage composition of silica. The contact angle measurements conducted on the
membranes show electrospun PVdF gave an angle of 127.10°, electrospun 3 wt%
silica/PVdF blend gave an angle of 133.33°, 5 wt% silica/PVdF blend gave an angle
of 134.80° and 7 wt% silica/PVdF blend gave an angle of 136.50° [41]. Maximum
wettability was reported for 7 wt% fumed silica loaded PVdF. Electrolyte uptake
studies with 1M LiPF6 liquid electrolyte also substantiated the results indicating the
maximum uptake for 7 wt% silica incorporation [41].

Another approach of the fabrication of silica nanocomposite polymer electrolyte
was by synthesizing silica fibers by electrospinning of silica sol [42] followed by
mixing with a polymer. A comparative study of particulate silica, calcined silica
fiber, and non-calcined silica fiber with poly[(ethylene oxide)-ran-(propylene oxide)]
(P(EO/PO)) relived that the ionic conductivity of non-calcined silica with an average
diameter of 1000 nm with 5 wt% composition gave a maximum value. The mechan-
ical properties also were enhanced for the non-calcined silica incorporated polymer
composites [42]. The same silica fiber was composited with PEC and LiTFSI [37].
The studies also confirmed that the silica fiber imparts mechanic strength and ionic
conductivity to the polymer matrix.

7.5.2 Addition of Silica into Polymer Matrix by in Situ
Method

In situ synthesis of silica, polymer composites are carried out by dispersing the
precursor of silica (tetraethoxy silane (TEOS)) in polymer matrix followed by
hydrolyzing the precursor to form silicon hydroxide (Eq. 7.1). Silicon hydroxide
is gradually converted to silica in the polymer matrix (Eq. 7.2). The advantage of
this method is the uniform distribution of silica nanoparticle in the polymer. The
polymer matrix acts as a template for the controlled growth of silica as well as
prevents agglomeration of the fillers. This dispersion is subjected to electrospinning
process. The parameters of the electrospinning are varied accordingly based on the
polymer matrix and solvents used. The electrospun membranes prepared is used as
polymer electrolyte in lithium-ion batteries.

Si(OC2H5)2 + 4H2O → Si(OH)4 + 4C2H5OH (7.1)

Si(OH)4 → SiO2 + 2H2O (7.2)

In 2008, Raghavan et al. [35] compared the performance silica PVdF-co-HFP
polymer electrolyte synthesized by in situ silica synthesis (3, 6, 9 wt%), direct added
silica (6 wt%), and polymer in the absence of silica (0 wt%). In situ synthesis of
silica gave superior ionic conductivity and mechanical strength owing to a reduction
in the nucleation of the silica forming aggregates in the polymer matrix. Uniform
dispersion of silica was been reported which showed a substantial enhancement in



7 Electrospun Silica-Based Polymer Nanocomposite Electrolytes … 193

the properties. The optimum composition of silica was obtained to be 6 wt% with
an ionic conductivity of 8.06 mS cm−1 [35]. The cell fabricated with lithium iron)
as a cathode and lithium metal as anode gave a discharge capacitance of 170 mAh
g−1 which is equal to the theoretical capacity of LFP whereas the direct addition of
silica gave a capacity of 153 mAh g−1 (Fig. 7.12) [35]. The structural, mechanical,
and electrochemical properties of the PVdF-co-HFP based polymer composites have
been depicted in Table 7.1.

PVdF/silica composite polymer membrane separator was synthesized by in situ
method with silica sol PVdF ratio of 1:9 and 1:10, respectively, electrospun at an
applied bias of 20 kV at a distance of 20 cm [43]. The synthesized membrane
showed better performance than the standard commercial Celgard® PP membrane.

Fig. 7.12 Initial
charge-discharge properties
of Li/polymer
electrolyte/LiFePO4 cells
with polymer electrolytes
based on electrospun
PVdF-co-HFP membrane
containing 6% of in situ
generated silica and directly
added silica (25 °C, 0.1 C
rate, 2.5–4.0 V). Adapted
and reproduced from
Raghavan et al. [35],
Copyright 2008 Elsevier

Table 7.1 Properties of electrospun membranes and polymer electrolytes based on membranes
activated with 1M LiPF6 in EC/DMC Raghavan et al. [35]

Properties Silica content (wt%)

In situ Direct

0 3 6 9 6

Fiber diameter range (μm) 0.4–2.0 0.4–3.3 0.7–2.0 0.7–3.3 0.9–3.5

AFD (μm) 1.1 1.2 1.2 1.6 1.9

Porosity (%) 88 91 92 93 89

Electrolyte uptake (%) 425 556 592 620 491

Ionic conductivity at 20 °C (mS cm−1) 4.59 5.13 8.60 6.61 5.72

Electrolyte retention ratio (R) 0.83 0.84 0.85 0.82 0.84

Tensile strength (MPa) 6.5 7.4 10.9 12.3 9.0

Modulus (MPa) 9.2 14.5 14.8 15.7 14.9

Elongation at break (%) 71 69 58 50 56
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The membrane with ratio 9:1 gave the maximum discharge capacity of 159 mAh g−1

at 0.2 C rate [43]. The TEM images of the composited prepared with 9:1 and 10:1
composition are given in Fig. 7.13.

In 2011, Wu et al. [44] reported a comparative study on the performance of
electrospun polyurethane (PU)/PVdF blend without filler and with in situ addition
of silica (3 wt%) and titania (3 wt%) as the fillers. Silica addition was achieved by
in situ hydrolysis of TEOS (Eqs. 7.1 and 7.2) and in situ addition of titania was
succeeded using hydrolysis of titanium tertiary butoxide (TTB) (Eqs. 7.3 and 7.4).
Electrospinning of the bend dispersion was conducted at high voltage of 28.5 kV
[44] and the SEM images are depicted in Fig. 7.14. The polymer membrane was
activated by immersing the liquid in unimolar lithium perchlorate (LiClO4) solution
in mixture of solvents [ethylene carbonate (EC) and propylene carbonate (PC)]. The
ionic conductivity study of these gel polymer electrolytes shows that the addition
of ceramic inorganic fillers enhances the performance of the electrolytes. The pure
polymer blend gave an ionic conductivity of 3.2× 10−3 cm−1 at ambient temperature

Fig. 7.13 TEM images of composite membranes a 1:9, b 1:10. Adapted and reproduced from
Zhang et al. [43], Copyright 2014 Elsevier

Fig. 7.14 SEM images of electrospun TPU–PVdF membranes a without in situ ceramic fillers,
b with 3 wt% in situ SiO2 and c with 3 wt% in situ TiO2. Adapted and reproduced from Wu et al.
[44], Copyright 2011 Elsevier
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[44]. The in situ addition of silica in the polymer blend resulted in ionic conductivity
of 3.8× 10−3 S cm−1 and that for TiO2 gave 4.8× 10−3 S cm−1. The bulk resistance
of the samples varied from 1.4 to 0.8 � on the incorporation of additive [44].

Ti(OC2H5)4 + 4H2O → Ti(OH)4 + 4C2H5OH (7.3)

Ti(OH)4 → TiO2 + 2H2O (7.4)

7.5.3 Electrospinning Electrospraying Technique (EET)

Electrospinning electrospraying technique is a combined process in which polymer
is electrospun on a metallic drum and simultaneously inorganic additive disper-
sion is sprayed using high voltage on the same drum. Thus, on the drum, the addi-
tive deposited polymer membrane is formed. The additives are agglomerated and
decorated on the polymer network forming bead-like morphology.

In 2014, Yanilmaz et al. [45] reported silica decorated PVdF hybrid membrane
synthesized by the EET method. Silica nanoparticles were dispersed via stirring
and ultrasonication in methanol varying compositions (0, 1, 3, 5 wt%) was used for
electrospraying. PVdF in DMF/acetone mixture was electrospun at 20 kV at a tip-
collector distance of 17 cm. The ICP analysis of the EETmembrane indicated that the
composition of silica in the membranes was 0, 7, 14, 24 wt%, respectively [45]. The
C rate analysis of the EET membranes was compared with standard PP membrane
(Fig. 7.15) revealed that the increase in silica concentration subsequent increase in
the discharge capacity is observed. The maximum discharge capacity was obtained

Fig. 7.15 C-rate
performance of Li/LiFePO4
cells containing SiO2/PVdF
nanoparticle/nanofiber
hybrid membranes and
microporous PP membrane.
Adapted and reproduced
from Yanilmaz et al. [45],
Copyright 2014 Elsevier
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for 24 wt% loaded EET membrane. The minimum impedance and maximum ionic
conductivity were also given by the same sample [45].

7.5.4 Addition of Silica-Based Compounds into Polymer
Matrix

Silica particle was modified to enhance the electrochemical, mechanical, and phys-
ical properties of the electrolyte membrane. An ionic complex of silica nanoparticle
was prepared by chemical method forming polyacrylic acid (PAA) silica which was
further neutralized using lithium hydroxide to form ionic complex named SiPAALi
[45]. The complex was dispersed in PVdF (in DMF Acetone mixture) and elec-
trospunned at high voltage of 15 kV at a distance of 18 cm. The ionic complex
incorporated membrane (SiPAALi/PVdF) was compared with silica incorporated
electrospun PVdF (SiO2/PVdF) and bare electrospun PVdF. The electrolyte uptake
of the SiPAALi/PVdF was enhanced. The charge/discharge cycle of Li/electrolyte
membrane/LiCoO2 batteries at room temperature delivered an initial capacity of
156.5 mAh g−1 for SiPAALi/PVdF, 152 mAh g−1 for SiO2/PVdF, and 149.1 mAh
g−1 for electrospun PVdF membranes [45]. PVdF was blended with PMMA and
SiO2 via the electrospinning technique. The PVdF/PMMA/SiO2 blend enhanced the
ionic conductivity to 2.0 × 10−3 S cm−1 from 1.7 × 10−3 S cm−1 [46].

7.6 Conclusion

Polymer nanocomposites are promising candidates for next-generation energy
storage devices. The energy storage devices are of prime importance owing to the
growing energy demand. As the global energy crisis is targeted to overcome by
utilizing renewable energy sources such as solar energy, wind energy hydro energy,
etc. The need for the efficient and reliable energy storage devices is of greatest
importance. Apart from energy demand, the global policy has been developed to
utilize electric energy for transportation. The e-transport also demands sustained
release of energy for better mileage. Hence, a good electrolyte is required for safe
and efficient energy storage devices. Polymer electrolyte overcomes the demerits of
the liquid conventional electrolytes. The only deficiency of these electrolytes is their
ionic conductivity. In comparison with the liquid electrolytes, polymer electrolyte
has lower ionic mobility which can be improved by the addition of additives. Several
inorganic and organic additives have been attempted and achieved enhancement in
the performance of the polymer electrolyte.
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Chapter 8
Electrospun PVdF
and PVdF-co-HFP-Based Blend Polymer
Electrolytes for Lithium Ion Batteries

N. S. Jishnu, S. K. Vineeth, Akhila Das, Neethu T. M. Balakrishnan,
Anjumole P. Thomas, M. J. Jabeen Fatima, Jou-Hyeon Ahn,
and Raghavan Prasanth

8.1 Introduction

Advancement in technology has been in a booming rate with proliferation in popu-
lation, which has adversely affected the rapid depletion of fossil fuels. Serious envi-
ronmental issues related on overexploitation of these nonrenewable resources led
to greenhouse effect, ozone layer depletion, global warming and climate changes.
In addition to the above environmental issues, energy crisis is a serious issue. The
post-fossil fuel era hence needs to find alternative source of energy. Sustainable and
renewable energy source need to be explored to satisfy the exponentially increasing
demand of energy. The effective utilization of energy from the renewable resources
such as water (hydropower and hydrokinetic), wind, solar (power and hot water),
biomass (biofuel and biopower), geothermal (power and heating) are the current
possible solution. Globally, renewables made up 24% of electricity generation in
2014, in which the major contribution from hydropower (17%). Renewable energy
is the fastest-growing energy source in the USA, increasing 67% from 2000 to
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2016. Renewables made up 24% of global electricity generation in 2014, and that is
expected to rise to 31% by 2040. Most of the increase will likely come from wind
energy and hydropower. The estimated global renewable energy share of total final
energy consumption in 2015 is shown in Fig. 8.1, and renewable energy indicator in
2016 is shown in Table 8.1

In this aspect, for the efficient storage and effective utilization of renewable energy
required advanced high power energy storage devices. Among the different types of
energy storage devices such as supercapacitors, batteries and fuel cells, the possibil-
ities provided by the batteries are significant due to their high energy density, power
density, easy to fabricate and portability. Compared to any other battery technology
such as nickel–cadmium or nickel–metal halide batteries, etc., lithium-ion batteries
are promising due to their superior energy density, output voltage, long cycle life

Fig. 8.1 Global renewable energy share of total final energy consumption in 2015
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Table 8.1 Estimated global renewable energy share of total final energy consumption (2015)

2015 2016

Investment

New investment (annual) in renewable power and fuel Billion USD 312.2 241. 6

Power

Renewable power capacity (total, not including hydro) GW 785 921

Renewable power capacity (total, including hydro) GW 1856 2017

Hydropower capacity GW 1071 1096

Biopower capacity GW 106 112

Biopower generation (annual) TWh 464 504

Geothermal power capacity GW 12 13.5

Solar PV capacity GW 228 303

Concentrating solar thermal power capacity GW 4.7 4.8

Wind power capacity GW 433 487

Heat

Solar hot water capacity GWth 435 456

Transport GW

Ethanol production (annual) GW 98.3 98.6

Biodiesel production (annual) GW 30.1 30.8

and electrochemical properties. The energy density of LIBs (250 Wh kg−1, 650 Wh
L−1) is typically twice that of the standard nickel–cadmium batteries, and there is
potential for higher energy densities. The load characteristics are reasonably good
and behave similarly to nickel–cadmium in terms of discharge. The high cell voltage
of 3.6 V allows battery pack designs with only one cell. Most of today’s mobile
phones run on a single cell, while nickel-based pack would require three 1.2 V cells
connected in series. Also LIBs is a low maintenance battery, an advantage that most
other chemistries cannot claim. There is no memory, and no scheduled cycling is
required to prolong the cycle life of the battery. In addition, the self-discharge is less
than half compared to nickel–cadmium, making lithium ion well suited for modern
fuel gauge applications [1]. Lithium-ion batteries (LIBs) were first commercialized
by Sony Corporation in 1991, and this year, 2019, the Nobel Prize in Chemistry is
awarded to John B Goodenough, M. StanleyWittingham and Akira Yoshino “for the
development of lithium-ion batteries” (Fig. 8.2).

Last two decades witnessed significant development of LIBs as its demand
reflected in portable electronic gadgets, computers and related devices, and hybrid
electric vehicles. Furthermore, the global market of lithium-ion batteries is currently
growing, and it is expected that in 2022, the market value will reach $ 46.21 billion,
with an annual growth rate of 10.8%. The major components of a battery are anode
(negative electrode, where reduction occurs), cathode (positive electrode, where
oxidation occurs) and electrolytes. For the development of high energy density
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Fig. 8.2 Images of Nobel laureates 2019 (From right to left—John. B. Goodenough, Stanley M.
Wittingham, Akira Yoshino) Adapted and reproduced from Ref. [2]. Copyright © Nobel Media
2019. Illustration: Niklas Elmehed

battery having improved safety, the major role played by the electrolyte, in which
the conventional liquid electrolyte, is replaced with gel electrolyte as it have no
leakage, good ionic conductivity and good dimensional stability. The gel electrolyte
is a heterogeneous system in which a microporous polymeric membrane having
more than 40% porosity is activated with a liquid electrolyte (typically 1 M solution)
prepared by dissolving suitable lithium slat (LiPF6, LiClO4, LiTFSI, LIBOB) in a
polar (propylene carbonate) or nonpolar (ethylene carbonate (EC), diethyl carbonate
(DEC),methyl ethyl carbonate (EMC)anddimethyl carbonate (DMC)aprotic solvent
or ionic liquids (1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(BMITFSI) and 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4) 1-butyl-
4-methylpyridinium bis(trifluoromethanesulfonyl)imide [BMPyTFSI]). Most of the
polymer electrolytes have lithiumhexafluorophosphate (LiPF6) in ethylene carbonate
(EC), dimethyl carbonate (DMC), propylene carbonate (PC), or diethyl carbonate
(DEC) or their mixtures of various compositions. Polyvinylidene fluoride (PVdF)
[3–7] and its copolymer polyvinylidene difluoride-co-hexafluoro propylene) (PVdF-
co-HFP) [7–17], polyethylene glycol [18], polyurethane acrylate [19], polyacryloni-
trile (PAN) [20–23], polymethyl methacrylate (PMMA) [22, 24, 25] and polyethy-
lene oxide (PEO) [7, 17, 22, 26] polyvinyl acetate (PVAc) [25], polystyrene (PS)
[22], etc., have been widely used as polymer matrices for the preparation of PEs.
For improving the ionic conductivity, mechanical strength, and thermal stability,
polymer nanocomposite electrolyte incorporating different ceramic nanomaterials
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such as SiO2 [27], Al2O3, [28] BaTiO3 [11],TiO2 [29, 30], ZrO [31], nanoclay [3, 9],
etc., are also reported. The selection of materials and their proportions significantly
influences the ionic conductivity, thermal stability and electrochemical properties of
the polymer gel electrolytes [7].

In order to achievehigh ionic conductivity at ambient temperature,many investiga-
tions have been reported. In recent years, much effort has been devoted to enhancing
the low-temperature conductivity of PEs via various approaches such as the prepa-
ration of blends [32–34], copolymers [35–37], nanocomposites [38–40] and cross-
linked networks [41, 42]. Improvements in ionic conductivity and electrochemical
properties have been achieved either by reducing the crystallinity of the polymers or
by lowering their T g. Polymer blending and polymer nanocomposite preparation are
found to be the most feasible among the techniques [43]. In the polymer blend elec-
trolytes, polymers having complementary properties are used, such as one polymer
have good electrochemical properties, and the other must be with good mechan-
ical properties. The ionic conductivity and electrochemical/physical properties of
polymer blend electrolytes are superior to that of the individual constituent poly-
mers. In the blending, two or more different polymers are blend together to form a
uniform mixture. Hence, the advantageous physical and electrochemical properties
of different polymers can be making use in development of polymer gel electrolyte
having improved properties. For example, PAN is blended with PMMA, the resulting
polymer blend electrolytes of the CN groups in PAN could interact with CO groups
of the liquid electrolytes such as propylene carbonate (PC), ethylene carbonate (EC),
etc. as well with lithium ions [41], while the amorphous structure of PMMA is
beneficial to ionic conduction and chemical cross-linking of the PMMA matrix can
remarkably increase the mechanical strength and retention ability of the electrolyte
solution [44]. In other words, the right materials choice to produce the gel electrolyte
or battery separator for LIB is essential to achieve the appropriate and desired elec-
trolyte characteristics [45]. The performance of a separator in a lithium-ion battery
is determined by some requirements such as porosity, chemical and thermal stability,
electrical insulator, wettability, dimensional stability, and resistance to degradation
by chemical reagents and electrolytes [30, 46–48].

The membrane properties such as porosity, tortuosity and uniformity of pore
distribution are strongly dependent on its processing method. Different methods
such as solvent casting [49], plasticizer extraction [50], phase inversion [51] and
electrospinning [52] have been reported for the membrane preparation. Compared to
cast membranes, it is reported that the GPE based on electrospun membranes shows
higher porosity, electrolyte uptake and ionic conductivity due to the presence of fully
interconnected pore structure [51]. Electrospinning is a simple and versatile method
which is gaining importance in recent years as membranes prepared by employing
this method have controlled properties. The electrospun polymer membranes consist
of thin fibers of micron/submicron diameters with high specific surface area. The
interlaying of fibers generates large porosity (> 80%) with fully interconnected pore
structure that can function as efficient channels for ion conduction thereby facilitates
easy transport of Li+-ions and serves as good host matrices for GPEs [22]. Earlier
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electrochemical studies ofPEsbasedonelectrospunmembranes ofPVdF [53], PVdF-
co-HFP [51, 52], PAN [54] and PVdF-co-HFP/PAN blend [23] have demonstrated
their potential application in lithium-ion batteries.

This chapter explains how the polymer gel electrolytes composed of two or more
polymers are advantageously utilizing the beneficial electrochemical and physical
properties for the individual polymers enhance the battery performance of LIBs [55–
57]. The chapter covers two types ofmethods of preparation: (i) blending of polymers
(binary blends and ternary blends) and (iii) layer-by-layer assembly of the thin layers
of different polymers (trilayer assembly).

Electrospinning is one such technique which has received great attention due to
its versatility in spinning of ultrafine fibers with a wide range of polymeric fibers also
due to its consistency with uniform morphology in producing fibers ranging from
micrometers to nanorangewith porous structure [58]. Electrolytemembrane prepared
by electrospinning has been reported in many literatures [59]. These membranes
have large porosity with large surface area and interconnected network structure and
uniform morphology. Electrospun blend electrolytes have the advantages of greater
porosity with uniformity which enables easy pathways for ionic conduction, with
these advantages, electrospun membranes as a host matrix for electrolyte.

8.2 Polymer Blend Electrolytes

8.2.1 PVdF or PVdF-co-HFP-Based Blend Electrolytes

Polyvinylidene difluoride or polyvinylidene difluoride (PVdF) is a highly nonreactive
thermoplastic fluoropolymer produced by the polymerization of vinylidene difluo-
ride, having the chemical formula –(C2H2F2)n–. PVdF is a specialty plastic used in
applications requiring the highest purity, as well as resistance to solvents, acids and
hydrocarbons. Currently, PVdF resins are widely used in LIBs as a binder mate-
rial, both in anode and cathodes. PVdF is electrochemically stable in contact with
electrolyte mixtures and has good affinity to liquid electrolyte. Also PVdF requires
NMP (N-methyl 2-pyrrolidone) as a solvent and offers the possibility of high-voltage
operation. PVdF is also electrochemically stable in contact with electrolyte mixtures.
Hence, it is well-studied polymer matrix for the preparation of polymer electrolyte,
andSony is commercialized. PVdFand its copolymers (polyvinylidene difluoride-co-
trifluoroethylene), polyvinylidene difluoride-co-trifluoroethylene (PVdF-co-TrFE),
polyvinylidene difluoride-co-hexafluoropropylene (PVdF-co-HFP) and polyvinyli-
dene fluoride-co-chlorotrifluoroethylene (PVdF-co-CTFE) show exceptional prop-
erties and characteristics for the development of battery separators, highlighting high
polarity, excellent thermal andmechanical properties,wettability by organic solvents,
being chemically inert and stable in the cathodic environment, and possessing
tailorable porosity through binary and ternary solvent/non-solvent systems [60, 61].
Both the PVdF and its copolymers are partially fluorinated semi-crystalline polymers
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Table 8.2 Major properties of these PVdF-based polymers

Polymer Melting temp.
(°C)

Degree of
crystallinity (%)

Young’s modulus
(MPa)

Dielectric
constant

PVdF ~170 40–60 1500–3000 6–12

PVdF-co-TrFE ~120 20–30 1600–2200 18

PVdF-co-HFP 130–140 15–35 500–1000 11

PVdF-co-CTFE ~165 15–25 155–200 13

where the amorphous phase is located between the crystalline lamellae arranged in
spherulites. It can crystallize in different crystalline phase, depending on the tempera-
ture and processing conditions [62, 63]. In relation to the crystalline phases of PVdF
and its copolymers, the most important phases are the β-phase, since it presents
ferroelectric, piezoelectric, and pyroelectric properties, and the α-phase, which is
the most stable thermodynamically, when material is obtained directly from the melt
book [62]. PVdF has a strong electron withdrawing fluorine atom in its back bone
and high dielectric constant (E = 8.4). Thus, the polymer blend effectively dissoci-
ates lithium salts to generate a large quantity of charge carriers for conduction [64,
65]. The major physical and electrical properties of these PVdF-based polymers are
presented in Table 8.2 [55, 66–68].

8.2.1.1 Blend with PMMA

Polymethyl methacrylate (PMMA), a synthetic resin produced from the polymeriza-
tion of methyl methacrylate having the chemical formula –(C5O2H8)–. PMMA is a
transparent and rigid thermoplastic material often used as a substitute for glass in
products such as lightweight or shatterproof windows, skylights, illuminated signs
and aircraft canopies. PMMA is an economical alternative to polycarbonate (PC)
when tensile strength, flexural strength, transparency, polishability and UV toler-
ance are more important than impact strength, chemical resistance and heat resis-
tance. PMMA is one of the host polymers previously used in plasticized PEs, which
was first reported by Iijima et al. and more recently by Bohnke et al. [69] and others
Zhang et al. [22, 25] Appetecchi et al. [70] studied the kinetics and stability of the
lithium electrode in PMMA-based gel electrolytes. PMMA is a common thermo-
plastic polymer with well-known chemistry. Its amorphous structure is beneficial
to ionic conduction and PMMA-based gel electrolytes have shown excellent inter-
facial stability toward lithium metal. The pendant –COOCH3 is not likely to crys-
tallize around Li+ as PEO does. PMMA-based PEs exhibit high electrolyte uptake,
ionic conductivity and good electrochemical stability [71]. Unlike PAN, PMMA has
ability to make chemical cross-linking, which will remarkably increase the mechan-
ical strength and the electrolyte solution retention ability of the PE [72, 73]. Also it
has been reported that gel electrolytes based on cross-linked PMMA can suppress
lithium dendrite formation [72]. However, they suffer from a gel-like mechanical
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property: They do not form a free-standing film at high plasticizer content or the
electrospun PMMA fibers are very brittle. Thus, an improvement in the mechanical
properties of PMMA-based PEs is required to make them suitable for commercial
applications. A blend of PMMA with PVdF [74, 75] and PVdF-co-HFP [76]-based
electrospun polymer gel electrolytes are prepared by activating the fibrousmembrane
with 1 M LiClO4 in PC (propylene carbonate) [74] or 1 M LiPF6 (lithium hexaflu-
orophosphate) in EC:DMC (1:1 v/v) (ethylene carbonate and dimethyl carbonate)
solution [75, 76] were reported.

A blend of PVdF-PMMA (80:20 wt./wt.) electrospun fiber showed the fiber diam-
eter of 183 [75] and 325 nm [74]. The higher fiber diameter observed for the same
PVdF-PMMA blend is due to the higher spinning voltage and higher feed rate. They
showed an electrolyte uptake of 275 (1 M LiPF6 in EC:DMC) [75] and 285% (1 M
LiClO4-PC) [74] even both the membranes have similar porosity of about 85%. The
membrane activated with 1 M LiClO4-PC is showed higher ionic conductivity (2.95
× 10−3 S cm−1) at RT [74]. This difference in uptake may come from the difference
in affinity of the membrane to the different electrolyte, thereby shows the difference
in ionic conductivity. The average fiber diameter of PVdF and PVdF–PMMA (50:50)
is found to be 647 and 179 nm (Fig. 8.3). PVdF–PMMA (50:50) polymer electrolyte
membrane showed an electrolyte uptake 290% (porosity 87%) and ionic conduc-
tivity of 0.15 S cm−1 and at room temperature, while the pristine PVdF membrane
showed lower porosity (78%), electrolyte uptake (260%) and ionic conductivity (0.1
S cm−1) (Table 8.3). The Li/PE/LiFePO4 cells with 1 M LiPF6 in EC: DMC as elec-
trolyte delivered an initial discharge capacity of 138.4, 144.7 and 150.3 mAh g−1 for
separators of PVdF, PVdF/PMMA (80:20) and PVdF/PMMA (50:50) membranes,
respectively. After 50 cycles, the cell with PVdF–PMMA (50:50) electrolyte retained
a discharge capacity of 140 mAh g−1 which is about around 93% retention of the
initial discharge capacity, while the pristine PVdF membrane retained a discharge
capacity of only 130mAh g−1 (~94% retention). Nanofibrous PVdF–PMMA (50:50)
polymer electrolyte membrane was found to be a potential separator for lithium-ion
batteries. Compared with cells having different PEs, discharged capacity for the cell
with PVdF–PMMA (50:50) separator was found to be relatively high cathode utiliza-
tion corresponding to 88.4% of theoretical capacity which is 3.5% higher than that
of PVdF–PMMA (80:20) polymer blend electrolyte [75].

The PVdF-co-HFP blend with PMMA could be expected to have higher ionic
conductivity than that with PVdF, due to the lower crystallinity of PVdF-co-HFP
result from the presence of HFP in the copolymer. The PMMA blend polymer elec-
trolyte having ~66% PVdF-co-HFP shows an ionic conductivity of 2 mS cm−1 [76],
while the blend having only 50% PVdF showed an ionic conductivity of only 0.15
S cm−1 [75].

The fiber diameter of pristine PVdF-co-HFP nanofibers was found to be 100–
250 nm, and the surface of the fibers was very smooth due to its homogeneous
polymeric texture. The fibers are randomly oriented, and most of the fibers were
not interconnected. However, by blending with PMMA (about 33%), the average
diameter of the fibers increased (200–350 nm) and the nanofibers were frequently
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Fig. 8.3 SEM images on the surface morphology of electrospun polymer blend nanofibrous
membranes of a, d pristine PVdF, b PVdF–PMMA (80:20), c PVdF–PMMA (50:50) Adapted
and reproduced from Ref. [75]. Copyright 2018 Springer

Table 8.3 Melting enthalpy (�Hf ), crystallinity (χc), bulk resistance (Rb) and ionic conductivity
(σ ) of PVdF, PVdF/PMMA (80:20) and PVdF/PMMA (50:50) nanofibrous membranes [75]

Polymer membranes �Hf (J/g) χc (%) Rb (�) σ (S/cm)

PVdF 53.29 50.75 0.50 0.10

PVdF:PMMA (80:20) 43.84 41.75 0.29 0.13

PVdF:PMMA (50:50) 25.33 24.12 0.22 0.15

interconnected by fusing the attaching point of two or three individual fibers. Further-
more, in comparison with the pristine PVdF-co-HFP nanofibers, the surface of the
composite nanofibers became rough, which will be beneficial for getting better
interfacial contact with electrode and lowering the interfacial resistance between
the electrode and electrolyte. The PVdF-co-HFP/PMMA blend polymer membrane
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Fig. 8.4 Cycle performance of the prototype cells. Li/PE/LiFePO4 prototype cells with cutoff
voltages of 2.4 and 4.1 V at 0.1C-rate. Adapted and reproduced from Ref. [76]. Copyright 2009
Elsevier

showed an uptake and leakage for electrolyte solution of 377% and 87% which is
about 75% and 11% higher than pristine PVdF-co-HFP membrane, respectively.
The Li/PE/LiFePO4 cell with PVdF-co-HFP/PMMA blend polymer electrolyte or
commercial Celgard TM 2400® shows comparable initial discharge capacities ~145
mAh g−1; however, the cells with electrospun PVdF-co-HFP/PMMA electrolyte
showed a stable discharge behavior and little capacity loss under constant current
conditions, which still retained a capacity of 133.5 mAh g−1 (92% retention) after
150 cycles. However, the cell with Celgard TM 2400® showed a remarkable capacity
fading and the capacity decreased to 115 mAh g−1 (79% retention) after 150 cycles
(Fig. 8.4). The improved cycle performance of the prototype cells with electrospun
PVdF-co-HFP/PMMA could be ascribed to the lower leakage in the sandwich struc-
ture of the cell and higher porosity [76]. The crystallinity of both PVdF and PVdF-
co-HFP has been depressed with increasing PMMA content, because the motion of
PVdF or PVdF-co-HFP chains during the crystallization was hindered by the bulky
CH3OCO—group in PMMA chains. Moreover, the crystallinity has been depressed
by the hydrogen bonds between the PMMA and PVdF or PVdF-co-HFP chains.
Lowering the crystallinity leads to higher ionic conductivity [75, 76].

8.2.1.2 Blend with PEO

Polyethylene oxide (PEO) is also known as PEG was the first example of a
single-chain single crystals having the chemical formula H–(O–CH2–CH2)n–OH.
C2nH4n+2On+1 PEO-based polymer electrolytes have received extensive attention for
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their potential usage as alternative materials for traditional organic liquid electrolytes
(OLEs) since Fenton et al. [77] found that the complex of PEO with alkaline salts
possesses good ionic conductivity. Followed by this report, (PEO)-based electrolyte
has been widely studied as all solid polymer electrolytes in LIBs. PEO has low glass
transition temperature (T g), good chain flexibility, thermal properties, mechanical
properties, superior electrochemical stability to lithium metal, and excellent solu-
bility with conductive lithium salts are poised to be an enabler for solid-state lithium
batteries, but their application is restricted by low room-temperature ionic conduc-
tivity and poor mechanical strength at elevated temperatures [78, 79]. It has ether
linkages, with oxygen atoms present at a suitable inter-atomic separation to allow
segmental motion of the polymeric chain which is beneficial for facile ionic conduc-
tion [80–82]. It is widely accepted that PEO can form complexes with a large number
of lithium salts and transport Li+ -ions in PEs. Thus, significant ion conduction occurs
in the amorphous phase where the conductivity is two or three orders of magnitude
higher than in the crystalline region [83]. The high crystallinity of PEO leads to
low ion conductivity (10-8 × 10−6 S cm−1) and inferior Li+ transference numbers
(0.2–0.3) at room temperature, which seriously affects the high rate capability of
LIBs. This necessitates operation at higher temperatures (generally, >70 °C) for
their successful utilization in practical battery applications The Li+-ion transport in
these all solid-state polymer electrolytes has been associatedwith the local relaxation
and segmental motion of the amorphous regions in the PEO chains. Ethylene oxide
(EO) segment in the PEO is soluble in common battery electrolytes like ethylene
carbonate (EC) and diethyl carbonate (DEC), which limits its use in dimensionally
stable PGEs, therefore, blending of PEO with other polymers are the widely adopted
method the preparation of PEO-based polymer gel electrolytes [83, 84]. Prasanth
et al. reported electrospun-based polymer gel electrolyte prepared by blending of
PEO with PVdF [7] and the polymer blend incorporated with ceramic filler [17].
The aim of the study was to develop polymer gel electrolyte (PGE) which utilizes
the advantageous electrochemical properties of PEO to make them for the practical
application in LIBs and study the effect of PEO on ionic conductivity and electro-
chemical properties of PVdF-based PGEs. The presence of PVdF in the polymer
blend retains the mechanical properties of the membrane, while the ether linkages
with oxygen atoms in PEO help to improve the segmental motion and dissociation of
lithium salts. The surface morphology of PVdF/PEO blend membranes is displayed
in Fig. 8.5.

The PVdF/PEO blend (5–20 wt% PEO content) electrospun membranes with
[17] and without [7] nanosized ceramic filler (LAGP) were prepared first. Then, the
blend polymer membrane incorporated with nanosized LAGP is immersed in the
boiling water for the preferential isolated and removed removal of PEO from the
blend fiber [17]. The surface morphology of electrospun membrane before and after
in situ porosity generation (Fig. 8.6) and the Fig. 8.7 shows the surface morphology
of the PVdF/PEO blend membranes before and after soaking in the hot water. The
immersing of membrane in hot water (70 ºC) for 48 h, the PEO partially leach out
from the micron-sized fibers. PEO is water soluble, while PVdF is not; therefore,
PEOwas preferentially isolated and removed from themembranes, leaves nanopores
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Fig. 8.5 FE-SEM images on the surface morphology of electrospun membrane; a pristine PVdF,
b PVdF/PEO (90:10) blend; magnified image of fiber; c pristine PVdF, d PVdF/PEO (90:10)
polymer blend fiber. Adapted and reproduced from Ref. [7]. Copyright 2014 Elsevier

uniformly distributed on the surface of the nanofibers. The pore density was directly
related to the PEO content in the polymer blend. Porosity is one of the key factors
which determine the ionic conductivity and electrochemical performance of polymer
electrolytes based on electrospun membranes in lithium-ion batteries [9]. Higher
porosity can enlarge the contact area between the polymer and liquid electrolyte,
which ensures that the electrolyte well retained in the polymer membrane leads to
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Fig. 8.6 Surface morphology of electrospun PVdF/PEO polymer belnd
with membranes with lithium aluminum germanium phosphate (LAGP) glass ceramic lithium ion
conducting filler (PVdF:LAGP, 94:6 wt%) having x wt% PEO on the total weight of PVdF and
LAGP: before a ESM-01 (x=5), c ESM-02 (x=10), e ESM-03 (x=20) and after b IPG-01 (x=5),
d IPG-02 (x=10) and f IPG-03 (x=20) soaking in hot water. (ESM-as spun membrane, IPG-in-situ
porosity generated membrane). Adapted and reproduced from [17]. Copyright 2014 Elsevier
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Fig. 8.7 Magnified images of surface morphology of electrospun PVdF/PEO polymer
blend fibers with lithium aluminum germanium phosphate (LAGP) glass ceramic lithium ion
conducting filler (PVdF:LAGP, 94:6 wt%) having x wt% PEO on the total weight of PVdF and
LAGP; a IPG-02 (x = 10) and b IPG-03 (x = 20). (IPG-in-situ porosity generated membrane).
Adapted and reproduced from [17]. Copyright 2014 Elsevier

the long term cycling stability of LIBs. The effect of PEO on the pore formation and
electrochemical properties of the blend electrolyte is shown in Table 8.4.

The blend polymer electrolytes showed higher charge–discharge and cycling
stability compared to pristine PVdF electrolyte or commercial Celgard® separator.
The lithium cell assembled with Li metal/LiFePO4 electrode and PVdF/PEO blend
(10% PEO) PGE based on LiTFSI or LiClO4 delivers an initial discharge capacity
of 165–168 mAh g−1, which corresponds to w 98 ± 1% utilization of the active
material. While the cell with PGE based on electrospun PVdF showed a discharge
capacity of 148 mAh g−1, which is about 11% less than the cell with PGE based on
PVdF/PEO polymer blend membrane at a current density of 0.1C. After 50 cycles,
the cell comprised of PVdF membrane activated with LiTFSI and LiClO4 delivers
a discharge capacity of ~128 mAh g−1. The capacity retention ratio of the cell with
PVdF/PEO polymer blend membrane activated with LiTFSI electrolyte is 95%, and
LiClO4 is 89% (calculated based on initial discharge capacity), while the cell with
PVdF membrane shows only w86% retention. [7]. However, the PVdF/PEO blend
electrolyte, from which PEO is leached out, showed lower initial specific capacity
compared to the one without leaching process. The initial capacity was found to
be about 130 to 150 mAh g−1 with LiTFSI, where the membrane prepared with
higher PEO content delivered higher capacity. After 50 cycles, the cells delivered a
discharge capacity of 126, 137 and 150 mAh g−1 respectively, for the PVdF/PEO
blend electrolyte prepared with 5, 10 and 20 wt% PEO and soaked in hot water
for the preferential leaching. The rate capability studies reported that at low C-rates
(0.1–0.6 C), both the cell with conventional Celgard® or PVdF/PEOblend electrolyte
membranes delivered similar capacities, but at higher C-rates (1.5–3.0 C), the blend
electrolyte membrane shows considerably higher capacity compared to the conven-
tional Celgard® and retain similar capacity after the current density is changed back
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Table 8.4 Properties of polymer electrolyte membranes activated with different lithium salt
in electrolytes (electrolyte: 1 M solution of lithium salt in1:1 w/w EC/DEC)

Membrane Lithium salt
in EC/DEC

Porosity
(%)

Electrolyteuptake
(%)

Crystallinity
(%)

Ionic
conductivity at
30 °C (mS
cm−1)

PVdF/PEO
(90:10)

LiTFSI 85 750 42.3 4.9

PVdF/PEO
(90:10)

LiPF6 85 690 42.3 4.5

PVdF/PEO
(90:10)

LiClO4 85 675 42.3 4.2

PVdF/PEO
(90:10)

LiBF4 85 630 42.3 2.8

PVdF/PEO
(90:10)

LiCF3SO3 85 590 42.3 1.8

PVdF/PEO
(95:05) + 6
wt% LAGP

LiTFSI 78 632 39.1 6.3

PVdF/PEO
(90:10) + 6
wt% LAGP

LiTFSI 80 652 40.4 7.0

PVdF/PEO
(80:20) + 6
wt% LAGP

LiTFSI 83 703 42.6 7.7

PVdF/PEO
(95:05) + 6
wt% LAGP
(after
leaching)

LiTFSI 85 723 36.8 8.0

PVdF/PEO
(90:10) + 6
wt% LAGP
(after
leaching)

LiTFSI 89 768 38.2 9.1

PVdF/PEO
(80:20) + 6
wt% LAGP
(after
leaching)

LiTFSI 93 831 38.8 10.9

at 35 °C

PVdF LiPF6 80 650 40.5 3.2

PVdF/PEO LiPF6 85 690 42.3 5.3

Celgard
(2320)

LiPF6 41 200 2.1 × 10−2
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to 0.2 C-rate after 40 cycles, which clearly demonstrates high capacity retention of
the cells [17]. Again by blending PVdFwith PEO, the LSV of the blend electrolyte is
>5 V, which is considerably higher than PVdF-co-HFP-based electrospun polymer
gel electrolytes (4.5 V) [13, 14, 51] Also the interfacial resistance with Li/Li metal
was found to be 10–22 � [7, 17], which is much lower than that of 750–800 � for
PVdF-co-HFP-based electrospun polymer gel electrolytes [11, 14].

8.2.1.3 Blend with Polydiphenylamine (PDPA)

Polydiphenylamine (PDPA), a polymer of N-substituted aniline preparing by oxida-
tive polymerization [85, 86]. It is more soluble in common organic solvents and
exhibits different redox characteristics than other poly(N-substituted anilines) [87,
88]. The backbone units of PDPA can be grafted with other polymeric chains to
have novel functional properties [89] To utilize these unique properties, Gopalan
et al. [90] blended PDPA with PVdF or its copolymer PVdF-co-HFP for the prepa-
ration of polymer gel electrolyte. Electrospun membranes blended PDPA/PVdF or
PDPA/PVdF-co-HFP having different thickness ranging from 20 to 60 μm were
prepared by electrospinning. The PDPA content in the blend was 0.5–2 wt%. The
electrospun membranes were transformed to pole electrolyte by activating with 1 M
LiClO4–PC solution. The electrospun polymer blend membrane exhibited morpho-
logical variations with PDPA content Fig. 8.8. Electrospun pristine PVdF fibrous
membranes have a nearly straightened and tubular structure with an average fiber
diameter of ~500 nm. The PDPA/PVdF has interconnected multifibrous layers with
ultrafine porous structures. The presence of PDPA significantly affected average
fiber diameter. The average fiber diameter decreased with increasing PDPA content
and the fibers appeared to be uniform in composition without having any phase
separated microstructure or beads morphology reveals the miscibility and compat-
ibility of PVdF and PDPA. By blending PVdF with 0.5 wt% PDPA, the average
fiber diameter is down to 200 nm. There is inter-fiber twisting in the PVdF/PDPA

Fig. 8.8 FE-SEM images on the surafec morphology of electrospun a PVdF, b PVdF–PDPA-CFM
with PDPA (wt%) a. 0.5 and b. 1 Adapted and reproduced from Ref. [90]. Copyright 2008 Elsevier
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that generates microcavities and entanglements between the fibers are more with
higher PDPA content. The difference morphology and fiber diameter between the
pristine and PDPA/PVdF blend membranes can be possible due to the difference
in the spinning parameters (distance between the nozzle and the collector, applied
voltage and feed rate); however, all these parameters are kept constant in the study.
Hence, the following factors may be influenced on the morphological difference in
the membranes [90];

(i) Difference in viscosity of the spinning solutions (the incorporation of PDPA can
increase the viscosity of the polymer solution due to the presence of aromatic
ring in the polymer)

(ii) Difference in dielectric constant of the spinning solutions (the incorporation of
PDPA can increase the dielectric of the medium for electrospinning)

Because of higher dielectric solution (in comparison to a lesser dielectric pris-
tine PVdF solution) could easy to form a Taylor cone at the tip of the spinning
needle of the syringe which result in the formation of smooth thin fibers without
any beads [15]. The formation of interconnected and entangled fibrous morphology
of the PDPA/PVdF blend membrane could be arise from the probable intermolec-
ular interactions between the protonated amine or imine groups in PDPA [7, 8] and
electronegative fluorine atoms in PVdF.

The electrolyte uptake, ionic conductivity, lithium transference number, anodic
stability (>5 V) and interfacial properties are increased with PDPA content.
PVdF/PDPA with 2 wt% PDPA showed an electrolyte uptake >280 wt% which
is 80% higher than pristine PVdF membrane. The uptake value is considerably
higher than reported values for PVdF, [20–24] but significantly less compared to
the uptake for PVDF or PVdF-co-HFP membranes reported by Prasanth et al. [11,
14]. The polymer blend electrolyte with 2% PDPA (60-μm thickness) exhibits an
ionic conductivity of 3.6 mS cm−1 at 25 °C, which is higher than reported value for
PVdF-based electrolyte [91–95] and the lithium transference number (t + value) of
0.48. The reported t + values for SPEs range from 0.06 to 0.2 [96]. For gel polymer
systems, t + values in the order of 0.4–0.5 have been reported. Cationic transport
number ranging between 0.2 and 0.4 has been reported for PVdF-co-HFP-based
electrolyte membrane [97–100].

The higher ionic conductivity for PVdF/PDPA fibrous electrolyte is attributed
to arise from the combined influence of higher content of electrolyte (>280 wt%)
incorporated into the pores of the membrane and augmented lithium-ion mobility in
themembrane. Doped PDPA has positively charged nitrogen sites (protonated diphe-
noquinone diamine units) [87, 88]. That have molecular-level interactions with the
electronegative fluorine atoms present in PVdF. This environment provides (i) new
path for Li+-ion migration in the composite, (ii) interconnected network morphology
between PDPA and PVdF and (iii) compact porous structure to hold more amount
of the liquid electrolyte. The recombination possibility of Li+-ion with ClO4

− ion is
expected to be hindered in the presence of PDPA, and hence, facile Li+-ion mobility
becomes possible. A portion of the ClO4

− ions is expected to be immobilized at the
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protonated amine or imine sites of PDPA by replacing the organic dopant, naph-
thalene sulfonate anions. The bulky naphthalene sulfonate anion has lesser mobility
than ClO4

− ion. As a result, Li+-ions in the PVdF/PDPAmembrane matrix can freely
move to result higher ionic conductivity. In the pouch cell, the charge–discharge
studies of PVdF blend electrolyte with 1 and 2 wt% PDPA content, in the full cell
configuration using graphite anode and LiCoO2 cathode under different C-rate shows
similar discharge capacity in lower C-rate (0.2–0.5 C), but at the higher C-rate (at a
C-rate higher than 0.5 C) the cell with blend electrolyte having higher PDPA content
delivers higher discharge capacity which is due to the high ionic conductivity and
highly porous morphology of PVdF/PDPA electrospun membrane. Typically, at 1
C-rate, the cell can deliver about 90% of its 0.2 C capacity, and even the C-rate is
doubled (at a high rate of 2 C), and the cell can still deliver about ~70% of its 0.2 C
capacity. Also, the cell delivered about 95% of its initial capacity after 50 continuous
charge–discharge cycles at 1 C (25 °C).

8.2.1.4 Blend with Polyvinyl Chloride (PVC)

Polyvinyl chloride having the chemical formula (C2H3Cl)n is the world’s third-most
widely produced synthetic plastic, after polyethylene and polypropylene, which is
used for the preparation of commercial battery separator Celgard®. About 40 million
tones are produced per year. The presence of chlorine in the polymer backbone of
PVCmakes them as a self-extinguishing polymer. PVC is an inexpensivematerial has
lowdielectric constant (ε≈ 3), good processability, which can act as goodmechanical
stiffener. In the recent years, PVC-based PEs gained much popularity due to their
good compatibility with many polymers and easiness to prepare a hard brittle plastic
to a rubbery material by simply plasticizing with suitable plasticizer [71, 101, 102].
Many literatures [103–105] showed that PVdF and PVC can be blended as the PEs.
The addition of PVC was used to suppress the crystallinity, thereby enhancing the
ionic conductivity, to reduce the thermal stability [102] due to the decomposition
of PVC in the membrane. The decomposition temperature of PVC is about 285 °C
which is significantly lower than that of PVdF (~450 °C) [102].

PVC-based gel polymer electrolyte, blendwith PVdF, PAN, poly (butylmethacry-
late) [PBMA], PEMA, ionic liquids, etc., are reported either cast films or electrospun-
based membranes. The PEs based on PVdF/PVC prepared by casting technology
have been earlier reported by Rajendran et al. [103] and Muniyandi et al. [105].
Their results demonstrated that the PEs prepared by casting technology had a low
ionic conductivity and poor cycling behavior. Thus, nanofibrous membranes based
on PVdF/PVC (8:2, w/w) were prepared by electrospinning and then activated with
1 M LiClO4 in PC/EC (1:1 v/v) to transform polymer gel electrolytes. The elec-
trolyte uptake and ionic conductivity studies revealed that the blending of PVdF
with PVC is beneficial to enhance the polymer gel electrolyte characteristics. Both
the electrolyte uptake and ionic conductivity of the blend electrolyte increase with
the PVC content. The higher ionic conductivity of the blend electrolyte is directly
related to the higher electrolyte uptake and lowering of crystallinity by the PVC
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phase in the blend polymer gel electrolyte. By blending the PVdF with 20 wt% of
PVC reduces about 22% crystallinity of PVdF (38.4%), which leads to the formation
of more gelled phase in the blend polymer electrolyte. The lower fiber diameter also
enhances the gelled phase in the electrolyte. Even though both the membranes iden-
tical morphology having fully interconnected porous structure composed of ultrafine
straight fibers, the average fiber diameter (AFD) and fiber diameter distribution are
significantly different (Fig. 8.9). The diameters of PVdF nanofibers are ranging from
257 to 1380 nm (AFD is 932 nm) (Fig. 8.9a) for the pristine PVdF membrane, while
that is in the range of 385–875 nm (AFD is 624 nm) (Fig. 8.9b) for the PVdF/PVC
blend membrane [106]. The considerably lower average fiber diameter could offer
higher surface areawhich beneficial for the absorption of large quantity of liquid elec-
trolyte and the formation of more gelled phase in the polymer electrolyte. The lower
ionic conductivity of pristine PVdF-based electrospun gel electrolyte compared to
PVdF/PVC blend counterpart can be attributed to the slower conduction path in the
swollen polymer phase in the nanofiber due to the higher crystallinity. Hence, the

Fig. 8.9 SEM photographs on the surface morphology of a pristine PVdF, b PVdF-PVC (8:2)
membrane, Adapted and reproduced from Ref. [107], Copyright 2012 Elsevier PAN–PVC polymer
membrane, c pristine PAN, d PAN: PVC (8:2), Adapted and reproduced from Ref. [106], Copyright
2012 Springer
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lower crystallinity of the blend polymer electrolyte promotes the mobility of the
Li+-ion, thereby lowering the activation energy for the l Li+-ion transportation in the
electrolyte [21]. The PVdF/PVC polymer blend gel electrolyte displayed high ionic
conductivity up to 2.25 mS cm−1, which is about 35% higher than that of while pris-
tine PVdF membranes at 25 °C. The ionic conductivity of pristine PVdF and PVC
electrospun gel electrolyte was found to be 1.47 and 0.66 mS cm−1 at 25 °C. The
Li/PE/LiFePO4 charge–discharge studies showed about 85.4% cathode unitization
(145 mAh g−1) in the first cycle at a current density of 0.1 C with a Columbic effi-
ciency of (ratio between charge and discharge capacity) is 98.6%.After 50 cycles, the
discharge capacity of the cell retained a discharge capacity of 130.8 mAh g−1 which
is still 90.1% of the initial discharge capacity, which is an indication of good cycling
stability and good interfacial stability between the electrode and the PVdF/PVC
blend polymer membranes [90]. These results suggest that the nanofibrous polymer
gel electrolytes based on PVdF/PVC have great potential in polymer lithium-ion
batteries [107]. Blending of PAN with PVC results the three-dimensional network
structure (Fig. 8.9c, d) that able to absorb large amounts of liquid electrolyte. The
average fiber diameter (AFD) of the electrospun fibrous membranes is 890, 1,100,
respectively, that contains PAN and PVC in the ratio 10:0 and 8:2. This variation
in AFD is attributed by the difference in viscosity of the polymer solution and its
rheological properties. Even though the ionic conductivity of this blend is lower than
that of pure PAN, the mechanical strength is observed to be increased, that make it
for the practical use. However, the blend film with PAN: PVC (8:2) exhibits an ionic
conductivity of 1.05× 10−3 S cm−1 which is apt to use in lithium-ion batteries [106].

8.2.1.5 Blend with Polypropylene Carbonate (PPC)

Polypropylene carbonate (PPC) having a chemical formula [CH9CH3)CH2OCO2]n
has recently received considerable attention. Since this unique polymer is synthe-
sizing by copolymerizing carbon dioxide (CO2) and propylene oxide (PO), it can
effectively reduce CO2 emissions and mitigate the greenhouse effect [108–112].
Aside from this, it is a completely biodegradable and a good substrate material
for the preparation of environmentally friendly polymer electrolytes [111, 112].
PPC-based gel electrolytes are widely tested in LIBs. PPC has similar structure
to carbonate-based solvents, which is commonly applied in conventional gel elec-
trolytes as a plasticizer, and carbonate solvent for dissolving the lithium salt [35]
suggests that it could offer good compatibility as well as interfacial contact with
commonly using battery electrodes. In addition, the polar ester group in the polymer
backbone can effectively trap and store liquid electrolyte, thereby showing high elec-
trolyte absorption, ionic conductivity and lithium transference number. The higher
lithium transference number results from the presence of amorphous aliphatic poly-
carbonate with low glass transition temperature (T g) that leads to the local relaxation
and segmentalmotion of PPCchain,which is favorable for theLi+-ions transportation
at lower activation energy. In addition, the polar ester groups facilitate PPC chains to
a solvent gelator owing to their strong interactions with the common organic liquid
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electrolyte. Even though PPC shows high electrolyte uptake, the low mechanical
properties and poor thermal stability of pristine PPC-based polymer gel electrolytes
restrict its successful application in LIBs. To overcome this problem and make their
practical use in LIBs, the most straightforward approach is to modify the PPC to
achieve enough mechanical strength and thermal stability while retaining a high
volume fraction of the conductive amorphous phase and the outstanding electrolyte
uptake. Among different methods such as structural modification [30], incorpora-
tion of reinforcing nanoceramic fillers [11], blending with mechanically strong and
dimensionally stable polymers having good thermal stability, is the simple and effec-
tive method to polymer gel electrolyte which have superior electrochemical prop-
erties and charge–discharge cycling stability even at high C-rate [32, 113]. PPC
blended with different polymers such as poly(lactic acid) (PLLA) [114, 115]. poly
(3-hydroxybutrate) (PHB), triethyl citrate (TEC) [115] thermoplastic polyurethane
(TPU) [113] and PVdF [113, 116, 117] for different applications such as mechan-
ical applications[114] water purification, [115] battery electrolyte, [113, 116, 118]
binder for electrodes in LIBs [117], etc. Electrospun PPC/PVdF binary blend [116]
and PPC/PVdF/TPU tri-polymer blend [113] fibrous membrane activated with 1 M
LiPF6 in EC/DMC (1:1, v/v) are reported as polymer gel electrolyte for LIBs. As the
PVdF has very stable polar fluorine atoms (-CF groups) in their backbone and high
dielectric constant (ε = 8.4) [7], blending of PPC with PVdF is beneficial in disso-
ciating more lithium salt and conducting lithium ions in the polymer electrolytes,
thereby improving the mobility and transference number of Li+-ions. In addition, the
presence of PVdF in the polymer blend imparts themechanical integrity, dimensional
and thermal stability of the electrospun membranes which again make the membrane
free-standing and easy to handle. Given the high crystallinity of PVdF, blending with
the amorphous PPC is an effective way to reduce the crystallinity and facilitate Li+-
ion transportation in the 3D polymeric framework. The effect of the ratio of PPC to
PVdF (0 to 40 wt% PPC) [116] or PVdF/TPU blend (50:50 blend of PPC/PVdF with
12.5 wt% TPU) [113] on the properties of the highly porous membrane including
morphology, porosity, liquid uptake capability, thermal stability, ionic conductivity
and electrochemical behavior was systematically studied and reported. Table 8.5
summarizes the physical, thermal and electrochemical properties of these binary and
ternary polymer blend electrolytes. It can be found that the incorporation of TPU in
the PVdF/PPC blend has pronounced effect on ionic conductivity thereby Li+-ion
transportation. The ternary blend shows higher ionic conductivity than PVdF/PPC,
and it shows higher ionic conductivity at 25 °C [113] than the ionic conductivity
of PVdF/PPC blend at higher temperature (30 °C) [116]. The evaluation of blend
polymer gel electrolytes in Li/LiFePO4 comprising 1MLiPF6 in EC/DMC (1:1, v/v)
the PVdF/PPC blend electrolyte showed higher charge–discharge cycling stability
and rate capability. The PVdF/PPC binary blend is having 20 wt% PPC delivered an
initial discharge capacity of 156 mAh g−1 (92% of theoretical capacity of LiFePO4),
which is about 4.5% higher than the pristine PVdF fibrous gel electrolyte. In compar-
ison with Celgard®, the PVdF or PVdF/PPC blend electrolyte delivered 2.5 to 7.6
higher capacities at a current density of 0.1 A g−1 at room temperature. After 100
cycles, the capacity of pristine PVdF polymer gel electrolyte and Celgard® is faded
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Table 8.5 Physical, thermal and electrochemical properties of these binary and ternary blend
electrolytes

Sample �Hm (J/g) Crystallinity,
Xc (%)

Porosity(%) Electrolyte
uptake(wt%)

Ionic
conductivity
(mS cm−1)

Celgard 42 147 0.66 at
30 °CPVdF/PPC

(100:0)
21.4 20.4 77 422 2.11

PVdF/PPC
(90:10)

20 19.1 80 492 3.87

PVdF/PPC
(80:20)

16.3 15.6 85 501 4.05

PVdF/PPC
(70:30)

15.4 14.7 85.4 471 3.15

PVdF/PPC(60:40) 11.7 11.2 87 450 2.43

PVdF/TPU/PPC
(9 wt%)

18.22 17.4 78.2 335 2.17 at
25 °C

PVdF/TPU/PPC
(10 wt%)

17.67 16.9 87 379 3.27

PVdF/TPU/PPC
(11 wt%)

16.92 16.2 88 422 4.27

PVdF/TPU/PPC
(12 wt%)

14.55 13.9 85.5 449 5.32

PVdF/TPU/PPC
(13 wt%)

19.30 18.4 76 319 2.13

to 93 and 90% of its initial capacity, but there was no capacity fade observed for
PBDF/PPC binary blend (100th cycle capacity is 157 mAh g−1). The rate capability
studies at a current density of 0.1–2C showed the capacity is decreasing with current
rate and when the current rate was reduced back to 0.2 C from 2C, after 25 cycles, a
reversible capacity of 149 mAh g−1 was obtained, showing the good rate capability
of PVdF, PPC binary blend electrolyte [32, 116].

TPU is a polymer with good mechanical properties. It is commonly used to
improve the elongation at break of other materials. It is a typical block polymer
that contains two phases in the molecule [119]. The hard segment provides support
function, so that it has good mechanical properties, such as tensile strength, wear
resistance, high elasticity, etc. [120]. The soft segment can dissolve the cations in the
lithium salts and facilitate the transportation of ions.When it is mixed with PVdF, the
amino group (–NH) in its molecular chain can form hydrogen bonds with fluorine
atoms, which makes the two polymers better compatible. The ternary blend consist
of PVdF/PPC/TPU exhibits a three-dimensional network with randomly oriented
nanofibers which enhance the porous structure (Fig. 8.10). When the concentra-
tion of ternary PVdF/PPC/TPU polymer blend increases from 9 to 13%, the initial
charge–discharge capacity of the battery is increased to peak value from ~158.3 to
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Fig. 8.10 Surface morphology of differnt concentration (wt%) of electrospun PVdF/TPU/PPC
blend membranes a 9, b 10, c 11, d 13. Adapted and reproduced from Ref [113]. Copyright 2019
Springer

~165.8 mAh g−1 with concentration, however concentrate on of the blend reached
to 13% the peak value decayed to 157.5 mAh g−1 at a current density of 0.1 C.
The charge–discharge capacity values are concurrent with ionic conductivity of the
ternary blends electrolyte, and the entire tri-polymer blend delivered a capacity corre-
sponding to more than 90% of the theoretical capacity of LiFePO4. After 50 contin-
uous charge–discharges cycling, all the cell retained about 95–97% of its initial
capacity suggesting the good cycling stability. Again, the rate capability studies on
the PVdF/PPC/TPU-based blend polymer electrolyte PE (12 wt%) at different rates
display good charge–discharge specific capacity and Coulombic efficiency at the
current densities sweep between 0.1 and 1.0 C. At a current density of 1 C, the cell
delivered a specific capacity of about 142 mAh g−1, which corresponds to the 83.5%
utilization of active material, after 200 cycle (Fig. 8.11) [113]. The capacity reten-
tion of these PVdF/PPC/TPU tri-polymer blends’ polymer electrolyte is significantly
higher than that of PVdF/PPC binary blends, which delivered amaximum capacity of
about 105 mAh g−1 at 1 C-rate after 25 cycles [32]. The discharge capacities are the
capacity retention percentages are 95.47%, 92.4%, 90.4% and 83.3%, respectively.
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Fig. 8.11 Cycle performance and Coulombic efficiency diagram of the button
battery with PVDF/TPU/PPC (12 wt%) based GPE at different rates. Adapted and reproduced
from Ref [113]. Copyright 2019 Springer

The surfacemorphology of the electrospunPVdF andPVdF/PPCmembraneswith
different weight ratios is shown in Fig. 8.12. The electrospun membranes result a
three-dimensional networkwhich formedby the randomorientated nanofibers,which
results in a porous structure. These porous structures result an increase the specific
surface area that will results an enhanced electrolyte absorption and gelatinization
efficiently as it soaked in electrolyte solution. The porous structure enables numerous
ionic transport channels and that will provide a path way for fast Li+-ions transport.
The AFD measured for the membranes is between 300 and 850 nm, and the AFD
appears to decrease with increase in pPC to PVdF ratio.

Figure 8.13 shows the SEM images of the surface for the pristine PVdF and
PVdF/PPC binary blend electrolyte having 20 wt% PPC membranes after the 100th
charge/discharge cycle. The appearance of pristine PVdF and PVdF/PPC binary was
well retainedwithout appreciable signs ofmechanical stress, maintaining the original
three-dimensional network and hierarchicallymesoporous structure. Specifically, the
electrospun membranes with a porous structure readily relax the strain originated
from mechanical stress during cycling. The electrospun membranes that offer ionic
transport channels and provide a pathway for fast Li+ ions transportation enable one
to firmly maintain the shape of network and nanofibrous structure. The SEM images
of the PVdF/PPC nanofibers show the AFD of about 700 nm, similar to the pristine
electrospun membrane before cycling, as shown in Fig. 8.13b. By contrast, the VGE-
100 nanofibers show volume expansion after cycling, which can be attributed to the
presence of the swollen polymer chains [116].
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Fig. 8.12 SEM images on the surface morphology of the electrospun a. pristine PVdF, PVDF/PPC
polymer blend membranes b 90:10; c 80:20; d 70:30. Adapted and reproduced from Ref. [116].
Copyright 2015 American Chemical Society

Fig. 8.13 Typical SEM images on the surface morphology of polymer membrane after activating
with liquid electyte a VGE-100 (pristine PVdF) and b CGE-20 (PVdF/PPC (80:20)) after 100
cycles. Adapted and reproduced from Ref. [116]. Copyright 2015 American Chemical Society
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The results show that our developed route has several distinct advantages: (1)
The electrospun membranes present a three-dimensional network porous structure,
which can greatly enlarge the specific surface area, promote the adsorption elec-
trolyte and gelatinize efficiently; (2) the segregation of PVdF chains by polymeric
chains of PPC can reduce the crystallization of PVdF-based polymers and increase
the segmental mobility of the polymer, which benefit for the transport of lithium ions;
(3) the formation of Li+···(δ-) F-C (δ +) and PF6-···(δ +) C = O (δ-) complexes can
separate the Li+ and PF6−anions, which prevent the reconnection between Li+ and
PF−

6 anions simultaneously and create more free Li+ (Fig. 8.14); thus, the ability
of lithium-ion transference is improved. Therefore, the large surface area, well-
developed microporous structure, sufficient electrolyte uptake, low crystallinity and
appropriate porosity allow the electrospun PVdF/PPC polymer electrolyte to exhibit
a significantly higher ionic conductivity and excellent electrochemical performances
[116].

Fig. 8.14 Conceptual illustration of the polymer frameworks of a PVdF and b PVdF/PPC.
Schematic illustration of main interaction forms between the ions and the polymer in the GPE.
c Interaction of Li+ between PF6− and the polymer chains; d transport of Li+ -ions was associated
with the ether linkages in the PPC and the fluorine atom in the PVdF. Adapted and reproduced
from Ref. [116]. Copyright 2015 American Chemical Society
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8.3 Conclusion

Electrospinning technique was widely used in energy storage devices such as
batteries, supercapacitors. Electrospinning is one of the effective and attractive tech-
niques for the preparation of fibrous polymer membranes having high surface area
and porosity. Interconnected fibrous polymer electrolytes can be obtained by these
techniques which exhibit high liquid electrolyte uptake leading to the high ionic
conductivity. Different polymer electrolytes were used for the synthesis of elec-
trolytes in which PVdF grabbed the attention as a favorable polymer matrix because
of its high dielectric constant, high electrochemical stability, chemical compatibility,
etc. The major drawback of this matrix is the hindrance of the migration of the
doping salt sincePVdFhas a crystalline part offering low ionic conductivity.Blending
other polymers along with PVdF can hinder the crystalline nature and pave an easy
migration of lithium doping salt. PVdF blend polymer electrolytes prepared by this
electrospinning technique show higher ionic conductivity.
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Chapter 9
Electrospun Nanostructured Iron Oxide
Carbon Composites
for High-Performance Lithium Ion
Batteries

Neethu T. M. Balakrishnan, Akhila Das, N. S. Jishnu, M. A. Krishnan,
Sabu Thomas, M. J. Jabeen Fatima, Jou-Hyeon Ahn,
and Raghavan Prasanth

9.1 Introduction

In the current global scenario, energy and environment play key role for the
socio-economic development and long-term healthy survival of human beings. The
constantly increasing energy demand associated with the growth of the global popu-
lation and the rapidly changing living standards of human beings, coupled to the need
for decreasing greenhouse gas emissions to limit the environmental pollution, global
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warming, climate changes and rapid depletion of fossil fuels, has strongly encour-
aged the utilization of clean and renewable energy sources such as solar, wind or tidal
energy. However, stochastic and discontinuous nature of these sources demands the
use of efficient energy storage systems for its effective utilization. Progressively
increasing serious environmental pollution and carbon emission, battery technol-
ogists have seen expanding their research activity to develop an ultimate solution
for clean energy sources and efficient energy conversion and storage techniques.
The development of cost-effective, efficient and large-scale energy storage devices
for the expected upcoming growth of renewable energy production is one of the
key challenges of the current millennium. Among different energy storage devices
based on electrochemical methods such as supercapacitors, batteries or fuel cells,
rechargeable batteries gained much attention due to its higher energy density moder-
ately good power density and compact size, suitable to meet the different needs of
power supply. There are different types of secondary batteries such a nickel-cadmium,
nickel-metal hydride, lead-acid or lithium ion batteries which are in use, but among
them, lithium ion batteries (LIBs), which deliver 1.7 GW [1], are gained much atten-
tion by the battery technologist and electronic gadgets industry and became the
most commonly used potential energy conversion and storage devices. Lead-acid
batteries have a relatively stable charge/discharge state; however, due to the heavy-
weight, large volume and higher maintenance, they are far from the portable and light
electric devices [2]. Ni-Cd battery is one of the most rugged and enduring batteries,
earlier used in mobile phones, cameras and other portable electronic devices which
had a high-specific capacity, long service life, high discharge current, safely operate
even in extreme temperatures and the only chemistry that allows ultra-fast charging
with minimal stress, but it suffers from severe memory effects leading to shortened
battery life coupled with significant toxicity issues [3, 4]. Hence, due to environ-
mental concerns, Ni-Cd is being replaced with other chemistries, but it retains its
status in aircraft due to its good safety record. Another battery type, Ni-MH, serves as
a replacement forNi-Cd to find applications inmedical instruments, portable devices,
hybrid cars, musical instruments, etc. Ni-MH, as it has only mild toxic metals and
provides higher-specific energy, longer lifetime but has serious leakage problems
[5]. Therefore, the lithium ion battery was pioneered in the field with great potential.

In the last decade, LIBs have been extensively investigated for a wide range
of applications including information/telecommunication technology, portable elec-
tronic gadgets, electric/hybrid vehicles, aeronautical, space, etc. Endowed with
unique properties such as high energy density, long cycle life, small size, lightweight,
minimal memory effects, good shelf life, negligible self-discharge and low pollution,
LIBs have been recognized as the most attractive electrochemical device to store
electrical power in the future heavy duty applications. However, the relatively low
power density, short battery life and poor rate capability still LIBs impede the further
development for indispensable electronic gadgets and electric/hybrid vehicles. The
ever-demanding popularity of EVs and HEVs studies about improving the properties
of LIBs is necessary and critical. Among the different components of the battery,
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anode plays a crucial role in the lithium ion battery as the physical and electrochem-
ical characteristics of the anode determine battery behavior and are directly influence
the battery performance.

Some unprecedented characteristics of anodic materials admittedly provide
convenience for their application as active anode materials, but inherent defects
in materials hinder their optimized utilization. Hence, in addition to the choice of
material and method of preparation, appropriate architectural modification and/or
design, morphology and size is essential for better battery performance. Currently in
commercial battery, the most popularly using anode materials are one-dimensional
(1D), two-dimensional (2D), three-dimensional (3D) carbon-based materials as well
as porous and core–shell structures. The breakthroughoccurred in 1983,whenRachid
Yazami demonstrated the Li metal anode could be replaced by a graphite-based
carbon material in which lithium was reversibly intercalated and deintercalated [6].
Carbon-based materials are preferred as anode material for long years due to their
abundance, low cost, easy processing and good electrochemical performance. The
carbon materials have outstanding stability and protect the lithium from dendrite
formation, while recharging the battery, a serious issue, hence usually, in commercial
Li-ion batteries graphite is using as the anode material. Again the carbon materials
are available in various forms, such as graphite, hard and soft carbons, carbon fibers,
carbon nanotubes and graphene. However, their theoretical maximum capacity is
limited to 372 mAh g−1, corresponding to the formation of LiC6 [7]. It also suffer
from poor cycling behavior, a consequence of the easy movement of the graphene
planes along the a-axis direction during the intercalation and de-intercalation of
lithium. In addition to the problem of solvated lithium intercalation this issue ruled
this material out of practical lithium ion battery applications. On the other hand,
silicon anodes with higher theoretical capacity, which is about ten times the capacity
of carbon anodes, have attracted considerable research attention; however, the severe
volumetric change is a great issue, which is a common drawback in alloy anodes.
Transition metal oxide anodes are the choice; however, the lowCoulombic efficiency
limits their application in LIBs. To overcome the disadvantages of different mate-
rials, the researchers combined different anodic materials such as alloys, transition
metal oxides or silicon with carbon complexes to prepare composite anodes, which
is found to be an effective and promising way to improve electrochemical behavior.

9.2 Anode Materials in Lithium Ion Batteries

The primary functional components of a lithium ion battery are the positive elec-
trode (cathode), negative electrode (anode) and a polymeric microporous separator
film which protect these electrodes from short-circuiting and an ion-conductive elec-
trolyte. The schematic of structure of LIBs is displayed in Fig. 9.1. The positive elec-
trode (where reduction happens during discharge) is a metal oxide such as LiCoO2

andLiFePO4, and the electrolyte is a lithium salt suchLiPF6 andLiClO4 in an organic
solvent such as ethylene carbonate (EC), dimethyl carbonate (DMC) and propylene
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Fig. 9.1 Schematic representation and operating principle of lithium ion batteries

carbonate (PC). Generally, the negative electrode (where oxidation happens during
discharge) of a conventional lithium ion cell is made from carbon without any safety
issues [5, 6]. Numerous alternative materials including silicon [7, 8], transition metal
oxides such as Fe2O3 [9, 10], Fe3O4 [11, 12] and TiO2 [13, 14, 15] and post-transition
metal oxide SnO2 have been widely used for improving anode performance. As a
crucial component of the lithium secondary battery, the anode significantly influences
the performance of the battery. Currently, inmost of the commercially available LIBs,
the anodes are made up of graphite due to its special hierarchical structure. When
the Li+ ions insert into the anode material (lithiation), the relatively wide interspace
between two adjacent carbon layers facilitates enough Li+-ion insertion locations,
thus avoiding the size, structure and shape variations of the anode during the charge–
discharge cycling process [16–19]. Apart from the conventional lithiation mode,
there are also other novel electrochemical mechanisms for lithium interactions such
as the displacement reaction in alloy anodes and the redox reaction in transition
metal oxide anodes [20, 21]. Based on the electrochemical reaction mechanism, the
anode materials are broadly classified as carbon-based anodes, alloy anodes, tran-
sition metal oxide anodes and silicon anodes. The major properties and the pros
and cause are displayed in Table 9.1. The battery performance not only hinges on
the inherent properties of the anode material including the physical and/or chem-
ical properties and energy storage capacity, but also depends on the crystallinity or
amorphous structure of the anode material as well as the shape, size and component
state.
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Table 9.1 Most common anode materials used for lithium ion batteries

Active anode material Theoretical
capacity
(mAh g−1)

Advantages Common issues Reference

Insertion/de-insertion materials

A. Carbonaceous Good working
potential
Low cost good
safety

Low Coulombic
efficiency
High voltage
hysteresis
High irreversible
capacity

(a) Hard carbons 200–600 [22–24]

(b) CNTS 1116 [25–28]

(c) Graphene 780/1116 [29]

B. Titanium oxides Extreme safety
Good cycle life
low cost
High power
capability

Very low capacity
Low energy density

(a) LiTi4O5 175 [30]

(b) TiO2 330 [30]

Alloy/de-alloy materials Higher-specific
capacities
High energy
density good
safety

Large irreversible
capacity
Huge capacity fading
poor cycling

(a) Silicon 4212 High-specific
capacity
Good cycle life
high-rate
capability

Poor capacity
retention
High volume change
during cycling
Thicker SEI
formation

[31]

(b) Germanium 1624 High power
density
High electrical
conductivity
Fast lithium
diffusion

Low specific
capacity
Expensive high
volume
Change during
cycling

[32, 33]

(c) Tin 993 High theoretical
capacity

Suffer from electrode
degradation

[34]

(continued)
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Table 9.1 (continued)

Active anode material Theoretical
capacity
(mAh g−1)

Advantages Common issues Reference

(d) Antimony 660 High theoretical
capacity
Low reaction
potential
Small volume
change during
cycling

Low cycle stability
poor rate
performance

[35]

(e) Tin oxide 790 High volumetric
capacity
high cycle life
prevent lithium
dendrite
formation

Suffer from sever
gassing

[36]

(f) SiO2 1600 Low cost easy to
synthesis
High theoretical
capacity

Low intrinsic
electrical
conductivity
Drastic volume
fluctuation
During
lithiation/delithiation
Low initial
Coulombic
efficiency (ICE)

[37]

Conversion materials

(a) Metal oxides (Fe2O3,
Fe3O4, CoO, Co3O4,
MnxOy, Cu2O/CuO,
NiO, Cr2O3, RuO2,
MoO2/MoO3, etc.)

500–1200 High capacity
High energy
Low cost
Environmentally
compatibility

Low Coulombic
efficiency
Unstable SEI
formation
Large potential
hysteresis
Poor cycle life

[38]
[36]
[39]

(b) Metal
phosphides/sulfides/nitrides

(MXy; M ¼ Fe, Mn, Ni, Cu,
Co, etc. and X ¼ P, S, N)

50–1800 High-specific
capacity
Low operation
potential and low
polarization than
counter oxides

Poor capacity
retention
Short cycle life
High cost of
production

[40]
[41]
[42]

Iron-based oxides are most popular from the group of conversion or transition
metal oxide (TMO) anode materials and have been extensively studied for recharge-
able lithium batteries due to their tremendously high theoretical capacity, environ-
mentally friendly properties, enhanced safety, low cost, non-toxicity, biocompati-
bility and high natural abundance. Iron oxides of diverse types, haematite (α-Fe2O3)
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and magnetite (Fe3O4) are capable of participating in reversible conversion reac-
tions with lithium, providing a theoretical capacity of 1007 and 926 mAh g−1,
respectively [43]. However, iron oxides suffer from poor cycling stability due to
low electrical conductivity, low Li+-ion diffusion coefficient, high volume expan-
sion and iron aggregation during charging and discharging. Therefore, to overcome
the above-identified limits, many recent investigations have been focused on devel-
oping new methods for the preparation of iron oxide nanomaterials as well as for
modifying their structure, size, shape (nanoparticles, nanowires, nanospheres, etc.)
and porosity [44–48] or novel methods to stabilize their structure and to improve
the electrochemical kinetics and power capability, mainly by carbon coating or by
carbon-based composites of α-Fe2O3 and Fe3O4 [49–51]. In 2019, Kim et al. [52]
prepared hematite (α-Fe2O3) nanocapsules with a length of 65 nm, diameter of 15 nm
and thickness of 5 nm via wrapping–baking–peeling method, in which the three steps
are involved as silicon wrapping, annealing 500 °C for 5 h under an air atmosphere
to produce the silica shell/hollow hematite nanostructures and removal of the silicon
shell by immersing iron oxide/silica nanostructures in 0.1M of NaOH solution with
sonication for 5 h. The nanocapsule structure demonstrated an initial capacity of
888 mAh g−1 and maintaining 83% of initial capacity after 30 cycles at a constant
current density of 0.1 C. This good cycling stability is achieved as a result of the thin
shell and large surface area with interior space to allow for volume variation.

Liu et al. [53] and Muraliganth et al. [54] prepared α-Fe2O3 nanowires via a
facile hydrothermal method [53] or carbon-decorated crystalline Fe3O4 nanowires
with diameter ranging from 20 to 50 nm and length of several micrometers through
microwave-assisted hydrothermal approach, using PEG-400 as soft template and
polysaccharide as carbon source [54]. α-Fe2O3 [53] shows initial charge/discharge
capacities are 947/1303 mAh g−1 at the rate of 0.1 C, and the reversible capacity
was maintained at 456 mAh g−1 after 100 cycles, while carbon-decorated crystalline
Fe3O4 nanowires showed excellent electrochemical stability with a good reversible
capacity of 830 mAh g−1 without any capacity damage over 50 cycles at the current
density of 0.1 C.

The high capacity and good capacity retention may be attributed to the positive
role played by the short Li+-ion diffusion length, large contact area and/or lower
contact resistance between electrodes and the electrolyte, enhanced lithium perme-
ability and electrochemical stability. The carbon coating provides good electronic
conductivity and facilitates the fast and highly reversible conversion reaction of iron
oxides with lithium [52, 53]. The uniformly coated carbon buffer layer around the
Fe3O4 nanowires acts as an electronically conducting barrier to prevent the direct
contact among the adjacent Fe3O4 nanowires, thereby minimizing aggregation of
the nanowires during continuous electrochemical charge–discharge cycling. The
uniform nanometer thick carbon layer over the nanowire also provides an elastic
inactive matrix that can absorb the massive volume expansion and contraction occur-
ring during charge–discharge cycling.More importantly, the carbon-decorated Fe3O4

nanowires exhibit improved rate performance compared to the as-synthesized Fe3O4

nanowires [54].
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Liu et al. [45] prepared haematite α-Fe2O3 nanotubes with outer diameter ranging
from 200 to 300 nm by using ZnO as sacrificial template, and Kang et al. [55] synthe-
sized nanoparticulate Fe2O3 porous tubes from microporous organic nanotubes
(MONTs) used as template. Both the Fe2O3 nanotubes showed good lithium insertion
and de-insertion reversibility with a capacity close to 750 mAh g−1 (α-Fe2O3) over
150 charge–discharge cycles at a current rate of 0.2 C, [45] while the Fe2O3 porous
tubes exhibited excellent electrochemical performances with large capacities such
as 918 and 882 mAh g−1 at current densities of 500 and 1000 mA g−1, respectively
[46].

Similarly, α-Fe2O3 hollow spheres synthesized by a facile quasi-emulsion soft
template method [56] and spindle-like porous α-Fe2O3 nanoparticles with dimen-
sions around 20 nm from an iron-based metal organic structure [57]. These novel
α-Fe2O3 structures showed great enhancement of lithium storage capacity with a
reversible capacity of 911 mAh g−1 at 0.2 C current rate for more than 50 charge–
discharge cycles and reversible capacity of 424 mAh g−1 was achieved at the higher
current rate of 10 C [57]. It was found that α-F2O3 hollow spheres exhibited lower
lithium storage capacity compared to spindle-like porous α-Fe2O3 nanoparticles,
which is higher than 700 mAh g−1 for about one hundred of charge–discharge cycles
at a current density of 200 mA g−1 [56]. Wu et al. [58] have studied the size and
morphology effect of α-Fe2O3 nanorods in the range from 300 to 500 nm length with
and without porosity, and Sohn et al. synthesized nanocomposites of Fe3O4 cores
and porous carbon-silicate layers through an aerosol-assisted process, followed by
vapor coating, which shows enhanced specific capacity, cycling stability and rate
capability compared to the micro-sized or bare counterpart (without carbon coating)
of α-Fe2O3 or Fe3O4 [59]. All these investigations on α-Fe2O3 or Fe3O4 revealed
that the preparation method, morphology, composition, carbon coating or size of the
Fe2O3/Fe3O4 play a significant role in the reactivity with lithium [56] and strongly
affect both rate and lithium storage capability of iron oxides. Hence, recently electro-
spinning is widely used to prepare iron oxide-based electrode having unique archi-
tectures and fibrous morphology for enhancing the electrochemical performance
of LIBs. Figure 9.2 illustrates the self-standing active material/carbon composite
electrodes having nanofibrous morphology and conventional active material/carbon
composite electrode for lithium ion battery applications. Electrospinning is a simple,
efficient and versatile method to prepare continuous nanofibers and flexible elec-
trode having very high porosity by the aid of a high potential electric filed. By this
method, nanofibers with diameters ranging between a few nanometers and a few
hundred nanometers can be produced [60]. Majorly, there are two types of electro-
spinning technique: (i) nozzle electrospinning and (ii) nozzle-less electrospinning.
This technique can cost-effectively and easily employed in the laboratory as well as
can scale up to an industrial process. Electrospun nanofibers have many advantages
over the regular fibers such as higher surface areas, modulus and strength. The elec-
trospun nonwovenmats have small pore size, high porosity, fully interconnected pore
structure and high surface area. There is also the advantage to control the nanofiber
composition to achieve the desired property or functionality, offeringmore flexibility
in surface functionalities. The electrospinning setup, process of electrospinning and
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Fig. 9.2 Schematic illustration of self-standing active material composite carbon nanofibrous elec-
trodes for lithium- ion batteries. Adapted and reproduced from Ref. [66], Copyright 2017 Royal
Society of Chemistry

the factors affecting the properties of electrospun fibers are detailedly explained in the
previous chapters; hence, this chapter is straightaway discussing the electrospinning
of iron oxide-based electrodes and their electrochemical properties.

9.3 Electrospun Fe2O3/Fe3O4 Anode

Yet carbon nanofibers have not been well investigated for this application. On the
other hand, nanosized transition metal oxides represent another type of promising
alternative as the LIB anode material thanks to their very high capacity and inter-
esting cycling performance. Therefore, it is worthwhile to investigate a nanoscale
carbon/metal oxide composite as the electrode material, which may combine the
merits of both components. Electrospinning is an inexpensive, versatile and simple
method to synthesis flexible film electrode, in which transition metal oxides can be
conveniently introduced into 1D carbon matrix [16–22]. The 1D carbon matrix can
effectively improve the electron conductivity and ion transmission of the activemate-
rial and restrict the agglomeration of transition metal oxides during lithium insertion.
Chen et al. used electrospinning technique to the synthesis of C/Fe3O4 composite
nanofiber, which exhibits a high reversible capacity, excellent rate capability and
good cycling performance [2]. Hence, it is necessary to design and fabricate new
style composite nanofibers, which can provide sufficient buffer space for the volume
expansion of transition metal oxides during cycling, thereby maintaining structural
stability and flexibility of composite nanofibers [24–27].

Carbon-based nanofibers can be used as anode materials for lithium ion batteries.
Both pure carbon nanofiber and C/Fe3O4 composite nanofibers were prepared by
electrospinning and subsequent carbonization processes. The composite fiber is
designed for two purposes: On the one hand, the carbon component and fibrous
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morphology of nanofibers can digest the volume change during the conversion
reaction composite nanofibers (Fe3O4/CNFs) with internal voids [61–64].

Composite nanofibers not only have good flexibility, but also possess buffer space
for the volume expansion of Fe3O4 and maintain the morphological stability of the
nanofibers during the Li+-ion insertion/extraction process. As a result, the Fe3O4/C
composite nanofibers exhibited high-specific capacity, rate capability and excellent
cycling stability, and they could be employed as an excellent flexible anode material
for high-performance LIBs.

9.3.1 Fe2O3–Carbon Composite Nanofiber Anode

Combination of metal oxides and electronically conducting carbon has been a
favorable practice for their applications in high-rate energy storage mesoscopic
electrodes having high-rate capability and cycling stability. C/Fe2O3 composite
[65, 66] CoFe2O4/C composite fibers [67] C/Fe3O4 composite nanofibers [67, 68]
Fe2O3@CCNFs [70] Fe3O4 nanoparticles encapsulated in porous carbon fibers
(Fe3O4@PCFs) [71] porous Fe3O4/C microbelts [72] prepared by electrospinning
are reported as anode in LIBs. Zhang et al. [65] reported a quasi-1D Fe2O3–carbon
composite nanofibers obtained by the electrospinning using different iron source
as Fe(AcAc)3-PAN composite and Fe(NO3)3 9H2O-PAN by Abe et al. [66]. The
as-spun membranes are then stabilized at 280 °C for 2–3 h under air and then
carbonized in an atmosphere of argon (Ar) or nitrogen (N2) as shown in Fig. 9.3.

Fig. 9.3 Schematic illustration of electrospun carbon nanofiber fabrication process. Adapted and
reproduced from Ref. [66], Copyright 2017 Royal Society of Chemistry
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Fig. 9.4 TEM characterization of Fe2O3–C composite nanofibers: a typical structure of composite
nanofiber, b the tip of one composite nanofiber, c TEM image of single Fe2O3–C composite
nanofibers with element mapping, d–f element mapping of oxygen (blue), carbon (red), iron (green)
respectively. Adapted and reproduced from Ref. [65], Copyright 2014 Royal Society of Chemistry

During the stabilization process, the PAN counterpart was converted to an aromatic
cyclized ladder type structure by cyclization, dehydrogenation, aromatization and
cross-linking reactions,which convert theCH2 andC≡Ngroups to infusibleC=Nand
C–H groups [73]. The as-stabilized composite nanofiber mat further transformed to
Fe2O3–C composite nanofibers after a further calcination process. The TEM images
and elemental mapping of the resulted composite fiber are shown in Fig. 9.4

Galvanostatic cycling profiles of Fe2O3–C composite nanofiber anode in half-cell
configuration were performed to understand the electrochemical performance and
cyclability. The electrochemical studies were conducted in two-electrode coin cell
CR 2016 [65] or CR 2032 Fig. 9.5 from [66] configuration using iron oxide/carbon
composite nanofibers as anode against lithium metal counter electrode and a glass
microporous fiber filter (Whatman, cat. no. 1825-047) or microporous monolayer
membrane (Celgard 2500®) as separator. The electrolyte employed was 1M LiPF6
in ethylene carbonate (EC)–diethyl carbonate (DEC)/dimethyl carbonate (1:1 by
volume). In the half-cell configuration, the Fe2O3–C composite nanofiber anode
exhibits a reversible capacity of 820 mAh g−1 at a current rate of 0.2 C up to 100
cycles. At a higher current density of 5 C, the cells comprising Fe2O3–C composite
nanofiber anode delivers a specific capacity of 262 mAh g−1. To the detailed analysis
electrochemical reactions, the first discharge curve of the Li/Fe2O3–C cells is divided
into three regions labeled as I, II and III. It is clear from the discharge profile; first, the
cellwas discharged fromanopen-circuit voltage (OCV)of 2.8V to intercalate lithium
ions into the Fe2O3 matrix as per Eq. (9.1) [7475]. In the region I, a plateau with a
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Fig. 9.5 a Galvanostatic charge–discharge curves of the Fe2O3–C composite nanofibers; b cyclic
performance (charge capacity) of the Fe2O3–C composite nanofiber and pure Fe2O3 nanofiber
electrodes at 0.2 C rate; c rate capability of Fe2O3–C composite nanofiber electrodes at different
rates; d Nyquist plots of the Fe2O3–C composite nanofiber and pure Fe2O3 nanofiber electrodes.
Adapted and reproduced from Ref. [65]. Copyright 2014 Royal Society of Chemistry

wide slope can be observed at 1.1 V, which is ascribed to the phase transformation
from hexagonal LixFe2O3 to cubic Li2Fe2O3 as per Eq. (9.2) [74, 75]. In the region II,
a distinct plateau can be observed at 0.85V due to the complete reduction of Fe(III) to
Fe(0) as per Eq. (9.3) [74, 75], and the Fe nanocrystals were dispersed into the Li2O
matrix. In the discharge region III, the electrolyte gets reduced below 0.8V and forms
the SEI film, which led to the further lithium storage via an interfacial reduction at the
metal–Li2O boundary. The initial specific capacity of Fe2O3–C composite nanofiber
anode is found to be 1214mAh g−1, which exceeds the theoretical capacity of Fe2O3,
1007 mAh g−1 (6 mol of Li per 1 mol of a-Fe2O3) and corresponds to an uptake of
7.2 mol Li per mol of the a-Fe2O3–C composite.

The initial discharge capacity of the cell having freestanding iron oxide/carbon
composite electrospun nanofibers carbonized at different temperature from 600 to
800 °C is observed during thefirst discharge for all the samples owing to the initial SEI
formation at the surface of the electrode and the presence of mesopores in the carbon
nanofibers [76]. It was observed that the subsequent charge/discharge curves of the
cells overlap, which suggesting that the SEI is formed during initial discharge and
becomes stable after the first charge–discharge cycle. The capacity after stabilization
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of the SEI is the sum of the electrode capacities of the carbon nanofibers and iron
oxide, and the corresponding electrochemical reaction can be represented by the
following equation:

Fe2O3 + 6Li+ + 6e− → 2Fe + 3Li2O

or

Fe3O4 + 8Li+ + 8e− → 3Fe + 4Li2O

The capacity per unit weight and volume of the self-standing iron oxide/carbon
composite electrospun nanofibers under all the preparation conditions showed
that carbonization and press processing increase the capacity per unit volume of
the nanofibers. The carbonization at high temperature (600–800 °C) leads to the
shrinking of the nanofibers, whereas pressing of the as-spun samples in between the
heated plates of hot press set at zero pressure until the temperature of the plates
reached 110 °C increases the nanofiber density due to the close packing of fibers,
which increases the electrode density. The study also showed that the sample having
low electrode density bears low energy density and also found that the carboniza-
tion temperature has a pronounced effect on the charge–discharge capacity of the
electrode. Higher graphitization temperature produces the fibers having higher elec-
tronic conductivity, thereby improving the charge–discharge capacity. Themembrane
carbonized at 600 °C showed the lowest charge–discharge capacity which is about
50 and 375 mAh g−1, respectively, for the electrode with and without pressing
processing, while the electrode carbonized at 800 °C delivered a capacity of about
575 and 675 mAh g−1, respectively, for the electrode with and without pressing
processing, suggesting that a certain level of graphitization is necessary to achieve a
certain capacity.

The electrospun electrode prepared by carbonization at 800 °C without press
processing exhibits the highest capacity retention of 61% at a current density of
2500 mA g−1. Increasing the carbonization temperature increases both charge–
discharge capacity and capacity retention, whereas press processing decreases the
capacity and capacity retention, which is attributed to the differences in electrode
resistance caused by the difference degree of graphitization and pore structure. The
graphitization at higher temperature causes more ordered graphitic crystallite growth
on the fiber during the carbonization [77]. The good capacity and cycling stability
are due to the suppressing of electrode destruction by the nano-iron oxide and carbon
nanofiber composites in combination with the unique fibrous structure, thereby
suppressing the increase in cell resistance due to cycling. Compared to pure elec-
trospun Fe2O3 nanofibers, the capacity retention of Fe2O3–C composite nanofiber
electrodes is drastically improved. The good electrochemical performance is asso-
ciated with the homogenous dispersed Fe2O3 nanocrystals on the carbon nanofiber
support. Such a structure prevents the aggregation of active materials, maintains
the structural integrity and thus enhances the electronic conductivity during lithium
insertion and extraction. In short, the enhanced electrochemical performance of iron
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oxide/carbon composite electrospun nanofibers is ascribed to the unique structure of
the fiber mat with a stable structural integrity and improved electrical conductivity
rendered by the carbon fiber network.

9.3.2 Fe3O4–Carbon Composite Nanofibers

Fe3O4/C nanofibers with PVdF binder (as a coating on copper foil) [68] and without
PVdF binder (as freestanding flexible) [69] are reported electrode for LIBs [100].
Compared to conventional electrode fabricated on current collector, the freestanding
binder-free electrodes can effectively improve the energy density of LIBs. The ferri-
ferrous oxide (Fe3O4) has high theoretical capacity (924mAhg−1), which is econom-
ically viable and environmental friendliness material. In both studies, polyacryloni-
trile (PAN) was used as the polymer precursor and N, N-dimethylformamide (DMF)
as solvent. For the preparation of flexible electrode, the rod-shaped a-FeOOH was
prepared by a simple hydrothermal [69] wherein the other study ferric acetylaceto-
nate designated as Fe(acac)2 was used as source for Fe3O4 [68]. The electrospinning
was performed at an applied voltage of 12-15 kV. After electrospinning process,
the as-prepared PAN/α-FeOOH or PAN/Fe(acac)2 nanofibers were pre-oxidized at
about 250 °C h in air and further graphitized at 500, 600 to 700 °C for 8–10 h under
inert atmosphere. The electrochemical properties of the Fe3O4/C nanofibers film
were systematically investigated by assembling them into coin-type 2032 cell with
lithium metal foil as the counter electrode and Celgard as separator. The electrolyte
was used as 1MLiPF6 in a binary or ternary mixture (1:1:1 v/v) of carbonate solvents
such as ethylene carbonate, dimethyl carbonate or methyl ethyl carbonate.

Wang et al. [68] found that after an annealing temperature of 500–700 °C, the
carbon has disordered structure while Fe(acac)2 is converted as Fe3O4 has nanocrys-
talline structure with a particle size from 8.5 to 52 nm. An in-depth electrochemical
study of the electrode fabricated on copper foil current collector using PVdF as
the binder reveals that the C/Fe3O4 composite nanofiber obtained at a graphitiza-
tion temperature of 600 °C exhibits a high reversible capacity, good cycling perfor-
mance and excellent rate capability. The incorporation of Fe3O4 nanoparticles in the
composite plays an important role in increasing the effective surface area, electronic
conductivity and wettability of the electrode with electrolyte. The charge–discharge
studies of the cell havingC/Fe3O4 composite nanofibers at a current density of around
200 mA g−1 show different voltage profiles with a long plateau at about 0.75 V in
the discharge (lithiation) process and a short plateau at about 1.5 V in the charge
(delithiation) process, due to the presence of Fe3O4 and the heterogeneous reaction
between lithium and metal oxide 8Li + Fe3O4 3Fe + 4Li2O [78, 79]. The authors
fragmentized the discharge profiles into two segments above 0.7 V, as a sloping part
from about 2.0–0.75 V, and a plateau at 0.75 V. The former can be attributed to the
reaction Fe3O4 + xLi→ LixFe3O4; the latter corresponds to the conversion reaction
LixFe3O4 + (8 − x)Li → 3Fe + 4Li2O. However, the plateaus are not pronounced
for the C/Fe3O4 nanofibers graphitized at a temperature lower than 600 °C, due
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to the exceptionally lower particle size (8.5 nm) of Fe3O4 in these electrodes. The
particle size of Fe3O4 is found to be 17.1 and 52.0 nm for the composite fibers graphi-
tized at 600 and 700 °C. Also, they found that the capacity associated with the high
voltage sloping part (or x value in the above reaction) decreases with increasing the
graphitization temperature.

The charge–discharge cycling study at a current density of around 200mAg−1, the
C/Fe3O4 composite nanofiber graphitized at 600 °C, exhibits the largest discharge
capacity of 1551 mAh g−1 in the first cycle, while the composite fibers carbonized
at 500, 550, 700 °C deliver a capacity of 1318, 1151 and 957 mAh g−1, respectively,
while pristine carbon nanofiber graphitized at 600 °C delivers a first-cycle discharge
capacity of 1041 mAh g−1, which is higher than the C/Fe3O4 composite electrode
graphitized at 700 °C. It iswell known that a disordered carbon obtained at a relatively
low temperature (<1000 °C) has a large capacity but they suffer from low electronic
conductivity [80, 81]. In other words, at lower the annealing temperature, more
defects are formed on the surface of the carbon, which in turn allow more Li+ ions
to store. Because of the optimum defects and electronic conductivity, the 600 °C-
carbonized C/Fe3O4 nanofibers gives rise to the highest capacity compared to those
graphitized at 500, 550 or 700 °C. It was also reported that reversible capacity of the
600 °C-carbonized C/Fe3O4 composite nanofibers reaches about 1000 mAh g−1 at
the 80th cycle, which is significantly higher than that of pristine carbon nanofiber
graphitized at 600 C or other C/Fe3O4 composite nanofiber or the state-of-the-art
graphite anode material in the commercial LIBs (around 340 mAh g−1).

Another pristine carbon nanofiber graphitized at 600 °C gradual decrease in the
capacity about 40 cycles and thereafter keeps virtually stable,while all of theC/Fe3O4

composite nanofibers experience a gradual capacity rise from 10th cycle to the end
of the measurement (80th cycle). For example, the specific capacity of C/Fe3O4

composite nanofiber graphitized at 600 °C reaches a minimum of 763 mAh g−1 at
the 7th cycle and rises to 1007 mAh g−1 after 80 cycles. In both cases (for pris-
tine carbon nanofiber and C/Fe3O4 composite nanofiber electrodes), initial capacity
decrease could be explained by the structure re-organization of the carbon [82].
While it has been concluded that increase in capacity after a certain number of
charge–discharge cycle may due to the progressive wetting of the electrode with
electrolyte until the cell gets stabilized. The morphological change also affects the
performance of electrodes to be delivered. The SEM photographs of the nanofibers
after 80 cycles are displays in Fig. 9.6, which shows that the pristine carbon nanofiber
retains its original morphology (Fig. 9.6a) while the C/Fe3O4 composite nanofiber
showed a marked morphology change (Fig. 9.6b). In short, the fibers in the pristine
carbon nanofiber still retain the smooth and long fiber structure, while the C/Fe3O4

composite nanofiber becomes powderized and Fe3O4 or fiber particles are loosely
agglomerated and arranged as a line on the electrode surface. This indicates during the
lithium insertion and extraction in the C/Fe3O4 composite nanofibers which under-
goes a large volume change. Such a continuous volume expansion and contraction
lead to the breaking of the fibers into small particles, and it was calculated that when
Fe3O4 is completely reduced into Fe by lithium, the volume increases theoretically
by 80.8%. Another factor that induces the powderization of the fiber is related to
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Fig. 9.6 a FE-SEM image on the surface morphology of a 600 °C-carbonized pure carbon
nanofibers,bC/Fe2O3 nanofibers after 80 cycles.Adapted and reproduced fromRef. [68], Copyright
2008 Elsevier

the presence of highly conducting iron produced in situ after deeply discharging the
cell down to a low voltage below 0.8 V. The iron inclusion should enhance the elec-
tronic conduction along with the C/Fe interface and thus further activate the carbon
component for lithium insertion. This is also likely one of the reasonswhy the 600 °C-
carbonized composite nanofiber has a higher capacity than the 600 °C-carbonized
pure carbon nanofiber. The morphological studies reported that the powderization
is comparatively much less on the electrode side which is not come in contact with
the current collector, than the electrode side in contact with current collector, i.e.,
the copper foil. This difference in degree of powderization on the two sides of the
fiber electrode is explained by the difference in the strain release during the charge–
discharge cycling process. Because of the restriction of the current collector, the
strain caused by the volume change cannot be released easily on the fiber electrode
side that is in contact with the current collector leads higher degree of powderization,
while the other side of the fibrous electrode can easily release the strain makes the
fibrous structure be retained during the charge–discharge cycling. Another possible
reason for the difference in powderization between the current collector side and
the other side of the fibrous electrode might be related to the transient potential
difference between these two locations during cycling process. The potentials are
lower in discharging and higher in charging in the vicinity of current collector side
compared to the other side of the electrode. Such a potential difference may cause
different powderization behavior of the electrode. However, the powderization effect
in the cell does not cause negative impact on the electrochemical performance of the
C/Fe3O4 composite nanofiber electrodes. The studies show the powderization of
nanofiber actually improves the cycling property by increasing the effective surface
area of the electrodes, which increase the available active site for electrochemical
reaction and thereby accommodating the inevitable periodical volume change during
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lithium insertion and extraction. Such an improvement effect on the electrochemical
performance caused by the powderization has been also reported for Cu2O–Li2O
composite system [83, 84].

The charge–discharge cycling at different current density ranges from 200 to 1600
mA g−1, and C/Fe3O4 composite nanofiber graphitized at 600 °C delivers a capacity
of 1096, 1022 and 623 mAh g−1 at a current density of 200, 400 and 1600 mA g−1,
respectively. It is worthy to note that the C/Fe3O4 composite nanofiber delivers this
specific capacity at higher C rate, after cycled for 100 continuous charge–discharge
cycles at 200 mA g−1. Surprisingly, when the current density is sweeped from 200
to 400 mA g−1, only a little capacity loss of 74 mAh g−1 is observed.

Wu et al. [69] study reports the electrochemical properties of a Fe3O4/C composite
nanofibers which have the unique internal voids between Fe3O4 nanoparticles and
carbon matrix. Such Fe3O4/C composite nanofibers films with good flexibility and
excellent electrical conductivity facilitate the direct fabrication of lithium cells
without any current collector, binder and additional conductive agent. The electro-
chemical charge–discharge studies of the half-cells using lithiummetal counter elec-
trode and the freestanding Fe3O4/C composite nanofiber graphitized at 600 °C as the
working electrode showedfirst charge/discharge capacities of 830 and1161mAhg−1,
which is higher than that of Fe3O4/C composite nanofiber graphitized at 500 °C
(charge capacity is 683 mAh g−1 and discharge capacity is 1003 mAh g−1) at a
current density of 0.1 A g−1 with a poor Coulombic efficiency of 68.1% and 71.5%,
respectively. However, the Coulombic efficiency of the subsequent charge–discharge
cycles is high. The formation of an irreversible solid SEI film at the electrode–elec-
trolyte interface results in the low Coulombic efficiency in the first cycle. In concur-
rent withWang et al. [68] study, Fe/C3-700 shows the lowest specific capacity (383.6
and 619.1 mAh g−1) in the first charge–discharge curve, indicating Fe/C3-700 is not
ideal electrode material. The charge and discharge capacities of Fe3O4/C3 composite
fiber graphitized at 600 °C are found to be 780 mAh g−1 after 150 cycles at 0.5 A
g−1 which is 84.2% of the theoretical specific capacity and the Coulombic efficiency
up to 99.5%, the highest specific capacity and Coulombic efficiency compared to all
other samples graphitized at different temperatures. The long-term cycling profiles
of the Fe3O4/C3-500 and Fe3O4/C3-600 flexible electrodes at 0.5 A g−1 are showed
that with the increase of cycle number, the capacity of Fe3O4/C3-500 flexible elec-
trode is decreased and the capacity of Fe3O4/C3-600 is almost unchanged. Also the
reversible capacities at a current density of 0.5 A g−1 and 1 A g−1 after 300 cycles
(Fig. 9.7a) are still remained as 761 and 611mAh g−1 without significant attenuation,
and the Coulombic efficiencies are close to 100%which indicate an excellent cycling
performance of Fe3O4/C3-600 flexible electrode. This confirms the Fe3O4/C3-600
electrode has better cycling stability than the Fe3O4/C3-500 electrode owing to larger
internal void space of Fe3O4/C3-600.

The rate capability of Fe3O4/C3-600 NFs is tested at different current densities
ranging from0.1 to 1Ag−1, and the result is shown inFig. 9.7b. The specific capacities
of the sample graphitized at 600 °C are lies between 982 and 636 mAh g−1 which is
105–133 mAh g−1 higher than Fe3O4/C3-500 NFs as shown in Fig. 9.7a. Moreover,
after continuous charge–discharge cycling at current densities 0.1–1 A g−1, when
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Fig. 9.7 a Long-cycling profiles of the Fe3O4/C3-600 flexible electrode at current densities of 0.5
A g−1 and 1 A g−1. b The rate capability of Fe3O4/C3-500 and Fe3O4/C3-600 at different current
density. Adapted and reproduced from Ref. [69], Copyright 2017 Elsevier

the current rate returns back to 0.1 A g−1 after 80 cycles, the specific capacity of
Fe3O4/C3-600NFs recovers to 1000mAhg−1 (slightly higher than the initial capacity
982 mAh g−1).

Electrochemical impedance spectroscopy studies measurements confirm that the
samples graphitized at 600 °C exhibit the lowest charge-transfer resistances (Rct).
Charge-transfer resistances of Fe3O4/C composite nanofiber graphitized at 600 °C
are found to be 53.8 ÄW, while the samples graphitized at 500 °C are found to be 88.9
ÄW and pristine Fe3O4 is found to be 271.2 ÄW. The lower charge-transfer resistances of
Fe3O4/C composite nanofiber graphitized at 600 °C is attributed to the higher degree
of graphitization and low solid-state interface layer resistance which significantly
improves the rate capability. The morphological changes of the Fe3O4/C graphitized
at 600 °C after cycling test were recorded by SEM and TEM. As seen in Fig. 9.8a,
b, the morphology of Fe3O4/C3-composite electrode still exhibit homogeneous and
continuous fibrous structure which is consistent in the overall electrode area after 300
continuous charge–discharge cycling. The TEM images (Fig. 9.8c, d) show that the
Fe3O4 nanoparticles suffered volume expansion and broke up into small nanopar-
ticles after repeated charge–discharge cycling. However, because of the buffer of
internal space and the protective of carbon matrix, the Fe3O4 nanoparticles are still
well constrained in the carbon nanofibers and the overall structure of composite
nanofibers maintains intact. This further proves the Fe3O4/C3-600 which has a good
cycling stability.

To evaluate the flexibility and electrochemical performance of the Fe3O4/C
nanofibers film under bending states, the Fe3O4/C nanofibers were used to fabricate
flexible symmetrical supercapacitors and the device level performance is studied and
displayed that the supercapacitors exhibit high flexibility and maintain the structural
integrity under the bending test. The CV studies of the flexible device under different
bending modes at a scanning rate of 100 mV s−1 was investigated and found that
there is no change in the CV curves at different bending angles suggesting that the
Fe3O4/C composite nanofibrous electrode can work properly at different bending
state.
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Fig. 9.8 a, b SEM images on the morphology and c, d TEM image of Fe3O4/C3 600 after 150
cycles. Adapted and reproduced from Ref. [69], Copyright 2017 Elsevier

It is clear that our Fe3O4/C3-600 anode is a competitive candidate in terms of
the capacity output and the cycle stability. We can conclude that the Fe3O4/C3-600
NFs exhibit excellent rate performance. These superior electrochemical properties
of the composite nanofiber indicate that this unique composite may find promising
applications in high-performance Li-ion batteries. On the other hand, a disordered
carbon has a low electronic conductivity compared with that of a graphitic carbon.
For a carbon-based composite material, three factors can be considered to determine
its capability of lithium storage: electronic conductivity, concentration of surface
defects and the interfacial area between the two components. This result suggests
that this C/Fe3O4 composite nanofiber represents a promising candidate of anode
material for high-performance LIBs which can be used in (hybrid) electric vehicles
and electric tools.
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9.4 Hollow α-Fe2O3 Electrospun Nanofibers

The electrospun nanofibers have high active surface area; flexibility and the
nonwoven fibrous structure improve the electrode integrity. As discussed in the
previous section (Sect. 3.4), the electrospun fibrous electrode provides relatively
wide interspace between two adjacent fiber layers which facilitate enough Li+-ion
insertion locations, thus avoiding the size, structure and shape variations of the anode
during the charge–discharge cycling process. In addition, the long fibrous structure,
the nanofibers show excellent electrical conductivity. Owing to the unique internal
void space between the active material and carbon matrix, the electrode exhibits a
better cycling stability than their micro-sized counterpart. The active surface could
be again increased by preparing hollow fibers-based anodes, which increase elec-
trode–electrolyte contact area and thus would enhance electrochemical properties.
However, there are only a few reports in the literature, dealing with the electrospin-
ning of interconnected α-Fe2O3 or Fe3O4 hollow fibers for anode material used in
lithium ion batteries.

Various methods including self-assembly [85], template-engaged etching process
[45] and electrochemical anodization [86] are employed for the synthesis of hollow
iron oxide nanofibers.However, thesemethods typically involve sacrificial templates,
expensive equipment and complex experimental procedures. The electrospinning is
a simple, versatile and practical method for low cost, facile fabrication of iron hollow
nanofibers (hNFs). The important strategies adopted for the preparation of hollow
nanofiber via electrospinning are (i) tubes by fiber template process, (ii) coaxial
electrospinning and (iii) single-nozzle co-electrospinning [87]. In the coaxial elec-
trospinning, fiber templates were first fabricated by electrospinning and then coated
with various precursors. Hollow fibers are subsequently obtained by removing fiber
templates via extraction with an appropriate solvent or calcination at high tempera-
ture. The coaxial electrospinninguses twocoaxial capillaries in a spinneret containing
different precursor solutions, while single-nozzle co-electrospinning uses single
capillary in a spinneret containing a solution of two immiscible polymers dissolved
in solvent to generate core–shell composite fibers that results in hollow fibers via
removal of core by either extraction or calcination at high temperature. In the single-
nozzle co-electrospinning, when the fiber jet is evolved and stretching out from the
needle tip or Taylor cone, the solution of the immiscible polymers results in phase
separation owing to the intrinsic polymer properties yielding core–shell composite
fibers.

Hollow fibers of α-Fe2O3 [88] and carbon-coated Fe3O4 [89] are prepared by
a single spinneret electrospinning process. The iron source ferric acetylacetonate
(Fe(acac)3) [88] or iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O [89] was dissolved
in a solution of polyvinylpyrrolidone (PVP) in a suitable solvent and electron spun
using a 25-gauge steel injection needle with an applied voltage of ≥10 kV. The
resulting core–shell structured nanofiber is then calcined at 500 C. In contrast, the
Fe3O4 hNFs were prepared by annealing the Fe2O3 hNFs at 350 °C for 2 h under
Ar/10% H2 atmosphere. To prepare the carbon-coated hollow nanofiber, a uniform
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layer of carbon was coated over the as-spun core-shell fiber by hydrothermal method
using glucose as the carbon source. The schematic on the fabrication process of
carbon-coated iron oxide hollow fiber is shown in Fig. 9.9. The surface morphology
of the Fe2O3 and Fe3O4 hollow nanofibers with and without carbon coating is shown
in Fig. 9.10 [89]. In both studies, the as-spun aswell as the annealed Fe2O3 and Fe3O4

hollow nanofibers are randomly oriented, interconnected and have a large aspect ratio
with the length of individual fibers ranging up to tens of micrometers. Also the fibers
are continuous and exhibited uniform diameter [90]. All the fibers have very smooth
surfaces owing to their amorphous nature and have an average diameter of ~360 nm.
Unique internal voids and inter-fiber space are formed between the fibers. Even after

Fig. 9.9 Schematic of the fabrication process of the as-spun iron oxide polymeric nanofibers (as-
spun NFs), Fe2O3 hNFs (Fe2O3 hNFs), Fe3O4 hNFs (Fe3O4 hNFs) and carbon-coated Fe3O4 hNFs
(Fe3O4/C hNFs). Adapted and reproduced from Ref. [89], Copyright 2017 Elsevier
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Fig. 9.10 SEM images on the surface of the surface of the a as-spun NFs, b Fe2O3 hNFs, c Fe3O4
hNFs and dFe3O4/ChNFs. The inset shows an enlarged image of the fibers.Adapted and reproduced
from Ref. [89], Copyright 2015 Elsevier

removing PVP by annealing at 500 °C, the morphology and hollow structure of
the nanofibers were well maintained. The annealing at high temperature under both
air and inert atmosphere does not destroy the one-dimensional hollow structure of
Fe2O3 and Fe3O4 fibers. The working electrode was then prepared by mixing active
material, carbon black (super P) and a polymeric binder in a suitable solvent to form
uniform slurry and subsequently coated on the Cu foil followed by drying under
vacuum. The test cells were assembled in coin cells with a Celgard separator and
lithium foil as a counter electrode using 1M LiPF6 dissolved in a mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) or dimethyl carbonate (DMC) (1: 1 by
volume) is used as electrolyte.

Electrochemical measurements showed that the hollow structure of α-Fe2O3

hollow nanofibers played an important role in improving the specific capacity, cycle
stability and rate capability in LIBs. The α-Fe2O3 hollow nanofiber anodes exhibit a
high reversible capacity of 1293 mAh g−1 at a current density of 60 mA g−1 (0.06 C)
after 40 cycles (Coulombic efficiency higher than 95%) [88] and a current density of
1000 mA g−1 first discharge and charge capacity of 1876 and 1223 mAh g−1, respec-
tively, which faded to 470 mAh g−1 after 30 cycles and then gradually decreased to
230 mAh g−1 at the 100th cycle. The rapid decay in the capacity of the Fe2O3 hollow
nanofibrous electrodes are observed due to the large volume change during lithia-
tion and delithiation process and the formation of the stable solid electrolyte inter-
face (SEI) layer on at the electrode–electrolyte interface during charge/discharge
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cycling [89]. This result showed that the discharge capacity of α-Fe2O3 hollow fibers
observed after 40 cycles at a current density of 60mA g−1 is almost four times higher
than the reversible capacity of commercial graphite and exhibited Coulombic effi-
ciency higher than 95%. At a current density of 60 mA g−1, the α-Fe2O3 nanofibers
exhibited an initial discharge capacity of 938mAh g−1 above 0.8 V (5.6 mol of Li per
mole of α-Fe2O3), which is very close to its theoretical capacity of 1007 mAh g−1

(6 mol of Li per mol of α-Fe2O3). In the first discharge cycle, the α-Fe2O3 hollow
fibers electrode shows a total specific capacity of 1795 mAh g−1, corresponding
to 10.7 mol of Li per mol of α-Fe2O3, which is much higher than the theoretical
capacity. The phenomenon that the first discharge capacity of α-Fe2O3 or other tran-
sition metal oxide electrode considerably exceeds the theoretical capacity has been
widely reported [91–93]. As explained in the previous section (Sect. 9.3.1 Fe2O3–
carbon composite nanofiber anode), the extra capacity delivered by the Fe2O3 hollow
nanofiber electrode has been explained as the electrolyte being reduced at low voltage
(below 0.8 V vs. Li+/Li) 25 to form an irreversible solid-electrolyte interface (SEI)
layer and which led to the further lithium storage via an interfacial reduction due to
charge separation at the metal–Li2O phase boundary [94]. However, the formation of
this irreversible solid electrolyte interface film at the electrode–electrolyte interface
results in the low Coulombic efficiency in the initial charge–discharge cycles. The
cycle stability of α-Fe2O3 hollow fibers electrode was investigated at the current rate
of 60 mA g−1 (0.06 C) (Fig. 9.11a). Even after 40 cycles, α-Fe2O3 hollow fibers
exhibit a stable capacity of 1293 mAh g−1 which is much better. The continuous
charge–discharge cycling stability of α-Fe2O3 hollow fibrous electrode at different
current densities ranging from 0.2 to 08 A g−1 (Fig. 9.11b) displays that there is
always a sudden drop on capacity after switching from a lower current rate to a
higher current rate. This phenomenon can be explained by the concentration polar-
ization of Li+ ions in the α-Fe2O3 hollow fibers resulting from a diffusion-limited
process. Under the studied conditions, the α-Fe2O3 hollow fibers displayed an excel-
lent rate capability and the displayed capacity was as high as 1001 mAh g−1 even at
a current density of 0.8 C. After the continuous cycling at different current density,

Fig. 9.11 a Cycling performance of the electrode made from a-Fe2O3 hollow fibers at a current
density of 60 mA g−1 (0.06 C), b rate capability of α-Fe2O3 hollow fibers at different current
densities. Adapted and reproduced from Ref. [88]. Copyright 2012 Royal Society of Chemistry
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α-Fe2O3 hollow fibrous electrode resumes nearly the full capacity when returning
to the initial current density of 0.2 C. The capability of the electrode resumes the
original capacity after a long rating, confirming the exceptional capacity and cycling
stability of α-Fe2O3 hollow fibers, which father indicate the ability of the electrode
to keep its integrity not only for a long number of charge–discharge cycles, but also
at high rates [88].

Mi et al. [89] made a comparison study on the electrochemical properties of
Fe3O4 hollow nanofiber with and without carbon coating against Fe2O3 hollow
nanofibers. The carbon coating on the Fe3O4 prepared by the electrospinning is
first confirmed by XRD studies and Raman spectroscopy. The XRD and Raman
spectroscopic study showed that Fe3O4 hNFs crystalline phase was completely trans-
formed from the Fe2O3 hollow nanofibers phase by annealing under the reducing
atmosphere. However, the peak positions in the XRD remained same even after the
Fe3O4 hollow nanofiber was hydrothermally coated with carbon and annealed in
argon atmosphere to produce Fe3O4/C hNFs. Both the Fe2O3 and Fe3O4 hollow
nanofibers possess highly crystalline structure, and the layer of carbon coated over
the hollow nanofiber is not well crystallized at the annealing temperature of 500 °C.
The ID/IG value measured from Raman spectroscopy is reported as 1.02 for the
Fe3O4/C hollow nanofibers, which suggest that the electrospun hollow nanofibers
contain a relatively high amount of disordered defects. However, for the sample
Fe3O4 hollow nanofiber, the D and G bands were not observed which implies the
removal of carbon by complete combustion of the polymer during annealing.

The electrochemical studies reported that the Fe3O4 hNF electrode had a first
discharge and charge capacity of 1374 and 1069 mAh g−1, respectively, at a current
of 1000 mA g−1. Similar to the rapid decay in the charge–discharge capacity of
Fe2O3 hollow nanofiber electrode, Fe3O4 hNF electrode is suffering from poor
cycling stability. After 150 cycles, the specific discharge capacity faded rapidly to
~150 mAh g−1, which is only 11% of the initial capacity of Fe3O4 hNF electrode,
indicates the poor capacity retentionofFe3O4 hNFelectrode.Themajor reason for the
rapid capacity decay of the Fe2O3 hNF and Fe3O4 hNF electrodes may be due to the
large volume change and the formation of the irreversible solid electrolyte interface
(SEI) layer during charge/discharge cycling. On contrast with Fe2O3 or Fe3O4 hollow
nanofiber electrode, at a current density of 1000 mA g−1, the template-free Fe3O4/C
hNFs exhibit an initial discharge and charge capacities of 948 and 835 mAh g−1,
respectively, and the specific capacity is gradually increased with the progression
of each cycle. This capacity increment with cycle number can be attributed to the
surface and structural integrity of the electrode offered by the conductive carbon
network.

The continuous charge–discharge cycling study at a current density of 1000
mA g−1, the Fe3O4/C hollow nanofiber electrode exhibited high 1st and 150th-
cycle-specific capacities, which is about 963 and 978 mAh g−1, respectively, with
a Coulombic efficiency of more than 99%. Also the continuous charge–discharge
studies showed that Fe3O4/ChNFshave excellent and stable rate capability, compared
to that of the Fe3O4 hNFs counterpart. At a current density of 2000 mA g-1, the
carbon-coated Fe3O4/C hNFs delivered a capacity of 704 mAh g−1.
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Fig. 9.12 Rate capability of a Fe3O4 hNFs,bFe3O4/C hNFs, respectively.Adapted and reproduced
from Ref. [89], Copyright 2015 Elsevier

Rate capability of Fe3O4/C hNFs is conducted in continuous 10 number of cycles
for current densities ranging from 200 to 2000 mA g−1 (200, 500, 1000 and 2000
mA g−1) and compared with that of Fe3O4 hNFs, as shown in Fig. 9.12 For Fe3O4

hollow nanofiber, the continuous capacity fade is observed in each cycle at any
current density. The capacity fade from cycle to cycle is more pronounced in the
higher current density. Also, the capacity of the Fe3O4 hNF electrode decreases
precipitously to 47% of the initial value when the current restores to 200 mA g−1

(Fig. 9.12a) while the Fe3O4/C hNF electrode exhibits an excellent and stable rate
capability (Fig. 9.12b). The Fe3O4/C hNF electrode exhibits a specific capacity of
774 mAh g−1 even at a high current density of 2000 mA g−1, and the capacity was
fully recovered when switch back the current density from higher value to the initial
current density of 200 mA g−1.

The stable capacity retention and high-rate capability of the Fe3O4/C hNF elec-
trode are attributed to its unique hollow structure, limited formation of the irreversible
SEI layer at the electrolyte electrode interface, fast interfacial electron transfer along
the carbon layer on the NFs and fast Li-ion diffusion into the electrode [95–97]. The
hollow structure of the Fe3O4/C hNF alleviates volume expansion/contraction of the
interior upon Li-ion insertion/extraction and can also prevent physical detachment
of active materials falling from the current collector owing to the interconnectivity
as well as entanglement of the fiber [98, 99] while the carbon coating acts both as
an efficient conducting and clamping layer that increases the electronic conductivity
of the electrode and maintains the structural integrity during the charge/discharge
process cycling process [55, 90, 93, 94]. The significantly higher-specific capacity,
charge–discharge cycling stability and rate capability of Fe3O4/C hNFs are also due
to the higher Li-ion diffusion coefficient than Fe3O4 hNFs or Fe2O3 hNFs. The Li-
ion diffusion coefficient of the Fe3O4/C hNFs is reported to be 8.1 × 10−14 cm2 s−1,
which is 60 times higher than that (1.33 × 10−14 cm2 s−1) of the Fe3O4 hNFs. The
difference inLi-iondiffusion coefficient canbe attributed to the presence of uniformly
coated nanosized carbon layer over the Fe2O3 hollow nanofiber.
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The high-rate capability is attributed to limited formation of the SEI layer, fast
interfacial electron transfer along the carbon layer on theNFs and fast Li-ion diffusion
into the electrode. This result implies that the Fe3O4/C hNF electrode has good
electrical conductivity and stable surface properties owing to the carbon layer. These
results indicate that Fe3O4/C hNFs may have important implications for developing
high-performance anodes for next-generation lithium ion batteries with excellent
cycle stability and rate capability. Based on the studies, the high performance of the
electrodes is attributed to the interconnected hollow structure of large aspect ratio
a-Fe2O3 nanofibers, whichmakes them a potential candidate for lithium ion batteries.

9.5 Graphene-Doped Carbon/Fe3O4 Porous Nanofibers

Graphene is a one atom thick (3.4 Å thick) planar sheet consisting of single layer
of carbon atoms bound into a two-dimensional (2D) sp2-sp3 hybridized honey-
comb lattice. It has received great excitement from the scientific and technological
community, especially after uncovering some of its astonishing properties by many
researchers over time and notably by A. K. Geim and K. S. Novoselov [100–102].
Graphene is known as the “mother of all graphite forms”, as this base structure
when introduced with defects can be molded into any of the 0–3-dimensional carbon
structures [103, 104]. Particular interest by the scientific community on this 2Dmate-
rial comes from the fact that it possesses a package of astounding properties [102].
Theoretically, it has a large gravimetric specific surface area (2630 m2 g−1), high
intrinsic mobility (200,000 cm2v−1 s−1) [105, 106], high Young’s modulus (∼1.0
TPa) [107], thermal conductivity (∼5000Wm−1K−1) [108] and optical transmittance
(∼97.7%) [109]. Generally, several techniques, such as micromechanical cleavage
[110], epitaxial growth on silicon carbide or metal [111] chemical vapor [112],
thermal exfoliation, [113] mechanical exfoliation, [114] electrochemical exfoliation
and chemical reduction of graphene oxide (GO) [115, 116], have been developed to
produce graphene.

Recently, graphene has attracted considerable interest for utilization in encap-
sulating metal oxides with controlled microstructures to prepare graphene-based
nanocomposite anodes and cathodes in rechargeable LIBs [117]. Graphene-based
composite anodes such as graphene/Si [118], graphene/Sn [119], graphene/Co3O
[112, 114–116], graphene/Mn3O [120], graphene/Fe3O [120, 122], graphene/SnO
[123, 124], graphene/TiO2 [123, 125, 126] and graphene/CuO [127] have enhanced
electrochemical properties, large reversible capacity, long-term cycling stability and
good rate capability which were reported. These significantly improved properties of
the composite electrodes mainly due to the spectacular electrochemical and physical
properties of the graphene along with the combinative virtues between the heteroge-
neous components, which opens a new avenue for the exploration and exploitation
of new electrochemical behaviors within a confined two-dimensional nanostruc-
ture interspace [128–130]. A considerable number of hierarchical structured anodes
based on Fe2O3/graphene composite [51, 131–133] and Fe3O4/graphene composite
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having good electrochemical properties have been reported as anode for LIBs [134–
137]. In all these studies, the composite is prepared by simply mixing with the
active electrode material such as SnO2, Fe2O3 or Fe3O4., or in situ synthesis the
active electrode material in a graphene dispersed solution by hydrothermal, sol-gel,
CVDmethod, etc. and resulted materials have the morphology of nanoparticle [138],
nanosphere [139], nanorod [140], nanotube [135], nanoflake, nanoribbon, nanofiber
[68], etc.Recently, Jianxin et al. [141] reported graphene-doped carbon/Fe3O4 porous
nanofibers having relatively smooth surfaces with average fiber diameter of about
300 nm by in situ electrospinning and thermal treatment. GN@C/Fe3O4 porous
nanofibers were prepared from a uniform solution of PAN/PMMA/GO/Fe(acac)3.
The electrospinning was carried out at an applied voltage of 20 kV, solution flow rate
of 0.5 mL h−1, and the distance from the needle to the collector was kept constant
at 15 cm. The fibers were first oxidized at 250 °C followed by annealing at 650 °C
under argon blanket. The electrochemical performance of the GN@C/Fe3O4 porous
nanofibers was compared with that of C/Fe3O4 and porous C/Fe3O4 and nanocom-
posite nanofibers. PAN/Fe(acac)3 and PAN/PMMA/Fe(acac)3 were used as precursor
for the preparation of C/Fe3O4 and porous C/Fe3O4 nanocomposite nanofibers,
respectively, and they are prepared via the same procedures used to prepare the
porous GN@C/Fe3O4 nanofibers. The methods of preparation of nanocomposite
nanofibers are displayed in Fig. 9.13 [141].

The morphological studies on as-prepared C/Fe3O4, porous C/Fe3O4 and porous
GN@C/Fe3O4 samples have an average fiber diameter of 300 nm and are uniformly
decorated with Fe3O4 nanoparticles. After the graphitization, the fiber diameter is
reduced to 250 nm due to the thermal decomposition of PMMA and PAN with
different char yields and forms pores in the carbon matrix. The fiber surface consti-
tute of Fe3O4 nanoparticle embedded in the porous carbon matrix ranging from 10
to 20 nm along with a few agglomerated nanoparticles of particle size ranges from
20 to 30 nm. Compared to other nanocomposite fiber, the C/Fe3O4 nanocomposite
nanofibers have more smooth surface morphology. Because of the improved elec-
tronic conductivity of the spinning solution imparted by doping with graphene, the
porous GN@C/Fe3O4 nanofibers exhibited uniform fiber topography and reduced
average fiber diameter of 150 nm after graphitization. In addition to the embedded
Fe3O4 nanoparticles in the carbon matrix, some Fe3O4 nanoparticles of size range
from 20 to 30 nm are extruded from the fiber surface. Also the nanoparticles having
the particle size of about 10 nm are arranged along the fiber axis to form bands on
as-prepared porous GN@C/Fe3O4 nanocomposite nanofibers. The formation of this
distinct band structuremadewide channels between the bands andmicro/mesoporous
within the bands. In porous GN@C/Fe3O4 nanocomposite nanofibers, the Fe3O4

nanocrystals anchored onto bent graphene nanosheets embedded in the amorphous
carbon matrix and Fe3O4 particles protrude from the fiber surface are wrapped in
2D graphene nanosheets. The porous GN@C/Fe3O4 nanocomposite nanofiber has
high-specific surface area and pore volume of 323.0 m2 g−1 and 0.337 cm3 g−1,
respectively, which is about 220 and 280% higher than C/Fe3O4 nanocomposite
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Fig. 9.13 Schematic illustration of the detailed synthesis procedure and structural diagram for
the porous GN@C/Fe3O4 composites. Adapted and reproduced from Ref. [141]. Copyright 2017
Elsevier

nanofiber. The C/Fe3O4 sample only contains mesopores with size ranges of 3–
15 nm while the porous C/Fe3O4 and porous GN@C/Fe3O4 have not only meso-
porous (4 nm in size), but alsomicropores. Again, porous GN@C/Fe3O4 has a higher
proportion of micropores than porous C/Fe3O4. The higher-specific surface area
and pore volume of porous C/Fe3O4 and GN@C/Fe3O4 nanocomposite nanofibers
are attributed to the decomposition of PMMA. The hierarchical pore distribution
and the porosity in porous GN@C/Fe3O4 are suitable for accommodating the large
volume changes in Fe3O4 active material and rapid Li-ion diffusion that occur
during charge/discharge. An illustration of the possible formation process of porous
GN@C/Fe3O4 nanofibers is displayed in Fig. 9.14. The Raman spectroscopic studies
showed that both C/Fe3O4 and nanocomposite nanofiber have highly disordered
carbon structure, which is ascribed to the relatively low carbonization temperature.
The graphitization ofGN@C/Fe3O4 nanocomposite nanofibers at 650 °Cunder argon
blanket thermally reduces the GO to rGO.
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Fig. 9.14 a Possible formation mechanism of porous GN@C/Fe3O4 composite, b schematic illus-
tration of electron transmission and the mechanism of Li+ -ion insertion/extraction in porous
GN@C/Fe3O4. Adapted and reproduced from Ref. [141], Copyright 2017 Elsevier

The electrochemical studies in CR2032 coin half-cells using lithium metal foil
as counter electrode and Celgard 2400 films wet with 1 mol LiPF6 in a mixture
of ethylene carbonate/dimethyl carbonate/ethyl methyl carbonate (EC/DEC/EMC,
1:1:1, v/v) as separators. Working electrodes were prepared by directly attaching
the composite nanofibers onto a copper foil with a PVdF binder kept in the weight
ratio of the active materials to binder at 8:1. The first specific discharge capaci-
ties of the C/Fe3O4, porous C/Fe3O4 and porous GN@C/Fe3O4 nanocomposites are
1252, 1389 and 1412 mAh g−1, respectively. The higher initial specific capacity
than theoretical capacity of Fe3O4 (924 mAh g−1) or theoretical predictions of the
specific capacity for the GN@C/Fe3O4 (586 mAh g−1), porous C/Fe3O4 (637 mAh
g−1) and C/Fe3O4 (657.3 mAh g−1) is responsible for formation of the SEI film
and possibly by interfacial Li-ion storage during the first discharge process [142].
Compared with C/Fe3O4, the porous C/Fe3O4 and porous GN@C/Fe3O4 compos-
ites show initially high charge/discharge capacities, which are associated with the
porous structure of the composites and the extra lithium storage capacity caused
by their high-specific surface areas [143, 144] improved specific capacity of porous
GN@C/Fe3O4 nanocomposites obviously due to the higher-specific surface area,
pore volume, the hierarchical pore distribution and the porosity, the combination
of mesoporous and microporous structure in combination with higher electronic
conductivity offered by the graphene nanosheets. The porous C/Fe3O4 nanofibers
[145] showed a higher reversible specific capacity than most of C/Fe3O4 nanofibers,
graphene@Fe3O4 and C/Fe3O4 nanoparticles [141, 142] electrodes reported. A
few of the C/Fe3O4 samples show a higher reversible specific capacity than the
GN@C/Fe3O4 sample we prepared, which may be due to the much higher content
of Fe3O4 and graphene in their samples. The initial Coulombic efficiency (CE) of
the porous GN@C/Fe3O4 electrode (74.4%) is also higher other electrode, that may
ascribed from the protection of the flexible graphene nanosheets, higher electronic
conductivity and the unique banded structure of the material.

Under continuous charge–discharge cycling at a current density of 100 mA g−1,
the specific capacity of the C/Fe3O4 electrode rapidly decreases to 480mAh g−1 from
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an initial discharge capacity of 1320mAhg−1,while porousC/Fe3O4 electrode shows
a reversible capacity of 759 mAh g−1 after 30. The better cycling stability of porous
C/Fe3O4 electrode is attributed to the porous structure of the electrode material [135,
148]. On contrast to the C/Fe3O4 and porous C/Fe3O4 electrode, a rapid decrease in
the reversible capacity is observed only up to first 10 cycles for porous GN@C/Fe3O4

composite, and thereafter, it delivered a stable reversible capacity of greater than
872 mAh g−1 up to 100 cycles. The porous GN@C/Fe3O4 nanofibers deliver better
long-term cycling stability and higher reversible capacity than the graphene-free
porous C/Fe3O4 nanofibers.

The rate performance of C/Fe3O4, porous C/Fe3O4 and porous GN@C/Fe3O4

electrodes from 0.1 to 5 C shows (Fig. 9.15a) the porous GN@C/Fe3O4 good rate
capability of these electrodes. The porous C/Fe3O4 composite shows better rate
performance than the Fe3O4/C composite. At current density of 5C, the porous
C/Fe3O4 and C/Fe3O4 nanocomposite fibrous electrode delivers a reversible capacity
of 330 and 248 mAh g−1, respectively, while the porous GN@C/Fe3O4 electrode
delivers a higher capacity with excellent cycling stability at each current density.
Even at a high C rate of 5C, the discharge capacity of the porous GN@C/Fe3O4 elec-
trode is maintained in 455 mAh g−1. When the current rate is switched back to 0.1 C,
after 70 cycles at higher C rate, the porous C/Fe3O4 electrode recovers the reversible
capacity to 700 mAh g−1, whereas the recovered value of the C/Fe3O4 electrode is
512mAh g−1, which corresponds to the 75–80% of its initial capacity. But in the case
of porous GN@C/Fe3O4 electrode, when the current density is switched back to 0.1
C from 5C, the porous GN@C/Fe3O4 electrode is completely recovered (100%) its
initial capacity. The porous GN@C/Fe3O4 electrode delivers a higher capacity with
excellent cycling stability than porous C/Fe3O4 electrode, at each current density
(Fig. 9.15b) which is attributed by advantageous structural features.

The enhanced cycling and rate performance of the porous C/Fe3O4 electrode
tan C/Fe3O4 electrode are attributed to its micro/mesoporous structure. It is widely
recognized that the porous structure can improve the specific surface area, leading

Fig. 9.15 a Cycling performance at a current density of 100 mAh g−1, b rate performance at
different current densities of C/Fe3O4, porous C/Fe3O4 and porous GN@C/Fe3O4 composite
electrodes. Adapted and reproduced from Ref. [141]. Copyright 2017 Elsevier



9 Electrospun Nanostructured Iron Oxide Carbon Composites … 265

to larger reversible pseudo capacitive surface for Li-ion storage. The porous struc-
ture can effectively accommodate the volume changes resulting from Li-ion inser-
tion/extraction during the continuous charge–discharge cycling and buffers larger
structural changes at higher current densities. The excellent long-term cycling
stability and rate capability of porous GN@C/Fe3O4 nanocomposite electrode are
associated with the novel banded structure of the porous GN@C/Fe3O4 composite
electrode. The band morphologies with hierarchical porous structure of the porous
GN@C/Fe3O4 composite electrode not only increase the number of active sites
for lithium intercalation, but also make sufficient electrode/electrolyte interface
contact, providingmore short pathways for lithium ion insertion/extraction.Again the
graphene-doped carbon nanofiber webs can serve as efficiency channels for electron
transportation. The graphene nanosheets wrapped around the active material could
prevent the aggregation of the Fe3O4 nanoparticles and provide better mechanical
integrity to the electrode. The unique banded structure, hierarchical porous structure
and presence of flexible graphene enable to buffer the volume expansion/contraction
which occurs during the charge/discharge process. Therefore, the continual rupturing
and growth of the SEI film caused by mechanical strain and continuous consumption
of the electrolyte are substantially less than that on the C/Fe3O4 or porous C/Fe3O4

nanocomposite electrode. Hence, the porous GN@C/Fe3O4 nanocomposite elec-
trode exhibited higher Coulombic efficiency, rate capability and cycling stability
than the C/Fe3O4 or porous C/Fe3O4 nanocomposite electrode, because the cyclical
rupture and growth of SEI films can lead to reduced Coulombic efficiency [149].
In addition, the zero-valent iron and the graphene nanosheets serve as conductive
agents to significantly improve the conductivity of the electrode. The formation of
continuous electronically conducting channel formed by the graphene nanosheets
on the nanofiber facilitates an efficient transport pathway for ions and electrons
diffusion during the charge/discharge process and effective transfer of electron to
the current collector. Table 9.2 represents the electrochemical performance of the
α-Fe2O3 hollow nanofibers electrode with those of α-Fe2O3 with different structures
synthesized by different methods reported in the literature.

9.6 Conclusion

For the advanced energy storage application and to meet the high performance of
LIBs, developing battery components that can deliver the best electrochemical perfor-
mance is prime important. For the best performance, the electrode material chose
should exhibit a fast lithium ion insertion/release kinetics, high lithium ion storage
and good electronic aswell as ionic conductivity and should exhibit superiormechan-
ical strength for the stabilization of lithium ion transfer. Being an anode material in
LIBs, the application of iron oxidewas limited by the lowelectrical conductivity, poor
capacity retention and unstable SEI formation. On the effort of developing improved
electrochemical performance in iron oxide-based anodes, carbon-based composites
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and one-dimensional hollow structure were developed using electrospinning. Elec-
trospinning is considered as the best method that can result in 1D structure with
high lithium ion kinetics which will directly influence the performance of battery.
For most of the electrode materials, presence of carbon is considered to be best
for delivering an enhanced electronic conductivity. In iron oxide-based anodes as
well, carbon-based composites are capable to exhibit high electronic conductivity,
specific capacity and superior cycling stability. This is attributed by the presence
of conducting carbon. Similarly, 1D hollow-structured iron oxide synthesized using
electrospinning results in an increase in the electrode–electrolyte contact area that
will enhance the electrochemical properties. Compare to other techniques, the elec-
trospunned iron oxide-based hollow spheres are superior to exhibit excellent initial
capacity and capacity retention. From this chapter it is evident that the future LIBs are
at its best was possible only with the exploration of transition metal oxide electrodes
and iron oxide based electrodes that can be a proising anode since it can ensure good
electrochemical performance by a reversible conversion reaction.
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Chapter 10
Electrospun Nanostructured Iron Oxides
for High-Performance Lithium Ion
Batteries

Neethu T. M. Balakrishnan, Akhila Das, N. S. Jishnu, M. A. Krishnan,
Sabu Thomas, M. J. Jabeen Fatima, Jou-Hyeon Ahn,
and Raghavan Prasanth

10.1 Introduction

The rechargeable Li-ion battery (LIB) has attracted intensive research interest due
to their large spectrum of applications as energy storage devices for electric, elec-
tric/hybrid electric vehicles, and intermittent renewable energy sources [1–5]. The
LIB is referred to as a rocking-chair battery, because Li+-ions “rock” back and forth
between the anode and the cathode during cycling and they possess high energy
and power densities, no memory effect and long cycle life. The current generation
commercial LIBs are utilizing the electrode materials, which could store Li+-ions
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Fig. 10.1 Schematic representation and operating principle of lithium ion batteries

by insertion between their structural layers during charging and extracted out from
the layers during discharging (Fig. 10.1) without any significant structural change
leading to excellent cycling performance. In recent years, globally great efforts have
been paid by the researchers and battery technologists to develop and design high-
performance electrode materials in terms of energy density, cycling stability and rate
capability. Among different classes of anode materials such as intercalation, conver-
sion reaction, alloying/de-alloying reaction-type materials, transition metal oxides,
Co3O [6–10], FeOx [11–17], TiO2 [18, 19], MnO2 [20–22], and SnO2 [23–25],
iron oxide micro-/nanomaterials, such as hematite (α-Fe2O3) [26–28] and magnetite
(Fe3O4) [29–31], have been extensively studied as potential electrode materials in
LIBs. Iron oxide is popular in their higher theoretical capacities (1004 mAh g−1 for
α-Fe2O3 and 924 mAh g−1 for Fe3O4), has low toxicity, and is economically viable.

In spite of their lower cost and better safety, the capacity retention of Fe2O3/Fe3O4

remains a major drawback, due to the huge volumetric expansion/contraction during
the lithiation/delithiation process which ultimately leads to pulverization of the elec-
trode from the current collector, resulting in loss of electrical contact and loss of
morphological structure of the activematerial [32]. The electrochemical performance
is highly dependent on their diverse morphologies and micro-/nanostructure of an
anode material [33–37] The confining dimension effect and high surface area of the
nanostructured materials lead to the short lithium diffusion lengths and increased
active sites for Li+-ion insertion/extraction reactions [38]. Also, the cyclability of
the nanostructured electrodes significantly improved due to the sufficient free spaces
to relax the large volume changes during the continuous charge–discharge process
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[29]. Hence, various types of nanostructures have been employed as anode mate-
rials for LIBs. In order to mitigate the large-volume variation problem of transition
metal oxides and to increase the electronic conductivity, carbon coatings have been
extensively explored [39–50]. However, the compact carbon coatings on nanopar-
ticles cannot allow residual buffer space to accommodate the large volume change
of Fe3O4 nanoparticles during Li+ insertion/extraction. Thus, it remains necessary
to exploit an approach for the fabrication of suitable carbon matrix to accommo-
date volume expansion upon Li+-ion insertion as well as to increase the electronic
conductivity [51–53]. One-dimensional (1D) structure can efficiently improve the
performance of Fe2O3 as anodematerial in LIBs due to its excellent electron transport
along the lengthways direction and large surface–volume ratio [54–58]. Electrospin-
ning is now a convenient, inexpensive, simple, and versatile method to manufacture
the 1D structure including polymer, metal oxide, and organic–inorganic compos-
ites [59–62], especially the robust electrode for LIBs. The material obtained by
electrospinning can take full advantage of 1D architectures as well as the material
can form metal oxide nanoparticles/carbon nanofibers (CNFs) after being calcined
under an inert atmosphere. Uniformly dispersing the nano-sized metal oxide into
CNFs matrix can significantly enhance the electronic conductivity, buffer the large
volume change and pulverization of the electrode, and prevent the agglomerates of
nanoparticles [63–71]. The electrospinning technique facilitates to develop 1Dmetal
oxide nano-/microstructure with various morphologies including porous nanowires,
nanotubes, nanorods, and tube-in-tube by using non-coaxial electrospinning. This
chapter is presenting a detailed overviewon the facile fabrication and electrochemical
performance of hierarchal Fe2O3/Fe3O4 nanostructured anode for LIBs.

10.2 Principle of Lithium Ion Batteries

The global lithium-ion battery market is forecasted to grow from USD 36.20 billion
in 2018 toUSD109.72 billion by 2026, at a compound annual growth rate (CAGR) of
13.4%, during the forecast period. In recent years, lithium-ion batteries are increas-
ingly being used as the power source for hybrid (HEV) and full-battery electric
vehicle (BEV). Over the past couple of years, maximum sales of electric vehicles
have accounted by China, the USA, and the European region, which are primarily
high-end electric vehicles. Roughly, 1.6 million electric cars were on the roads in
China in 2018, followed by 810,000 in the USA. By March 2018, BEV production
and sales in China reached 27,673 and 24,127 units, rising 88.35 and 69.21% year-
on-year; such figures for plug-in hybrid electric vehicle (PHEV) were 11,210 and
11,171 units, rising 291.21 and 201.47% year-on-year [72]. The industry produced
about 660 million units of cylindrical lithium-ion cells in 2012; the 18650 size is by
far the most popular for cylindrical cells. The Tesla’s Model S electric cars SUVs
under 40,000 USDwith 85 kWh battery uses 7,104 of lithium ion cells. A 2014 study
projected that the Model S alone would use almost 40 percent of estimated global
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cylindrical battery production during 2014. Production of the cell was gradually
shifted to higher-capacity 3000+ mAh cells.

Based on the use type, LIBs are categorized as primary LIBs and secondary or
rechargeable LIBs. A primary battery is one-direction galvanic device designed to
be used once and discarded when it is fully discharged, and not recharged with
electricity and reused like a secondary or rechargeable battery; i.e., the electrochem-
ical reaction occurring in the cell is not reversible, or it has only discharging process.
Lithium primary battery hasmetallic lithium as anode. Hence, these types of batteries
are also referred to as lithium-metal batteries. Presently represent the primary EES
systems, with a production higher than 100 million cells/month and about 1500
tons/month of electrode materials. Lithium–manganese dioxide, lithium iron disul-
fide, lithium thionyl chloride, and lithium iodine batteries are the common lithium
primary batteries.Among different lithiumprimary batteries, lithium thionyl chloride
battery has the highest energy density of all lithium-type cells and has a service life of
15–20 years, while lithium iodine batteries provide excellent safety and long service
life. In batteries, during discharging, reduction happens on the cathode gaining elec-
trons and oxidation happens on the anode, which is losing electrons, as per the
electrochemical reaction shown below [73].

Cathode: MS2 + Li+ + e− discharge−−−−−→ LiMS2

Anode: Li
discharge−−−−−→ Li+ + e−

Full cell: Li + MS2
discharge−−−−−→ LiMS2

(M = Ti or Mo)

In contrast to lithium primary batteries, lithium secondary batteries, referred as
lithium-ion batteries, are rechargeable batteries in which lithium ions move from the
negative electrode to the positive electrode during discharge and opposite action
happens during charging. Research on LIBs started in the early 1980s, and the
principle of the current LIB was completed in 1985 and then first commercial-
ized in 1991 by Sony. Most of the technological developments to date have been
directed toward the needs of portable electronics, but now the focus tends to be
on the performance demands of medium- and large-scale applications. As shown
in Fig. 10.1, typically, LIB consists of three layers: (i) cathode or positive elec-
trode which commonly consists of LiCoO2 [74, 75], LiNiO2 [76], LiMn2O4 [77],
etc., (ii) anode or negative electrode consists of graphitic carbon [78], TiO2 [79],
Fe2O3/Fe3O4 [80], etc., and (iii) a separating cum electrolyte called gel polymer
electrolytes (GPEs) which is permeable to the ions and the electrolyte (e.g., LiPF6
in an organic solvent). GPEs are prepared by immobilization of organic liquid elec-
trolytes, e.g., a 1M solution of LiPF6, LiClO4, or LiTFSI into polymer structures [81–
83]. Polymers such as polyethylene oxide (PEO) [84, 85], polyacrylonitrile (PAN)
[86, 87], polyvinylidene difluoride (PVdF) [88, 89] and its copolymer polyvinyli-
dene difluoride-co-hexafluoropropylene (PVdF-co-HFP) [90, 91], and polymethyl
methacrylate (PMMA) [92, 93] are among the well-studied materials. As the name
implies, the working of a lithium-ion battery mainly relies on repeated transfer of
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lithium ions between the anode and the cathode. The electrochemical properties
of the electrodes are strongly influenced by the physical and chemical properties
of the electrode active material, such as particle size, homogeneity, morphology,
and surface area. Lithium-ion polymer batteries (LiPo batteries) are by far the most
common commercialized secondary cell polymer battery, with leading technology
among other types of metal-ion polymer batteries. A LiPo battery is a rechargeable
battery of lithium-ion technology using a polymer electrolyte instead of a liquid
electrolyte. LIBs are able to supply continuous energy due to the spontaneous oxida-
tion–reduction reactions occurring at the electrodes. During the charging process
(delithiation), Li+ ions are extracted from the cathodic material by supplying energy
by an external source. The extracted Li + ions diffuse in the electrolyte and enter
the anodic material (according to the reaction Cx + LiMO2 →Li(1−y)MO2 + CxLiy,
in the case of a traditional LIB [94, 95]), while electrons are simultaneously the
electrons transferred to the positive electrode through the external circuit. In the
discharge process (lithiation), the opposite process takes place (i.e., Li(1−y)MO2 +
CxLiy →Cx + LiMO2, in the considered example): i.e., Li+-ions, extracted from
the anodic material, are re-inserted into the cathodic material, and the cell provides
energy. The oxidation and reduction process occurred at two electrodes in the lithium
rechargeable batteries as shown below [96, 97].

Cathode: LiMn2O4 → Li1+xMn2O4 + xLi+ + xe−

Anode: xLi+ + xe− + C6 → LixC6

Full Cell: LiMn2O4 + C6LiC6 + LiMn2O4

Each combination of the aforementioned materials and compound will slightly
influence cost, voltage, cycle durability, andother characteristics of theLiPobatteries.
The secondary lithium-ion batteries, in general, operate 3.7 V and demonstrate a
capacity of 150 mAh g−1 [98].

10.3 Electrode Materials for Lithium Ion Batteries

LIB primarily contains four essential components, namely the anode, the electrolyte,
the separator, and the cathode. Typically, LIBs use an intercalated lithium compound
as the positive electrode and graphite as the negative electrode.However in the earliest
configuration of LIBs metallic lithium or Li–Al alloys was used as the negative
electrode, with a variety of chalcogenides (TiS2, MoS2, etc.), [73] as the positive
electrode in several prototypes and commercial products. Due to safety concerns,
lithium metal as an anode material in rechargeable batteries was ultimately rejected.
The unavoidable dendrite growth on the lithium metal surface during the repeated
cycling cause lithium plating that leads to internal short circuits.
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10.3.1 Positive Electrode (Cathode) for Lithium Ion Batteries

The cathode material requires a stable crystalline structure over wide ranges of
composition because during the process of lithiation, the oxidation reaction leads to
large compositional changes and therefore to unfavorable phase changes [99]. Also,
the cathode performance directly depends not only on the electrode microstructure
and morphology, but also on the inherent electrochemical properties of the cathode
material due to the fact that Li+-ion exchange with the electrolyte only happens at
the electrode–electrolyte interface [100, 101]. The development of electrochemi-
cally stable LiCoO2 as a positive electrode leads to the commercialization of the
lithium ion battery by Sony, Japan, paved a path to hunt novel electrode materials
which provided a step change in the approach to the development of advanced energy
storage based on lithium technology [102, 103]. Combining LiCoO2 with graphitic
carbon which provided a host for Li+-ions at low potential thus successfully removed
metallic lithium from the LIBs. The domination of LIBs as the power source in the
portable electronic and automobile market leads to the subsequent improvements in
the LIBs, which forced the scientific community to focus on developing new cathode
materials; thus, LMO, NMC, LFP, etc., were introduced. But recently, the introduc-
tion of nanocomposites comprised of Sn (theoretical capacity 992 mAh g−1) or Si
(theoretical capacity 4200 mAh g−1) led to major developments in anode materials,
which require higher-capacity cathode materials to provide optimum utilization of
the storage properties.

In LIBs, cathode materials can store energy through two different electrochemical
reactionmechanisms, (i) intercalation and (ii) conversion reaction [100]. Conversion-
type cathodes undergo a solid-state redox reaction during lithiation/delithiation
process, in which there is a change in the crystalline structure, accompanied by
the breaking and recombining chemical bonds, while the intercalation cathode mate-
rials act as a host for Li+-ions, so that the ions can insert in or extracted out from
the cathode material reversibly. Metal halides such as FeF2, CoFe, and NiF2 are
examples of conversion-based cathode materials. Due to the high volume expansion,
poor electronic conductivity, and hysteresis issues, development of conversion-based
cathode materials has faced a lot of challenges [100].

Intercalation-based cathode materials are mainly divided into three categories:
chalcogenides, transition metal oxides, and polyanion compounds. Due to the higher
operating voltage and higher specific capacity, most of research on intercalation
cathodematerials is focusedon transitionmetal oxides [100]. LiCoO2,LiNiO2 (LNO)
[104], LiNixMnyCozO2 (with x + y + z = 1 or NMC) [105, 106] are some of the
examples for the transition metal oxide-based cathodes in LIBs. Even though the
layered crystal structure of LNO is similar to LCO, LNO delivers 20–30% more
reversible capacity than LCO, but due to its inherent electrochemical properties
[104].

Over-lithiated oxides (OLOs) are relatively new replacement material for the
cathode in high-capacity LIBs due to their very high capacity over 250 mAh g−1 at
high-voltage charge over 4.5 V along with many other enhanced properties. OLOs
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have been developedwith a variety of stoichiometric variations of the general compo-
sition: Li2MnO3-(1−x)LiMO2 [107]. The major limitation of OLOs is their initial
irreversibility caused by Li2O formation [105]. Another class of important cathode
materials is spinel oxideswith a general formula ofAB2O4. Themost famous cathode
in this group is LiMn2O4 (LMO), which is a low-cost, reliable, non-toxic, and a high
electrochemical potential material, and delivers a practical capacity of 100–120mAh
g−1 (theoretical specific capacity is 148 mAh g−1); however, its reversible capacity
is less than that of LCO or LNO. The spinel structure of LMO creates a 3D frame-
work which promotes the easy movement of Li+-ions [105, 108] and undergoes less
damage during continuous charge–discharge cycles in comparison with the anode
materials having layered structure, because the continuous two-way transportation of
Li+-ions in the spinel structure does not make large volume change at room temper-
ature. However, at high-temperature LMO shows poor cycle as well as calendar
life [105]. The manganese dissolution, structural fatigue, and microcracks are other
issues associated with LMO,which lead to poor cycling stability and capacity fading.
Because of its low specific capacity and low practical capacity, LMO is not recom-
mended to be used as a single cathode material. It also suffers severely from the
Jahn–Teller effect, which is a geometric distortion of a nonlinear molecular system
that reduces its symmetry and energy. Hence, the cathode material in the new genera-
tion of commercially produced batteries consists of a complementary blend of spinal
LMO and layered NMC [109].

LiFePO4 (LFP) olivines are polyanionic compounds developed by John B. Good-
enough, who received Nobel Prize, in 2019, at the University of Texas in 1996, and
that have attracted a lot of attentions due to their thermal stability, environmental
friendliness, very flat potential during charge–discharge processes, and high-power
capabilities [105]. Again even in harsh environments, the release of oxygen from the
active cathode material is inhibited due to the strong P–O bond in phosphate and this
structurally stable material guarantees their safety [110, 111].

10.3.2 Anode Materials for Lithium Ion Batteries

Traditionally in commercial LIB anode, the negative electrode from which electrons
flow out toward the external part of the circuit is constructed from graphite and other
carbon materials coated on a thin copper foil current collector. However, they suffer
from serious safety problems, which have hampered their further development [98,
112]. To replace conventional carbon-based anodes, several studies have focused on
exploiting novel anode materials. As a result of extensive research, the anode in LIBs
can be fabricated from three distinguished groups of materials having very different
electrochemical energy storage mechanisms broadly categorized as (i) intercalation-
based materials, (ii) conversion-reaction-based materials, and (iii) alloying-reaction-
basedmaterials. The properties ofmost common anodematerials used for lithium-ion
batteries are summarized in Table 10.1.
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10.3.2.1 Intercalation-Based Materials as Anodes in Lithium Ion
Batteries

Graphite in its natural or artificial form is the best representative material in the
intercalation-based anode materials first introduced by Rachid Yazami, a Moroccan
scientist and engineer in 1980. He established the reversible intercalation of lithium
into graphite in an electrochemical cell using a polymer electrolyte. Eventually, his
discovery led to the lithium–graphite anode now used in commercial lithium-ion
batteries, over US$20B value market. In the intercalation-based anode materials, the
lithium ions are electrochemically intercalated into the space between the layers of
the active materials. Lithium-ion intercalation in graphite can be described by the

Table 10.1 Summarization of most common anode materials used for lithium-ion batteries

Anode material Theoretical
capacity
(mAh g-1)

Energy storage
mechanism

Properties

Advantages Disadvantages

Graphite 372 Intercalation High
electronic
conductivity
Nice
hierarchical
structure
Abundant
and low-cost
resources

Low specific
capacity
Low rate
capacity
Safety issues

Nanostructured
carbonaceous materials
(e.g., carbon
nanotube/graphene/carbon
nanofibers/porous
carbons)

Up to 1750 Intercalation

Metal oxides (Cu2O,
Fe3O4, Co3O4, MoO3,
etc.)

375–1170 Conversion reaction High specific
capacity
Nice
stability

Low
Coulombic
efficiency
Large potential
hysteresis

Metal nitrides (MxNy, M:
Fe, CO, Ni, Cu, Cr, V, Ti,
etc.)

400–1300 Conversion reaction

Metal sulfides (MxSy)
(Ni3S2, FeS2, MoS2, SnS,
SnS2, etc.)

447–1230 Conversion reaction

Metal phosphides
LixMyP4 (M: V, Ti, Cu,
Fe, Mn) (CoP3, NiP3,
MnP4, etc.)

700–1800 Conversion reaction

(continued)
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Table 10.1 (continued)

Anode material Theoretical
capacity
(mAh g-1)

Energy storage
mechanism

Properties

Advantages Disadvantages

Si 4200 Alloying/de-alloying Highest
specific
capacity
Rich,
low-cost,
clean
resources

Low electronic
conductivity
Large volume
change (100%)

Germanium 1384 Alloying/de-alloying High specific
capacity
Good
security

Low electronic
conductivity
Large volume
change (100%)

Tin 960 Alloying/de-alloying Highest
specific
capacity
Rich,
low-cost,
clean
resources
High specific
capacity
Good
security

Phosphorus 2596 Alloying/de-alloying

Antimony 660 Alloying/de-alloying

Indium 1012 Alloying/de-alloying

equation

xLi+ + C6(in graphite) + xe− ←→ LixC6

The reversible lithiation/delithiation (intercalation/deintercalation) reaction
proceeds less than 0.25 V versus Li/Li+, with a practical reversible capacity greater
than 360 mAh g−1 (theoretically at 372 mAh g−1 or 975 mAh cm−3) with high
Coulombic efficiency approaching 100% [113, 114]. However, one of the draw-
backs with graphitic anode is that some irreversible reactions happen during the first
charge (lithiation) process causing a cathodic decomposition of some constituents
of the electrolyte. Another major downside of graphite anodes is their low specific
capacity, which is addressed in great extent by increasing the surface area of the
carbonaceous materials; therefore, the active material can provide more space for the
intercalation of Li+-ions between the graphitic layers leading to the higher specific
capacity. Different carbon allotropes such as carbon nanotubes (CNTs), buckminster-
fullerene (buck balls), and graphene nanosheets (GNSs) [115] or carbon nanofibers
(CNFs) [116] are vastly studied as an alternative to graphite due to their larger surface
area as well as higher electronic conductivity which makes them suitable for high
rate charging/discharging [117]. Single-wall CNTs are expected to exhibit reversible
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capacities somewhere around 300–600 mAh g−1 [118], and for graphene the theo-
retical capacity is about 744 mAh g−1. A reversible specific capacity is as high as
1264 mAh g−1 at a current density of 100 mA g−1, and a capacity retention of 718
mAh g−1 is reported even at a high current density of 500 mA g−1 [115, 116, 119].

10.3.2.2 Conversion Reaction-Based Materials as Anodes in Lithium
Ion Batteries

The simple conversion electrochemistry of transition metal oxides (TMOs), sulfides,
phosphides, and similar compounds of p-block metalloids shares some interesting
and useful electrochemical features with other anode materials [120]. It was already
well understood, and different types of anode electrochemistries that qualify the
required norms set for the battery application, namely the operating potential of <2
versus Li/Li+, are categorized as intercalation, alloying, and conversion types. The
conversion reaction-based materials are based on the Faradaic reaction represented
as follows.

Ma Xb + (b · n)Li+ + ae− ←→ aM + bLin X

where M is the transition metal such as Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mo, W,
and Ru, X is the anion such as O, N, F, S, and P, and n is the number of negative
charges of X [121]. A variety of anode materials are possible in this group by a
simple combination of candidates of M and X even without considering multiple
oxidation states of M. The theoretical capacity of the conversion-reaction-based
anodematerials ranges from350mAhg−1 forCu2S to 1800mAhg−1 forMnP4 [121].
The relatively high theoretical capacity of conversion reaction-based compounds as
compared to graphite (372 mAh g−1) makes these materials as ideal anode materials.
However, compared to graphitic carbon, these materials have some major down
steps including lower Coulombic efficiency, electronic conductivity, inferior cycling
stability, and rate capability, which must be dealt with before being used as anode
material. In addition, the conversion-reaction-based anode materials undergo large
volume changes during lithiation and the following delithiation, which could lead
to pulverization or electric isolation leads to the fast capacity fade under cycling.
This means that the conversion reactions in conversion-reaction-based anodes would
have intrinsically limited reversibility [122, 123]. Again the reaction potentials of
conversion-reaction-based anode materials (Econv), at which the potential profiles
reach a plateau, are relatively higher than that of graphite. Higher Econv leads to
lower cell potential which results in a lower energy density than expected only from
capacities [121]. Although intercalation and alloying materials have received the
preferred focus by the battery technologist, conversion materials have thus far been
left out for any type of practical industrial applications owing to the aforementioned
specific shortcomings [124].
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10.3.2.3 Alloying Reaction-Based Materials

The third category of anode materials after intercalation and conversion reaction-
basedmaterials is the alloying reaction-basedmaterials. This group consists ofmetals
that can be alloyed with lithium such as silicon (Si), germanium (Ge), tin (Sn), and
their alloys [114, 125]. In this category, the Li ions are inserted into the structure
of anode material during the charge cycle, making an alloy with the anode. The
reversible alloying reaction is shown in Eq. 4, where M is the anode material [125].

M + xLi+ + xe− ←→ LixM

Alloying reaction-based materials are most famous for their high theoretical
capacity: 4200 mAh g−1 for Si in Li4.4Si, 1600 mAh g−1 for Ge in Li4.4Ge, 993
mAh g−1 for Al in LiAl, 992 mAh g−1 for Sn in Li4.4Sn, and 660 mAh g−1 for Sb in
Li3Sb [126]. However, the major disadvantage of these materials is their extremely
large volume change during charge and discharge [118]. They experience serious
pulverization resulting in electrical isolation of the active materials from electric
contact with the conducting agent (carbon black) and the current collector. Among
the alloying elements which can be used in this group of anode materials, the vast
majority of research and development has been focused on silicon because of its
highest capacity and its most serious detrimental volumetric change [126–129].

10.4 Electrospun-Based Iron Oxide Anodes for Lithium
Ion Batteries

Iron oxide-based nanocomposites including Fe3O4/carbon nanocomposite [43, 49,
130, 131] and Fe2O3/carbon nanocomposites [132–134] have been fabricated and
studied extensively as electrode materials for lithium-ion batteries. Iron oxide is a
paramagnetic material which has only two unpaired electrons. Because the lower
number of unpaired electrons irons oxide is less magnetic than iron, which has four
unpaired electrons. Iron (III) oxide or ferric oxide is the inorganic compound with
the formula Fe2O3. It is one of the three main oxides of iron, the other two being iron
(II) oxide (FeO), which is rare, and iron (II,III) oxide (Fe3O4), which also occurs
naturally as the mineral magnetite. Fe2O3 can be obtained in various polymorphs.
In the main ones, α and γ , iron adopts octahedral coordination geometry; i.e., each
Fe center is bound to six oxygen ligands. α-Fe2O3 has the rhombohedral, corundum
(α-Al2O3) structure and is the most common form, which occurs naturally as the
mineral hematite while γ -Fe2O3 has a cubic structure and occurs naturally as the
mineral maghemite. γ -Fe2O3 is metastable and converted from the alpha phase at
high temperatures. γ -Fe2O3 is ferromagnetic, and however ultrafine particles smaller
than 10 nm are superparamagnetic. α-Fe2O3, γ -Fe2O3, and Fe3O4 are explored as
electrode materials in LIBs. The crystal structure of Fe2O3 is displayed in Fig. 10.2
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Fig. 10.2 The surface atomic configurations in a the (001) plane and schematic hematite structure
project along {001} and b the (010) plane and schematic hematite structure projected along {010}.
Adapted and reproduced from Ref. [162]. Copyright 2016 Springer

[162]. In principle, lithium storage capacity of iron oxides ismainly delivered through
the reversible conversion reaction between lithium ions and metal oxide forming
metal nanocrystals dispersed in a Li2O matrix. Even though this material is abun-
dant, inexpensive, and environmentally friendly and has high theoretical capacity
(Fe3O4: 924 mAh g−1 [135]; Fe2O3: 1005 mAh g−1 [136]), they are fraught with
several problems such as poor electronic conductivity, higher volume expansion, and
poor cycling stability. Among the major disadvantages, the cycle deterioration is the
most important one which is caused by several factors such as the decomposition of
the electrolyte solution and loss of the conductive path owing to electrode collapse
[137]. In addition, large volume change of the anode material during the continuous
charge–discharge cycling causes the cracking of the electrode, loose the contact
with current collector, and destruction of the solid electrolyte interface (SEI), which
result in the breaking of the continuous conductive path. Reducing the extent of
volume expansion and contraction would suppress these problems in a great extent.
Nanoscale processing of active material particles has been studied for this purpose
[138–140]. Carbon coating [141], mixing with electronically conducting materials
such as conducting carbon [142], carbon nanotubes [143], and graphene [144], is
the commonly adopted technique to control the extent of volume change and for
improving the electronic conductivity of iron oxides. Although the volume change
ratio depends on material-specific quantities, it is possible to control the extent of
volume change by controlling the particle size of the active material. Owing to the
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formation of short Li+-ion diffusion length by the size reduction of the active mate-
rial to nanoscale, the chemical reaction resistance also get reduced. However, there
are various processing difficulties associated in the use of nano-sized active material
particles and nanoscale processing such as poor dispersibility due to an increase in
the van derWaals force, low initial Coulombic efficiency due to high specific surface
area, and low safety due to high chemical activity. To solve out these issues, electrodes
prepared using composites of nanoscale active materials and carbon materials have
been reported extensively [140], owing to the reduction in interfacial area between
the electrolyte and active material by the composite effect, which suppresses the SEI
growth, thereby improving the Coulombic efficiency.

Carbon coating on iron oxide nanoparticles can form 0D nanospheres [145, 146]
1Dnanowires [36, 147], 2Dnanoflakes [148, 149], and3Dstructures of porous carbon
foam loading iron oxide [43, 45].Differentmethods such as solid-state reaction [150],
hydrothermal process [151], solgel method [152], spray-drying technique [153],
vacuum sintering [154], and vacuum decomposition are some of the commonly used
methods for doing the carbon coating. Electrospinning is one of the unique carbon
coating methods and has been used to fabricate 1D hybrid carbon coating iron oxide
nanofibrous composites [79, 155–158], 1D iron oxide nanofibers [12, 159], and 1D
carbon nanofibers for Li-ion batteries [160, 161]. The method can embed the iron
oxides into a conductive carbon by subsequent heat treatment which enhances the
electrochemical properties effectively due to the increased electronic conductivity.
The uniformly coated nanometer-thick carbon layer on the active material (iron
oxide) acts as the mechanical buffer, which prevents or minimizes the large volume
expansion and cracking of electrode during the continuous charge–discharge cycles.

10.4.1 Electrospun Fe2O3/Fe3O4 Nanostructures

Different coating methods for the preparation of nanostructures such as chemical
vapor deposition (CVD) [163], atomic layer deposition (ALD) [164, 165], electro-
chemical deposition (ECD) [166], and chemical bath deposition (CBD) [167–169]
or the conventional synthetic strategies such as hydrothermal method [170] and
scaffold-assisted synthesis method [170] are reported for the fabrication of nanos-
tructures of Fe2O3/Fe3O4. Unfortunately, these methods need to involve the multi-
step growth of designed shell materials on various removable or sacrificial templates,
which suffers from severe drawbacks. These methods are time consuming; tedious,
high-temperature, and complicated processes need expensive equipment. Compared
to the other synthesis methods, electrospinning is a facile, cost-effective, and flex-
ible platform for one-dimensional (1D) robust Fe2O3/Fe3O4 nanostructures. This
versatile method offers several advantages, such as high yield, mass production, easy
control over themorphology, and high degree of reproducibility of the obtainedmate-
rials [171–177]. More importantly, the electrospun nanofibers possess high surface-
to-volume ratios due to the formation of super long scale in length of thin fibers,
the completely interconnected pore structure, the porous substructure formed on
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the fiber during annealing, nano- to submicron size fiber diameters, and the great
control over the morphology by simply changing the electrospinning process, solu-
tion, or ambient parameters [172].When used these electrospun Fe2O3/Fe3O4 nanos-
tructured materials as electrode in lithium-ion batteries, the large specific surface
area and sufficient void spaces not only tolerate the volume change during the Li+-
ion intercalation, but also endow with more open channels for ions and electrons
to migrate rapidly, resulting in the improved electrochemical performances. There
are significant number of studies reported on the preparation of F2O3-/Fe3O4-based
nanostructured anodes having different morphologies such as nanotubes [159, 178],
nanorods [162, 179–182], porous structure [158, 183], microbelt [9], or hollow fibers
[12, 184].

10.4.1.1 Porous Fe2O3/Hollow Fe3O4 Nanotube

A nanotube is a nanoscale material that has a seamless tubelike structure. Among
the various nanostructures of Fe2O3 such as nanoparticles [185], nanorods [26, 186]
and nano fibers [187, 188] etc., (1D) Fe2O3/Fe3O4 nanotubes [159, 170, 189] gained
munch attraction due to their advantages properties, including the increase contact
surface area between electrolyte and active materials, shorten migration path for
Li+ and electron, and accommodate the volume variations via additional void space
during cycling.

Sun et al. [170] prepared 1D porous Fe2O3 nanotubes with 2-μm length, 220-
nm outer diameter, and 65-nm wall thickness via a low-temperature hydrothermal
method followed by thermal treatment. The resulted porous Fe2O3 nanotubes exhib-
ited enhanced electrochemical properties in terms of lithium storage capacity (1050
mAh g−1 at 100 mA g−1 rate), initial Coulombic efficiency (78.4%), cycle perfor-
mances (90.6% capacity retention at 50th cycle), and rate capability (613.7 mAh g−1

at 1000 mA g−1 rate). 1D porous Fe2O3 nanostructures have also been synthesized
via a SiO2 scaffold method, exhibiting the initial discharge and charge capacities of
1304.3 and 950.9 mAh g−1 at a current density of 100 mA g−1, respectively [170].
Also, the porous Fe2O3 nanorods deliver a capacity of 671 and 541 mAh g−1 at
current densities of 1000 and 2000 mA g−1, respectively, showing good rate capa-
bility. Although the aforementioned porous Fe2O3 nanotubes showed the enhance-
ment of lithium storage capacities, to fabricate porous Fe2O3nanotubeswith satisfied
properties via a facile technology is still an appealing challenge. Hence, the robust
electrospun Fe2O3 nanotubes are prepared and studied its electrochemical properties
in LIBs.

Porous Fe2O3 [159] and Fe3O4/C [178] nanotubes were prepared by electrospin-
ning a solution of iron (III) acetylacetonate and PVP (for porous Fe2O3 nanotubes) or
iron (III) acetylacetonate and polyacrylonitrile (PAN) (10:8wt./wt.) alongwith a 40%
mineral oil on weight of iron (III) acetylacetonate (for Fe3O4/C nanotubes). First, the
Fe2O3 or Fe3O4/C precursor fiber was prepared and then the fibers are heat-treated to
transform to the porous hollow nanotubes. Fe2O3 precursor nanofibers (Fig. 10.3a,
b) having an average fiber diameter of 520 nm possess continuous fibrous geometry
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Fig. 10.3 a, b Low- and high-resolution images of precursor fibers, c, d FE-SEM images of porous
Fe2O3 nanotubes. Adapted and reproduced from Ref. [159]. Copyright 2015 Elsevier

with a relatively smooth surface and without any pores or hierarchical nanostructure
were first prepared by electrospinning and then annealed at 500 °C. After annealing,
the as-prepared sample inherits the continuous 1D nanostructures from the precursor
fibers and shows a large quantity of tubelike structures having average diameter of
400 nm (Fig. 10.3c, d); i.e., the diameter of the precursor fiber gets reduced by the
shrinkage at higher temperature. For the production of Fe3O4/C nanotubes, the as-
spun nanofibers were pre-oxidized in air at 250 °C for 2 h to follow by the carboniza-
tion at 600 °C for 2 h under high-purity argon atmosphere. The resultant nanotubes
have outer diameter range from 200 to 400 nm and length of several millimeters.

During the electrospinning process, when the fibers are spun out from the spinning
needle, the solvent will evaporate rapidly from the surface of fibers. This leads to
the formation of a concentration gradient of solvent along the radial direction of
the fibers, as illustrated in Fig. 10.4a; hence, the concentration at the center of the
fibers is usually high than that of the surface. Due to the rapid evaporation of the
solvent, the PANwill solidify on the surface of fiber.During the solidification process,
the AAI and PAN will be extracted and reside at the shell of the fiber due to the
rapid phase separation result from their poor solubility in mineral oil. Hence, the
rapid evaporation of solvent produces a region near the fiber surface enriched in
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Fig. 10.4 a Schematic illustration of one step method to fabricate 1D Fe3O4/C nanotubes by
electrospinning, b SEM image on the surface morphology of the final Fe3O4/C nanofibers, and
the lower-left corner inset is an enlarged view of a single nanotube, and the scale bar is 200 nm,
c TEM images of the Fe3O4/C nanotube. Adapted and reproduced from Ref. [178]. Copyright 2014
Elsevier

PAN/AAI, and the mineral oil would diffuse from the surface to the core of the
fiber. With the continuing evaporation of the solvent, the concentration of PAN/AAI
decreases continuously from the surface to the center of fiber, and the mineral oil
tends to congregate at the center of fibers, as displayed in Fig. 10.4a. Further, the
mineral oil at the center of fibermight evaporate through thewall of the nanotubes and
PAN/AAI nanotubes were collected on the target. During the carbonization at 600 °C
in Ar atmosphere, PANwould be decomposed and carbonized completely leading to
the formation of Fe3O4/C nanotubes obtained. The tubes have a wall thickness of 40
and 150 nm hollow cores as shown in Fig. 10.4b, and it shows a roughness surface
that can be distinctly observed from Fig. 10.4c.

On contrary, during the production of porous Fe2O3, the electrospun precursor
nanofibers showed a smooth surface without porous or hollow structures. When the
precursor fiber is sintering in air atmosphere, the degradation of the side chain of
PVP formed through the intermolecular cross-linking reaction and the decomposi-
tion of iron acetylacetonate occur simultaneously. Upon increasing the temperature,
both PVP and iron acetylacetonate would be oxidized. The oxidation of PVP results
in the volatilization and evolution of CO2, while the oxidation of iron acetylaceto-
nate resulted in the formation of Fe2O3 nanoparticles. The outward diffusion of CO2
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generates a pressure to compress the Fe2O3 nanoparticles on the surface region of the
fiber and forms a porous shell. Then, the porous shell allows CO2 effusion from the
regions below the shell in the fiber and the iron precursor in the inner part of the fibers
would move toward the surface which is presumably accelerated by gaseous species
that are produced by the oxidation of PVP, and crystallized into Fe2O3 nanoparti-
cles. Finally, these Fe2O3 nanoparticles get connected together to generate porous
Fe2O3 nanotubes. However, the formation of porous annotate greatly depends on the
concentration iron precursor (iron acetylacetonate) in the electrospunned precursor
fiber. To get more insight into the actual evolution process of the Fe2O3 nanostruc-
tures, we carry out a series of concentration-dependent experiments which samples
are prepared by adjusting the concentration of iron acetylacetonate in the electro-
spun precursor solution. The precursor fiber having iron acetylacetonate higher than
about 45% in the precursor electrospun fibers resulted in the formation of Fe2O3

nanotubes. If the concentration of iron precursor is less than 45% obviously, it results
in the formation of a few Fe2O3 nanoparticles, which is difficult to keep the robust
frame of the nanotube shell. As a result, the collapse of the tube structure results
in the formation of the nanobelts (Fig. 10.5a). When the iron precursor concentra-
tion is lower than 37%, only nanobelts are formed (Fig. 10.5b), while the increase in
concentration to 47% forms both nanobelts and nanotubes (Fig. 10.5c).When the iron
precursor concentration is further extended to about 50%, the increase progressively
encourages the formation of a large number of Fe2O3 nanoparticles; as a result, the
Fe2O3 porous nanotubes appear (Fig. 10.5d). Hence, the evolution of Fe2O3 nanos-
tructures could be controllably synthesized by adjusting the concentration of the
electrospun precursor solution (Fig. 10.5e).

The cyclic voltammetry studies showed three cathodic peaks correspond to the
potentials 1.55, 0.89, and 0.55 V, indicating the different lithiation steps [12, 156,
190, 191]. The peaks at 1.55 and 0.89 V correspond to the intercalation of Li + ions
into the crystal structure of porous Fe2O3 nanotubes and the transformation from
hexagonal α-LixFe2O3 to cubic Li2Fe2O3 without any crystal structure destruction.
The high intensity peak observed at 0.55 V corresponds to the crystal structure
destruction accompanied by the complete reduction of iron from Fe(III) to Fe(0)
and the decomposition of electrolyte. The anodic polarization peaks observed at
1.85 V correspond to the oxidation of Fe(0) to Fe(II) and Fe(III) to re-form Fe2O3.
Compared to the first cycles, the subsequent cycles are significantly different, which
is due to irreversible phase transformation during lithium insertion and extraction in
the initial cycle. During the second cathodic process, the peaks at 1.55 and 0.89 V
disappear, which indicates lithium insertion and irreversible phase transformation
of hexagonal α-LixFe2O3 to cubic Li2Fe2O3. Also, a decrease in the peak intensity
with the number of cycles is observed, which indicates that the capacity is decreased
during cycling. However, the CV curves starts to overlap after the third cycle cathodic
scan, which indicate the reversibility and capacity stability the continuous charge-
discharge processes. The galvanostatic charge–discharge profiles of the porous Fe2O3

are consistent with CV curves [159].
The porous Fe2O3/Li metal half cells assembled by using Celgard 2400

membrane as the separator and 1M LiPF6 in ethylene carbonate/dimethyl carbonate
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Fig. 10.5 SEM images on the surface morphology of Fe2O3 nanostructures obtained by adjusting
the quantity of iron acetylacetonate (g): a 0.2, b 0.3 c 0.4, and d 0.5, respectively in the electro-
spun precursor solution. e Possible formation mechanism of Fe2O3 nanostructures. Adapted and
reproduced from Ref. [159]. Copyright 2015 Elsevier
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(EC/DMC,1:1 v/v) as the electrolyte delivered an initial charge and discharge capac-
ities of around 1045 mAh g−1, at a current density of 100 mA g−1. Particularly,
the porous Fe2O3 nanotubes still exhibit an excellent cyclic performance at a much
higher current density of 200mAg−1, and the capacity reaches 988mAhg−1 after 250
discharge and charge cycles. TheCoulombic efficiency rises rapidly in the subsequent
cycles, reaching up to 95% at the 5th cycle, and remains above 98% after 50 cycles,
suggesting an excellent reversible Li+-ion intercalation/extraction performance. The
specific reversible charge and discharge capacity decrease slightly up to the initial
50 cycles and reach 513 and 524 mAh g−1, respectively, and then increase signifi-
cantly and reach over 995 and 988 mAh g−1 by 250th cycle. The porous Fe2O3 also
showed good rate capability [159]. Similarly, the Fe3O4/C nanotubes also showed
good charge–discharge cycling stability and rate capability. In the half cell studies
using M LiPF6 in ethylene carbonate, diethyl carbonate and ethyl methyl carbonate
(EC/DMC/EMC, 1:1:1 vol) as the electrolyte and Celgard 2400 polypropylene as
separator showed an initial discharge and charge capacity of 1102 and 727 mAh g−1,
with a Coulombic efficiency of only 66% at a current density of 0.15 °C. The signifi-
cantly higher capacity loss (34% loss) during the first cycle [178] is corresponding to
the formation of SEI layer and the incomplete conversion reaction [192, 193]. When
the cell is cycled at 1600 mA g−1, the cell delivers a very stable capacity of 350 mAh
g−1, and when the current density is switched back to 0.15 °C, a capacity about 600
mAh g−1 is delivered, which is about 100 mAh g−1 less compared to the first cycles
at 0.15 °C [178].

In both porous Fe2O3 and Fe3O4/C electrodes, an initial capacity loss (25–35%)
is observed. Similar irreversible capacity loss was noted with other metal oxides or
metal oxide combinations reported in previous literature [12, 193, 194].

Compared to Fe3O4/C nanofibers prepared by a controlled fabrication process,
sample fabricated according to Wang’s reports [157] good electrochemical perfor-
mance. The charge–discharge studies at a current density of 0.15 °C displayed a
quick drop-down in discharge capacity to 300 mAh g−1 after 100 cycles, which is
about 50% discharge capacity of the F3O4/C. More clearly, F3O4/C nanotube shows
negligible capacity decreases from the 2nd cycle onward and displayed a discharge
capacity as high as 600 mAh g−1 (85% of the second cycle capacity) after 100 cycles
at a current density of 0.15 °C [178]. The lackluster cycling performance of Fe3O4/C
nanofibers is due to the solid structure of the nanofiber; hence, there is no enough
space to accommodate the mechanical stress of Fe3O4 nanoparticles along the fiber
axis of the nanofibers. The substantially subdued capacity fade in Fe3O4/C nanotubes
is due to the hollow nanotube structure having larger surface-to-volume ratio than
that of 1D nanofibers, which could effectively accommodate large volume changes
associated with Li+-ions insertion/extraction. In addition, the tubular structure can
increase the surface area accessible to the electrolyte facilitating the diffusion of Li+

ions at the interior and exterior of the nanotube. The charge–discharge capacity fade
under continuous cycling is mainly due to the pulverization of original aggregation
of Fe2O3 particles by the huge volume expansion and contraction during the Li+-ion
intercalation/extraction process and resulting in the loss of electrical connectivity
between the particles and current collector.
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A novel process for the preparation of aggregate-free metal oxide nanopowders
with spherical (0D) and non-spherical (1D) hollow nanostructures was introduced.
Carbon nanofibers embedded with iron selenide (FeSe) nanopowders with various
nanostructures are prepared via the selenization of electrospun nanofibers. Ostwald
ripening occurs during the selenization process, resulting in the formation of a
FeSe-C composite nanofiber exhibiting a hierarchical structure. These nanofibers
transform into aggregate-free hollow Fe2O3 powders via the complete oxidation
of FeSe and combustion of carbon. Indeed, the zero-dimensional (0D) and one-
dimensional (1D) FeSe nanocrystals transform into the hollow-structured Fe2O3

nanopowders via a nanoscale Kirkendall diffusion process, thus conserving their
overall morphology. The discharge capacities for the 1000th cycle of the hollow-
structured Fe2O3 nanopowders obtained from the FeSe–C composite nanofibers
prepared at selenization temperatures of 500, 800, and 1000 °C at a current density
of 1 A g−1 are 932, 767, and 544 mAh g−1, respectively; their capacity retentions
from the second cycle are 88, 92, and 78%, respectively. The high structural stabili-
ties of these hollow Fe2O3 nanopowders during repeated lithium insertion/desertion
processes result in superior lithium-ion storage performances.

Figure 10.6 outlines the mechanism of the formation of Fe2O3 nanopowders
exhibiting hollow nanostructures of different dimensions via the nanoscale Kirk-
endall diffusion process. Following the selenization processes at different tempera-
tures (i.e., 500, 800, or 1000 °C), the electrospun nanofibers (Fig. 10.6a) were trans-
formed into the hierarchical nanostructures. Selenization of the iron components
located close to the nanofiber surface resulted in the formation of FeSe nanocrys-
tals during the early stages of the process. Ostwald ripening then occurred during
further selenization to yield the hierarchical FeSe–C composite nanofiber. In this
process, the ultrafine FeSe nanocrystals formed inside the carbon nanofiber diffused
to the surface to produce FeSe crystals via Ostwald ripening. Complete seleniza-
tion at 500 °C resulted in the carbon nanofiber being uniformly embedded with
ultrafine FeSe nanocrystals (Fig. 10.6b). However, at higher selenization temper-
atures (Fig. 10.6c), crystal growth occurred via the segregation of nanocrystals
and spheroidization due to melting. Finally, the hierarchical FeSe–C nanofibers
transformed into hollow aggregate-free Fe2O3 nanopowders (Fig. 10.6d, e) via the
complete combustion of carbon and oxidation of FeSe. Furthermore, as shown in
Fig. 10.7, FeSe nanocrystals with 0D and 1D structures transformed into the hollow-
structured Fe2O3 nanopowders via a nanoscale Kirkendall diffusion process, thus
conserving their overall morphology. For simplicity, the hollow Fe2O3 nanopowders
obtained from the FeSe-C composite nanofibers prepared at 500, 800, and 1000 °C
are referred to as “Sel.500-Oxi.600,” “Sel.800-Oxi.600,” and “Sel.1000-Oxi.600,”
respectively [1].

10.4.1.2 α-Fe2O3 Nanorods

Nanorods are one of the nanostructured entities, reported as electrodes in LIBs.
Different synthesis techniques such as forced hydrolysis, solgel synthesis, template
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Fig. 10.6 Formation mechanism of the hollow-structured Fe2O3 nanopowders with 0D and 1D
structure. Adapted and reproduced from Ref. [182]. Copyright 2016 Springer

methods, molten salt process, spray pyrolysis, hot plate method, hydrothermal
method, and co-precipitation technique have been adopted to prepare various nanos-
tructures of hematite [34, 134, 191, 195–200]. Nanoscale Kirkendall diffusion
and Ostwald ripening processes, in which filled structures are transformed into
hollow structures during heat treatment, have been applied recently for the prepa-
ration of hollow nanospheres (0D) in the absence of templates [182, 201–205] α-
Fe2O3nanorods [156] and bubble-nanorod-structured Fe2O3-carbon nanofibers [179]
prepared by electrospinning are reported as high performance anode in LIBs.

The α-Fe2O3 nanorods are synthesized by electrospinning of polyvinylpyrroli-
done (PVP)/ferric acetylacetonate (Fe(acac) 3) composite precursors and subsequent
annealing at 500 °C for 5 h. The phase separation of Fe(acac)3 and PVP process
involving a polymer/precursor forms “islands” that account for the generation of
α-Fe2O3 nanorods having average diameter of the nanorods is found to be 150 nm
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Fig. 10.7 Conversion reaction of the FeSe filled structure into Fe2O3 hollow structure by nanoscale
Kirkendall diffusion effect,a hollow-structuredFe2O3 nanopowderwith 1Dandbhollow-structured
Fe2O3 nanopowder with 0D. Adapted and reproduced from Ref. [182]. Copyright 2016 Springer

upon heat treatment. The annealed electrospun α-Fe2O3 nanorods are composed of
agglomerates of nano-sized α-Fe2O3 particles. The electrospun α-Fe2O3 nanorods
exhibit a high reversible capacity of 1095 mAh g−1 at 0.05 °C, are stable up to 50
cycles (with capacity retention of 93% between 2 and 50 cycles), and also show high
rate capability, up to 2.5 °C. At a current rate of 2.5 °C, α-Fe2O3 nanorods deliver
a discharge capacity of 765 mAh g−1 and when the current rate is reduced from 2.5
to 0.1 °C after 70 cycles, still a reversible capacity of 1090 mAh g−1 is obtained
showing the good rate capability of the material. The high rate capability and excel-
lent cycling stability can be attributed to the unique morphology of the macroporous
nanorods comprised of interconnected nano-sized particles [156].

The structure denoted as “bubble-nanorod composite” is synthesized by intro-
ducing the Kirkendall effect into the electrospinning method. Bubble-nanorod-
structured Fe2O3/C composite nanofibers, which are composed of nano-sized hollow
Fe2O3 spheres uniformly dispersed in an amorphous carbon matrix, are synthesized
as the target material using Fe(acac)3-PAN composite solution as the precursor.
Post-treatment of the electrospun precursor nanofibers at 500 °C under 10% H2/Ar
mixture gas atmosphere produces amorphous FeOx/carbon composite nanofibers,
and the further post-treatment at 300 °C under air atmosphere produces the bubble-
nanorod-structured Fe2O3/C composite nanofibers. The solid Fe nanocrystals formed
by the reduction of FeOx are converted into hollow Fe2O3 nanospheres during the
further heating process by the well-known Kirkendall diffusion process [179].

The formation mechanism of bubble-nanorod-structured Fe2O3/C composite
nanofibers is schematically displayed in Figs. 10.8 and 10.9.During the carbonization
at 500 °C, the PAN gets decomposed to form the carbon matrix and the decomposi-
tion of iron acetylacetonate produced FeOx, which is uniformly dispersed in carbon
matrix resulting in the carbon composite nanofibers. The significantly large amount
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Fig. 10.8 Formation mechanism of bubble-nanorod-structured Fe2O3/C composite nanofiber by
Kirkendall-type diffusion. Adapted and reproduced from Ref. [179]. Copyright 2015 American
Chemical Society

Fig. 10.9 a Formation mechanism of hollow Fe2O3 nanosphere in the bubble-nanorod-structured
Fe2O3 carbon composite nanofiber by Kirkendall effect, b, c its chemical conversion process in the
surface region of a sphere. Adapted and reproduced from Ref. [179]. Copyright 2015 American
Chemical Society
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of carbon in the fiber disturbed the crystal growth of FeOx. The subsequent post-
treatment of the FeOx/carbon composite nanofibers at 300 °C under air atmosphere
produced the bubble-nanorod-structured Fe2O3C composite nanofiber. Reduction of
FeOx crystals surrounded by the carbon matrix into Fe metal occurred during the
post-treatment under air atmosphere by the following equation:

FeOx (s) + xC(s) → Fe(s) + xCO(g)

The crystal growth of Fe formed ultrafine Fe nanocrystals uniformly dispersed
within the carbon nanofibers during the early stage of post-treatment by the consump-
tion of some amount of carbon. The solid Fe nanocrystals were converted into hollow
Fe2O3 nanospheres during the subsequent heating process by the well-known Kirk-
endall effect. The Kirkendall effect, a vacancy flux, and subsequent void forma-
tion process resulting from diffusivity differences at inorganic interfaces were first
reported by Aldinger [206]. The Kirkendall effect results in the formation of a
thin Fe2O3 layer on the Fe metal surface (Fig. 10.8c), followed by simultaneous
outward diffusion of Fe cations through the oxide layer and inward diffusion of
oxygen into the nanospheres, creating an intermediate Fe@Fe2O3 core–shell struc-
ture (Fig. 10.9b). Fe cations diffused outward more quickly than oxygen diffused
inward, which is consistent with the larger ionic radius of oxygen anions (140 pm)
than Fe cations (Fe2+ is 76 pm, and Fe3+ is 65 pm). Accordingly, Kirkendall voids
were generated near the Fe/Fe2O3 interface during vacancy-assisted exchange of
the material via bulk interdiffusion (Fig. 10.9c), which gave rise to coarsening and
enhancement of pore growth in the spheres (Fig. 10.8d). Complete conversion of
Fe metal into Fe2O3 by Kirkendall-type diffusion resulted in the bubble-nanorod-
structured Fe2O3C composite nanofibers (the highly crystalline structure of the
hollow Fe2O3 nanofibers). The figure shows the TEM image and elemental mapping
of the nanofibers post-treated at 500 °C under H2/Ar mixed gas atmosphere. The
elemental mapping images shown in Fig. 10.10 show the trace amounts of carbon
present in the nanofibers.

The cell studies displayed discharge capacities of 812 and 285 mAh g−1, respec-
tively, for bubble-nanorod-structured Fe2O3/C composite nanofibers and hollow bare
Fe2O3 nanofibers for the 300th cycles at a current density of 1.0 A g−1, and their
capacity retentions measured from the second cycle are 84 and 24%, respectively.
The initial (first cycle) Coulombic efficiencies of hollow bare Fe2O3 nanofibers and
bubble-nanorod-structured Fe2O3/C composite nanofibers were 81 and 69%, respec-
tively. The initial irreversible capacity loss of the hollow bare Fe2O3 nanofibers
is ascribed to the formation of an SEI layer on the surface of the nanofibers and
the incomplete restoration of metallic Fe into the original oxide during the initial
charging process [156, 207]. The high amount of amorphous carbon, which has a low
lithium storage capacity and a large initial irreversible capacity loss, decreased the
initial discharge capacity andCoulombic efficiency of the bubble-nanorod-structured
Fe2O3/C composite fibers [208, 209]. The rate capability studies showed that the
stable reversible discharge capacities of the bubble-nanorod-structured Fe2O3C
nanofibers decreased from 913 to 491 mAh g−1 as the current density increased
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Fig. 10.10 Morphologies, SAED, and elemental mapping images of the nanofibers post-treated at
500 °C under H2/Ar gas atmosphere: a, b TEM images, c SAED pattern, and d elemental mapping.
Adapted and reproduced from Ref. [179], Copyright 2015 American Chemical Society

from 0.5 to 5.0 A g−1. Furthermore, the discharge capacity recovered to 852 mAh
g−1 as the current density was restored to 0.5 A g−1. The electrochemical studies
showed that the bubble-nanorod-structured Fe2O3C nanofibers showed superior elec-
trochemical properties as an anode material for LIBs as compared with the hollow
bare Fe2O3 nanofibers. The synergetic effect of hollow nanospheres and a carbon
matrix resulted in the superior cycling and rate performance of the bubble-nanorod-
structured Fe2O3/C nanofibers. The hollow nanospheres accommodate the volume
change that occurs during the continuous charge–discharge cyclingwhich leads to the
long-term cycling stability. The unique structure of the bubble-nanorod-structured
Fe2O3/C composite nanofibers results in their superior electrochemical properties by
improving the structural stability during long-term cycling.



302 N. T. M. Balakrishnan et al.

10.4.1.3 Metal/Fe2O4 or Fe3O4 Composite Nanofibers

In spite of their lower cost and better safety, the capacity retention of transition metal
oxides especially Fe2O3/Fe3O4 and turning of their energy/power density remain
as major drawbacks. However, transition metal oxide spinels (AB2O4) with two
transition elements (both A- and B-sites) provide the feasibility to tune the energy
density and working voltages by varying the transition metal content [210, 211].
Owing to it, zinc [212–215], Co, Cu, etc., have been substituted into iron oxide to
construct a ternary metal ferrite (ZnFe2O4/CuFe2O4/CoFe2O4, etc.) and possess a
lower working voltage to effectively enhance the total output voltage of the LIBs.
CuFe2O4 nanoparticles, nanorods, and hollow spheres have been fabricated through
wet chemical routes, and their electrochemical properties have been investigated
[216–218]. Cobalt ferrite (CoFe2O4) has been well regarded as a distinguished anode
due to its low cost, high chemical stability, and good environmental benignity [219–
222]. Especially, CoFe2O4 can deliver a high theoretical capacity of 916 mAh g−1

based on an eight-electron conversion reaction. Similarly, zinc ferrite (ZnFe2O4)
generates high capacity as lithium ions form an alloy with Zn and dealloy, while
Fe and Zn react with Li2O to absorb/release Li during lithiation/delithiation. Thus,
ZnFe2O4 implements both conversion [6, 223] and alloy/dealloy [224, 225] reaction,
simultaneously. Also, fabrication of nanostructured binary metal oxides could buffer
the mechanical strain during the cycling process. In particular, 1D hollow nanos-
tructure could not only provide sufficient void spaces to tolerate the volume change
during cycling process, but also allow for efficient electron transport along the longi-
tudinal direction, resulting in the improved electrochemical performance. Hence,
CoFe2O4 nanotubes [226], CuFe2O4 nanotubes and nanorods [227], CoFe2O4/C
composite fibers [228], interwoven ZnFe2O4 nanofibers [229], and N-doped amor-
phous carbon-coated Fe3O4/SnO2 coaxial nanofibers [230] were prepared by electro-
spinning and reported as anode in LIBs having enhanced electrochemical properties.
When evaluated as anode materials for LIBs, the CoFe2O4 nanotubes exhibited good
electrochemical performance with high specific capacity of 1228 and 693.9 mAh
g−1 at a current density of 50 and 200 mA g−1, respectively, long cycling stability
over 160 cycles, and good rate capability (214.7 mAh g−1 at 2 A g−1) [226], while
the CuFe2O4 nanotubes delivered a high reversible capacity of 1399.4 mAh g−1 at
a current density of 200 mA·g−1 and a capacity retention of ∼816 mAh g−1 after
50 cycles with a good rate capability (450 mAh g−1 at 2.5 A g−1) [227] which is
much higher compared to CoFe2O4 nanotubes (wall thickness of ∼50 nm, presented
diameters of ∼150 nm, and lengths up to several millimeters) [226]. The CuFe2O4

nanorods showed a discharge capacity of only ∼489 mAh g−1 after 50 cycles for
the same current density of 2.5 A g−1 which clearly suggest that the nanotubes have
superior electrochemical properties than their counterpart nanotubes [227]which can
be attributed to the continuous one-dimensional (1D) hollow nanostructure and their
higher surface area. However, compared to CoFe2O4 nanotubes [226], CoFe2O4/C
composite fibers consist of CoFe2O4 nanoparticles with a diameter of about 42 nm
well dispersed in the carbon matrix as anode material prepared by electrospinning
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Fig. 10.11 Scheme of the procedure for producing CuFe2O4 nanotubes. Adapted and reproduced
from Ref. [227], Copyright 2014 Elsevier

and thermal technique displayed a stable and reversible capacity of over 490 mAh
g−1 after 700 cycles at a rate of 2.0 C and good rate capability [228].

The (1D) CuFe2O4 nanotubes and nanorods were fabricated by a single spinneret
electrospinning method followed by thermal decomposition for removal of poly-
mers from the precursor fibers. It was found that phase separation between the elec-
trospun composite materials occurred during the electrospinning process, while the
as-spun precursor nanofibers composed of polyacrylonitrile (PAN), polyvinylpyrroli-
done (PVP), and metal salts might possess a core–shell structure (PAN as the core
and PVP/metal salt composite as the shell) and then transformed to a hollow structure
after calcinations as shown in Fig. 10.11 [227]. Based on the literature and the above
analysis, the electrochemical reactions involved in the cycling process are believed
to proceed as follows:

CuFe2O4 + nLi + +ne− → LinCuFe2O4

LinCuFe2O4 + (8 − n)Li+ + (8 − n) → xCu + (2 − x)Fe

+ FexCu(1 − x) + 4Li2O(0 ≤ 1 ≤ 4)

Cu + Li2O → CuO + 2Li+ + 2e−

Fe + 3Li2O → Fe2O3 + Li+ + e−

As a heavy metal, Co, is a toxic material, hence nanowebs consisting of inter-
woven ZnFe2O4 nanofibers are synthesized by a simple electrospinning technique,
to be employed as an environmentally friendly anode in lithium-ion batteries. The
morphological studies showed self-assembly of electrospun ZnFe2O4 nanofibers into
intertwined porous nanowebs with a continuous framework. Benefitting from the
one-dimensional functional nanostructured architecture, the application of electro-
spun nanowebs with ZnFe2O4 nanofiber (ZFO-NF) anodes in LIBs delivers the first
charge capacity of 925mAhg−1, exhibits excellent cyclability, and retains a reversible
capacity of 733 mAh g−1 up to 30 cycles at 60 mA g−1 as compared to ZnFe2O4

nanorods (ZFO-NR) with a capacity of 200 mAh g−1. The ZnFe2O4 nanowebs also
displayed a high capacity of 400 mAh g−1 at 800 mA g−1 (1C). The enhanced
capacity releases at higher current densities have shown the importance of having
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a well-connected electronic wiring during lithium insertion/extraction especially in
prolonged cycling [229].

N-doped amorphous carbon-coatedFe3O4/SnO2 coaxial nanofiberswere prepared
via a facile approach and studied as binder-free self-supported anode for lithium-ion
batteries and their electrochemical performance in LIBs. In the process of prepara-
tion, the core composite nanofibers were first made by electrospinning technique,
and then the shells were conformally coated using the chemical bath deposition and
subsequent carbonization using polydopamine as a carbon source (Fig. 10.12). The
coaxial nanofibers displayed an enhanced electrochemical storage capacity of 1223,

Fig. 10.12 a, bTEM, c high-resolution TEM images of the prepared single Fe2O3/SnO2 composite
nanofiber, d, e TEM, f high-resolution TEM images of the carbonized polydopamine-coated single
Fe3O4/SnO2 coaxial nanofiber. Adapted and reproduced fromRef. [230]. Copyright 2014American
Chemical Society
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Fig. 10.13 a, b TEM images of the carbonized polydopamine-coated Fe3O4/SnO2 coaxial
nanofibers after rate performance test. Adapted and reproduced from Ref. [230]. Copyright 2014
American Chemical Society

1030, 862, and 640 mAh g−1 at 100, 200, 400, and 800 mAg−1, respectively. Even
after the current density is increased to 1600 mA g−1, it still maintains a high charge
capacity of 402 mAh g−1. When the current density is restored to the initial setting
of 100 mA g−1, the carbonized polydopamine-coated Fe3O4/SnO2 coaxial nanofiber
electrode (Fig. 10.13) leads to a reversible capacity of 1070 mAh g−1 displaying not
only its superior capacity retention but also excellent capacity recovery performance.
Also, it was found that the morphology of the interwoven nanofibers was maintained
even after the rate cycle test. The superior electrochemical performance originates
from the structural stability of the N-doped amorphous carbon shells formed by
carbonizing polydopamine [230]. On the basis of the literature, the electrochemical
reactions of the carbonized polydopamine-coated Fe3O4/SnO2 coaxial nanofibers
can be described as follows

SnO2 + 4Li+ + 4e− → Sn + 2LiO

Sn + xLi+ + xe− → LixSn(0 ≤ x ≤ 4.4)

Fe3O4 + 8Li+ + 8e− → 3Fe + 4Li2O

10.5 Conclusion

For the achievement of best performing lithium-ion batteries, differentmaterialswere
greatly explored that can deliver a best performing system.Metal oxides possess great
significance in lithium-ion batteries since they are capable of exhibiting better elec-
trochemical properties. Similar to carbon base materials, currently, metal oxides are
also widely explored as anodes in LIBs. Iron oxide-based anode materials such as
Fe2O3 and Fe3O4 are promising due to its high capacity and lithium storage prop-
erties. Even though, despite of its high capacity, the poor cycling stability and high
polarization during lithiation and delithiation process limit its practical use in LIBs.
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Modifications of structural and surface characteristics are considered to be the best
method for the enhancement of electrochemical properties of these anodes. Electro-
spinning is considered to be the best method for this. Electrospinning is considered
to be the most versatile and simple method that provides a flexible platform for the
fabrication of nanostructures that can deliver better battery performance. Porous and
hollow iron oxide structure results by the electrospinning technique facilitate the
fast lithium-ion transfer as well as it accommodates the volume change that results
in unique electrochemical properties. Similarly, the hollow nanotubes and nanorods
that results by this technique can deliver high performance in battery owing to its
high surface area, controlled shape, and a low density. Further performance can be
enhanced by the structural modification by incorporating different metals to form
the composite structures which can result an enhancement in conductivity which is
significant for a better performing electrode material. These potential features make
iron oxide-based materials as the best performing anode material in LIBs.
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Chapter 11
Electrospun Cobalt Based Composites
as Anodes for Lithium-Ion Batteries

R. Krishnapriya, Devika Laishram, Bhagirath Saini, M. J. Jabeen Fatima,
and Rakesh K. Sharma

11.1 Introduction

Energy crisis and environmental pollution are the most challenging issues of this
century.Thegrowingglobal energydemandand the requisite of a sustainable environ-
ment triggered a renewed interest in developing very efficient methods for harvesting
and storing renewable energy [1–5]. Effective implementation of these alternative
renewable energy technologies (such as solar, wind, geothermal) necessitates the
support of prospective energy storage systems. These include batteries, superca-
pacitors, and fuel cells and amongst the different possible choices, electrochemical
batteries are proved to be the most accepted candidate [6]. A battery is an electro-
chemical device that stores electrical energy as chemical energy in its electrodes
through the charging process and delivers the same as electrical energy through the
discharge processwhen requiredwithout any gaseous emission.Amongvarious types
of batteries explored, lead-acid batteries find exceptional interest since they exhibit
a relatively stable charge/discharge state. However, the large weight and volume of
these batteries make them an undesirable candidate for portable, lightweight elec-
tric devices. Nickel–cadmium (Ni–Cd) or nickel–hydride (Ni–MH) based batteries,
which developed later find use in mobile phones and portable electric devices, had
suffered from toxicity issues and short battery life and leakage problem [7]. In this
scenario, lithium-ion batteries (LIBs) benefiting from chemistry with the relatively
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high energy density, power density, operating voltage, lightweight, without memory
effect, outstanding rate capability, low rates of self-discharge, and low environmental
pollution have accomplished remarkable developments in various advanced portable
electric devices (mobile phones and laptops) as well as transportation systems like
electric vehicles (EVs) and hybrid electric vehicles (HEVs) [8]. The research on LIBs
began early in the 1980s and has revolutionized the portable electronics market since
the first commercialization in 1990 by Sony Corp. for the Kyocera cellular phones.
The key components of LIBs are anode, cathode, separators, and electrolytes. The
charging and discharging of an archetypal LIB follow by a redox process in which
lithium ions (Li+-ion) shuttle among anode (negative electrode) and the cathode
(positive electrode). The anode releases lithium ions into the electrolyte leading to
their passage to the cathode which absorbs ions during the discharge process. The
charge capacity of LIBsmainly depends on the amount of Li that can be incorporated
into the electrode materials. Figure 11.1 is the schematic diagram of a rechargeable
lithium-ion battery containing solid electrodes and a liquid electrolyte. In LIBs, the
electrode material plays a central role in deciding battery energy/power density and
cycle-life output. The most successful cathode material for LIBs is considered to be
LiCoO2 (LCO), which was initially reported by Prof. Goodenough et al. [9] in 1980.
There are three important types of cathode materials that are widely applied in LIBs,
which include olivine materials (e.g., LiFePO4), spinel materials (e.g., LiMn2O4),
and layered materials (e.g., LiNixCoyMnzO2) [10].

Fig. 11.1 Schematic illustration and working of lithium ion batteries
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11.2 Anode Materials for Lithium-Ion Batteries

The anode plays a critical role in the entire battery performance, and it greatly relays
on the physical properties (shape, size), component state, crystalline or amorphous
structure, chemical properties, and energy storage capacity, etc. Owing to the low
atomic weight, redox energy near to that of metallic lithium, the good theoretical
capacity of 372 mAh g−1, high conductivity, reversibility, and reasonably low-cost
graphite has become a smart anode material in the present generation of LIBs [11].
One-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) carbon-
based materials, as well as porous and core-shell structures, metal alloys (Si, Sn, and
Ge), Ti-based oxides (Li4Ti5O12 and TiO2) metal oxides as well as their nanocom-
posites, were thoroughly studied to substitute the conventional graphite which has
a limited theoretical capacity of 372 mAh g−1 [7, 12, 13]. In order to find the wide
applicability of LIBs, it is necessary to develop potential electrode materials that
possess high charge/discharge rate capability and energy/power density along with
reduced production/operation costs, stability, and safety [14, 15]. Such advanced
functional materials fabrication requires immense scientific innovation. The devel-
opment of ideal nanostructured materials undoubtedly leads to enhance capacities
in terms of gravimetric or volumetric energy densities. Recently, nanotechnology
is providing novel solutions and opportunities to develop many sustainable mate-
rials with predefined properties for prospective technological applications [16–18].
Nanoscale materials have absolutely substituted the traditional anode materials in
most of the technological applications. Researchers found that when the size of parti-
cles insidematerials reduces tomatchwith thewavelength of electrons, phonons, and
magnons, some slight size effects occur, comprising the enhancement of electrical
conductivity magnetic coercivity, mechanical, optical, superparamagnetic proper-
ties owing to the large surface area. As of now, different techniques including post-
templating, sol-gel, pray-drying, co-precipitation, and hydrothermal methods have
been successfully demonstrated for the fabrication of functional nanomaterials for
LIBs.Among the applied nano-electrodematerials, 1Dnanomaterials like nanowires,
nanotubes, and nanofibers are getting special attention because of the considerable
enhancement in charge transportation due to the quantum confinement effects [19].
The main shortcoming with the carbon anode materials is the permanent capacity
loss during the first discharge-charge cycle because of irreversible side reactions
with the electrolyte that leads to the formation of solid-electrolyte interfacial (SEI)
layer. To avoid these issues, nanocomposites of carbon with other active materials
were demonstrated, and these nano-electrode materials should be mixed with suit-
able binders when applied to LIBs. However, this added binder often hampers the
electrical conductivity of anodes and thereby deteriorating the battery performance.
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11.3 Electrospinning Process

In order to avoid severe issues of binders used for the electrode fabrication for LIBs,
binder-free carbon nanofibers should be employed, and that can be fabricated via a
facile electrospinning method. This technique can achieve electrode materials with
solid as well as hollow interiors possessing exceptionally long length and uniform
diameter with tunable composition. Such nanofiber (NF) structures are free-standing
and are prepared by merely applying an electric field among the nozzle and collector
while introducing the polymeric solution, as shown in Fig. 11.2 in the schematic
representation [20–22]. The process of electrospinning is based on the principle of
electrostatics in which the electrostatic repulsion forces in a comparatively large
electrical field are used for the fabrication of nanofibers. The material to be electro-
spun is taken in the form of a polymeric solution and is hosted in a syringe. Later,

Fig. 11.2 Schematic representation of the Electrospinning process and the controllable parameters
to fabricate nanofibers
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a large electrical field (typically kV) is generated between the syringe nozzle and
the counter electrode. When the solution is ejected through the syringe, a conical
fluid-structure called the Taylor cone is created at the tip of the needle owing to the
developed potential difference between the nozzle and the target [23].

At a particular voltage, the repulsive force of the charged polymer surpasses the
surface tension of the solution, and a charged jet ejects from the tip of the Taylor
cone. However, if the applied voltage is not large enough, the jet will break up into
droplets (Rayleigh instability) [24]. Beyond the stable region, the jet erupts suscep-
tible to bending which results in the deposition of polymer over the collector via a
whipping motion. During this, the solvent evaporates which forms solid continuous
nanofibers in the target [22]. As the charged solution moves towards the regions of
lower potential, the evaporation of the solvent takes place that results in the high
electrostatic repulsion of the charged polymer and its elongation.

The morphology and the diameter of the NFs can be tuned by careful changes of
several operating parameters, including the molecular weight of the polymer used,
applied voltage, solution pumping rate, spinning distance, temperature, humidity, air
velocity, conductivity, viscosity, and surface tension of the solution, etc. Thus, NFs of
diameters from tens to several hundred with moderately narrow size distribution can
be easily fabricated. Also, this method is proved to be industry-viable, cost-effective
technology, and revealed the benefits of versatility, simplicity, excellent efficiency,
and yield. Moreover, the low-cost, one-step fabrication process devoid of using any
hazardous chemical is found to be sustainable and can successfully be scaled up
for massive production of ready to use binder-free anodes for many technological
applications. The primary favorable characteristics of the electrospinning method
to be used for LIBs include the tunable fiber diameter, high porosity, and specific
surface area along with interconnected pore structure, which favors high electronic
and ionic conductivity and is capable of enhancing the cyclability and rate capability
of electrode materials [25]. By carefully choosing different polymeric blends and
operational parameters, several NFs of natural polymers, polymer blends, metals,
metal oxides, etc. have been spun into various NF morphologies [26–30].

11.4 Electrospun Nanofibers for Lithium-Ion Batteries

As discussed above, the electrospun NFs can apply as advanced electrode materials
for LIBs with outstanding electrochemical performance, flexibility, and stretching
ability. These enhanced performances are achieved through excellent conductivity
due to the short ion diffusion path and a considerable length of individualNFs that can
inhibit self-aggregation during the charging/discharging process. Different electro-
chemically active electrodematerials made of carbon, metals, transitionmetal oxides
(SnO2, TiO2, Fe3O4, MoO2, LiCoO2, CoO, NiCo2O4, and Co3O4), and sulphides
(CuS, Cu2S, Li2S, MoS2, CoS, Co3S4, FeS2, Ni3S4) have been successfully designed
and fabricated for more excellent lithium storage in LIBs [12, 31–39]. Transition
metal oxides are favorable alternative anode materials owing to their high specific
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capacities and lithium storage capacities in comparison to commercial graphite.
When multiple components are integrated into electrospun NFs, the electrochem-
ical performance of the nanofiber-based electrode materials can be upgraded, when
compared with the single counterparts. Recently, cobalt-based nanofibers and their
composite electrode materials gain special attention as anode materials. The appli-
cation of cobalt-based anodes for LIBs has been significantly enhanced, and it is
expected that these materials will have the capability to become commercialized
shortly. Each cobalt-based compounds exhibit dissimilar electrochemical perfor-
mance. The redox mechanism of the cobalt-based electrodes follows the conversion
mechanism instead of the intercalation mechanism of conventional carbon materials
and is generally named as conversion reaction-based anode materials for LIBs [40].
They exhibit high theoretical capacity, rich redox reaction, and favorable cyclability.
So this chapter gives a brief overview of advancement in electrospun cobalt-based
nanofiber composites as anode materials for LIBs application.

11.5 Structure and Properties of Cobalt Oxides

Cobalt can exhibit variable oxidation states (Co+2, Co+3, andCo+4) aswell as different
coordination properties (tetrahedral, pyramidal, and octahedral) in his compounds.
Subsequently, cobalt oxides offer a wide range of stoichiometric and nonstoichio-
metric oxideswhich comprising amixed-valence state and also the oxygen vacancies.
The crystal chemistry of cobalt oxides is very complex. However, these oxides are
of particular interest from the other 3d metal oxides because of its ability to exist
in different spin states such as low spin (LS), high spin (HS), and intermediate spin
(IS), respectively.

11.5.1 Structure of Cobalt Monoxide

CoO (cobalt monoxide) generally possesses rocksalt structure at room temperature
(NaCl structure), which contains Co2+ and O2− interpenetrating fcc sublattices. It
exhibits paramagnetic properties. When the temperature is below 289 K, a crystal
distortion to tetragonal symmetry occurs, and it becomes antiferromagnetic. The two
interpenetrating sublattices Co2+ and O2− shifted along the body diagonal by half of
its length. As a result, an individual ion is surrounded by six of the other ions. The
corresponding crystal structure is given in Fig. 11.3. Each cubic unit cell consists of
four Co2+ and four O2− ions and the lattice constant of CoO is found to be 4.260 Å
[41].

This material exhibits distinct electrochemical properties and has shown remark-
able capacitance and excellent cyclic properties owing to the distinctive charge-
discharge reactions via the formation of the Li2O phase and consequent decompo-
sition into Li and O species. As the charging occurs, CoO reacts with Li+ to form
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Fig. 11.3 Crystal structure of CoO consists of Co2+ and O2− interpenetrating fcc sublattices
generated using Material Studio 7.0® a polyhydra structure, b ball and stick model

metal nano-domains (M0) dispersed in the Li2Omatrix.Whereas, during the charging
steps, theM0 and Li2O components are transformed back to metal oxide (MOx). This
well-proved battery material is found to exhibit theoretical capacity as high as 718
mAh g−1 and can react reversibly with Li according to the following conversion
reaction [42]:

CoO + 2Li+ + 2e → 4 Li2O + Co

Accordingly, each CoO molecule can hold two Li+ ions per one Co ion over the
reaction, which leads to greater capacity compared to the commercial graphite elec-
trode (C6Li) [43]. However, these anodematerials often hamper the performance due
to low conductivity and extreme volume change throughout the lithiation/delithiation
cycles. These limitations can be overcome either by using high specific surface area
nanosized electrode materials that are capable of increasing the contact area between
the electrolyte and electrode materials and reducing the path length for Li-ion, which
can result in a greater improvement of discharge capacities. Another approach is to
fabricate the composite of CoO with highly conductive electrochemically active
materials like carbon.

11.5.2 Electrospun Cobalt Monoxide for Lithium-Ion
Batteries

Several composite materials of CoO with carbon, graphene, as well as NiO-CoO-
carbon and CoO–graphene–carbon NFs were successfully fabricated by the elec-
trospinning method. The electrospun composite of carbon–cobalt (C/Co) nanofibers
of diameters ranging from 100 to 300 nm was studied by Wang et al. [44] when
these C/Co CNFs applied as lithium storage material, a remarkable high reversible
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capacity >750 mAh g−1, and an excellent rate capability of 578 mAh g−1 at 1 C
rate was obtained. The improvement in the electronic conductivity and the interfa-
cial surface area found to have resulted from the incorporated cobalt in the fiber.
The presence of cobalt in the NF increased the interfacial surface area between
the carbon and liquid electrolyte, and thereby improves the electronic conductivity.
The first study on highly conductive porous CoO NPs embedded in porous CNFs
composite material was reported by Ryu et al. [43] The highly conductive and porous
CNFs that excellently wrapped distinct CoO nanoparticles of sizes ranging from 20
to 70 nm were prepared via one-step electrospinning and successive calcination in
an Ar atmosphere. The homogenous distribution of CoO all over the surface of NF
can be seen in the FESEM image in Fig. 11.4.

The HRTEM images in Fig. 11.4d, f clearly exhibited CoO nanoparticles of size
ranging from 20 to 70 nm and is found to be discretely embedded in the CNF. The
CoO embedded CNFs exhibited a high capacity of 853.5 mAh g−1, stable cycling
during 100 cycles with a high coulombic efficiency of over 99%, and high rate capa-
bility even at a rate of 20 C by a reversible conversion reaction of CoO nanoparticles
and facile electron transport through highly conductive CNFs. It is found that the
greater LIB performance is due to the combined effect of nanosize CoO particles,
which is responsible for providing reversible and facile Li insertion and extraction
along with conductive CNF backbones, capable of providing 1-D electron transport
path and further available capacity. Zhang et al. [45] fabricated CoO–C nanofibers
with the homogeneous distribution of CoO NPs with network structure by elec-
trospinning of cobalt(II) acetate and polyacrylonitrile. The morphology of the NFs
was networks structured, and after these electrode heat-treated at 650 °C, it showed
a remarkable discharge capacity as high as 633 mAh g−1 even after 52 cycles at
a current density of 0.1 A g−1. The propitious properties are found to be owing
to the superior structural stability of CoO nanoparticles in CNF and by the better
conductance arising from the CNF and the resultant network-based structure. The
flexible mats like CoO–graphene–carbon NFs were also synthesized via electrospin-
ning followed by careful heat treatment [46]. The graphene precursor was carefully
treated to get good dispersion in the N, N-dimethylformamide (DMF) solvent. The
resulted amount of graphene and CoO in the fabricated nanofibers was compara-
tively less. Still, the material exhibited a reversible capacity of 690 mAh g−1 after
352 cycles at a current density of 500 mAg−1 (Fig. 11.5). The resultant improve-
ment was found to be attributed to many factors such as the microstructure with
large pores that provided the effective diffusion of Li+ ion, high conductivity of
mats which allows easy transfer of electrons as well as decrease the polarization.
Remarkably, the graphene in the composite is found to control the particle size of
CoO NPs and thereby provided excellent structural stability against fracture. The
binder-free anodes reduced the internal resistance and are capable to provide a high
output voltage. Moreover, the CoO and graphene introduced active defect sites into
the CNF mats that improved the capacity of Li+ storage. Another significant work
that explains the direct growth of NiO–CoO nanoneedles on carbon fibers by a simple
solvothermal strategy to fabricate nanobrushes [47].
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Fig. 11.4 a Schematic illustration of a CoO embedded CNF; b–d (SEM) images of CoO embedded
CNFs calcined with a Co precursor/PAN ratio of 0.4 (Co precursor: 0.2 g); e HRTEM images and
f SAED pattern of the CoO embedded CNF; g STEM image of the CoO embedded CNF; and
h atomic distribution of cobalt and carbon analyzed from the STEM image in (g). STEM images
of Co/CoO nanoparticles embedded in CNFs calcined with different ratios of Co precursor/PAN:
i 1 (Co precursor: 0.5 g) and k 2 (Co precursor: 1 g); j, l atomic distribution of Co (blue color) and
C (purple color) analyzed from the STEM images in (i) and (k), respectively; Co precursor/PAN
ratios of (j) 1 and (l) 2. Reproduced from Ref. [43] with the permission from Royal Society of
Chemistry
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Fig. 11.5 a The cyclic properties of samples A650 (CoO-G-C), C650 (CoO-C), E650 (pure
carbon), and F650 (graphene-carbon). b The discharge capacity vs. cyclic number curves of the
samples A650, A600, and A550. c The rate capacity of the samples A650, C650, and F650. d A
schematic diagram to show that the A650 nanofiber flexible mats are of benefit for the storage of
Li+. Reproduced from Ref. [46] with the permission from Royal Society of Chemistry

By changing the solvents from water to absolute ethanol, and finally to
isopropanol, the density of nanobrushes was found to change drastically. This
can be clearly observed in the SEM images of fabricated fibers in Fig. 11.6. The
elctrospinned carbon fibers (Fig. 11.6a) show an interconnected continuous frame-
work with 300–400 nm diameters. After the fibers were allowed to undergo the
hydrothermal process, the surface of the fibers was effectively covered with disor-
deredNiO–CoOnanoneedles by utilizingwater as a solvent, as revealed in Fig. 11.6b.
Particularly, the mixed water and absolute ethanol solvent resulted in the forma-
tion of brush-like NiO–CoO/carbon fiber composites with strong adherence to the
carbon fiber substrates, as evident in Fig. 11.6c. In this study, the solvent ethanol
and isopropanol were responsible for altering the morphology of NFs by reducing
the surface tension and to modify the polarity and coordination potentiality of the
solvent used. Thus, the nucleation and growth of nanoneedles were effected resulted
in distinct morphology, as shown in the SEM image.

The particular study also reported detailed time-dependent electrospinning exper-
iments to illustrate the mechanism of NiO–CoO/carbon fiber nanobrushes forma-
tion. The NiO–CoO/carbon fiber nanobrushes synthesized using ethanol as a solvent
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Fig. 11.6 SEM images of a pure carbon fibers, b sample synthesized water, c sample synthesized
absolute ethanol, d sample synthesized isopropanol. Reproduced from Ref. [47] with permission
from American Chemical Society

showed the discharge capacity as large as 801 mAh g−1 after 200 cycles at a current
density of 200 mAg−1. The electrode showed an initial discharge capacity of 961.53
mAh g−1 with a charge capacity of 692 mAh g−1, demonstrating an irreversible
capacity loss of about 38% which can be understood from Fig. 11.7. A long stable
voltage stage at 1.0 V in the first discharge is exhibited by the electrode, which is
found to be due to the complex phase alteration of CoO–NiO to Co–Ni and also due
to the solid–electrolyte layer (SEI) formation. The obtained enhanced Li+ storage
ability and high cyclic performance for the NiO–CoO/carbon fiber is due to the high
surface area, large porosity, and excellent electric conductivity of carbon fibers as
well as the superior properties of NiO–CoO nanoneedles. Particularly in the pres-
ence of NiO alongwith unique electroactivematerial CoO, the better electrochemical
performance was exhibited for LIBs than the single metal oxide. The interconnected
NiO–CoO structures that could act as the highway for electrons and the interfacial
space formed between NiO and CoO nanoneedles that is capable of accommodating
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Fig. 11.7 a CV curves of NiO–CoO/carbon fiber nanobrushes between 0.01 and 3.0 V at the sweep
speed of 0.1 mv/s, b Charge–discharge curves of NiO–CoO/carbon fiber nanobrushes at a current
density of 200 mAg−1, c Cycling performances of NiO–CoO/carbon fiber nanobrushes before
and after heat treatment (CBT and CAT), NiO–CoO nanosphere electrode (AT), and NiO/carbon
fiber nanobrushes (CAT-NiO) at 200 mAg−1, respectively. d Rate-capability properties of NiO–
CoO/carbon fiber nanobrushes before and after heat treatment (CBT andCAT) andNiO/carbon fiber
nanobrushes (CAT-NiO at different current densities). Reproduced from Ref. [47] with permission
from the American Chemical Society

the substantial volume change and also provided high structural stability towards the
fracture.

Thus, CoO NFs has proved to be a prospective candidate for binder-free,
self-standing NFs for LIBs applications, and Table 11.1 provides comprehensive
electrochemical progress of CoO NF anodes for LIBs.

Table 11.1 Performance of electrospun CoO NFs for LIBs

Material Capacity
(mAh g−1)

Cycles Current density
(mAg−1)

References

CoO–CNF 853.5 100 140 [43]

C/Co–CNF 800 50 100 [44]

CoO–C–NF 633 52 100 [45]

CoO–graphene 800 100 500 [46]

NiO–CoO–C 801 200 200 [47]
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Fig. 11.8 Crystal structure of Co3O4 generated using Material Studio 7.0® a polyhydra structure,
b ball and stick model

11.5.3 Structure of Cobalt (II, III) Oxide

Co3O4 is the thermodynamically favored form of cobalt oxide, which belongs to
a normal cubic spinel with the Fd3m space group. Compared to CoO, the struc-
ture of Co3O4 is complicated with two types of Co ions tetrahedrally coordinated
Co2+(II) and octahedrally coordinated Co3+(III), which is represented in Fig. 11.8.
The distance of Co-O is 1.929 Å for the tetrahedrally coordinated species and 1.916
Å for the octahedrally coordinated species. The unit cell of Co3O4 consists of 8 Co2+,
16 Co3+, and 32 O2− ions, respectively which provides a very large unit cell with
56 atoms. [40] The structure can also be defined as the stacking of two kinds of
polyhedral layers along the < 111 > c direction of the cubic cell. Furthermore, when
Li+ ions are inserted into Co3O4, the natural black color of this material is changes
to light yellow. Hence this material is applied as the most active material of cobalt.

11.5.4 Electrospun Cobalt (II, III) Oxide as Anodes
for Lithium-Ion Batteries

Co3O4 is regarded as a competent anode material for LIBs owing to its high theo-
retical specific capacity of 890 mAh g−1 compared to commercial graphite (372
mAh g−1) [48]. The material possesses a spinel structure with a Co2+ located in a
tetrahedral coordination site and Co3+ located in an octahedral site. From the DFT
calculations, the calculated bandgap is 1.96 eV. Owing to its wide bandgap, the elec-
trical conductivity of this material is found to be very low, and thus material suffers
from large volume change upon cycling resulting in low coulombic efficiency, low
rate capability, and finally poor cycling stability. These material demerits are mainly
due to the pulverization and deterioration of the electrode materials while lithiation
and delithiation steps. The mechanism of operation follows the reversible conver-
sion reaction lead to the storage of 8 mol of Li per mole of Co3O4 according to the
following reaction:
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Co3O4 + 8Li+ + 8e → 4Li2O + 3CoCo3O4 + 8Li+ + 8e → 4Li2O + 3Co

The effective way to overcome the material inefficiency is to prepare nanometer-
sized materials with designed structures or to disperse the Co3O4 uniformly into
carbon matrix such as activated carbon, active carbon coatings, carbon nanotubes
(CNTs), and also graphene. Since the homogenous dispersion of Co3O4 in the carbon
matrix can deliver high electrical conductivity and high cyclic stability benefited
from carbon. Such composites are effectively synthesized by a one-step electrospin-
ning technique and delivered a significant high capacity in the range of 800-952
mAh g−1 after 100 cycles with provided current density of 100 mAg−1. An et al.
[48] successfully synthesizedCNF/Co3O4 nanopyramid core-shell nanowires (NWs)
by following electrospinning, reduction, and hydrothermal methods. The FESEM
images confirmed the uniform formation of the Co3O4 composites with CNF and
CNF/Co3O4 nanopyramid core-shell NWs as shown in Fig. 11.9.

The FESEM image of the material exhibited smooth surfaces of CNFs with diam-
eters in the range of 208–224 nm and revealed a uniform morphology. Figure 11.9d
clearly shows the electrode material is composed of octahedral Co3O4 and CNFs
in which the CNFs penetrated the octahedral Co3O4. The resultant interface formed

Fig. 11.9 SEM images of a octahedral Co3O4, b conventional CNFs, c CoO seeds/CNFs,
d Co3O4/CNF composites, and e CNF/Co3O4 nanopyramid core shell NWs. f A cross sectional
SEM image obtained from CNF/Co3O4 nanopyramid core shell NWs. Reproduced from Ref. [48]
with permission from the Elsevier
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between the CNFs and Co3O4 nanopyramids is well connected, and that is capable
enough to contribute the enhanced electron transfer. The LIBs fabricated using
CNF/Co3O4 nanopyramid core-shell NWs showed an exceptional discharge capacity
of 1173 mAh g−1 after the first cycle and 795 mAh g−1 after 50 cycles. The obtained
initial coulombic efficiency of 84.8% and rate capability of 570 mAh g−1 at 700
mAg−1 made this composite much suitable for LIB application. The excellent elec-
trochemical performance exhibited by this material is due to the synergistic effect
of 1-D CNFs that offer effectual electron transport and the geometric network struc-
tures which facilitate easy diffusion of Li-ion. Abouali et al. did another significant
work. [49], reported a facile one-pot synthesis approach to fabricate porous carbon
nanofibers (PCNF) integrated with Co and Co3O4 NPs embedded CoOx/PCNF.
The adopted synthesis method favored the bounding of spherical Co3O4 NPs with
graphitic carbon shells in the CNF matrix by careful control of reaction parame-
ters. The composite electrodes exhibited a remarkable capacity of 952 mAh g−1

after 100 cycles at a current density of 100 mAg−1. The layers of graphene around
each Co3O4 NPs provided an uninterrupted conductive network inside the conduc-
tive CNFs, resulted in an effective decrease of the ion/electron inter transfer resis-
tance. Such a structure also helped to reduce the detachment of NPs from the CNF
during the charge-discharge process and facilitated to retain the stable structure
features. Another remarkable work was the fabrication of the hierarchically meso-
porous flower-like Co3O4/carbon nanofiber (Co3O4/CNF) composites with a shell–
core structure and its application as the anode material for LIBs [50]. The synthesis
method involved the preparation of CNF by electrospinning followed by the elec-
trophoretic deposition of Co3O4 and finally annealing in air. The morphological
analysis revealed the formation of flower-like Co3O4 shell around the CNF core that
delivers a porous, high surface area with copious inner spaces through the meso-
pores that enabled the easy diffusion of Li+ and avoided the volume expansion to
result in high specific capacities. The particular 1D pathway increased the rate capa-
bility and also offered good electrical conductivity as well as structural stability. The
fabricated LIBs provided initial capacity as high as 1446 mAh g−1 and the specific
capacity 911 mAh g−1 without capacity fading after many cycles. Later, Hu et al.
[51] fabricated composite of porous Co3O4 NF coated with reduced graphene oxide
(GNS) as a surface-modification layer to facilitate better interconnection, ability to
sustain volume change, to avoid the aggregation of metal NPs and to facilitate rapid
transport of Li+ ion during charge/discharge cycling. The fibers with pore structure-
function as the paths for fast electrolyte transport to the electrode. The ultrafineCo3O4

NCs in the fibers with grain boundaries/interfaces offered a large material/electrolyte
contact area, short diffusion distance for Li+ ions, and enabled the rapid lithiation/de-
lithiation. Moreover, the unique porous architecture was interconnected by Co3O4

NCs and the rGO sheets deliver the volume changes and avoiding the agglomera-
tion of fibers during the electrochemical reactions. Thus, the fabricated electrodes of
Co3O4@rGOmaterial displayed highCoulombic efficiency, high cyclic stability, and
high rate capability of 900 mAh g−1 at 1 A g−1, and 600 mAh g−1 at 5 A g−1. Recent
modificationon anodematerial is the use of a highly porous zeolite typemetal-organic
framework (MOF) named as ZIF-67 to synthesize cobalt-based composites through
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electrospinning. Zhang et al. [52] fabricated carbon-based hierarchical porous fiber
composite with uniformly distributed hollow Co3O4 NPs via electrospinning of ZIF-
67 NPs. When the fabricated electrodes were applied for LIBs, it is found that the
micropores and Co3O4 yielded high-density active sites. Simultaneously, the macro-
pores in the electrode surface offered a superior mass/charge transports through the
electrodes, as shown in Fig. 11.10.

Another work explored a controllable electrostatic spinning to synthesize1D
Co3O4 nanotubes at large-scale that yielded Co3O4 nanotubes with tightly packed
NPs as primary building blocks. The fabricated LIBs showed a high specific capacity
and cycle stability of 856.4 mAh g−1 at 0.25 C and 677.2 mAh g−1 at 1 C for up to 60
cycles [53]. The Co, N-doped carbon materials can be formed by thermal treatment
and the CNFs derived by this approach that exhibited high surface area, hierarchical
pores, and high nitrogen content. Moreover, the presence of Co and N can catalyze
the graphitization of carbon, which is highly desirable for enhancement in conduc-
tivity. The more defects created around the pores during the heat treatment process
can effectively increase the layer space by the presence of cobalt. In a recent study,
Liu et al. [54] modified the electrospinning method with sol-gel synthesis to prepare

Fig. 11.10 a CV curves of Co3O4 NTs and NWs at the second cycle at a scan rate of 0.1 mV s−1

in the potential range 0–3.0 V (vs. Li/Li+); b Charge/discharge profiles of Co3O4 NTs and NWs
electrodes between 0.01 and 3.0 V at 0.25 C; cNyquist plots of the Co3O4 NTs and NWs electrodes
after 10 cycles in the frequency range from 100 kHz to 10 MHz; d Cycling performance of Co3O4
NTs and NWs at 0.25 C and 1 C; e Rate performance of Co3O4 NTs and NWs. Reproduced from
Ref. [53]. with permission from the Elsevier
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Table 11.2 Performance of electrospun Co3O4 NFs for LIBs

Material Capacity
(mAh g−1)

Cycles Current density
(mAh g−1)

References

CNF/Co3O4 nanopyramid core-shell NWs 795 50 100 [48]

Co3O4–PCNF 952 100 100 [49]

Co3O4/CNF 911 50 200 [50]

Co3O4@rGO 967 100 100 [51]

Co3O4@CPNF 1100 200 100 [52]

Co3O4 NT-NP 856.4 60 0.25C [53]

Co3O4@NFs 330 170 0.5C [54]

Co3O4@CNFs 400 200 0.5C [54]

Co3O4@nanofibers (NFs) and Co3O4@carbon NFs (CNFs). The hollow 3D network
nanostructure obtained with tiny well-dispersed Co3O4 NCs on the surface that could
effectively avoid the aggregation. Stable cyclic performance with Li storage capacity
of 330 and 400 mAh g−1 after 170 and 200 cycles obtained for Co3O4@NFs and
Co3O4@CNFs, respectively. The study revealed that through electrospun carbon
coating layer, the internal resistance was decreased by increasing electrical conduc-
tivity which resulted in an enhanced energy storage performance of LIBs. Table 11.2
summarize the progress of Co3O4 NF anodes for LIBs.

11.5.5 Ternary Oxides of Cobalt as Anodes for Lithium-Ion
Batteries

Owing to the high lithium redox potential while using Co3O4, many efforts have been
made by scientists to substitute the Co ion in Co3O4 with low-cost and eco-friendlier
metal ions such as Zn, Cu, Ni, Mn, and Fe to form potential anode materials for LIBs
which include ZnCo2O4, CuCo2O4,NiCo2O4, andMnCo2O4. Thesemixed transition
metals with stoichiometric or non-stoichiometric compositions have gained copious
consideration due to their fascinating electrochemical properties such as high theoret-
ical specific capacitance, and variable oxidation states. These are generally denoted
by AxByOz with two metal elements of A, B = Co, Ni, Zn, Mn, Cu, Fe, Mo, etc.
and both A and B play substantial roles in electrochemical energy storage devices.
Depending on the ratio of A/B/O, transitionmetal oxides (TMOs) can bemainly clas-
sified into three groups: AB2O4, ABO2/3/4, and A3B2O8. [55] Therefore, the crystal
structures of each type of TMOs are found to vary which results in different phys-
ical and chemical properties, and accordingly, their battery performances. Generally,
the single-phase ternary metal oxides possessing a spinel structure consist of two
different cations with variable oxidation states within their octahedral and tetrahe-
dral sites. This specific structure facilitates the perfect tuning of its physical and
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chemical features. Consequently, the material shows higher electrical conductivity
than simple transition metal oxides due to comparatively low activation energy for
charge transfer among the two different cations [56]. Furthermore, such chemical
compositions result in high electrochemical activities thereby could contribute to a
great specific capacity.

Spinel AB2O4 electrode materials for LIBs can be again classified as spinel
metal-cobalt oxides (ACo2O4, A = Ni, Zn, Cu, etc.), spinel metal-ferrum oxides
(AFe2O4, A = Ni, Co, Mn, etc.), and spinel metal-manganese oxides (AMn2O4,
A = Ni, Co, Zn, etc.) Amongst these spinel metal-cobalt oxides have been studied
extensively in which specifically NiCo2O4 gains particular attention for its high
theoretical capacity, benign environmental nature, cost-effectiveness, and also the
earth-abundance. NiCo2O4 is an inverse spinel oxide with the nickel ions occupying
the octahedral sites, and half of the cobalt ions occupying the tetrahedral sites and
the other half ions hold the remaining octahedral sites [57]. When applied to LIBs,
NiCo2O4 material has shown high specific capacity as high as 891 mAh g−1, good
conductivity, and low diffusion resistance between Li+ ions and the electrolyte. Zhou
et al. [58] reported the tufted NiCo2O4 nanoneedles hydrothermally grown on elec-
trospun carbon nanofibers as anode material for LIBs. The unique three dimensional
(3D) hybrid morphology of synthesized composite looks as if clustered acicular
leaves on branches. A reversible discharge specific capacity of 1033.6 mAh g−1

at a current density of 200 mAg−1 was achieved even after 250 cycles with the
coulombic efficiency >98%. The obtained high specific capacity is mainly attributed
to the unique 3D morphology and the synergetic effects of hybrid CNFs. Zhu et al.
[59] modified the NiCo2O4 electrode material with Au NPs. The NiCo2O4@Au
nanotubes (NTs) having a mesoporous structure with hollow interiors, and these
nanotubes were synthesized by the electrospinning followed by calcination in air.
The composite electrode showedhigh reversible capacity of 732.5mAhg−1 even after
200th cycles at a current density of 100 mAg−1 with excellent cycling stability. The
embedded Au NPs penetrated the whole electrode to form 3D percolation networks
and also acts as adhesion centers/mechanic anchoring points to firmly hold NiCo2O4

particles, which is capable of giving the required tolerance ability against electrode
to volume expansion as shown in Fig. 11.11. An electrospun binder-free carbon fiber
hybrid with Ni–Co also synthesized and applied to LIBs that have demonstrated
the highest capacity of 734 mAh g−1 at a current density of 150 mAg−1 [60]. This
binder-free electrode provided better interconnection by carbon fibers, which also
gave a highly conductive path for effective charge transfer. Furthermore, the highly
dispersed Ni–Co compounds are proved to be capable of resisting the volume change
during charging and discharging and successfullymaintained the electrode reliability.

Other notable work reported was the preparation of uniform NiCo2O4 nanotubes
(NCO-NTs) through electrospinning followed by calcination in the air by Li et al.
[35], and these NTs were successfully used as anode materials for LIBs as well as
Sulphur ion batteries (SIBs). The exceptional long-term electrochemical stability and
reversibility obtainedwith retention of 93.6% of specific capacitance even after 3000
cycleswith the advantage of the distinct porous structurewith hollow1Dmorphology
of NCO-NTs. The unique morphology of NCO-NTs provided high surface area as
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Fig. 11.11 a Schematic representation of the electrolyte/electrode interface for LIBs and SCs;
b illustration of volume change of NiCo2O4@Au NTs before and after cycle; c TEM images of a
single NiCo2O4@Au NT; d, e SEM image for the SCs of the NiCo2O4@Au NT electrodes after
10,000 cycles; and f SEM image for the lithium ion batteries of the NiCo2O4@Au NT electrodes
after 200 cycles. Reproduced from Ref. [59] with the permission from Elsevier

well as efficient transport pathways for rapid electron transport thereby capable of
enhancing the electrochemical kinetics. Mainly, the hollow structures ascertained
to serve as ion-buffering reservoirs for OH− ions and also capable of adjusting the
volume change occurs by insertion and extraction of the OH− ions. Thus, offer
minimum diffusion distance to the interior surfaces, increased contact area between
electrolyte to the electrode, more active sites for rapid faradaic redox reactions. A
porous ZnCo2O4 NTs as anode materials for LIBs are reported for the first time
by Luo et al. [61] by the electrospinning method followed by thermal annealing in
air. The fabricated NTs were polycrystalline and consisted of both interconnected
NCs and many nanopores in the tube walls. Such NTs when applied as anode mate-
rials for LIBs, offered a high reversible capacity of 1454 mAh g−1 at a current
density of 100 mAg−1, and even keeps 794 mAh g−1 at 2000 mAg−1 after 30 cycles.
Such a unique structure facilitated fast Li-ion transport with the volume expan-
sion/contraction during Li insertion/extraction processes. Chen et al. [62] described
a simple, cost-effective, and scalable approach for the fabrication of CNFs by elec-
trospinning and thereby anchoring these NFs with ZnxCo3−xO4 (ZCO) nanocubes,
which involved a hydrothermal process followed by thermal treatment. Fabricated
anodes delivered high reversible capacity around 600 mAh g−1 at a current density
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of 0.5 C following 300 charge-discharge cycles. The authors found that the obtained
superior electrochemical performance was accredited to the controllable size of the
ZCO nanocubes and synergistic effects between ZCO and the CNFs. It is found that
even after the 150 cycles, discharge capacities as high as 656 and 390 mAh g−1 were
obtainedwhichwasmuch higher than the reported value of 372mAh g−1 for graphite
electrode. Another significant ternary cobalt-based metal oxide applied to LIBs is
CoMn2O4. Yang et al. [63] fabricated hollow nanofibers of CoMn2O4 by electrospin-
ning method. These materials also exhibited good lithium storage performances with
high specific capacity and excellent reversible capacity of 526 mAh g−1 at a current
density of 400mAg−1 after 50 cycles. The unique 1D shape with the porous structure
not only offered smooth electron transport pathways but also could provide enough
void spaces to endure the volume change during the charge-discharge process.Hwang
et al. [64] reported the synthesis of both MnCo2O4 (MCO) and CoMn2O4 (CMO)
mesoporous hollow nanofibres by electrospinning and highly exothermic combus-
tion reactions in the air. They have found the mechanism of formation of such fiber
differs from the earlier reported heterogeneous contractionmechanism [65]. From the
thermal analyses and structural investigation, the authors found the formation path-
ways of single- and double-walled hollow fibers via combustion reactions, which
principally depends on the ramping rate during heat-treatment. The SEM and TEM
images of Fig. 11.12 clearly shows the formation of single and double walled fibers
with hollow interiors.

The high discharge capacity of 997 and 798 mAh g−1 were obtained for the
electrodes even after the 50th cycle with a coloumbic efficiency as high as 98 and
99%. Moreover, superior charge capacity retention at various current densities and
the highest current density of 5 C, the charge capacity of 696 and 575 mAh g−1 were
achieved. The excellent lithium storage capacity and good cycling performance and
rate capability for LIBs were ascribed to the large surface area, the void space that
is originating from the hollow morphology which enabled to provide more active
sites for Li+ storage and easy Li+ transportation during charge-discharge cycles.
Table 11.3 summarize the electrode performance of ternary oxide NFs used for LIBs
application.

11.6 Conclusion

The electrospinning approach is recognized as a very versatile methodology to fabri-
cate various composite anode materials with tuneable morphologies, hybrid, and
interconnected 3D network structures that are capable of enhancing the electrochem-
ical performance through facile electron transfer. The achieved remarkable advance-
ment of LIB technology would not have been conceivably deprived of the progress of
many nanocomposites and nanometer-thick coatings, which is accountable to opti-
mize the ionic and electronic conduction pathways and even to obstruct unsought and
irreversible side reactions. Advances in electrospinning of cobalt-based composites
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Fig. 11.12 a, b SEM, c, d TEM, and e, f EDSmapping images of MCO fibres annealed at different
heating rates of 0.5 °Cmin−1 (a, c, e) and 5 °Cmin−1 (b,d, f). The insets in a,b show cross-sectional
images of representative hollow fibres, and those in c, d are HRTEM images of the regions marked
by squares; e, f present the elemental distributions of O, Mn, and Co. Reproduced from Ref. [64]
with permission from the Royal Society of Chemistry
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Table 11.3 Performance of electrospun ternary oxide NFs for LIBs

Material Capacity
(mAh g−1)

Cycles Current density
(mAg−1) or C

References

Tufted NiCo2O4 on CNF 1033.6 250 200 [58]

NiCo2O4@Au–CNF 732.5 200 100 [59]

NiCo2O4 595 100 100 [60]

NiCo2O4 NTs 1454 30 100 [61]

ZnxCo3−xO4 600 300 0.5C [62]

CoMn2O4 hollow nanofibers 526 50 400 [63]

MnCo2O4 696 50 5C [64]

have demonstrated that the technique affords us a remarkably simple and versa-
tile approach for the preparation of composite nanoparticles with fibers that offers
diverse functionalities for LIB applications. These composite fibers can be fabricated
either by a post-treatment of the already synthesized electrospun fibers or by adding
the cobalt oxide directly into the electrospun solution. The morphology of these
nanofibers can be easily tunable by the control of various electrospinning parame-
ters and also by the heat treatment steps after the fiber formation. The possibility
of making 1D NFs with three dimensional (3D) networked structure provides high
surface-to-volume ratio to the anode materials and the macro-pores that available
in these structure facilitates easy transport of Li+ ions with reduced diffusion path
length, high surface area, easy accommodation of increasing volume changes during
cycling and reaction sites. This technique can be combined with other methods
such as electrophoretic deposition, hydrothermal and sputtering methods to fabri-
cate dense or porous NFs, core-shell NFs, and hollow structured NFs. Thus, these
high-performance battery materials can be combined together so as to get the best
advantages of individual materials.
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Chapter 12
Electrospun Manganese Oxide-Based
Composites as Anodes for Lithium-Ion
Batteries

Jayesh Cherusseri and Sreekanth J. Varma

12.1 Introduction

The depletion of fossil fuels and increased energy consumption necessitates the need
for a sustainable energy solution to mankind. Renewable energy sources including
solar photovoltaics, wind, biomass, sea current, tidal, and geothermal have been
explored extensively in the recent past [1–3]. But their intermittent nature of elec-
trical energy generation has created trouble in utilizing the energy round the clock.
As a matter of fact, the time constraint of these renewable energy systems cannot
be solved in any other way [4, 5]. A plausible solution is to collect the as-produced
energy in storage devices and use it whenever required [6–8]. The ceaseless avail-
ability of energy demands that the storage devices like supercapacitors and batteries
have high energy storage capacities and power delivering capabilities. Supercapac-
itors are superior to batteries in delivering bursts of energy in fraction of seconds,
but their low energy density is a major demerit [9–12]. On the other hand, metal-ion
batteries such as lithium-ion batteries (LIBs) and sodium-ion batteries have excel-
lent energy storage capabilities, the drawback being their poor power densities [13,
14]. Among the metal-ion batteries, LIBs have received great attention due to their
superior electrochemical characteristics compared to other metal-ion counterparts
[14, 15]. This aspect of LIBs has drawn a lot of attention owing to their excellent
charge storage capabilities [16, 17]. Research on rechargeable LIBs has changed the
face of new generation electronic devices [18]. The LIBs exhibit high energy density
and are suitable choices for the next-generation hybrid electric vehicles, smart grids,
load-levelling, etc. [19–21].
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The main parts of a LIB are the anode, cathode, electrolyte, and solid electrolyte
interface (SEI) [22, 23]. Each component has an important role in determining the
performance of the LIB [24]. Our main focus in this chapter is on the synthesis,
characterization, and electrochemical performance evaluation of electrospun MnOx-
based LIB anodes. The anode plays a critical role in determining the overall perfor-
mance of the LIB [25]. The properties such as intercalation/deintercalation capa-
bility, electrical conductivity, reversibility in charging/discharging, etc. play crucial
roles in achieving high energy density and good coulombic efficiency. Graphite is
the most commonly used anode material in commercial LIBs due to its good elec-
trical conductivity but the low theoretical capacity of 372 mAh g−1 necessitates the
development of other materials [26]. The long diffusion pathways for the Li-ions in
graphite anode are detrimental in obtaining high energy and power densities. The
recent development in nanoscience and technology has led to the development of a
variety of anode materials with nanostructured morphologies such as carbon nano-
materials [22], nanostructured transition metal oxides [20], silicon nanostructures
[25], etc. for application in LIBs. The cost of active material also has an impor-
tant role in the commercialization of LIBs as the total cost is associated with its
components. This makes most of the electrode-active materials unsuitable for fabri-
cating commercial LIBs. Due to these reasons, transition metal oxides have become
potential alternatives for application in secondary batteries.

Transition metal oxides exhibiting appreciable electrical conductivity, significant
electrochemical performance, and substantial chemical/electrochemical stabilities
are economical, environment-friendly, and safe to use [27]. Nanostructured MnOx

offers large surface area to volume ratio, high capacity, and low diffusion lengths to
the Li-ions to intercalate/de-intercalate from the electrode [28]. MnOx-based anodes
have advantages such as good working potential, low-cost, and provide excellent
safety to the LIBs. However, they suffer from low coulombic efficiency, high voltage
hysteresis, and high irreversible capacity. To overcome these shortcomings, MnOx-
based composite anodes have been developed [28–35]. In this chapter, we discuss the
synthesis and characterization of electrospunMnOx-based composite anodes for LIB
applications. The fabrication of LIBs using the electrospun MnOx-based composite
anodes and their performance evaluation are also included. An emphasis is given
to the recent developments rendered in the electrospun MnOx-based anodes for the
next generation LIBs.

12.2 Synthesis of Pristine Manganese Oxides
by Electrospinning

Electrospinning is a simple, non-mechanical technique to synthesize a variety of
nanofibers of materials from their solutions and dispersions [36]. This method
has attracted much attention due to the reason that any material can be spun as
nanofibers in large quantities [37]. Scalability is an important factor while dealing
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with the synthesis of nanomaterials as commercialization is possible only if the
requiredmaterials canbe synthesized in large quantities. Electrospinning is a versatile
technique used in the preparation of electrodematerials for use in secondary batteries
[38]. A schematic diagram of electrospinning set-up is depicted in Fig. 12.1. In a
typical electrospinning process, a polymer solution is filled in a syringe connected
to a syringe pump. The syringe pump, in most cases, is an automated one where the
pumping speed can be set initially and moves with the set speed. A metallic collector
is used to gather the nanofibers and electrical connections are established with the
needle of the syringe and the collector [39]. A D.C. power supply is used to generate
a high voltage (in kilovolts), and the collector is always grounded. The high-voltage
applied between the syringe needle and the collector charges the polymer solution to
form a “Taylor cone” at the tip of the needle [40]. The spinning takes place only when
the electrostatic force overcomes the surface tension of the polymer solution and
once this voltage is attained, the jet starts to elongate towards the metallic collector.
The jet undergoes stretching and whipping processes followed by the evaporation
of solvents leading to the formation of fibers. The dried (almost) fibers are then
collected on the metallic collector. Nanometer-sized fiber (in diameters) mats can
be synthesized homogeneously using the electrospinning procedure by varying the
processing parameters [38]. Uniform fibers for specific applications can be obtained
on a metallic drum collector which rotates with a pre-set speed so that the fibers
wind-up as a non-woven mat. The woven mats can be tailor-made using this tech-
nique with the help of multiple spinnerets and syringes. The main advantage of
electrospinning is that the technique can be used to synthesize porous nanofibers
which are in high demand for electrode applications in supercapacitors and LIBs.
Various porogens are used to obtain the desired pore diameter and pore volume.
Various parameters that affect the spinning process can be categorized as (i) polymer
properties such as molecular weight, molecular weight distribution, architecture of

Fig. 12.1 Schematic diagram of an electrospinning set-up
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the polymer (branched, linear, etc.), (ii) solution properties such as viscosity, conduc-
tivity, surface tension, etc., (iii) process parameters such as electric potential, flow
rate, distance between the spinneret and the collector, motion of the drum collector,
etc., (iv) ambient parameters such as temperature, humidity, air velocity, etc. Electro-
spinning is a comparatively low-cost technique to synthesize nanofibers and hence
is widely used for manufacturing various commercial products.

Hollow MnOx nanofibers can be synthesized by a three-step process; sol prepa-
ration, electrospinning, and calcination [41]. In this method, the first step was the
preparation of the sol using polyvinylpyrrolidone (PVP), manganese acetate, and
citric acid in a methanol-ethanol solvent mixture. In the second step, the as-prepared
solwas electrospunon to a 5′′ diameter circularmesh collector. Theneedle to collector
distance was 8 cm and the sol pump rate was 0.01 mL/min and a voltage of 13 kV
was applied. The third step was the calcination at an elevated temperature (700 °C)
for 10 h. The as-synthesized fibers were found to have diameters in the range of
90–150 nm.

Mn3O4 in the formof nanoparticles, nanorods, and nanofibers can also be prepared
by electrospinning [42]. All these nanostructures were obtained by changing the ratio
of metal precursor to polymer from 0.33:1 to 2:1 in the electrospinning solution.
The PVP (Mw = 360,000) and manganese acetate tetrahydrate were used as the
precursors. The solution was electrospun at a voltage of 15 kV and the distance
from spinneret to collector was 10 cm. When the metal precursor to polymer ratio
was 0.33:1, Mn3O4 nanoparticles were obtained due to the destruction of fibrous
morphology. When the ratio was 0.5:1, the morphology transformed to nanorods
due to the breakage of nanofibers into shorter segments. A unidirectional growth
of Mn3O4 nanofibers was obtained when the ratio was set to 1:1 and on further
increasing the ratio to 2:1, dense fibers were obtained.

In addition to MnO andMnO2 nanofibers, Mn2O3 andMn3O4 nanofibers are also
potential candidates for electrode materials [43, 44], catalysts [45, 46], nanocom-
posites [47], and nanomagnets [48]. Mn2O3 and Mn3O4 nanofibers with a diameter
of 50–200 nm were synthesized by electrospinning a solution containing polyvinyl
alcohol (PVA) (Mw = 80,000), manganese acetate, and water [49]. The solution was
electrospun at a voltage of 20 kV in which a grounded iron drum with an aluminum
foil collector was used. The electrospun fibers were calcined at 300–1000 °C at a rate
of 240 °C/h for 10 h to obtain Mn2O3 and Mn3O4 nanofibers with diameters ranging
from ~50 to 200 nm. This study reveals the tunability in the synthesis of inorganic
nanofibers with varying diameters by modifying the parameters related to the sol-gel
preparation and electrospinning. In another report, instead of PVA as the electrospin-
ning solutionmatrix, polymethylmethacrylate (PMMA) (Mw = 35,000)was used and
Mn3O4 nanofiberswere preparedby electrospinningusing chloroformandDMF[50].
Electrospinning was carried out at a D.C. voltage of 20 kV while maintaining the
needle to collector distance of 25 cm. The as-prepared fibers were heat-treated at
300 °C in air for a period of 3 h to remove the organic residues. The diameter of
the nanofibers was found to be ranging between 200 and 300 nm. These nanofibers
with grain sizes about 20–25 nm exhibited excellent electrochemical characteristics
when used as an anode in LIBs.
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12.3 Synthesis of MnOx-Based Composites
by Electrospinning

One of the main bottlenecks in using pristine MnOx as anodes in LIBs is its low
intrinsic conductivity. The electrochemical performances of pristine MnOx-based
LIB anodes are affected by low intrinsic conductivity and poor cycle stability. Due
to these reasons, the anode performance is not promising for a LIB with long cycle
life. These critical issues can be overcome by preparing composites with highly
electrically conducting materials. A nanocomposite consists of a filler and matrix
in which the filler is usually conductive with excellent thermal and electrochemical
stabilities and the matrix holds the fillers intact within it [51–54]. The incorpora-
tion of electronically conducting filler materials with MnOx has proven to improve
the performances of LIBs. Carbon nanomaterials such as carbon nanotube (CNT),
graphene, etc. are found to be the best materials known for their electrical conductiv-
ities and are widely used for preparing composites for various applications [55–58].
They possess unique properties such as large surface area, high electronic conduc-
tivity, appreciable chemical and electrochemical resistance, and exceptional thermal
stabilities. But one disadvantage of these materials is their high production cost.
Although they are expensive, their unmatched electrochemical performances have
made them potential candidates in energy storage devices such as supercapacitors
and batteries [11, 59].

Mondal et al. have reported the synthesis of MnOx/SnO2 composite nanofibers
by electrospinning using precursors such as PVP, tin acetate, manganese acetate
(Mn:Sn = 80), and citric acid in a methanol-ethanol solvent mixture [41]. The as-
prepared sol was electrospun on to a 5′′ diameter circular mesh collector. The needle
to collector distance was 8 cm and the sol pump rate was 0.01 mL/min and a voltage
of 13 kV was applied. Later, the electrospun mats were calcined at an elevated
temperature (700 °C) for 10 h. The composite fibers had diameters in the range of
60–120 nm. The authors adopted the same procedure to prepare the hybrid nanofibers
of MnOx/CNT. In this method, 0.05 wt% of CNT fibers were added into the sol
mixture and ultrasonicated for an hour to get a uniform dispersion. The MnOx/CNT
hybrid nanofibers of diameters in the range of 60–90 nm were obtained. They were
able to observe a higher conductivity due to the incorporation of CNTs in the hybrid
nanofibers.

Nanostructured manganese dioxide (MnO2)/carbon nanofiber (CNF) composites
were synthesized by Wang et al. by combining electrospinning and hydrothermal
treatment [60]. In a typical procedure, 10 wt% polyacrylonitrile (PAN) (Mw =
150,000) was dissolved in N, N-dimethylformamide (DMF) at 80 °C and stirred
for 12 h. PAN nanofibers were prepared by electrospinning at an applied voltage
of 25 kV, the distance between needle and collector being 25 cm. The as-prepared
electrospun PAN nanofibers were then carbonized at 1000 °C for two hours under
nitrogen atmosphere. These substrates were placed in 0.1 M KMnO4 acidic solution
for 30 and 60 min thereafter. After rinsing, these substrates were dipped in 1 M KCl
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solution and placed inside a Teflon-lined stainless-steel autoclave for 3 h at a temper-
ature of 120 °C. The SEM image of pristine CNFs shown in Fig. 12.2a reveals the
interconnected fibers having smooth surfaces with average diameter ranging from
50 nm to 250 nm. In the samples dipped for 30 min (MC30HT), γ-MnO2 nanopar-
ticles were embedded on the surface of CNFs with diameters ranging 5–20 nm as
shown in Fig. 12.2b. But for the samples dipped for 60min (MC60HT), the composite
consisted of nanoneedles of γ-MnO2/CNFs with diameters of 20–30 nm and lengths

Fig. 12.2 SEM images of a pure CNFs, bMC30HT, and eMC60HT. TEM images of cMC30HT
and f MC60HT. The insets in b, c are the corresponding EDS and SAED. d HRTEM of γ-MnO2
nanoparticle. Adapted and reproduced from [60] Copyright 2012 Elsevier
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of 0.3–1 μm instead of nanoparticles, as shown in Fig. 12.2e. The transmission elec-
tron microscope (TEM) images of MC30HT and MC60HT are shown in Fig. 12.2c,
f, respectively. The high-resolution (HR) TEM image of the γ-MnO2 nanoparticle
in Fig. 12.2d shows a d-spacing of 0.24 nm that corresponds to the (131) plane of
γ-MnO2. The inset figures in Fig. 12.2b, c are their corresponding energy dispersive
spectroscopy (EDS) and selected area diffraction analyses (SAED).

A method for preparing MnO2-based composites by combining electrospinning
and electrospraying techniques have received great attention due to the realization of
3D free-standing composite films [61]. In a typical procedure to prepare the compos-
ites films consisting of MnO, CNFs, and reduced graphene oxide (rGO), a solution
was prepared by mixing MnO2 powder in PAN/DMF and stirred for 12 h at 60 °C
to obtain a homogeneous mixture. Another one was prepared by dispersing GO
synthesised by Hummer’s method, in ethanol. These two solutions were loaded into
a plastic syringe with a stainless-steel needle for electrospinning. Electrospinning
was carried out at a D.C. potential of 16 kV and at a pump rate of 1 mL h−1 with
a needle to collector distance of 15 cm. Thus MnO2/PAN@GO composite film was
first obtained by performing electrospinning and electrospraying simultaneously. The
MnO2/PAN@GO composite film was then stabilized at 280 °C for 2 h in air atmo-
sphere and sintered at different temperatures such as 600, 700, and 800 °C and there-
after. The as-synthesizedMnO2/CNFs@rGO (MCG) containedMnO2 nanoparticles
embedded on the surface of the nanofibers.

A new type of hybrid nanofibers based on calcium manganese oxide (CaMnO3),
with diameters ranging from 460 to 520 nmwere prepared by electrospinning [62]. In
a typical procedure, PAN (Mw = 150,000) was added to a solution of calcium nitrate
and manganese (II) nitrate in DMF. The solution was electrospun at a voltage of
15 kV where the distance from needle to collector was set to 15 cm. The diameter of
the CaMnO3 hybrid fibers thus obtained was 816 ± 150 nm and displayed a smooth
and uniform morphology as evident from Fig. 12.3a. But the CaMnO3 hybrid fibers
calcined at 700 °C showed a reduction in diameter as shown inFig. 12.3b. The average
diameter was reduced to 522 ± 112 nm due to the removal of PAN and other organic
components. The SEM image of the CaMnO3 hybrid fibers calcined at 800 °C, as
shown in Fig. 12.3c, had a rough surface and a porous architecture with an average
fiber diameter of 493 ± 39 nm. It was also observed that the average diameter of the
fibers was further reduced to 468 ± 103 nm, when the calcination temperature was
increased to 900 °C, as shown in Fig. 12.3d. From this study, it is inferred that the
fiber diameter can be tuned by optimizing the calcination temperature. The bright-
field TEM image and corresponding SAED pattern of CaMnO3 nanofibers calcined
at 900 °C are given in Fig. 12.3e, f, respectively.

Composites consisting of free-standing MnO2 nanoflakes/CNFs were prepared
by electrospinning followed by a redox reaction [63]. The porous CNFs in this study
exhibited a high surface area of 1841 m2/g. Precursors such as phenol-formaldehyde
resin (as the carbon precursor) and tetraethyl orthosilicate were used in themethod. A
triblock copolymer Pluronic P123 was used as the porous and soft template. Porous
CNFs were synthesized by electrospinning at a D.C. voltage of 18 kV with a needle
to collector distance of 15 cm. The as-prepared porous CNFs were incubated at a
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Fig. 12.3 SEM images of CaMnO3 nanofibers: a the as-synthesized fibers, b fibers calcined at
700 °C, c fibers calcined at 800 °C, d fibers calcined at 900 °C. Bright-field TEM image (e) and
correspondingSAEDpattern (f) ofCaMnO3 nanofibers calcined at 900 °C. Adapted and reproduced
from [62] Copyright 2016 Elsevier

temperature of 350 °C for 3 h (stabilization step) and further carbonized at 800 °C for
4 h under nitrogen atmosphere. The silica template was then removed using hydroflu-
oric acid (HF). The as-prepared CNFs exhibited a one-dimensional nanostructure
with a uniform diameter of ~1 μm. The presence of micropores in the CNF was due
to the removal of the SiO2 after the HF treatment. Further, MnO2 was incorporated
with the porous CNFs by immersing it into a neutral KMnO4 solution for 24 h while
maintaining the temperature of the bath at 65 °C. Here, the porous CNFs serves as
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both reducing agent and porous scaffold for the growth ofMnO2 nanoflakes. Initially,
MnO2 with nanoparticle morphology was formed and it underwent a transformation
to nanoflake morphology after an extended reaction on adding an excess amount of
KMnO4. The weight ratio of KMnO4 to porous CNFs was found to influence the
uniform deposition and the surface morphologies of the deposited MnO2 as well as
the specific surface area of the MnO2/porous CNFs composite. When the ratios were
1:5 and 1:9, the flake-like MnO2 was found to aggregate and partially coated the
surface of porous CNFs. But when the ratio was set to 1:6 (termed as PCNFs-6), the
surface of as-obtained PCNFs-6 was smooth and exhibited a 1D nanostructure with a
uniform diameter of 1 μm. The SEM and TEM images of the PCNFs-6 are shown in
Fig. 12.4a, b, respectively. The nanocomposites prepared using PCNFs-6 had fibers
totally covered with large amounts of MnO2 nanoflakes with a specific surface area
of 1814 m2/g. The coating of MnO2 on porous CNFs possessed a thickness of about
12 nm. The SEM images of the MnO2/PCNFs-6 nanocomposite fibers are shown in
Fig. 12.4c, d. It can be noted from these images that the MnO2/PCNFs-6 nanocom-
posite fibers exhibit a porous structure like in the PCNFs-6. The thickness of the
MnO2 shell coated on the PCNFs was found to be ~12 nm. The TEM images of
MnO2/PCNFs-6 nanocomposite fibers shown in Fig. 12.4e, f reveals an interplanar
spacing of the lattice fringes of ~0.7 nm.

In another report, free-standing coaxial CNFs/MnO2 nanocomposites were
prepared by redox deposition and electrospinning [64]. A schematic diagram of the
preparation procedure is given in Fig. 12.5a.An interconnected networkwas obtained
by depositing birnessite-typeMnO2 on electrospun porous CNFswith a large surface
area. The digital photographs of the as-prepared composite sheet before and after
carbonization are shown in Fig. 12.5b and the inset shows the cross-sectional thick-
ness of the compact film. This method has envisaged the maximum utilization of the
surface area to deposit MnO2 on the surfaces of CNFs. In this method, PAN (Mw

= 150,000) was used as the carbon precursor to synthesize porous CNFs. Porous
CNFs were synthesized by electrospinning at a D.C. voltage of 18 kV with a needle
to collector distance of 15 cm. The as-prepared porous CNFs were incubated at a
temperature of 280 °C for 2 h (stabilization step) and carbonized at 1000 °C for 2 h
under nitrogen atmosphere. The SEM image of as-synthesized CNFs is shown in
Fig. 12.5c. Further, the MnO2 deposited on the porous CNFs via an in situ redox
reaction between permanganate-ions and CNFs using dip-coating. The morphology
of the as-deposited MnO2 was examined by SEM imaging and Fig. 12.5d shows the
CNFs/MnO2 with a nanowhisker-type morphology. The MnO2 nanowhisker-shell
coated on the CNFs had a thickness of 40 nm at a dipping time of 60 min.

A similar strategy was adopted to synthesize MnO2/CNTs-embedded CNF
(MnO2/CNTs-CNFs) nanocomposites [65]. The SEM images of pristine CNFs, as
shown in Fig. 12.6a show fibers with an average diameter of 200 nm and lengths
of a few hundreds of microns. PAN powders dissolved in the CNTs-dispersed DMF
solution was used to prepare the MnO2/CNTs composites by electrospinning. A
curled morphology with a rough surface can be observed in the SEM image of
MnO2/CNFs depicted in Fig. 12.6b. In the case of CNFs/CNTs composites, the PAN
to CNTs ratio was set as 10:1 (in wt%). A D.C. voltage of 25 kV was applied and the
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Fig. 12.4 a SEM and b TEM images of representative PCNFs. c, d SEM and e, f TEM images of
MnO2/PCNFs-6. Adapted and reproduced from [63] Copyright 2015 Elsevier

distance between the spinneret and the collector was set to 25 cm for the electrospin-
ning process. By selecting the CNTs-CNFs instead of pure CNFs helped to increase
both the conductivity and the specific surface area. The SEM image of CNFs/CNTs
composite is illustrated in Fig. 12.6c. A higher conductivity value of 24.1 S/cm was
obtained for the CNTs-CNFs whereas it was only 11.6 S/cm for the pure CNFs.
Hierarchically porous MnO2 was deposited on the porous network of CNTs-CNFs
with nanorod morphology as shown in Fig. 12.6d. TheMnO2 nanorods were 2–3 nm
in diameter and individually coated on to the CNTs-CNFs without agglomeration
with an average coating thickness of ~15–30 nm.
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Fig. 12.5 a Schematic illustration of the fabricating procedures of composites. b A photograph of
the compact sheet before and after carbonization (inset is a SEM image of cross-sectional thickness).
Low magnification SEM images of the c CNFs (d) and CNFs/MnO2 composites. Adapted and
reproduced from [64] Copyright 2011 Elsevier

Hierarchically porous MnO2/CNF composites with hollow cores can be easily
prepared by electrospinning using PMMA as a stabilizer in PAN solution [66]. The
concentration of the PMMA in the electrospinning solution helps in dispersingMnO2

particles uniformly in the solution and aids the formation of numerous hollow cores.
In this process, the electrospinning solution was prepared by dispersing 3 wt% of
MnCl2 in PAN/PMMA with two different ratios (7:3 and 8:2) in DMF solvent.
Electrospinning was performed at a D.C. voltage of 20 kV with a 13 cm distance
between the syringe needle tip and the metal collector. PMMA as a stabilizer was
found to inhibit the possible aggregation of amorphous MnO2 nanoparticles in the
electrospinning solution. Average diameters of 700 nm and 490 nm were exhibited
by the samples prepared from PAN:PMMA ratios of 10:0, and 8:2, respectively, and
found to be smooth throughout the length.

HollowCNFswith diameters about ~300–400 nmand an inner diameter of 100 nm
can be prepared from electrospun MnO2/CNF composites by hydrothermal treat-
ment [67]. The growth of MnO2 nanoparticles occurs via. the reduction reaction
between permanganate ions and a possible low-level reduction reaction between the
manganese and permanganate ions.
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Fig. 12.6 SEM images of a pure CNFs, bMnO2/CNFs, cCNTs–CNFs, and dMnO2/CNTs–CNFs.
Adapted and reproduced from [65] Copyright 2012 Elsevier

The synthesis of hierarchical one-dimensional composite consisting of carbon,
MOx (M = Mn, Cu, Co), and MnO2 by a two-step process involving electrospin-
ning and thermal treatment was reported by Nie et al. [68] CNF/MOx@MnO2

nanofibers were prepared by electrospinning using precursors such as PAN (Mw

= 150,000), Mn(Ac)2.4H2O in DMF solvent. To prepare CNF/CoOx@MnO2

composite nanofibers, Co(Ac)2.4H2O and for CNF/CoOx@MnO2 composite
nanofibers, Cu(Ac)2.H2O were used along with Mn(Ac)2.4H2O. In the case of
C/CuOx/MnO2 composite nanofibers, no CuOx nanoparticles were found inside the
CNFs due to the interaction between the Cu2+ and –CN groups on PAN chains.
Instead, all nanoparticles were deposited on the surface of the CNFs resulting in a
core-shell architecture. But in the case ofC/CoOx/MnO2 composite nanofibers, CoOx

nanoparticles were encapsulated inside the CNFs which also exhibits a core/shell
architecture as seen from Fig. 12.7a. The HRTEM image indicates a lattice spacing
of ~0.66 nm (Fig. 12.7b). The SAED pattern (Fig. 12.7c) illustrates the (006) and
(119) planes of the hexagonal polycrystallineMnO2. The EDX spectrum (Fig. 12.7d)
and the HAADF-STEM EDX mapping (Fig. 12.7e) indicate the composition and
distribution of various elements in the C/CoOx/MnO2 composite nanofibers, respec-
tively. The high conductivity of the as-prepared composite fibers is beneficial for
using them as potential electrodes in energy storage applications.

Composite fibers with hollow nanostructures comprising of manganese–cobalt
oxide (MCO) and cobalt-manganese oxide (CMO) were synthesized via electro-
spinning followed by combustion reactions during calcination [69]. Initially, the
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Fig. 12.7 TEM images (scale bar: a 500 nm and b 5 nm) and corresponding FFT (inset), c SAED
pattern (scale bar: 5 nm−1), d EDX spectrum, and e HAADF-STEM analysis and mapping (scale
bar: 500 nm) ofC/CoOx /MnO2 composite nanofibers. Adapted and reproduced from [68]Copyright
2018 Elsevier

precursor solutions were prepared by adding cobalt acetate and manganese acetate
with a molar ratio of, 2:1 for preparing the MCO fibers and, 1:2 for the CMO fibers
in DMF solvent along with PVP under constant magnetic stirring. Electrospinning
was carried out using these solutions and dried at 150 °C thereafter to obtain the
hybrid nanofibers.

A novel composite structure consisting of nitrogen-containing spindle-like CNFs
anchored with cubic MnO phase was prepared by electrospinning followed by pre-
oxidation and carbonization procedures [70]. The as-prepared composites exhib-
ited a spindle-like morphology. These entangled beaded nanofibers help in devel-
oping a robust multilayer network and were used directly as a binder-free anode
for fabricating high-performance LIB. A similar strategy was adopted to synthe-
size free-standing MnO nanowires/CNF composite membranes via electrospinning
followed by carbonization procedures [71]. Initially, MnO2 nanowires were synthe-
sized hydrothermally using manganese sulfate monohydrate and KMnO4. These
MnO nanowires were then added into the electrospinning solution containing 8
wt% PAN/DMF and electrospun at a D.C. voltage of 20 kV with a needle to
collector distance of 20 cm. Samples were prepared by changing the amount of
MnO2 nanowires with respect to PAN such as 10 wt%, 20 wt%, and 30 wt%, and
were named MnP-1, MnP-2, and MnP-3, respectively. The as-obtained electrospun
MnO nanowires/CNF composite membranes were stabilized at 280 °C for 2 h in
air atmosphere and then carbonized at 1000 °C for 1 h under nitrogen atmosphere.
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Fig. 12.8 a SEM image of MnO2 nanowires; b XRD spectra of MnO2 nanowires and MnP,
MnC membranes prepared via. electrospinning; c Raman spectrum and d XPS spectrum of MnC
membrane. Adapted and reproduced from [71] Copyright 2015 Springer Nature

The carbonized samples were named as MnC-1, MnC-2, and MnC-3, respectively.
The average length of MnO2 nanowires was ~1 to 2 μm with an average diameter
of 20–30 nm, as shown in Fig. 12.8a. The XRD spectra of the samples shown in
Fig. 12.8b confirm the formation of α-MnO2 phase (JCPDS file no. 44-0141). The
Raman (Fig. 12.8c) and XPS spectra (Fig. 12.8d) ofMnO nanowires/CNF composite
membrane illustrate the bonding features between MnO nanowires and the CNFs
within the composite membrane.

Two dimensional rGO with high electronic conductivity is a potential additive to
prepare LIB anodes. This additive helps not only in increasing the conductivity but
also serves a strong backbone to give the structural integrity and restricts the possible
pulverization process during charge-discharge. Simultaneous electrospinning elec-
trospraying technique was adopted by Wang et al. to prepare CNFs/MnO/rGO
composite thin films to perform the role of a high-performance anode for Li-ion
batteries [18]. In a typical procedure, PAN/DMF was prepared by mixing 0.8 g PAN
in 10 ml DMF and 1 g of MnAc2.4H2O was dissolved thereafter. Another precursor
solution was also prepared by dispersing graphene oxide in ethanol separately. These
two solutions were mixed thoroughly, loaded to the plastic syringe, and electrospun
at a D.C. voltage of 16 kV at a current collector-needle distance of 15 cmmaintaining
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Fig. 12.9 Schematic showing the preparation of GNs/MnO nanowires composite. Adapted and
reproduced from [72] Copyright 2016 American Chemical Society

a pump rate of 1 mL h−1. The MnAc2/PAN/GO composite fibers were stabilized via
heat-treatment at 260 °C in air for a period of 2 h and sintered at 700 °C for 3 h under
argon atmosphere. The as-obtained samples were CNFs/MnO/rGO composites and
control samples were prepared usingMnO/CNFs and pureMnO samples in a similar
way.

Sun et al. have prepared graphene nanosheets (GNs) reinforced-MnO (GNs/MnO)
nanowires composite by electrospinning [72]. A schematic showing the preparation
of GNs/MnO nanowires composite is given in Fig. 12.9. In this procedure, 1 g of
PVP was dissolved in a solution containing 10 mg of GO flakes in 10 mL ethanol.
This solution was vigorously stirred and then mixed with 0.5 g of Mn(oAc)2·4H2O.
The mixture was heated at 55 °C for 15 min. This solution was then taken in a
syringe with stainless steel needle and electrospun at a D.C. voltage of 16 kV while
maintaining a constant distance of 16 cm between the needle and the collector. The
as-obtainedMn(oAc)2/PVP/GOnanowires compositewas stabilized at 80 °C for 12 h
in air and underwent heat-treatment at 700°C under argon/hydrogen atmosphere for
1 h. Control sample of pure MnO nanowires was also prepared in a similar manner.
The FESEM images of pure MnO nanowires and GNs/MnO nanowires composite
are shown in Fig. 12.10a, b, respectively, and the inset images show the FESEM
images at high-magnification. The surface of pristine MnO nanowires is found to
have a rough surface whereas a smooth surface can be visualized for the GNs/MnO
nanowires composite. The GNs were embedded inside the MnO nanowires other
than wrapping around the nanowires as evident from the TEM images (Fig. 12.10c,
d).

A new strategy of synthesizing Mn-based hybrid fibers by gradient electrospin-
ning followed by controlled pyrolysis has achieved much attention recently [73].
Different Mn-based hybrid fibers like Na0.7Fe0.7Mn0.3O2 mesoporous nanotubes,
LiNi1/3Co1/3Mn1/3O2 mesoporous nanotubes, LiMn2O4 mesoporous nanotubes, and
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Fig. 12.10 FESEM images of the a pure MnO nanowires (inset shows the FESEM image at
high magnification), b GNs/MnO nanowires composite after high-temperature treatment, c Low-
magnification and d high-resolution TEM images of the GNs/MnO nanowires composite. Reprinted
with permission from [72] Copyright 2016 American Chemical Society

pristine MnO2 mesoporous nanotubes were prepared using this approach. Nanos-
tructured morphologies such as mesoporous nanotubes and pea-like nanotubes were
synthesized by this method. The method employs a precursor solution of PVA of
different weights such as low (98–99% hydrolyzed), medium (86–89% hydrolyzed),
and high (98–99% hydrolyzed) with a ratio of 3:2:1 (in wt%), in water. The
precursors of each metal oxide were added to this solution subsequently. In the
synthesis of Na0.7Fe0.7Mn0.3O2 mesoporous nanotubes, precursors such as NaNO3,
Fe(NO3)3.9H2O, and Mn(CH3COO)2.4H2O in the molar ratio of 7:7:3 was electro-
spun at a D.C. voltage of 20 kV. The electrospun fibers were sintered at 300 °C for
5 h under argon atmosphere.

To synthesize LiNi1/3Co1/3Mn1/3O2 mesoporous nanotubes, precursors
such as CH3COOLi.2H2O, Ni(CH3COO)2.4H2O, Mn(CH3COO)2.4H2O, and
Co(CH3COO)2.4H2O were used in the molar ratio of 3:1:1:1 and then electrospun
at a D.C. voltage of 20 kV. These fibers were annealed at 700 °C for 5 h in the air
to obtain the resultant product. The synthesis of LiMn2O4 mesoporous nanotubes
involved the use of the precursors CH3COOLi.2H2O and Mn(CH3COO)2.4H2O in
the molar ratio 1:2. The electrospinning was carried out at a D.C. voltage of 18 kV
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and the so obtained fibers were annealed at 700 °C for 5 h in air. In another elec-
trospinning experiment, pea-like nanotubes of Na0.7Fe0.7Mn0.3O2, were synthesized
from precursors such as NaNO3, Fe(NO3)3.9H2O, and Mn(CH3COO)2.4H2O in the
molar ratio of 7:7:3 spun at a D.C. voltage of 20 kV. The electrospun fibers were
first stabilized at 300 °C for 1.5 h in air and further annealed at 700 °C for 8 h under
argon atmosphere.

12.4 Electrochemical Performances of Electrospun
Mnox-Based Composites in LIB Anodes

To meet the ever-growing demands in hybrid electric vehicles, the energy and power
densities of LIBs should be improved significantly. Specific capacity is not the only
pertinent parameter in the case of LIBs. The unstable SEI layer formed after the first
charging cycle deteriorates the overall performance of the LIBs. Hence, a control in
the formation of SEI layer is mandatory for the LIBs to exhibit high performances.
The Li-intercalation and de-intercalation processes lead to a volume change and
subsequent damage of the SEI layer. The breakage of the SEI layer not only dimin-
ishes the capacity of theLIBbut also degrades its cycling stability. Tremendous efforts
have beenmade to attain the desired energies and power densities by adopting various
strategies such as preparing composite electrodes consisting of transition metal
oxides and carbon nanomaterials. LIB anodes using composite nanostructures have
the advantage of improving the performance of the battery as well as in preventing
the dramatic volume change that happens during the charge/discharge cycles. MnOx-
based LIB anodes due to their high theoretical capacity of 755 mAh g−1, low voltage
hysteresis, and low conversion potential [74, 75] while carbon nanomaterials are
appropriate to prepare the composite anodes becauseof their ability to formcontrolled
SEI layers during the initial cycles. There are many reports on the preparation of such
composite fibers which, when incorporated into the LIBs, improve the overall perfor-
mances. The electrochemical performances of the pristine MnOx-based nanofibers
synthesized by electrospinning method are not very attractive when compared with
their composite counterparts. For example, the Mn3O4 nanofibers synthesized via
electrospinning exhibited a discharge capacity of ~600 mAh g−1 for the preliminary
cycles [50]. The specific capacity retention was also found very poor in which only
450–500 mAh g−1 was retained after 50 cycles.

A simple and facile method of synthesizing MnOx/CNF nanofiber composite is
to prepare CNF first via electrospinning, followed by carbonizing the electrospun
mat and then depositing MnOx on to the CNFs mat via electrochemical deposition
route. Lin et al. have prepared a composite by adopting the same strategy by electro-
spinning 8 wt% PAN/DMF solution followed by carbonization at 600 °C for 8 h in
argon atmosphere [76]. These electrospun CNFs mats were then used as conducting
substrates for the electrochemical deposition of MnOx. The deposition was carried
out in a three-electrode cell set-up where CNFs mat, platinum wire, and Ag/AgCl
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(in 4 M KCl) were used as a working electrode, counter electrode, and reference
electrode, respectively. Prior to the MnOx deposition, the CNFs mat was electro-
chemically cycled in 1 M H2SO4 for surface functionalization. This step helps in the
surface oxidation and linkage of various surface functional groups, such as quinoid
(O), hydroxy (–OH), and carboxyl (–COOH) on the surface of CNFs mat. Electro-
chemical cycling in H2SO4 is a versatile technique to produce defect sites on the
substrate, which is proven to enhance the deposition of MnOx nanoparticles [77].
MnOx nanoparticles were deposited on the CNFs mat by applying a potential of −
0.2 V (vs. Ag/AgCl) in an electrochemical bath containing 0.1 M Mn(CH3COO)2
and 0.1 M Na2SO4 solution at different deposition durations such as 2.5, 5, 10, and
20 h. After 2.5 h of deposition, the size of the MnOx reached ~21 nm and started
to grow as the deposition duration increases. The size increased to ~27–37 nm after
10 h of deposition and was found to agglomerate after 20 h.

Electrospun spindle-like CNFs anchored with cubic MnO is an ideal candidate to
be used as an anode in LIB to exhibit a high specific capacity [70]. The significance
of these spindle-like CNFs anchored with cubic MnO is not only that it can be
used directly as a binder-free anode for LIBs, but also boosts the overall capacity,
rate capability, and cycling stability. A CR 2032-type coin cell was fabricated using
nitrogen-containing spindle-like CNFs anchored with cubic MnO as the working
electrode and Li-foil as the counter electrode. The CV curves depicted in Fig. 12.11a
indicate the electrochemical performance of the cell during its first, second, and third
cycles. In the first cycle, the peak positioned at about 0.34 V indicates the reduction
of Mn2+ to Mn° and in the second and third cycles, this peak shifted to 0.37–0.39 V
which may be due to the change in its microstructure after the first lithiation process.
The galvanostatic charge/discharge (GCD) curves shown inFig. 12.11b shows typical
curves for a LIB. From the GCD curves, a discharge capacity of 1188.6 mAh g−1

was calculated, which is much higher than that of pristine MnO (755 mAh g−1)
and pristine carbon (372 mAh g−1) as shown in Fig. 12.11c. The capacity was found
to decrease after the first cycle due to the electrolyte degradation and the formation
of SEI films on the electrode surface. After 200 cycles, the LIB delivered a high
reversible capacity of 875.5 mAh g−1 at a current density of 0.2 A g−1 as shown in
Fig. 12.11d. The LIB also exhibited a reversible specific capacity of 591 mAh g−1

even after 200 cycles with a coulombic efficiency of >98.9% (Fig. 12.11e).
Free-standing MnO2 nanowires/CNF composite membranes-based LIB anode

prepared by electrospinning followed by calcination displayed a reversible capacity
of 987.3 mAh g−1 at a current density of 0.1 A g−1 (Fig. 12.12a) [71]. The Nyquist
plots depicted in Fig. 12.12b indicate that the MnO2 nanowires/CNF composite
membrane prepared using 30wt% of MnO2 nanowires (MnC-3) exhibits a higher
charge transfer resistance when compared to that prepared with 10 wt% (MnC-1)
and 20wt% (MnC-2). This is a sign of the continuous formation of SEI layer which
can eventually result in a slower charge transfer rate. The rate capability of the anode
was found to be 406.1 mAh g−1 at a current density of 3 A g−1 and retained an
excellent cycling performance for more than 280 cycles with a capacity retention of
655 mAh g−1 when cycled at a current density of 0.5 A g−1, as shown in Fig. 12.12c.
A comparison of the discharge capacity shown by the various MnOx-based LIB
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Fig. 12.11 a CV curves, b GCD curves, c capacity at different current densities, and d, e cycling
studyof the nitrogen-containing spindle-likeCNFs/MnOcomposite anode. Adapted and reproduced
from [70] Copyright 2016 Liu et al.; licensee Beilstein-Institut

anodes is depicted in Fig. 12.12d. A PET encapsulated flexible LIB cell was fabri-
cated using the free-standing MnO2 nanowires/CNF composite membrane as anode
(Fig. 12.12e). The composite anode demonstrated an appreciable electrochemical
performance even after a severe bent, as seen in Fig. 12.12f. This study proclaims the
development of high-performance free-standing MnO2 nanowires/CNF composite
membrane-based anode for flexible LIB applications.

A composite anode of MnOx/CNFs nanofiber prepared by electrochemically
depositing MnOx nanoparticles on the CNFs mat showed a discharge capacity >600
mAh g−1 at a deposition duration of 5 h [76]. The capacity was found to deteriorate
when the deposition time was increased by more than 5 h due to the aggregation
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Fig. 12.12 a Rate capacities at different current densities and capacity at different cycles for MnC
andMnO;bNyquist curves ofMnC samples at 1st and 10th cycle and their respective fittingswith an
appropriate electric equivalent circuit; c cycling performance of MnC-2 with columbic efficiency;
d a comparison of the discharge capacities of MnC-2 with reported MnO-based materials at various
cycles; e Scheme of the assembled flexible cell encapsulated by PET film and photograph of the
battery tested at flat and bent states; f cyclic performance of the battery under flat and bent states.
Reprinted with permission from [71] Copyright 2015 Springer Nature Publishing
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of MnOx nanoparticles on the CNFs surface. This study reveals that electrospin-
ning followed by electrodeposition of MnOx nanoparticles is a versatile method of
preparing anodes for LIBs with high reversible capacity, good capacity retention,
and excellent structural integrity during cycling.

An enhanced electrochemical performance was observed for the free-standing
MnO2/CNFs@rGO (MCG) composite films prepared by combining electrospin-
ning and electrospraying techniques [61]. The MCG composites were obtained by
sintering at different temperatures. The loading mass of MnO was fixed as ~19.6,
21.9, and 43.9 wt% for the samples sintered at 600, 700, and 800 °C, respectively,
and were named MCG-600, MCG-700, MCG-800, respectively. Electrochemical
performances of the half cells were performed by fabricating CR 2025 coin cells in
which Li metal acts as the counter electrode and Celgard 2400 as the separator. The
discharge-charge curves of the coin cell at different current densities (Fig. 12.13a)
show that the MCG-800 sample exhibits excellent rate capability and obtained a

Fig. 12.13 Rate performance at different current densities a MCG-600, MCG-700, and MCG-
800; b charge–discharge voltage profiles of MCG-800 at a current density of 0.1 A g−1; c cycling
performance of MCG-600, MCG-700, and MCG-800 at a current density of 0.5 A g−1. d MCG-
800, MC-800, and M-800 at a current density of 0.5 A g−1; e cycling performance of MCG-800
at a current density of 5 A g−1. f Nyquist plot of MCG-800. Reprinted with permission from [61]
Copyright 2017 The Royal Society of Chemistry
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specific capacity of 1148 mAh g−1 at a current density of 0.1 A g−1. The MCG-800
sample exhibits an initial discharge and charge capacities of 1719 and 1159mAh g−1,
respectively (Fig. 12.13b). A dominant plateau observed at ~0.6 V corresponds to the
reaction between Li+ and MnO and a minor plateau observed at 0.3–0.02 V corre-
sponds to the formation of SEI film on the MCG-800 composite electrode surface.
Figure 12.13c, d shows the discharge capacities obtained at different cycle numbers
for the coin cells prepared using MCG-600, MCG-700, and MCG-800 composites.
The MCG-800 cell exhibited a high reversible capacity of 1176 mAh g−1 with a
coulombic efficiency ~100%, higher than the other two composite samples, and also
their pristine counterparts. After 4000 cycles, the MCG-800 composite cell showed
capacity retention of 332 mAh g−1 when cycled at a current density of 5 A g−1

(Fig. 12.13e). The Nyquist plots obtained at different cycles of MCG-800 cells are
illustrated in Fig. 12.13f. The resistance is found to increase after 500 cycles and
reduces on further cycling up to 1000 cycles.

The composite anodes prepared by simultaneous electrospinning and electro-
spraying technique have the advantages of being highly electrically conductive and
flexible, suitable for LIB application [18]. This report validates the significance of
preparing a composite anode by combining 1D CNFs with 2D rGO nanosheets
in a layer-by-layer assembly. The CNFs/MnO/rGO composite anode exhibited a
discharge capacity of 1118 mAh g−1 at a current density of 0.1 A g−1. It is found
that the composite was able to retain 98% of its initial capacity even after 80 cycles.
When cycled at a high current density of 5 A g−1, the composite anode exhibited a
reversible capacity of 574 mAh g−1 even after 3000 cycles, which is highly signifi-
cant for a LIB anode. Moreover, high coulombic efficiency of 99% was achieved by
this composite anode.

The electrochemical performance of the GNs/MnO nanowires composite anodes
prepared by electrospinning technique was monitored by assembling CR2032 type
coin-cells [72]. Pure Li-foil was used as the counter as well as reference electrodes.
The GCD curves of the GNs/MnO nanowires composite and pure MnO nanowires
are depicted in Fig. 12.14a, b, respectively. In both cases, a capacity fading can be
observed due to the formation of SEI layer on the electrode surface. After 2 cycles,
a small voltage drop of 0.1 V was observed in the case of GNs/MnO nanowires
composite anode whereas it was 0.5 V for the pure MnO nanowires anode. This
shows that the incorporation of GNs with the MnO nanowires helps in preventing
the pulverization of the LIB anode. A reversible capacity of 1347.5 mAh g−1 has
obtained for the GNs/MnO nanowires composite anode whereas it was only 999.7
mAh g−1 for the pure MnO nanowires anode when tested at a current density of
100 mA g−1 (Fig. 12.14c). After 200 cycles, the capacity almost remained constant
for both GNs/MnO nanowires composite anode (~815.3 mAh g−1) and pure MnO
nanowires anode (~489.4 mAh g−1). The GNs/MnO nanowires composite anode
exhibited better rate capability when compared with the pure MnO nanowires, as
can be seen from Fig. 12.14d. A specific capacity of 285.1 mAh g−1 was obtained
at a very high current density of 2500 mA g−1. After continuous cycling for further
10 cycles at a current density of 50 mA g−1, an average specific capacity of 1000.19
mAh g−1 was retained, which shows the excellent rate capability of the LIB anode.
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Fig. 12.14 GCD curves of a GNs/MnO nanowires composite and b pure MnO nanowires obtained
at 100 mA g−1 within a voltage range of 0.005–3.0 V versus Li/Li+; c Capacity retention of
GNs/MnO nanowires composite and pure MnO nanowires at different cycle numbers; d rate capa-
bilities of GNs/MnO nanowires composite and pure MnO nanowires at different cycle numbers.
Reprinted with permission from [72] Copyright 2016 American Chemical Society

But in the case of pure MnO anode, only a specific capacity of 161 mAh g−1 at
2500 mA g−1 was obtained after 70 cycles.

12.5 Conclusion

In this chapter, we have discussed the recent developments in the field of elec-
trospun Mn oxides-based LIB anodes. Electrospinning is proven to be a potential
method for the preparation of Mn oxides-based composite anodes for LIBs as it
provides feasibility in designing the electrode nanostructure to obtain the best perfor-
mance. The preparation of the MnOx-based composite anodes includes simple steps
like electrospinning the desired precursor solution followed by the carbonization
of the electrospun composite mats. The synthesis and electrochemical characteriza-
tions of various MnOx-based composite nanofibrous anodes such as MnOx/CNFs,
MnOx/CNTs, MnOx/SnO2, CaMnO3, graphene/Mn3O4, etc. are discussed in this
chapter with an emphasis on its performance parameters. Tunability in the electrode
pore structure and large surface area coupled with high electrical conductivity enable
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low diffusion lengths to the Li-ions to intercalate/de-intercalate thereby providing
high specific capacity and energy density for the Mn oxide composite anodes-based
LIBs.
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Chapter 13
Electrospun Tin Based Composites
as Anodes for Lithium-Ion Batteries

Nizao Kong, Yunhua Yu, and Xiaoping Yang

13.1 Introduction

The research on tin-based negative electrode materials first originated from Japan
Seiko Electronics Industry Company, and then Sanyo Electric Company, Pana-
sonic Electric Company, and Fuji Film Company successively carried out the
research. The early research manifested that lithium and tin could form alloy and
alloying/dealloying process was reversible [1]. In 1997, Fuji Film developed a SnOx-
based anode as an alternative of graphite [2]. Compared with carbon-based nega-
tive electrode materials, this amorphous tin oxide composite possessed a higher
gravimetric specific capacity and volumetric specific capacity. However, it was
not successfully commercial owing to poor cycling performance. Sony corpora-
tion launched a new-generation LIB, namely “Nexelion,” which firstly employed
a microcrystalline Sn–Co/C composite as the anode, and brought about a thirty
percent of volumetric capacity output promotion in comparison with conventional
LIBs in 2005 [3–5]. In 2011, Sony Corporation made the Nexelion LIB moving
forward a single step, meaning that it could supply power for notebook computers.
Via adjusting the structure of the microcrystalline Sn-Co/C anode, the shape change
derived from the contraction/expansion of Sn during Li+ deintercalation/intercalation
process was partly prevented [6, 7]. These inspiring breakthroughs have further
fired up enthusiasm from researchers towards Sn-based anode materials for LIB
applications.
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Up to now, a good deal of electrospinning-based research articles has been
published on LIB applications of metallic Sn [8–10] Sn-based nonmetallic
compounds (SnO2, SnS, SnSe) [11–15] and Sn-based intermetallic compounds
(SnSb, CuSn, CoSn) [16]. However, one systematic summary of this field is not
made yet. So it is necessary to conclude the current development to indicate the
gravity center of future research in this field. In this chapter, we center on summa-
rizing research breakthroughs about electrospinning Sn-based anode materials for
LIB applications, mainly underlying nanostructure design concept as well as the rela-
tion between nanoarchitectures and electrochemical performances associated with
the anode material. In addition, the newly-presented challenges and some opinions
on the development of electrospinning Sn-based anodematerials for LIB applications
are minutely discussed.

13.2 Metallic Sn Anode Materials Based
on Electrospinning Technique

The Li+ insertion/extraction ofmetallic Sn can be depicted by the following chemical
equation:

Sn + xLi+ ↔ LixSn(0 ≤ x ≤ 4.4) (13.1)

With Li+ constantly being inserted into metallic Sn, different crystal states of
LixSny are formed, such as Li2Sn5, LiSn, Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2 and
Li22Sn5. Li22Sn5 possesses a capacity theoretical of 993 mAh g−1, which is almost
three times of graphitic negative electrode. From characteristic discharge spline of
galvanized Sn in a test environment of 1M LiClO4/PC, we can see that the voltage
range of Li+-insertion is between 0.0 and 0.7 V [17].

The volumetric expansion ratio of alloy Li22Sn5 can reach up to 359%, which
easily leads to pulverization and agglomeration after several cycles and thus capacity
fades rapidly. For the sake of addressing the problems of dramatic volumetric
expansion/contraction as well as consequent pulverization and aggregation, many
researches based on electrospinning technique have been conducted to design
different Sn/carbon composite materials possessing smaller particle size or open-
framework structure. These well-designed structures could adjust the volumetric
change of Sn during Li+ insertion/deinsertion process. Besides, additional advan-
tages, such as shortened Li+ transfer pathway, enlarged electrolyte/electrode contact
area, and increased active sites for Li+ storage, can be acquired at the same time. Last
but not least, the stable and flexible carbon nanofibers (CNFs) can prevent the imme-
diate contact between electrolyte and Sn and thereby notably reduce the insignificant
associated responses, thus enhancing the ICE [3]. The carbonaceous substrate can
also function as a well-performing conductor and improve the rate property of anode
materials.
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In the primary stage, the majority of the research efforts have been put toward
optimizing particle size of Sn (nanocrystallization) in CNFsmatrix, for that nanopar-
ticle could abbreviate the movement pathway for electrons and ions as well as
offer affluent electrochemical activated sites. [19–21] For instance, Yu et al. [22]
successfully developed an intricate Sn/CNF network by using precursor SnCl4 as
well as investigated the carbonized temperature influence onto particle size of Sn.
The result indicated that Sn/CNFs web carbonized at 850 °C has a narrow size
range of Sn nanoparticles (30–40 nm). And Sn grain size is influenced by carboniza-
tion temperature and then influence the electrochemical properties of the anode. An
invertible capacity output of 450 mAh g−1 was acquired by the sample obtained
at 850 °C displayed after a short-term cycle of 30 at 0.025 A g−1. Nonetheless,
the tie between the corresponding electrochemical properties and mass constitution
of Sn and CNFs was not expounded clearly. The research finding of Wang et al.
[23] showed the morphology and electrochemical properties of Sn/C samples were
markedly influenced by the precursor weight percentage of SnCl2 versus polyacry-
lonitrile (SnCl2/PAN). The samples with beginning mass ratio of SnCl2/PAN (3:2,
1:1, 2:3) were denoted as Sn3Pan2, Sn1Pan1 and Sn2Pan3, severally. And average
crystal Sn particle size of the above samples calculated by Scherrer equation is
25.9, 67.2, and 36.1 nm, respectively. The initial discharge capacities of the above
samples are 977.8, 1329.8, and 1137.0mAh g−1, severally. Based onWang’s research
outcome, SnCl2 has two functions. The first function is to adjust the countenance
of CNFs as conducting ionic salt possessing different consistence and the second
function is to become metallic Sn particles as active substance after carbon thermal
reduction. The diameter of CNFs significantly reduced followed by the Sn2+ content
in the spinning solution of SnCl2/PAN increasing. And Wang et al. [24] used SnO2

nanoparticles synthesized by a modified hydrothermal method as precursor of Sn
and fabricated an Sn nanoparticle (NP)/carbon nanofiber (CNF) as binder-free anode
material. Their research finding suggested that higher temperatures could be in favor
of metallic Sn melting for further separating out on the CNFs surface.

Although nanoscale Sn can promote the effective Li+ insertion/deinsertion of
an alone particle and efficiently adjust significant bulk changes, the mutual affinity
of Sn NPs would result in aggregation inevitably occurring behind multiple cycles
(Fig. 13.1a, b) and free from the constraint of carbon matrix, which brings about
the rapid capacity attenuation (Fig. 13.1c, d). The graphical representation of the
anodes surface microstructural transmutation during cycling process is illustrated in
Fig. 13.2.

The above-mentioned literature reports also just simply made pony-size Sn
nanoparticles attached to CNFs and not took into consideration aggregation prob-
lems of Sn after cycling, so that poor short-term cyclic performances were displayed.
For the sake of getting the utmost out of becoming pony dimensionally and avert
above adverse impacts of nanocrystallization, investigators tried to utilize various
modification methods, such as creating void space between Sn nanoparticles and
control the Sn size at the same time. Yu and co-workers [26] successfully manufac-
tured an Sn/C composite construction, meaning that encapsulating in situ formed
Sn nanoparticles within bamboo-shaped hollow CNFs with internal void space via
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Fig. 13.1 SEM micrographs of electrode surfaces and relevant schematic illustration: 45 nm Sn
nanoballs: a before cycling, b after cycling; pure Sn particles c ahead of cycling and d behind
cycling. Adapted and reproduced byWang et al. [25]. Copyright 2010 American Chemical Society

thermally decomposing coaxially electrospinning tributyltin (TBT, core)/PAN (shell)
precursor fibers. The as-spun TBT/PAN precursor fibers were firstly pre-oxidized in
a muffle furnace, generating SnO2 NPs limited within multihole fistulous interme-
diate fibers on account of the PAN stabilizing and tin octoate decomposing. Then Sn
NPs (~200 nm) were acquired and capsulated in multihole fistulous CNFs (diam-
eter ~2 μm) behind carbonization treatment. The adequate internal void space could
digest the volumetric change and subsequent aggregation, holding back the elec-
trical isolation after the oft-repeated discharge/charge process. Profit from the above-
mentioned preponderance, the anode could display an invertible capacity output of
more than 800 mAh g−1 during the initial ten discharge and acquire an invertible
capacity of approximately 737 mAh g−1 behind 200 charge/discharge processes,
which is approximately equal to 91% of the theoretical capacity calculated by mass
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Fig. 13.2 Graphical representation of the anodes surface microstructural transmutation during
cycling process. Adapted and reproduced byWang et al. [25]. Copyright 2010 American Chemical
Society

percentage of Sn and carbon. The enhanced electrochemical properties of Sn/C anode
should be derived from its special morphology.

Some other modification methods also were applied to electrospun Sn/C anodes.
Shen et al. [27] fabricated a Sn-PCNF composite where there was an even pores
distribution on the surface of CNFs. Profiting from its unique porous structure, an
invertible capacity output of ~774mAhg−1 could be achieved under 0.8Ag−1 behind
300 times of discharge. Yang et al. [28] also synthesized a three-dimensional (3D)
Sn/Ccore/shell hierarchical constructionwhere componentCNFspossess nanopores,
mesopores, and large surface-to-volume ratio. Zhang et al. [29] synthesized a Sn
NPs@CNFs composite where Sn ultrafine NPs encapsulated in N-doping CNFs.
N-doping could enhance the conductivity of the carbon substrate [30]. Further-
more, compared with no heteroatom doped carbon materials, the N-doped carbon
had more advantages in accommodating large changes in volume caused by Li–Sn
alloying/dealloying process [31]. Wang et al. [32] fabricated a range of nanoscale
constructions where Si/Sn NPs were encapsulated within multihole CNFs (SiSnC).
The most optimized sample offered an invertible capacity output of 1347 mAh g−1

at Second cycle, as well as retained 1073 mAh g−1 behind 50 times of discharge. The
synergistic action between Si and Sn NPs within CNFs has pivotal role in promoting
the electrochemical properties of the optimized sample.
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13.3 Sn-Based Nonmetallic Compound Anodes

Some kind of Sn-based nonmetallic compounds, like tin dioxide (SnO2), stannous
sulfide (SnS), and stannic selenide (SnSe) has been also proved to be as promising
anode materials for LIBs. Here, we have made a summary of the electrospinning
technology evolvements of Sn-based nonmetallic compounds in recent years.

13.3.1 SnO2

SnO2 is emerging in the aspects of its profusion, environmentally friendship, and
superior theoretical capacity output (~790 mAh g−1) than merchant graphite anode
materials (~370 mAh g−1). SnO2 has a rutile structure (Fig. 13.3).

In a half-cell test of SnO2//Li, Li+ insertion/deinsertion process can be depicted
by chemical transformation equations below:

SnO2 + 4Li+ + 4e− → 2Li2O + Sn (13.2)

Sn + xLi+ + xe− ↔ LixSn(0 ≤ x ≤ 4.4) (13.3)

Equation (13.2) is on behalf of the irreversible conversion process where SnO2

transforms into a simple substance metallic Sn. [33, 34]. The large irreversible loss
of initial discharge capacity output which can be usually observed in SnO2-based

Fig. 13.3 Crystallographic
of SnO2 [18]
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electrodes is partly due to above irreversible chemical conversion. Equation (13.3) is
on behalf of the reversible alloying/dealloying process, which occupies the dominant
percentage of the capacity output of LIBs. Its reaction voltage platform falls on ~0.6V
versus Li/Li+ which can address potential security threats connected with metallic
Li deposition. However, such a reversible alloying/dealloying process also induces
over 200% change in volume [35, 36]. This will cause large internal strain/stress in
the anode, which brings about collapse and efficacy loss of electronic/ionic touch,
and ultimately leads to rapid capacity attenuation after multiple cycles. The twomain
defects of SnO2–based materials limit their employment in industrial.

Like electrospinning metallic Sn anode materials, the majority of researches
focus on designing and synthesizing smaller particle size of SnO2. Fu et al.
[37] employed polyvinylpyrrolidone (PVP) as carbon source and prepared elec-
trospinning SnO2@CNFs where SnO2 nanoparticles (NPs) were attached within
CNFs (Fig. 13.4a). As well, SnO2@CNFs displayed an invertible capacity of
410.5 mAh g−1 behind 100 times of discharge, which is superior to contrast samples
including SnO2 nanofibers (NFs), commercial SnO2, and pure CNFs. The hyperfine
SnO2 NPs protected by CNFs shell could display higher electrochemical activity
than contrast samples like pure CNFs and pure SnO2 NFs. Due to this synergy
deriving from the hyperfine SnO2 NPs within CNFs shell, the SnO2@CNFs is able
to demonstrate high capacity output. Bonino et al. [38] also fabricated Carbon-Tin
Oxide Nanofibers (C-SnO2) possessing individual SnO2 NPs (�: ~15 nm) and SnO2

nanoparticle clusters (∼200 nm) by in situ electrospinning (Fig. 13.4b). The prepon-
derance of C-SnO2 composite relative to pure CNFs is evident at rate performance
when current densities are more than 50 mAg−1. The invertible capacity of C-SnO2

Fig. 13.4 a TEM image of SnO2@CNFs. Adapted and reproduced by Fu et al.[37]. Copyright
2020 John Wiley and Sons. b TEM image of C-SnO2. Adapted and reproduced by Bonino et al.
[38]. Copyright 2011 American Chemical Society
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composite is greater than the pure CNFs by up to 150 mAh g−1. C-SnO2 can store
more Li+ than pure CNFs for the presence of SnO2 during rapid rates of charging.

Encapsulating SnO2 NPs intoCNFswith sufficient internal buffer spacewas fabri-
cated to improve the invertible capacity output and cyclic steadiness of SnO2/CNFs
composite. Liu et al. [39] fabricated a fresh ‘fiber-in-tube’ hierarchical nanoscale
construction of SnO2@multihole carbon encapsulated within carbon tubes (namely
SnO2@PC/CTs). By adjusting pre-oxidation temperature and time of pilot process,
they also obtained a ‘particle-in-tube’ nanostructure by sealingmerely SnO2 nanopar-
ticles in CTs (namely SnO2/CTs). The relevant graphical representation of fabri-
cation process was illustrated in Fig. 13.5. The STEM images of as-synthesized
SnO2@PC/CTs exhibits elemental mapping images of carbon, nitrogen, oxygen,
and tin, thereby confirming the homogeneous distribution of SonO2 particles are
within the SnO2@PC/CTs (Fig. 13.6a–d). The HRTEM images show that within
a wall thickness of about 18 nm, a large number of SnO2 nanoparticles are well
confined (Fig. 13.6e, f). Fortunately, the SnO2@PC/CTs showed greatly enhanced
cyclic performance via the uniform dispersion of SnO2 NPs within PC skeleton
for lessening nanoparticle aggregation. It showed an outstanding invertible capacity
output (~1045 m Ah g−1) behind 300 times of discharge (Fig. 13.6g). Xie et al.
[40] firstly fabricated SnO2/Fe2O3@C@CNFs composite and put sample into 3 M
HCl solution to dissolve away ironoxides, then obtaining final product SnO2/void@C
nanofibers. The SnO2 NPswere slickly decentralized aswell as capsulated by internal
multihole carbon and later wrapped by CNFs. And SnO2/voids@C nanofibers anode
showed an outstanding invertible capacity output (986 mAh g-1) at 0.2 A g-1 behind
200 times of cycle.

Fig. 13.5 Graphical representation preparation of SnO2@PC/CTs and SnO2/CTs. Adapted and
reproduced by Liu et al. [39]. Copyright 2015 John Wiley and Sons
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Fig. 13.6 STEM image and the corresponding element mapping images of a carbon, b nitrogen, c
oxygen, and d tin, e, f HR-TEM images of SnO2@PC/CTs, gCyclic performance of SnO2@PC/CTs
and SnO2/CTs anodes at 500 mAg−1. Adapted and reproduced by Liu et al. [39]. Copyright 2015
John Wiley and Sons

Some researches combined the electrospinning method with other preparation
methods tomakeSnO2/CNFs composites. Ji et al. [41] firstly fabricated pureCNFs by
electrospinning and subsequent carbonization and made SnO2 NPs electrodeposited
onto CNFs, namely carbon–SnO2 core–shell composite nanofibers (CSCSCNs).
By changing parameters of electrodeposition, the SnO2 shell thicknesses can be
adjusted.Wang et al. [42] work are that carbon-cladding SnO2 NPs attached to CNFs
(SnO2@C/CNFs)were fabricated by an isochronous electrospinning-electrospraying
method and subsequent carbonization. And we can see from Fig. 13.7a, b that the
SnO2@C congeries were snugly bound within the writhen CNFs network either
anchoring on the cover of CNFs that prevented a harmful conductive contact. TEM
image showed that the carbon layers wrapped SnO2 NPs, confirming its core/shell
structure (Fig. 13.7c). The CNFs network could provide a buffer function for a huge
change in volume by SnO2 NPs in the time of long-term Li+ insertion/deinsertion
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Fig. 13.7 a, b SEM c TEM (embedded HRTEM) images of SnO2@C/CNFs (d) SEM image of
SnO2@CNFsWang et al. [42]. Adapted and reproduce byWang et al. [42]. Copyright 2019 Elsevier

process, thus redounding to an improved lifetime. In contrast to that, the sample
SnO2@CNFs, which was just fabricated by electrospinningmethod, possesses rough
fiber surface caused by the large SnO2 clusters (Fig. 13.7d). The big SnO2 congeries
could destroy effective touch between CNFs and SnO2, and it could scarcely adjust
large change in volume of SnO2 NPs in the time of charge/discharge process. So the
SnO2@C/CNFs composite displayed better electrochemical property than contrast
sample SnO2@CNFs. The SnO2@C/CNFs composite revealed an invertible capacity
output (∼492 mAh g−1) behind 50 times of cycle, which was superior to contrast
sample SnO2@CNFs (∼322 mAh g−1). And for rate performance, SnO2@C/CNFs
are also better than contrast sample SnO2@CNFs.

There are also some researches trying to introduce some heteroatom (P, N, etc) or
metallic oxides (TiO2, ZnO, Fe3O4, etc) into SnO2 composites. Xia and co-workers
[43] capsulated SnO2 NPs into a N-doping CNFs film (namely SnO2@N-CNF) by
choosing polyamic acid (PAA) as carbon source (Fig. 13.8a). The self-supported
SnO2@N-CNF film anode exhibited excellent flexibility. TEM image of SnO2@N-
CNF revealed that the SnO2 NPs with diameter size around 7.5 nm were well
encapsulated inside N-CNF (Fig. 13.8b). And SnO2@N-CNF showed excellent rate
performance and cyclic performance. Kim et al. [44] made finely disseminated SnO2

NPs loaded on CNFs developed by the existence of metallic Ni. The participation
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Fig. 13.8 a Graphical representation preparation of SnO2@N-CNF, b TEM (embedded SAED
pattern) image of SnO2@N-CNF. Adapted and reproduced by Xie et al. [47]. Copyright 2014 John
Wiley and Sons

of Ni could improve the steadiness of SnO2 such that the morphologies of SnO2

phase were optimized by the Ni composition. Tara et al. [45] fabricated SnO2/TiO2

composite nanofibers by burning to remove PVP after electrospinning. The incor-
poration of steady TiO2 component into structurally unstable SnO2 can significantly
improve both the specific capacity output and cyclic performance. Zhao et al. [46]
successfully synthesized SnO2–ZnO nanofibers where SnO2 NFs possessing meso-
porous structures were made up of superfine SnO2 NPs. With the addition of ZnO
NPs, the beneficial effects like buffering large change in volume of SnO2 and syner-
gistic function between SnO2 and ZnO could be achieved. Xie et al. [47] successfully
synthesized N-doping amorphic carbon-coated Fe3O4/SnO2 concentric nanofibers
(Fe3O4/SnO2 NFs) with a large areal mass density and BET specific surface area. At
discharge stage, Li+ inserts into Fe3O4 NPs while Sn could function as a conductive
agent, then the formed Li2O and Fe could function as a conductive agent while Li+

inserts into Sn, and the reverse is also true in the charge stage. This reaction machine-
made could facilitate Li+ insertion/deinsertion and adjust the volumetric change. In
addition, Sn and Fe NPs could promote electrolyte decomposing on account of their
catalytic properties. [48, 49] Last but not least, N-doping dopamine carbon shell
could improve Li+-storage performance.

It should also be worth mentioning that nonquantitative compound SnOx could be
obtained via incomplete carbon thermal reduction in many electrospinning related
works. [50–58] Like Sn and SnO2, SnOx also suffers from the severe accumulation
and prominent volume expansion/constriction in the time of multiple cycles. So the
same strategies were also used for SnOx-based electrospinning. anodes.
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13.3.2 SnS and SnSe

As one of Sn-based compounds, stannous sulfide (SnS) is outstanding profiting from
its especial sandwich construction and wide interlamellar distance (SnS:4.04 Å vs.
Li+:0.76 Å), which can offer a rapid pathway for movement of electrons and ions [59,
60]. SnS can deliver a theoretical capacity of 1137 mAh g−1 but the bare SnS also
suffers from large volume change of alloying/dealloying process and low intrinsic
electronic conductivity which results in poor electrochemical performance. Double-
atom semiconductive compound SnSe has a representative sandwich crystalline
construction and incommodious energy band and is a competitive material. SnSe
is able to exhibit a theoretical specific capacity output of 847 mAh g−1 and exciting
volumetric specific capacity [61, 62]. It will transfer into a different crystallographic
phase during Li+ insertion/deinsertion process. However, the inactive Li2Se leads to
irreversible capacity loss. And the practical application of SnSe also is limited by its
large volume change about like the majority of Sn-based compounds. Here, we will
introduce relative progress in SnS-based SnSe-based anode materials fabricated via
electrospinning method in LIBs.

Xia et al. [63] successfully developed the self-supported SnS/carbon nanofibers
(SnS/CNFs) anode, whose graphical representation of manufacture is displayed
within Fig. 13.9a. The TEM images (Fig. 13.9b) show that SnS/CNFs-650 °C
possesses a fiber diameter of around 130 nm and the four different elements have a

Fig. 13.9 aGraphical representation preparation of self-supported SnS/CNFs;b and cTEM images
of SnS/CNFs-650 °C; d Optical photograph, e, f TEM images of the SnS/CNFs-650 °C anode after
500th cycles at 0.5 A g−1 in LIBs. Adapted and reproduced by Xia et al. [63]. Copyright 2019
Elsevier
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homogeneous distribution in the CNFs (Fig. 13.9c). For the sake of examining the
structural steadiness and completeness of SnS/CNFs-650 °C self-supported anode,
the lithium half-cell after the cyclic test was disassembled and the micromorphology
of the SnS/CNFs-650 °Cwas detected by TEM.As seen from the optical photograph,
SnS/CNFs anode can maintain the integrity of the whole (Fig. 13.9d). Moreover, the
diameter of the fibers (Fig. 13.9e)was approximate to as-prepared fibers in Fig. 13.9b,
indicating that the 3D CNFs network could availably adjust the change in volume
of SnS in the time of cyclic process. Besides, as shown by its inset EDX element
mapping (Fig. 13.9f), the C, N, Sn, and S element none the less evenly dispersed
within CNFs, revealing outstanding structure steadiness of composite. Zhang et al.
[64] firstly prepared nanoscale SnSe powders by ball milling commercial SnSe and
then fabricated SnSe@CNFs nanocomposite by electrospinning method and subse-
quent carbonization process. The optimized SnSe/CNFs-750 anode showed a steady
invertible capacity output of 840 mAh g−1 behind 100 times of cycle at 0.2 A g−1.
The CNFs not only offered a bufferingmatrix for Li+ alloying/ dealloying process but
also improved the electrical conductivity of the anode. Some researchers also tried to
introduce SnS or SnSe into SnOx/CNFs system to enhance the electrical conductivity
of generated irreversible Li2O. For instance, Yuan et al. [65] successfully made SnSe
nanorods attached to SnOx@CNFs in situ via electrospinningmethod and subsequent
carbonization process. The optimal SnSe/SnOx@CNFs system displayed a higher
ICE (86%) and higher reversible specific capacity output (741mAh g−1 at 0.2 A g−1)
than contrast sample SnOx@CNFs (corresponding value: 68%, 550 mAh g−1).

13.4 Sn-Based Intermetallic Compound Anodes

ManySn-based intermetallic compounds (M-Sn) have been tested as anodematerials.
These Sn-based intermetallics include Cu–Sn [66, 67], Sn–Sb [68–72], Co–Sn [73,
74, 76], Ni–Sn [75, 76], Sn–Mn [77], Ge–Sn [78, 79], and Sn–Fe [80]. The introduced
heterogeneous metallic elements can compactly unite with Sn by metallic binding,
offering a supple buffer skeleton. These intermetallic compounds possess a relatively
high specific capacity output of 500–800 mAh g−1. General speaking, they have
shown enhanced charge/discharge rates and long-term cycling steadiness compared
tometallic Sn [31, 81].However, large initial irreversible capacity is a problem for Sn-
based intermetallic compounds that cannot be ignored. The majority of metals which
can formM-Sn intermetallic compounds also formLixMy during Li+ insertion stage.
The structure ofM-Sn will experience a refactor accompanying large volume change
for that there is a discrepancy between Sn and different metals. In the meantime,
uneven volume change will easily exist in the phase boundary region of M-Sn, thus
leading to breakdown or pulverization of the active material. The appearance of
electrospinning technique can introduce elastic carbon material into M-Sn system
and then the buffering role of carbonaceous material is capable of adjusting large
volume change of Sn-based intermetallic compounds. The SnSb, CoSn, and CuSn
electrospinning system are investigated relatively more.
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13.4.1 SnSb

Shiva et al. [69] successfully developed a one-dimensional assembly where crys-
talline single-phase SnSb alloy NPs were encapsulated within porous CNFs (namely
SnSb–C). And the SnSb NPs were not agglomerated but predominantly encapsu-
lated within hollow CNFs. Thanks to the nanometer size markedly facilitating both
the Li+ flux and Li+ insertion/deinsertion, the SnSb-C anode displayed excellent
rate performance. Profiting from the CNFs shell functioning as a “buffer zone” to
adjust large internal strain/stress of SnSbNPs, an outstanding cyclic performancewas
achieved. Niu et al. [70] first made Sn0.92Sb0.08O2.04 NPs (Fig. 13.10a) coated by a
glucose-derived carbon (Fig. 13.10b) and obtained a carbon-coated SnSbNPs encap-
sulated within CNFs (namely SnSb@C/C, Fig. 13.10c) via electrospinning method
and subsequent carbonization process. The morphology of Sn0.92Sb0.08O2.04 NPs is
displayed in Fig. 13.10d and e, respectively. The Sn0.92Sb0.08O2.04 NPs have a
diameter distribution (10–20 nm). The carbon-coated Sn0.92Sb0.08O2.04 NPs have
a clear core/shell structure and no distinct clusters could be observed between NPs.
The SnSb@C NPs are encapsulated in CNFs and many small pores exist around
SnSb@C NPs (Fig. 13.10f). Byproduct CO2 gas effused during carbonation process
of PAN, thus leading to the generation of the voids nearby SnSb@C NPs. [82]
The initial discharge specific capacity and charge specific capacity of SnSb@C/C
composite is 984 and 674 mAh g−1, respectively. The pores around SnSb@C NPs

Fig. 13.10 Graphical representation preparation of SnSb@C/C composite: a Sn0.92Sb0.08O2.04
NPs, b Carbon-coated Sn0.92Sb0.08O2.04 NPs, c Carbon-coated SnSb NPs encapsulated within
CNFs (namely SnSb@C/C), d SEM e TEM image of precursor NPs, f TEM image of final product.
Adapted and reproduced by Niu et al. [70]. Copyright 2015 Elsevier
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are in favor of improving the Li-alloying/dealloying reversibility of SnSb, resulting
in a relatively high initial coulombic efficiency.

13.4.2 Co–Sn and Cu–Sn

Jang et al. [83] successfully developedCNFs composites embeddedwithCo–SnNPs.
They investigated different carbonization temperature influences on Co–Sn/CNFs
composite, obtaining three samples namely Co–Sn/CNFs-700, Co–Sn/CNFs-800,
and Co–Sn/CNFs-900. And the corresponding Co–Sn NPs have a size range of
~15–20, 30–35, and 40–45 nm in CNFs, respectively. Overall speaking, sample Co–
Sn/CNF-800 anode showed the best cyclic performance for its centered carbonization
temperature as well as NPs size. Lu et al. [19] also investigated carbonization temper-
ature influence on CoSn/CNFs composite. They found that the sample carbonized at
850 °C showed the best specific capacity output and cyclic performance.

Shen et al. [84] successfully developed a three-dimensional system where Sn–
Cu NPs were equably dispersed within CNFs (Sn–Cu–CNFs) via electrospinning
technique and subsequent one-step carbonization-alloying reactions. And they found
that Sn–Cualloywasmadeupof activatedCu6Sn5 aswell as inertCu3Sn components.
The inactive Cu3Sn component could function as a ‘buffer zone’ to adjust large
volumetric change of active Cu6Sn5.

13.5 Conclusion

We have made a summary of the significant progress about electrospinning Sn-based
anodematerials in this chapter.We come to the conclusion that the dominating modi-
ficationmethods of electrospinning Sn-based anodematerials including nanocrystal-
lization and synchronously attached on CNFs matrix, internal buffer void structure
design, heteroatom/second active substance composition introduction, and so on.
Nanotechnology can availably minish the absolute volume swelling and buffer the
internal stress/strain, thus delaying particle smash. The CNFs can suppress the NPs
uniting aswell as growing duringmaterial production and repetitive discharge/charge
process. The reserved plentiful internal void among nanoscale particles supplies
buffer function for volume change, thus protecting the structural integrity of the
anode. The introduction of heteroatom or second active substance composition is
not only in favor of enhancing the capacity output of anode materials but also likely
to acquire synergistic effect with Sn or Sn-based compound.

Although abundant works have been done to enhance specific capacity output and
cyclic steadiness the with the help of electrospinning technique, few researchers set
their sights on the areal/volumetric mass loading of Sn or Sn-based compound and
corresponding areal/volumetric capacities. The rapidly growing consumer market
for portable electronics and vehicles desires the LIBs possessing high energy density
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which is strongly associated with areal/volumetric capacities of electrodes. So the
path of developing energy-storage devices based on Sn-based composites is still full
of difficulties. In future studies, more effort should be put on developing practically
feasible technologies capable of manufacturing Sn-based anodes possessing high
tap/packing density on a large scale at low cost in order that electrospinning Sn-based
anode materials enable to be widely put into use in the energy-storage fields.
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Chapter 14
Electrospun Carbon-Based
Nanocomposites as Anodes for Lithium
Ion Batteries

Apurva Patrike, M. Thripuranthaka, Golu Parte, Indrapal Karbhal,
and Manjusha Shelke

14.1 Introduction

With increasingpopulation, demand for energy sources is increasingglobally because
of insufficient fossil fuel. In the context of increasing energy demand, clean and effi-
cient energy conversion and high capacity energy storage are becoming an urgent
task. Rechargeable lithium ion batteries (LIB) are one of the promising electrochem-
ical storage devices due to its high energy density and long working life. Hence,
LIB has gained intense attention from academic community as well as industry in
commercialization point of view. LIB technology has dominated in portable elec-
tronic market in past two decades. Nowadays, these are intensively used in trans-
portation application like hybrid electric vehicles (HEV), electric vehicles (EV) and
in stationary energy storage application like grid storage technology. Considering
huge demand for energy and power density, tremendous research has been devoted
on LIB to improve its electrochemical performance. The electrochemical perfor-
mance of LIB including high capacity, high energy density, operation potential and
current densities with longer working life is mainly depending on electrode mate-
rials [1, 2]. State-of-the-art LIB utilizes Li containing metal oxides/phosphates as
cathode and graphite as anode material. Electronic and ionic conductivity are the two
crucial factors for any material which is considered to be electrode material for LIB.
These two parameters can be improved through doping, nanostructure engineering
and carbonaceous material addition [3].
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At present, graphite is used as anode in commercial LIB with limited capacity
(372 mAh g−1) and long Li+-ion diffusion path. Tremendous efforts have been taken
to explore new materials as an anode for LIB. Out of which the number for carbon-
based materials is more as carbon has promising properties like low cost, safety,
easy availability and also it has been conventionally utilized in commercial LIBs.
However, the development of new carbon materials is at most important in order to
meet requirement of ever increasing energy demand, growing number of electronic
devices and large-scale applications for stable electrochemical performance in LIB.

Recently, the number of carbon materials with different nanostructures has been
explored as an anode for LIB like graphene [4], carbon nanotubes [5], carbon
nanofibers [6], etc. Out of which carbon nanofibers attracted more attention due
to its one-dimensional (1D) nature which provides favorable properties for electro-
chemical storage of Li+-ions in LIB. CNF provides good access for electrolyte due
to enhanced surface-volume ratio and conductivity along the length. In high surface
area, CNF provides shorter path for Li insertion, efficient 1D electron transport along
length compared to powder materials which ultimately gives lower resistance and
high capacity [7, 8].

Several methods have been employed for CNF synthesis like catalytic synthesis
[9], electrospinning technique [10], chemical vapor deposition growth [11] and
template-based methods [12]. Out of which the electrospinning technique is simple,
versatile and cost effective. It can be used from laboratory level synthesis to industry
level large-scale synthesis to prepare various CNFs and its composites. Electro-
spinning provides an advantage of synthesis of continuous CNFs with controllable
morphology, porousCNFs, core-shellCNFs andmetal loading intoCNFs [13].Diam-
eter of CNFs produced from electrospinning technique varies from few nanometers
to few hundred nanometers.

14.1.1 Working Principle of Electrospinning

This technique uses precursors dissolved in suitable solvent as starting material to
draw nanofibers through application of high electric potential (several kV range). The
high voltage is applied between the needle of syringe comprised of precursor solvent
andmetallic platewhich is used to collect nanofibers (collector) and is grounded.With
instrumental parameters like voltage, distance between syringe and metal collector,
flow rate of precursor solvent and viscosity of solvent, one can adjust diameter
and length of nanofibers. The shape of collector also plays an important role and
there are two types of collectors, viz., plate collector and drum collector. Nanofibers
collected on plate collector are not orientated in a particular direction, whereas drum
collector provides orientated nanofibers aligned in a particular direction. Hence, the
synthesis of nanofiberswith desired physical properties is achieved in electrospinning
technique [10]. Schematic of electrospinning technique with different collector is
shown in Fig. 14.1.
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Fig. 14.1 Schematic of electrospinning technique with plate and drum collector

The current chapter emphasizes on electrospun carbon nanofibers as anode
materials for LIB including recent trends, scientific developments and strategies
to improve electrochemical performance of CNF and detailed synthesis protocols.
Moreover, it covers the importance of composites of CNF for better performance.

14.2 Electrospun Fibers

14.2.1 Solid Fibers

Various synthetic and natural polymers have been utilized for synthesis of CNFs
via electrospinning technique. The commonly used polymers are polyvinyl alcohol
(PVA) [14], polyvinyl pyrrolidone (PVP) [15], polyacrylonitrile (PAN) [16] and
cellulose [17]. The physical and chemical properties of CNF are determined by the
precursor. Out of these PAN has been extensively used as carbon precursor as it has
good spinnability property and can yield good amount of carbon after stabilization
and carbonization process. Synthesis of PAN-basedCNFs is performed in three stages
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which are electrospinning, stabilization of polymer and carbonization. CNFs derived
fromPANpossess robust structure and good electrical conductivity. Hence, the direct
use ofCNFweb can be employed as an anode for LIBwhich avoids the use of polymer
binder and conducting additives which ultimately reduces weight of LIB cell [18].
Yang et al. [18] has synthesized N, P and Si tridoped nonporous carbon nanofibers
with increased N content in carbon matrix to use it as electrode for supercapacitor.
This nonporous structure has demonstrated to find out heteroatom doping amount in
carbon matrix with enhanced rate capability and specific capacitance.

14.2.2 Porous Fibers

Incorporation of porous structure in CNFs increases specific capacitance and rate
performance for LIB. This is attributed to interconnected particles which enhances
surface for charge transfer and better electrode–electrolyte interaction.Various strate-
gies have been utilized to make porous CNFs. Chan Kim et al. [19] have synthe-
sized porous carbon fibers via electrospinning technique with two stable and immis-
cible polymer solutions and thermal treated at 1000 °C. Use of two immiscible
polymer solutions utilized to control the pore size and surface area of nanofibers
by changing the blend proportions in different ratios. The schematic diagram and
electron microscopy images are shown in Figs. 14.2 and 14.3, respectively.

Fig. 14.2 Schematic diagram of procedural steps involved in synthesis of porous nanofibers.
Adapted and reproduced from Ref. [19], Copyright 2007 John Wiley and Sons
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Fig. 14.3 a, b, c Morphology of electrospun nanofibers comprising of two polymer phases.
PAN:PMMA a 5:5, b 7:3 and c 9:1. d, e, f Cross-sectional FESEM images of thermally treated
nanofibers at 1000 °C with similar PAA:PMMA ratios 5:5, 7:3 and 9:1, respectively, g TEM images
of 5:5 PAN:PMMA sample. The inset is a magnified TEM image. Adapted and reproduced from
Ref. [19], Copyright 2007 John Wiley and Sons

14.2.3 Core-Shell/Co-axial Fibers

In certain cases, the functionalization of nanofibers over surface through functional
coatings or particles is required to fulfill the requirements. Electrospinning technique
is a versatile technique for fabrication of such fibers. This involves spinning of
two different polymers precursor solutions via concentrically aligned nozzles. Same
potential is applied to spin the fibers and the thickness of shell can be maintained
by flow rate of precursor solution. Depending on requirements, materials for shell
and core are decided [20]. Yang et al. [21] fabricated hollow CNF from PAN with
styrene-co-acrylonitrile (SAN) polymer as sacrificial core materials and later it is
filled with Si nanoparticles. These Si nanoparticles stuffed CNFs help to control
volume expansion of Si during lithiation/de-lithiation process, and CNFsmatrix over
the surface of Si provides mechanical support path lengths for charge transfer. TEM
images of hollow CNF and Si encapsulated hollow CNFs are shown in Fig. 14.4.

14.3 Synthesis of CNF from Different Precursors

Carbon nanofibers can be synthesized by different methods such as vapor growth,
chemical vapor deposition, laser ablation, arc discharge and electrospinning. Among
these, electrospinning provides a simple and scalable process for the production
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Fig. 14.4 Transmission electron microscopy (TEM) images of a two-channeled hollow CNF,
b four-channeled hollow CNF, c Si encapsulated two-channeled hollow CNF and d Si encapsu-
lated four-channeled hollow CNF. Adapted and reproduced from Ref. [21], Copyright 2014 Royal
Society of Chemistry

of carbon nanofibers. In typical CNF synthesis, electrospinning of polymer solu-
tion followed by stabilization and carbonization of electrospun polymer fibers into
CNFs.Various factors determine the structure and properties of the electrospunCNFs
which includes (1) solution properties like polymer, concentration, electrical conduc-
tivity and surface tension; (2) processing conditions such as strength of applied elec-
tric field, flow rate of polymer solution and distance between the spinneret and the
collector. Along with these, surrounding temperature and humidity also affect the
morphology and properties of CNFs. CNFs can be prepared by any material having
carbon chain. Although the variety of polymer precursors have been electrospun for
the CNF synthesis, commonly used polymers are PAN, PVA, polyimide, PVdF, PVP
and phenolic resins have been used for the synthesis of electrospun CNF. The elec-
trospinning parameter and polymers employed for the synthesis of carbon nanofibers
by various research groups have been described here.

PAN has been extensively used to get the electrospun CNFs due to its high carbon
yield, easy processing and mechanical stability of synthesized carbon nanofibers.
Kim et al. developed carbon nanofibers web (CNFW) from PAN as a carbon
precursor. Electrospinning solution was prepared by dissolving PAN in DMF. Elec-
trospun carbon fibers were stabilized at 280 °C in air for 1 h and further carbonized
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at 1000 °C in inert atmosphere to obtain carbon nanofibers web. The structural vari-
ations of CNFW with different heat treatment temperatures (700–2800 °C) were
studied [22–24].

Despite the enormous success of PAN as carbon precursor for the CNF synthesis,
its solubility in many solvent is relatively low. DMF is most used as solvent to make
electrospinning solution of PAN. To counter this problem, P. Wang and coworker
used PVP as carbon precursor for the CNF synthesis as its solubility is better in
solvent, including water and ethanol, cheaper than PAN and environmentally benign.
PVP was dissolved in ethanol to prepare precursor solution for electrospinning. The
electrospun nanofibers were stabilized at 150 °C for 24 h in air and pre-oxidized
for 4 h at 360 °C and annealed in N2 atmosphere at 800 °C for 4 h to produce
CNFs and investigated as an electrode material for Li-ion battery [15]. Figure 14.5
shows the SEM images of PVP synthesized CNFs. Dong et al. [25] used PVP as a
carbon precursor in DMF to synthesize carbon nanofibers via electrospinning. The
electrospun PVP nanofibers were stabilized at 300 °C for 3 h and then annealed at
500 °C in argon atmosphere for 3 h to obtain CNF. The PVP synthesized CNFs was
doped with cobalt and used as an electrode material for Li-ion battery.

PVA, another water soluble polymer also studied as a carbon precursor for the
synthesis of CNFs. Although PVA does not withstand high temperature and gives
low carbon yield, Ding et al. [26] synthesized PVA cross-linked carbon nanofibers
to study the factors that affect the morphology and porosity of PVA CNFs. The
morphology mostly influenced by solution concentration and applied voltage. Some

Fig. 14.5 SEM images of PVP synthesized CNFs. Adapted and reproduced from Ref. [15],
Copyright 2012 Royal Society of Chemistry
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other reports are on PVA as carbon precursor for the CNFs synthesis. W. K. Sun
studied the effect of pH on electrospinning of poly(vinyl alcohol). They found that
in acidic condition CNFs are not continuous [14, 27].

Hong et al. produced porous CNFs prepared from PVdF for CO2 capture. They
dissolved PVdF in mixture of acetone and N, N-dimethylacetamide to form 11%
PVdF solution. This solution was electrospun to get nanofibrous mat, which dehy-
drofluorinated to stabilize the CNFs and then carbonized for 1 h in the temperature
range of 300–1000 °C to obtain porous carbon nanofibers. Various other papers are
also available for the synthesis of PVdF-basedCNFs for Li-ion batteries. Figures 14.6
and 14.7 show the schematic and representative SEM images of PVdF synthesized
CNFs, respectively [28–31].

For the manipulation of morphology and porosity in CNFs, mainly two strategies
have been employed sacrificial and activationmethods. Different nanostructures such
as SiO2, nano-CaCO3 or polymers such as PVA, polymethyl methacrylate (PMMA),
PVP, poly (ethylene oxide), Nafion, polysulfone, polystyrene, poly-L-lactic acid
have been introduced during polymer precursor solution preparation as a sacrificial
component. By thermal or chemical treatments, these sacrificial components (i.e.,
nanostructures or polymer) extracted from the electrospun fiber that helps in creating
porosity.

Fig. 14.6 Schematic for synthesis of PVdF-based CNFs. Adapted and reproduced from Ref. [28],
Copyright 2014 Royal Society of Chemistry

Fig. 14.7 SEM images of synthesized PVdF-based CNFs. Adapted and reproduced from Ref.
[28], Copyright 2014 Royal Society of Chemistry
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L. Ji and coworker prepared porous carbon nanofibers by adding SiO2 as porogen
in PAN/DMF precursor solution. The electrospun PAN/SiO2 composite nanofibers
were then stabilized at 280 °C and then carbonized at 700–1000 °C in N2 atmo-
sphere for an hour to get carbon/SiO2 composite nanofibers. By HF treatment, SiO2

nanoparticles were removed to create porous carbon nanofibers [32, 33]. Zhang et al.
prepared hierarchical porous carbon nanofibers by electrospining a polymer solution
composed of polyacrylonitrile (PAN) and nano-CaCO3 in DMF. They first dispersed
nano-CaCO3 in DMF/THF and then added PAN to make polymer precursor solution
[34].

Numerous papers have been reported on the preparation of bicomponent polymer
fibers comprising PAN as primary carbon precursor and integration of sacrificial
polymers in PAN/DMF solution. These composite nanofibers get stabilized during
carbonization by molecular interaction between the both the polymers.

Peng et al. reported electrospinningof 12wt%PAN/PMMAbicomponent polymer
precursor in DMF. The stabilization was carried out at 250 °C in air for 6 h followed
by carbonization at 800 °C for 1 h in N2 atmosphere to obtain porous CNF. The PAN
without PMMA showed long and bread-free morphology while with PMMA it forms
interconnected network. This is due tomelting of PMMAduring carbonizationwhich
leads to fibers-fiber connection. Figure 14.8 shows the representative SEM images
of PAN and morphology development with addition of PMMA in PAN synthesized
CNFs. Several other papers have been reported to improve the fiber structure and
morphology by adding thermally liable polymer [35–39].

Fig. 14.8 SEM images of PAN/PMMA-based CNFs. Adapted and reproduced from Ref. [35].
Copyright 2015 Springer Nature
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Fig. 14.9 Schematic illustration of preparation of PCNF paper. Adapted and reproduced from Ref.
[43], Copyright 2018 Elsevier

Heteroatom (e.g., boron, nitrogen, sulfur and phosphorus) doping in carbon mate-
rial is an effectiveway to tailor their electronic and chemical properties. These doping
enhances the electrochemical performance of the materials. Nan et al. synthesized
N-doped carbon nanofibers using PAN andmelamine. In this, the solution concentra-
tion of 10 wt% PAN in DMF was prepared and melamine was added in the 2:1 ratio
of PAN/DMF: melamine. This solution was electrospun and stabilized at 250 °C for
an hour and carbonized at 850 °C for 1 h to obtain nitrogen-doped carbon nanofibers
networks. These fibers further activated by 20% ammonia in N2 atmosphere to get
N2-rich carbon nanofibers [40–42].

Li et al. reported the phosphorus-doped carbon nanosheets/nanofibers free-
standing paper from PAN as carbon precursor in DMF, and subsequently black
phosphorus/red phosphorus was added to form electrospun solution. The obtained
electrospun fibers annealed at 800 and 900 °C in N2 atmosphere for 1 h to form
carbon nanosheets/nanofibers. Phosphorus enhances the electrocatalytic activity of
carbon fibers. Figure 14.9 shows the schematic of synthesis of P-doped carbon
nanosheets/nanofibers [43].

From the given synthesis protocols, it is evident that the electrospinning has
emerged as a promising technique for the synthesis of carbon nanofibers from variety
of polymers. The morphology and structure properties of electrospun nanofibers can
be modified and controlled in number of different chemical or physical methods.
These nanofibers material have been utilized in large number of applications
such as catalysis, sensors, biomedical, adsorption, energy conversion and storage
applications.

14.4 CNF-Based Nanomaterials as Anode for LIB

Electrospun carbon nanofibers are attracted toward energy storage application due to
unique 1D physical and chemical property. Long fiber length of CNF provides easy
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access for Li+-ions to the innermost area of anode.CNFs are extensively researched as
an anode for lithium ion batteries. Some of the selected research works are discussed
in this section of chapter.

14.4.1 CNF-Based Anode

C. Kim et al. have synthesized CNF from PAN polymer from electrospinning
followed by stabilization at 260 °C in air and thermally treated at 1000 °C in inert
atmosphere. Further, this CNFhas shown high capacity of 435mAhg−1 at 30mAg−1

after two cycles. The authors elaborated the detail study of temperature (700, 1000
and 2800 °C). The study shows that CNF prepared at 1000 °C exhibited highest
electrochemical performance as interlinked CNF provides high electrical conduc-
tivity [44]. Utilization of electrospinning parameters comes with improved capacity
by tuning CNF in different morphology and incorporation of other active materials.
One of such strategy was incorporated to make porous hollow CNFs (pHCNFs)
via co-axial electrospinning by Lee et al. Improved electrochemical performance
for pHCNFs is elaborated by authors where styrene-co-acrylonitrile (SAN) was
used as sacrificial material for core and for porosity generation on shell of PAN-
based HCNF. pHCNFs were obtained after subsequent heat treatments where SAN
get decomposed and burnt. Improved LIB performance was obtained for porous
pHCNFs as porous nature of CNFs improves intecalation/de-intercalation mecha-
nism. Initial discharge capacity for pHCNFs and HCNFs was 1003 mAh g−1 and
653 mAh g−1, respectively, at 50 mA g−1. The initial capacity at 200 mA g−1 was
reduced to 827 mAh g−1 for pHCNFs. This is because at high current rates, interca-
lation gets disturbed. The schematic and battery performance for the same is shown
in Fig. 14.10(a) and Fig. 14.10(b) respectively [45].

Fig. 14.10 (a) Schematic for synthesis of pHCNFs. (b) Battery performance. Adapted and
reproduced from Ref. [45], Copyright 2012 American Chemical Society
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To tailor electronic and chemical properties of CNFs, chemical doping into carbon
with heteroatom is an effective and beneficial strategy. Many dopants have been used
for improvement in conductivities like nitrogen [46], phosphorous [47], boron [48]
and sulfur [49]. Among these, the nitrogen is an effective dopant as it has atomic
radius (56 pm) similar to carbon (67 pm) and has more electronegativity (3.04) as
compared to that of carbon (2.55). N doping gives following benefits to carbon: (1)
As N has lone pair of electrons, it can introduces donor states which gives n-type
conducting nature, (2) N can easily bond with carbon and this helps for easy Li+-ion
insertion [50], (3) N introduces defect sites in carbonwhich improves Li+-ion storage
reservoir sites [40]. Based on these, in order to achieve high performance for LIB
with good rate capability, high capacity and long cycling stability, N doping to porous
carbonaceous material is highly desirable. D. Nan et al. developed N enriched porous
CNF through electrospinning method as free-standing anode for LIB application
as shown in Fig. 14.11a. Typical synthesis procedure involves PAN and melamine
as precursors for carbon and nitrogen. Porous N enriched CNFs (NPCNFs) were
achieved after stabilization and NH3 treatments of electrospun fibers. TEM image
of NPCNFs is shown in Fig. 14.11b. NPCNFs showed high initial capacity of 1323
and 1150 mAh g−1 after 50 cycles at 50 mA g−1 current density value as shown
in Fig. 14.12a. It indicates that N doping in porous CNFs provided much improved
Li+-ion storage performance with good rate capability (Fig. 14.12b) as compared to
nonporous and without doped CNFs [39].

Moreover, the phosphorous doping also contributes to improve electronic and
chemical properties of carbon. Li et al. developed phosphorus-doped carbon
nanosheets/nanofibers via electrospinning and subsequent heat treatments to use
it as anode for LIB. The electrode was fabricated in flexible and free-standing form
which allows complete utilization of active material in electrochemical tastings.
These types of free-standing flexible electrodes are need for the next generation flex-
ible batteries. Black phosphorus (BPCNF) and red phosphorus (RPCNF) doping in
carbon nanosheets/nanofibers are demonstrated in this work. With BP doping elec-
trochemical performance got improved as compared to RPCNF and CNF, this could
be due to enhancement in electrical conductivity and electrochemical reactivity of

Fig. 14.11 a Free-standing electrode images with microscope image in inset, b TEM of NPCNF
with SAED pattern in inset. Adapted and reproduced fromRef. [40], Copyright 2014 Royal Society
of Chemistry
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Fig. 14.12 a Cycling stability at 50 mA g−1 current density and b rate performance of different
samples. Adapted and reproduced from Ref. [40], Copyright 2014 Royal Society of Chemistry

carbon upon doping with BP. Among all allotropes of phosphorus, BP is thermody-
namically stable one which provides high P doping during thermal treatment. This
is attributed to improved capacity value for BPCNF as compared to RPCNF and
CNF as shown in Fig. 14.13. At 1 A g−1 current density, after 700 cycles capacity
values for BPCNF-800, RPCNF-800 and CNFs are 607 mAh g−1, 356 mAh g−1 and
192 mAh g−1, respectively, where 800 indicates annealing temperature of electro-
spun nanofibers. The self-supporting flexible CNF electrode accommodated volume
changes during lithiation/de-lithiation as well as provided conductivity to electrode.
This works direct research in the field of flexible electrodes and BP material as an
anode for LIB [43].

Fig. 14.13 Cycling performance of BPCNF-800, RPCNF-800 andCNFs at 1A g−1 current density.
Adapted and reproduced from Ref. [43], Copyright 2018 Elsevier
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Table 14.1 Electrochemical performance of CNFs as anode for LIB

S. No. Material Surface area
(m2 g−1)

Capacity
(mAh g−1),
cycle number

Current
density
(mA g−1)

Reference

1 CNFs NA 450, 2 30 [44]

2 Porous hollow CNF 13 501, 10 50 [45]

3 Free-standing N
enriched porous
CNF

1198 1150, 50 50 [40]

4 Black
phosphorus-doped
CNF (BPCNFs)

NA 607, 700 1000 [43]

5 N-doped porous
CNF web

2381 943, 600 2000 [51]

Besides these, the porosity incorporation to CNF is also equally important to
improve electrochemical performance of battery. Pores in CNF provide high surface
area, more surface exposure for electrode/electrolyte interface and more charge
transfer. In Table 14.1, papers reporting CNFs for LIB application are summarized
with electrochemical performance. Though carbon is low cost, good cycling stability
and lower electrochemical potential, its performance as an anode gives less reversible
capacity value which turns in lower energy and power density. Hence, the develop-
ment of nanocomposite of carbon with other high capacity materials like transition
metal oxides/sulfides is a next step to achieve high capacity value with good cycling
stability and high energy density. In the next section of chapter, transition metal
oxides/sulfides and CNFs-based nanocomposites with their LIB performance are
discussed.

14.4.2 CNFs-Based Nanocomposites as Anode for LIB

Metal-based anode materials provide more number of Li+-ions involvement in elec-
trochemical reaction as compared to commercially used graphite. Still, the utiliza-
tion of these materials as anode in practical applications is not promising as it
involves volume expansion during cycling, capacity fading and poor cycling stability.
Various transition metal oxides (TMOs) including binary, ternary oxides have been
researched as anode for LIB. Moreover, the nanoenginnering of metal oxides to get
differentmorphology, alignment has been employed for better performance of oxides.
However, the hurdle of low diffusion rate of Li+-ion and poor electrical conductivity
of metal oxides lowers the electrochemical performance and end in poor Li+-ion
storage [52]. To solve this issue, carbon may serve as support electrical conductivity
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to TMOs. Out of different carbon morphologies, CNFs are most suitable candidate
as 1D CNFs may control volume expansion caused in TMOs during electrochemical
reactions.

High energy density, long cycle life as well as high rate capability is an essential
parameter of Li+-ion battery for the next generation electric vehicle and renewable
energy storage device [53–55].Current state-of-the-art graphite anode-basedmaterial
is not able to meet the require energy density with their limited theoretical capacity
of 372 mAh g−1, and on the other hand, metal oxide has high theoretical capacity
of >800 mAh g−1. These metal oxides have one of the greatest problems of volume
expansion and deformation of structural morphology resulting capacity fading [53,
56, 57]. To overcome of this problem and to get require essential energy density, one-
dimensional carbon nanofiber and metal oxide-based composite are the possible and
cheap way to improve the energy density. Also, it have several advantages including
distinct electrical contact, high electron and Li+-ion transport, unique electronic
conduction, strain relaxation, outstanding durability and short diffusion pathways.
Electrospun-based carbon nanofiber can prevent the integrating of metal oxide NPs,
deterioration as well from volume expansion [58].

There are several electrospun-based syntheses have done for the CNF/metal oxide
composite to meet the required amount of energy and power density. Fe2O3-based
composite is one of the highly studied materials with CNF due to it has high theo-
retical capacity of 1005 mAh g−1, natural abundance, low cost and environmental-
friendly nature. Figure 14.14a shows the design and synthesis of bubbled-nanorod-
structured Fe2O3-carbon nanofiber, which has been synthesized by Chao et al. [59]
Another metal oxide which has been widely used as composite with CNF is SnO2

because of the high theoretical capacity of 1494 mAh g−1. Liu et al. has been synthe-
sized SnOx decorated CNF for the high performance LIBs [60]. There are several
metal oxides, like Co2O3, CuO, SiO2/Sb and TiO2 have also been synthesized by
different groups [59, 61–63]. One of the most excellent ideas to make CNF-based is
to protect the volume expansion, cracking and crumbling of the electrode material
resulting continual formation of unstable and insulating solid electrolyte interphase
(SEI) layer, which are one of the reason for the loss of electric contact between
electrode material and current collector as well as drastically capacity fading.

The electrochemical LIBs performance of Fe2O3 CNF has been shown in
Fig. 14.15. The cyclic voltammogram of bubbled-nanorod-structure Fe2O3-C
composite nanofiber is at 0.01 mV s−1. The reduction peak observed at 0.7 V versus
Li+/Li which is due to reduction of Fe(III) to Fe (0), formation of Li2O as well as
irreversible reduction of electrolyte and formation of SEI layers. The appearance of
the two anodic peaks at 1.5 and 1.8 V is because of the reversible oxidation of Fe
(0) to Fe (II) and Fe (II) to Fe (III), respectively. Moreover, the peak at 0.5 V could
be the partial decomposition of SEI layer. The hollow Fe2O3 and bubbled-nanorod-
structured Fe2O3-C composite nanofiber are able to achieve initial first discharge and
charge capacity of 1406 and 1145 mAh g−1, 1335 and 1957 mAh g−1, respectively.
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Fig. 14.14 a Synthesis of hollow Fe2O3 in C matrix, [59]. b SnOx decorated porous carbon
nanofibers. Adapted and reproduced from Ref. [60], Copyright 2016 American Chemical Society

Fig. 14.15 Cyclic performance of bubbled-nanorod-structure Fe2O3-C composite nanofiber at
0.1 A g−1 Adapted and reproduced from Ref. [59], Copyright 2015 American Chemical Society

Figure 14.15 shows the stability of bubbled-nanorod-structured Fe2O3-C composite
nanofiber at current density of 1 A g−1 up to 300 cycles. The initial capacity loss of
first few cycles can be attributed to the partial destruction of the internal structure
and decomposition of electrolyte as well as formation of the SEI layers.
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The cyclic performance of three different compositions of SnOx@PCNF and
PCNF at 0.5 A g−1 is evaluated. Among all the samples, SnOx@PCNF-2 has highest
discharge capacity of 684 mAh g−1 and after 100 cycles retention capacity is 57.7%,
and it exhibits rate performance with a reversible capacity of 819, 639, 468 and
323 mAh g−1 at a different current density of 0.2, 0.5, 1 and 2 A g−1, respec-
tively. Figure 14.16a, b shows charge and discharge capacity respectively for long
cycle stability of SnOx@PCNF-2 and even after 900 cycles the reversible capacity
is 511 mA g−1.

Fig. 14.16 a Charge capacity, b discharge capacity of SnOx@PCNFs-2 for long term cycling at
current density 1 A g−1 up to 900 cycles. Adapted and reproduced from Ref. [60], Copyright 2016
American Chemical Society
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14.4.3 Transition Metal Sulfides Composites
with Electrospun Carbon Nanofibers as Anodes
for Lithium Ion Batteries

As discussed in the previous sections, there are several materials used as anodes
for lithium ion batteries due to their interesting properties. As known, there are
different types of anode materials such as insertion-type materials which are layered
in structures and conversion-type anode materials which are generally transition
metal oxides and then alloying type materials. However, interestingly, few mate-
rials participate both as insertion-type materials as well as conversion-type materials
which has the advantage of gaining enhanced specific capacity. Here, we discuss
few materials which are layered transition metal sulfides extensively explored for
the LIBs as anode materials. Even though the transition metal sulfides participate
as insertion-type and conversion-type materials they have few limitations and those
needs to be addressed in order to make them commercially viable.

Transition metal sulfides have attracted huge attention as lithium ion batteries
anode materials. Among these transition metal sulfides, MoS2, WS2, SnS and SnS2
have a layered structure analogous to graphene. The single layer of these transition
metal sulfides is formed as a sandwich of the transition metal atom (Mo,W) between
the two sulfur atoms as shown in Fig. 14.17. Further, these single layers are bonded

Fig. 14.17 Layered structure of aMoS2. Adapted and reproduced from Ref. [67], Copyright 2020
Elsevier. b SnS2 and SnS. b and c The blue balls are tin atoms, whereas the yellow balls are sulfur
atoms. Adapted and reproduced from Ref. [68], Copyright 2017 Springer
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to their adjacent layer through weak van der Waal’s forces between the sulfur atoms
[64]. And the atoms within the layer are bonded through a strong covalent bond.
The layered nature of SnS and SnS2 are also found to be akin to that of MoS2 and
WS2 [65]. Since the layers of transition metal sulfides are bonded through week van
der Waal’s force, the Li+-ions can easily undergo intercalation and de-intercalation
to and from the layered structures, which is advantageous for the fast charging and
discharging of the batteries based on these materials [66].

In the case of layered MoS2, after intercalation of Li+-ions into the MoS2 layers,
it undergoes conversion reaction to produce Li2S and Mo [64] through the reaction-
resulting in an increase in capacity. However, MoS2 has poor electrical conductivity
for the transfer of electrons; hence, for the fabrication of electrodes, one needs to add
conductive carbons and polymeric binders. The polymeric binders being insulating
in nature hinder the diffusion of ions and hence electron transfer. Therefore, it is very
important to develop novel methods to design materials with good electrical conduc-
tivity as anodes for lithium ion batteries. Researchers have reported two methods
to increase the specific capacity of MoS2 and similar metal sulfides-based Li+-ion
batteries. One is to synthesize few-layered and even single-layered nanostructures
of MoS2, thereby reducing the strain developing during the intercalation of Li+-ions.
The second method is to synthesize MoS2 coated with conductive carbon mate-
rials or composites of MoS2 with conductive carbon nanostructures such as carbon
nanotubes, carbon nanofibers, graphene, etc. [64]. In this expedition, there have been
reports investigating the effect of making composites of MoS2 and its nanostructures
with carbon nanofibers synthesized by different methods. Here, we focus particularly
on the composites of transition metal sulfides and its nanostructures with electrospun
carbon nanofibers.

Electrospinning is a very useful technique to produce carbon nanofibers of varying
aspect ratio and doping heteroatoms such as nitrogen, sulfur by using proper precur-
sors. Electrospinning has been extensively used to synthesize carbon nanofibers and
their compositeswith transitionmetal sulfides such asMoS2,WS2, SnS and SnS2.We
will discuss those works and try to understand the effect and advantages of making
composites of electrospun carbon nanofibers with transition metal sulfides.

MoS2 has a theoretical specific capacity of 670 mAh g−1 [66] which is much
higher than that of graphite which is about 372 mAh g−1. Hence, it is of very high
interest to explore the possibilities to improve and use thesematerials froma commer-
cialization point of view. However, in spite of having a high specific capacity MoS2
does suffer from a few issues, such as poor electrical conductivity. Zhu et al. [64]
reported the synthesis of nanoplates of MoS2 embedded in carbon nanofibers using
the precursors (NH4)2MoS4 and polyvinylpyrrolidone in the required stoichiom-
etry. They also point out that MoS2 can undergo significant volume change during
cycling of the cells. Hence, it is important to come up with a solution. Hence, they
proposed and synthesized MoS2 embedded in carbon nanofiber through electrospin-
ning method which formed like a 3D network with the nanofiber diameter of around
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50 nm. The thickness of the MoS2 nanoplate thus obtained was 0.4 nm which shows
the single-layered nature of the MoS2 with a lateral dimension of 4 nm.

The TEM images of theMoS2-nanoplate-CNF composite are shown in Fig. 14.18.
For first cycle, with 1712 mAh g-1 and 1267 mAh g-1 discharge and charge capacity
values, the coulombic efficiency is 74%. In the second cycle, the Coulombic effi-
ciency increases to 95.5% and which increases to 99.1% after ten cycles. The

Fig. 14.18 a Bright-field TEM images of the MoS2-CNF composites, b HRTEM image of the
ultrathinMoS2 on the surface of the CNF, c, dHRTEM images of marked region, e rate performance
of MoS2-CNF composites. Adapted and reproduced from Ref. [64], Copyright 2014 Wiley
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Fig. 14.19 a, b, c TEM images of MoS2/C-47, MoS2/C-73 andMoS2/C-95, respectively. Adapted
and reproduced from Ref. [69], Copyright 2014 American Chemical Society

composite also shows a remarkable rate capability of 374 mAh g−1 at 50 A g−1

together with excellent cycling stability of 661 mAh g−1 after 1000 cycles at a
current density of 10 A g−1. The authors ascribe this outstanding performance to the
following; (1) the single layer nature of MoS2 allows for the faster transport of the
charge and storage through intercalation, conversion and alloying reactions. (2) The
1D nature of the carbon nanofibers helps easy access of ions.

Zhao et al. [69] synthesized MoS2 nanoflakes encapsulated in carbon nanofibers
prepared by electrospinning. They first synthesized MoS2 nanoflakes by a
solvothermal method and then dispersed different amounts of MoS2 flakes 150, 300
and 900 mg in the precursor (PAN in DMF) for the synthesis of carbon nanofibers
using single spinneret electrospinning technique at a voltage of 9.5–12.5 kV. Then,
the obtained fibers were subjected to thermal treatment at steps to obtain carbon
nanofibers. Thus, obtained nanofibers withMoS2 nanoflakes were characterized with
TEM which is shown in Fig. 14.19a–c. The authors then carried out electrochemical
characterizations for the lithium ion batteries fabricated using the composite mate-
rials and the data is shown in Fig. 14.20a, b. In the cyclic voltammetry curve, the peak
at 1.6 V in the cathodic part is attributed to the reduction of the oxygen and nitrogen-
containing carbon obtained from the PAN. The slope appearing at 1.1 V indicates the

Fig. 14.20 a Cyclic voltammogram and (b) Cycling performance at 50 mA g−1 of prepared
samples. Adapted and reproduced from Ref. [69], Copyright 2014 American Chemical Society



414 A. Patrike et al.

formation of the LixMoS2 which then decomposes to Mo metal nanoparticles and
Li2S resulting in a cathodic peak at 0.5 V. Of the composites prepared with different
loading ofMoS2, the one with 47% showed good cycling stability and rate capability.
The sample delivered a capacity of 1133 mAh g−1 with a Coulombic efficiency of
73% at a current density of 50 mA g−1. The excellent stability of the materials is
resulting because of the confinement of the active material in the carbon matrix and
the structural stability. Hence, the MoS2 nanoflakes show very good performance as
an anode material for the lithium ion batteries.

Yu et al. [70] reported the use of another transitionmetal sulfide tungsten disulfide
(WS2) single layer as an anode material in composite with nitrogen-doped carbon
nanofiber (WS2@NCNF)prepared by electrospinning. The compositematerialswere
synthesized through a one-step synthetic route followed by heat treatment in two
steps. WS2 has a theoretical specific capacity of 433 mAh g−1 and the charge storage
mechanism in this material is similar to MoS2. That is, the lithium ions are stored as
Li2S and the electrons in theW in the metallic form. Thematerial delivered a specific
capacity of 590.4 mAh g−1 at a current density of 0.1 A g−1 with a Coulombic
efficiency of 81.7% and exhibits capacity retention of 437.5 mAh g−1 after 200

Fig. 14.21 TEM images of a Cu1.96S@CNFs; b Co9S8@CNFs; c MnS@CNFs; d FeS@CNFs;
e NiS@CNFs; f SnS@CNFs and microtomed cross section of g Cu1.96S@CNFs; h MnS@CNFs;
i NiS@CNFs; j SnS@CNFs. Adapted and reproduced from Ref. [71], Copyright 2016 Royal
Society of Chemistry
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cycles at 0.5 A g−1 current density and delivering a capacity of 367.1 mAh g−1 at
2Ag−1 which shows a very good rate capability. The cyclic voltammogram shows the
characteristic peaks for the oxidation and reduction reactions. The reduction peak at
1.27 V represents the insertion of Li-ions into theWS2, and the formation of LixWS2
and the peak at 0.57 V has been ascribed to the conversion of Li+-ions with the WS2
and subsequent decomposition of the electrolyte. The peak at 0.57 V disappears after
the first cycle and the peak at 1.27 V shifts to 1.83 V. The oxidation peaks appearing
at 1.43 and 2.18 V represent the extraction of lithium from the WS2. The reversible
specific capacity of 590.4 mAh g−1 is higher than the theoretical specific capacity
of the WS2, this additional increase in capacity is ascribed to the contribution from
the lithium storage at the interfaces of WS2 nanoplates and formation of the W
nanoparticles after the conversion reaction. The nitrogen-doped carbon nanofibers
with improved electrical conductivity provide additional pathways for the electrons.

Fei et al. [71] reported the synthesis of different metal sulfides with carbon
nanofibers using electrospinning by dispersing the sulfur into the solution of polymer
and metal acetates and subjecting the obtained fibers to thermal treatment in the
nitrogen gas environment This way the authors have synthesized SnS@CNFs,
MnS@CNFs, FeS@CNFs, Cu1.96S@CNFs, and Co9S8@CNFs, NiS@CNFs, and
tested their lithium ion batteries performance as anode materials and the results are
shown in Fig. 14.22. Their morphological studies have been depicted in Fig. 14.21.
Out of all these composite samples, SnS@CNFs showed high capacity owing to
the highest theoretical capacity of SnS together with high rate capability. The high
performance and the excellent rate capability are attributed to the embedding of
nanoparticles in the structure of the fiber which not only accommodates volume
expansion but also prevents the aggregation of nanoparticles. The presence of a large
number of micropores on the nanofibers allows for the fast diffusion of electrolyte
and fast approach of the Li+-ions to the metal sulfide particles.

Zhang et al. [72] designed graphene-wrapped carbon nanofibers and grew WS2
nanosheets on them to improve the electrical conductivity and accommodate the
large volume expansion and contraction during lithiation and de-lithiation. Graphene

Fig. 14.22 a Cycling performance of the six samples and CNFs at a current density of 0.5 A g−1;
b rate performance of the six samples. Adapted and reproduced from Ref. [71], Copyright 2016
Royal Society of Chemistry
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Fig. 14.23 Microstructures of WS2/GCNF-2 hybrid membrane. a, b FESEM images, c TEM and
d HRTEM images of WS2/GCNF-2. Adapted and reproduced from Ref. [72], Copyright 2016
Royal Society of Chemistry

nanosheets were separately synthesized by the modified Hummer’s method and the
pre-oxidized polyacrylonitrile (PAN) nanofibers were synthesized by electrospin-
ning. Later, the PAN were added to graphene oxide dispersion in water for 24 h and
then rinsed, dried in a vacuum and carbonizing at 950 °C in nitrogen ambiance to get
graphene-wrapped carbon nanofibers. WS2/GCNF composite was synthesized by a
solvothermal method. Figure 14.23a–d shows FESEM images and HRTEM images
of the WS2 nanoflakes grown on the graphene-wrapped CNF. The authors prepared
WS2/GCNF compositeswith varying amount ofWS2 loading on the fibers by varying
the amount of theWS2 precursor ((NH4)2WS4) during synthesis and then carried out
electrochemical tests on the lithium ion batteries fabricated using the same materials
without adding any polymeric binder or conductive carbon to make the electrodes.

The electrochemical data is shown in Fig. 14.24a, b. Among the different weight
ratios of WS2/GCNF prepared, the composites with 74.6% of WS2 (WS2/GCNF-2)
showed better performance compared to other composites with 54.8% (WS2/GCNF-
1) and 88.3% (WS2/GCNF-3) ofWS2. TheWS2/GCNF-2 exhibits an initial discharge
capacity of 1624.3 and 1128.2 mAh g−1 as compared to the only WS2 which deliv-
ered a capacity of 1305.6 and 693.4 Ah g−1. This enhancement in capacity is
attributed to the effective dispersion of WS2 nanosheets in the GCNF nanofibers.
The GCNF also provided good stability to WS2/GCNF as against poor stability
of WS2 nanosheets in which conductive carbon and polymeric binders were used.
WS2/GCNF-2 anode delivers high initial charge capacity of 1128.2 mAh g−1 and
retention of 1068.5 mAh g−1 after 100 cycles which is quite a good result.
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Fig. 14.24 a Cycling stability at 0.1 A g−1 and b rate performance of prepared samples. Adapted
and reproduced from Ref. [72], Copyright 2016 Royal Society of Chemistry

Xia et al. [73] produced flexible and free-standing SnS/carbon nanofibers by
dissolving suitable amounts of SnCl2 and polyvinylpyrrolidone (PVP) in DMF and
carrying out electrospinning. The electrospun fibers were then heated in a tube
furnace in the presence of Ar/H2 gas keeping thiourea in the upstream of the gas
flow. The fibers obtained were again subjected to carbonization at different temper-
atures (550, 650 and 750 °C). Thus, the produced materials were used as anodes
to fabricate binder and conductive carbon-free lithium ion batteries. The SnS has a
layer spacing of 4.04Åwhich is favorable for both Li+ andNa+-ion intercalation. The
electrochemical characterization of the lithium ion batteries is shown in Fig. 14.25.

For the SnS/CNF prepared at 650 °C, in the cyclic voltammogram the peak at
0.98 V in the first cathodic curve is attributed to the conversion reaction of SnS with
Li+ to produce Li2S and Sn which is given as SnS + 2Li++ 2e− → Sn + Li2S. The
peak at 0.54 V appears due to the formation of the solid electrolyte interface film.
The peak appearing below 0.3 Vmay be representing the alloying reaction of Sn and

Fig. 14.25 Long-term cycling performance for SnS/C NFs-650 °C. Adapted and reproduced from
Ref. [73], Copyright 2019 Elsevier
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Li+ (Sn + xLi+ + xe− → LixSn (0 < x ≤ 4.4), and the oxidations peaks occurring
at 0.52 and 0.68 V show the multistep de-alloying processes. The first discharge and
charge capacities of the materials are found to be 1278 mAh g−1 and 898 mAh g−1,
respectively, with a Coulombic efficiency of 70.3%, the loss in capacity could be due
to electrolyte decomposition. Even at a current density of 4 A g−1, the SnS/C NFs-
650 °C electrodes deliver a capacity of 206 mAh g−1 which is a very good value.
The SnS/C NFs-650 °C electrode also delivers an impressive higher capacity of
548 mAh g−1 even after 500 cycles while the other two deliver much lower capacity.
The stable and improved performance of the SnS/C NFs-650 °C is observed to be
due to the surface defect formed due to carbonization at 650 °C which favor more
storage of Li+-ions in the electrode. From these results, the authors conclude that the
concentration of defects, electrical conductivity, and the amount of SnS present in
the composite decides the capacity values obtained.

From all the above-discussed reports, we can understand that for the best perfor-
mance of a given transition metal sulfide one needs to design proper composite
which can improve the electrical conductivity, porosity, defects and the optimized
content of the metal sulfide. With this in mind, one can design various possible metal
sulfide electrospun carbon nanofiber composites for excellent performance as anode
materials for lithium ion batteries.

14.5 Conclusion

In this chapter, we have discussed the synthesis of CNFs using electrospinning
method. Wide varieties of material such as polymers, nanoparticles and compos-
ites have been employed to electrospinning to obtain nanofibers. Depending upon
the need and current prospective, CNFs have been designed and functionalized by
various materials. Although LIBs have been explored worldwide using graphite as
anode material, yet to meet the demand of the next generation high energy and power
density due to its limited theoretical capacity of 372 mAh g−1. Hence, 1D CNF
provides favorable properties for electrochemical storage of Li+-ions in LIB through
good access for electrolyte due to enhanced surface-volume ratio and conductivity
along the length. High capacity and lower resistance are key electrochemical prop-
erties for CNFs as it provides shorter path length for Li+ insertion and efficient 1D
electron transport along length compared to powder materials. The varieties of nano-
materials such as CNF/metal oxides, CNF/metal sulfides, conducting polymers have
been discussed along with their electrochemical performances. Also, advantages of
high theoretical capacity materials as anodes for LIB and the challenges associated
with it for composite making have been discussed with their Li+-ion battery perfor-
mance. The materials have been controllably, designed and synthesized as need
of electrochemical view of points. Overall, the chapter summarized, designed and
synthesis with unique strategies for the application of LIBs anode.
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15.1 Introduction

Li-ion batteries (LIBs) have been very well developed and commercialized due to
its excellent high energy, power density, and long cycle life [1]. The Ragone plot of
various energy storage devices has been given in Fig. 15.1 [2]. Commercial LIBs
have layer-type cathode LiCoO2 and graphite as anode, the lithiation and delithiation
occur as reaction which is LiCoO2 + 6 C ↔ Li1-xCoO2 + LixC6. LIBs are very
lightweight with operating voltage of 3.6 V with deliverable capacity ranging from
700 to 2400 mAh for a single cell (battery) and extensively used in many electronic
gadgets such as cell phones, laptops, medical equipments, video camcorders, electric
vehicles (EV), hybrid electric vehicles (HEV) [1, 3].

The state-of-the-art graphite anode has limited theoretical capacity (372mAhg−1)
which is not able to meet the requirement of next-generation energy and power
density. Therefore, it is needed to improve the energy density and power density of
LIBs. Table 15.1 shows the common anode materials and their theoretical capacity
with respect to LIBs [4]. There are several anode materials such as Si, Sn, Ge, metal
oxide, and metal sulfides, which have very high theoretical capacity but among
them Si is one of the best material and earth-abundant, having very high theoretical
capacity of 4200 mAhg−1 (Li22Si5 composition), low discharge potential of 0–0.4 V,
and low cost [5]. Unfortunately, the commercialization of Si-basedLIBs faces several
challenges due to their low intrinsic electrical conductivity (1 × 10−5 S cm−1), large
volume expansion (400%) that occurs during alloying process with lithium (Li4.4 Si)
and Li+ drastically break the covalent bond between Si–Si resulting into the change
in crystal structure either by amorphization or alloy, this leads to the pulverization of
the electrolyte resulting low electrical contact with the current collector, furthermore
rapid capacity loss [6–11]. The lithiation and delithiation process, as well as phase
change, can be written as:

Fig. 15.1 Ragone plot
shows the demands of high
energy/power for
electrochemical energy
storage devices for the next
generation. Adapted and
reproduced from Ref. [2],
Copyright 2014 American
Chemical Society
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lithiation: x − Si → a − LiySi → a − LixSi → x − Li15Si4

delithaition: x − Li15Si4
−Li→ a − LizSi

−Li→ a − Si

subsequent cycling: a − Si
−Li→ a − LizSi

−Li→ x − Li15Si4

where “x” refers to a crystalline phase and “a” refers to an amorphous phase [12].
The fundamental challenges are discussed ahead based on the Si and Li chemistry.

15.2 Challenges in Si-Based LIBs

There is no wonder that Si-based anode has high demand due to its high theoretical
capacity, abundant, very good anodic characteristics with potential range of 0–0.4 V.
But there are three main challenges which limit their use as commercial application
[9, 13]. The fundamental challenges have been discussed below, and Fig. 15.2 is the
detail about the challenges in Si-based LIBs.

Fig. 15.2 Challenge in Si-based LIBs a Pulverization b Morphology and volume change
c Continuous SEI growth. (Figure is made by using adobe illustrator CS5 software)
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15.2.1 Pulverization

During the lithiation and delithiation process due to the high degree of stress at Si,
it expands about 400% volume change with alloying Li4.4Si. The high degree of
stress causes the cracking as well as pulverization of material resulting in the loss of
electrical contact. This phenomenon shows the drastic capacity fading, such kind of
result was observed at early practical studies when Si used as bulk, film, and large
particles [9, 14].

15.2.2 Morphology and Volume Changes

The large volume changes of Si during the lithiation and delithiation process are key
challenges. During lithiation process, Si makes alloywith Li and expands up to 400%
and while delithiation Si contract resulting detachment of particles as well as current
collectors. This all process offer for the loss of electrical contact and capacity fading.
Moreover, the total volumeof Si increases and decreases in lithiation and delithiation,
leading to material peel out, failure, and electrical contact with the current collector
[13].

15.2.3 Solid Electrolyte Interphase (SEI)

The decomposition of organic electrolyte is thermodynamically favorable at the elec-
trode surface when the potential of the anode is below—1 V. The formation of the
layer at the electrode surface due to the decomposition of the organic electrolyte is
known as “solid electrolyte interphase” (SEI). SEI layer should be stable and dense
for the no further side reaction, ionically conducting, and electrically insulating. The
SEI layermainly consists of Li2CO3, LIF, Li2O, lithiumalkyl carbonates (ROCO2Li),
and nonconducting polymers. The formation of a stable SEI layer with Si is very
challenging due to the large volume expansion and cracking. This volume expansion
and cracking can further form the SEI layer and goes upon cycle by cycle, resulting
in thicker and thicker SEI layer which is responsible for the loss of electrical contact
among particles [9, 15].

To solve this fundamental problem, there are several engineered tailored method
which have been designed and synthesizedwith carbonmaterial such as Si nanotubes,
[16], 3D porous Si (three-dimensional porous silicon) [17], Si/graphene [18, 19]
SiNWs/graphene (Si nanowires/graphene) [20], Si@carbon core/shell [21], 3DCNT
(three-dimensional carbon nanotube) mesoporous Si [22], silicon oxycarbide-CNT
shell/core [23], polymer capped Si [24], Si/CNF composites [25], SiC-C core/shell
[26], sandwich graphene protected Si/CNFs (Si/carbon nanofibers) [27], Si encapsu-
lated hollowCNFs [28], flexible binder-free Si/silica/carbon nanofibers [29], and also
with different porous and non-porous structural morphologies have been designed.
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Fig. 15.3 Schematic of various Si and carbon-based morphologies to overcome the problem of
Si-based LIBs. (Figure is made by using adobe illustrator CS5 software and BIOVIA Materials
Studio)

Figure 15.3 shows the schematics of different morphological (1D, 2D, and 3D)
approach for Si-based nonmaterial. Among all the method, electrospinning method
is more favorable for the synthesis of Si-based carbon morphology due to its cost-
effective, industry-viable, simplicity, high efficiency, and high yield. The synthesis
of Si-based nonmaterial via electrospinning method has been discussed.

15.3 Electrospinning Method for Synthesis

Due to the three different controlled parameters: (i) operating parameters such as
electric potential, needle gauge, flow rate, tip-to-collector, and nozzle type; (ii) solu-
tion parameters such as solubility and viscosity of the precursor, polymer templates,
dielectric constant, and surface tension of the solvents; (iii) ambient parameters such
as temperature and humidity along with advanced versatility, high efficiency and
high yield, electrospinning method has been taken great attention for the synthesis
of desirable nanomaterials. By controlling the electrospinning and thermal treat-
ment, the 1D NFs (one-dimensional nanofibers), controlled phase and morphology
of desired materials (NFs and composites) can be easily obtained. Moreover, we
can control the electrospun NFs with (i) surface-to-volume ratio and high surface
area with the desired active site (ii) porous and cavity structure can buffer the large
volume change while electrochemical reactions. Figure 15.4a shows the electrospin-
ning apparatus with their parts, and Fig. 15.4b shows the various type of controlled
and desirable morphology can be obtained by electrospinning methods.
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Fig. 15.4 a Electrospinning apparatus with parts (i) stainless needle-equipped plastic syringe with
solution (ii) Voltage supplier (iii) grounded conducting collector. bVarious types of electrospunNFs
obtained by controlling the parameter such as precursor, calcination, and type of nozzle Adapted
and reproduced from Ref. [30], Copyright 2016 Royal Society of Chemistry

There is a growing demand for high capacity and high energy Li-ion batteries for
large-scale applications.Currently, graphite is used as anodematerial for the commer-
cial battery. However, its low specific capacity hinders its large-scale application. So
there is growing research interest to find the electrode materials with high specific
capacity and energy density. Among variousmaterials, Si has been extensively inves-
tigated because of its high theoretical capacity of ~4200 mAh g−1. However, during
cycling Si particles suffer from large volume change leading to pulverization of Si
resulting in loss of electrical contact and fast capacity fading. Various strategies were
used to overcome these issues by constructing nanostructures and nanocomposites
of silicon with carbon. Electrospinning-based synthesis of Si composites has been
discussed. Various 1D nanostructures of Si with various forms such as nanotubes
[31], hollow nanospheres [32], nanowires [6], hollow porous nanoparticles [33],
and nanofibers [34] as well as its composite with variety of carbon nanostructures
[35] especially electrospun carbon nanofibers have been synthesized to counter the
problem and improve the rate capability and cycling stability of the Li-ion batteries.
Several synthesis methods have been utilized to get the nanostructures of Si as well
as carbon composites with Si. However, all these methods are complex and have low
yield which prevents its practical application. Electrospinning is low cost, simple,
and scalable process for the Si nanofibers and its composites with carbon nanofibers.

D. J. Lee et al. reported mesoporous silicon nanofibers (m-SiNFs) via electro-
spinning and reduction with magnesium. Electrospinning solution was prepared in
the ratio of 1:1 wt% by adding colloidal SiO2 in aqueous polyacrylic acid (PAA).
This solution is electrospun to get PAA/SiO2 fibers. As PAA acts as a sacrificial
template, it is removed by carbonizing electrospun fibers at 500 °C for 1.5 h. Then,
the synthesized SiO2 nanofibers were reduced by Mg powder in Ar atmosphere at
650 °C for 2 h, producing Si andMgO. Further, HCl etchingwas carried out to remove
the MgO formed during reduction. These primary Si nanoparticles interconnect to
form 3D m-SiNFs. Although a primary Si nanoparticle provides fast electronic and
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Fig. 15.5 a Schematic of synthesis of mesoporous Si nanofibers SEM images of the b electrospun
PAA/SiO2 fibers c and d SiNFs after Mg reduction and HCl etching. Adapted and reproduced from
Ref. [36], Copyright 2013 American Chemical Society

ionic diffusion, the 3D m-SiNFs gives uniform distribution of nanoparticles which
binds each other during disintegration during cycling. Thesem-SiNFs shows remark-
able electrochemical performance as an anodematerial for Li-ion battery. Figure 15.5
shows the schematic of the synthesis ofm-SiNFs. [36]. Cho and co-workers have also
used Mg reduction procedure to prepare the electrospun SiNFs and made composite
with graphene by plasma-enhanced chemical vapor deposition to improve the cycling
performance of SiNFs. The graphene covers the open surface and absorbs the volume
change and hence suppresses the pulverization [37].

X. Zhou et al. developed Si/porous carbon nanofibers (PCNFs) by electrospinning
to study electrochemical performance of Si as anode material and schematic illustra-
tion as well scanning electron microscopy (SEM), as well as transmission electron
microscopy (TEM) images, have been given in 15.6 b, c respectively. The SiOx was
coated on the Si nanoparticles by heating at 800 °C for 1 h in air to form a uniform
suspension of Si@SiOx in PAN/DMF solution. Then electrospinning solution was
prepared by dissolving Si@SiOx in PAN/DMF solution. Electrospun Si@SiOx/PAN
nanofibers were stabilized at 250 °C in air for 1 h and carbonized at 1000 °C in
Argon atmosphere to obtain Si@SiOx@CNFs. Finally, HF treatment was done to
remove the SiOx and create Si@PCNFs. Removal of SiOx leaves the space between
the carbon and Si NPs (Si nanoparticles). Figure 15.6a shows the schematic illus-
tration of the electrospinning-based synthesis of Si@PCNFs and scanning electron
microscopy (SEM), as well as transmission electron microscopy (TEM) images,
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Fig. 15.6 aSchematic illustration of electrospinning-based synthesis of Si@PCNFs.bSEMimages
of the Si@PCNFs and c Tem image of Si@PCNFs. Adapted and reproduced from Ref. [38],
Copyright 2013 John Wiley and Sons

have been given in 15.6 b, c respectively. Si@PCNFs composites show excellent rate
capability and cycling stability [38].

H. Wu et al. demonstrated Si nanoparticles encapsulated inside the hollow carbon
tubes (HCT) via electrospinning method and schematic of synthesis protocol, and
TEM images have been given in Fig. 15.7. Electrospinning solution was prepared by
addition of Si nanoparticles with Tetraethoxysilane (TEOS) and PVP in ethanol/HCl.
This solution was electrospun to produce Si nanoparticles embedded with SiO2

nanofibers. Further, polystyrene (PS) was carbonized for coating a layer of carbon
onto composite nanofibers. The carbon-coated composite nanofibers were treated
with HF to remove the SiO2 and generate Si encapsulated hollow carbon tubes [39].

K. Fu and co-workers also coated carbon by chemical vapor deposition (CVD)
on to the electrospun Si@CNF to compensate for the defects created during HF
etching. This helps in encapsulating Si within the CNF and restricts the pulverization
of Si NPs. They demonstrated the high electrochemical performance of carbon-
coated Si@CNF compares to the Si@CNF. Figure 15.8a shows the schematics of
the carbon coating of Si@CNFs, and Fig. 15.8b–d shows the TEM and SEM images
of Si@CNF@C composite [25]. Similar synthesis protocols for the electrospinning
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Fig. 15.7 a Schematic of synthesis of Si encapsulated into HCT, b TEM image of the Si encap-
sulated into HCT. Adapted and reproduced from Ref. [39], Copyright 2012 Royal Society of
Chemistry

Fig. 15.8 a Schematic of synthesis of Si@CNF@C composite, b TEM image of Si@SiO2 NPs,
c TEM image of Si@CNF@C; d SEM images of Si@CNF@C at low and high magnification.
Adapted and reproduced from Ref. [25], Copyright 2014 American Chemical Society

of Si and its composites with carbon nanofibers have been utilized by various other
research groups which are listed in Table 15.2 to overcome the pulverization and
volume expansion during the cycling. The capacities of the prepared materials as an
anode for the Li-ion battery are shown in Table 15.3.
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Table 15.2 Preparation of Si-NFs and Si-carbon nanofibers composite via electrospinning

Precursor Electrospinning conditionsa Stabilization,
carbonization, and
activation

Ref.

PAA + aq. SiO2 → m-SiNFs 12 kV/1 cm3h−1/- Carbonization at
500 °C for 1.5 h,
Reduction by Mg
at 650 °C in Ar for
2 h

[36]

Sitetraacetate/H2O/AcOH +
PVA/H2O → SiNFs → graphene
coated SiNFs

18 kV/1.2 mLh−1/15 Carbonization at
600 °C for 1 h,
Reduction by Mg
at 650 °C in Ar for
30 min, HCl
treatment

[37]

Si + SiOx + PAN/DMF →
Si@PCNF

25 kV/1 mLh−1/- Stabilization at
250 °C for 30 min
in air,
Carbonization for
1 h at 1000 °C in
Ar, HF treatment

[38]

Si + TEOS + PAN +/EtOH/HCl
+ PS/DMF → SiNP@HCT

15 kV/- Stabilization at
600 °C for 5 h in
air, carbonization
at 850 °C for
10 min in N2, HF
treatment

[39]

Si NPs +
TEOS/EtOH/H2O/NH4OH +
PAN/DMF → Si@CNF + C2H2

15 kV/0.75 mL h−1/- Stabilization at
280 °C for 5.5 h in
air, carbonization
at 760 °C for 1 h in
Ar; thermal
heating at 760 °C
for 30 min in C2H2
gas

[25]

PAN + Si NPs/DMF → Si/C 17 kV/0.75 mL h−1/15 Stabilization at
280 °C for 5.5 h in
air, carbonization
at 700 °C for 1 h in
Ar

[40]

PAN/DMF + PMMA +Si
NPs/Acetone/DMF → SiNP@C
core–shell

10.5 kV/1.5 and
2.0 mL h−1/9 cm

Stabilization at
280 °C for 1 h in
air, carbonization
at 1000 °C for 5 h
in Ar

[41]

(continued)
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Table 15.2 (continued)

Precursor Electrospinning conditionsa Stabilization,
carbonization, and
activation

Ref.

PVP/EtOH + Titanium
(IV)Isopropoxide +
Si/C/HOAc/EtOH → Si/C/TiO2

25 kV/3 mL h−1/12 cm Annealed in air at
540 °C for 24 h
followed by further
2 h annealing at
700 °C

[42]

Si NPs + PAN/DMF + PAN/DMF
→ Si/C–C core–shell composite
NFs

20 kV/0.3 and
0.6 mL h−1/15 cm

Stabilization at
280 °C for 5.5 h in
air, carbonization
at 800 °C for 2 h in
Ar

[26]

Si + TEOS/EtOH/H2O +
PAN/DMF → Si@HC/CNFs

15 kV/0.7 mL h−1/15 Carbonization at
700 °C and HF
treatment

[43]

Si NPs/THF/EtOH +
Phosphonitrilic chloride trimer +
4,4-sulfonyldiphenol +
triethylamine
PAN/DMF + Si@C → Si/C
(Si@C/CNFs)

15 kV/0.75 mL h−1/15 cm/- Calcination at
900 °C for 2 h in
Argon atmosphere
to form Si@C
Stabilization at
280 °C for 5 h in
air, carbonization
at 700 °C for 2 h in
Ar

[44]

Si NPs + PAN/DMF 18 kV/0.75 mL h−1/15 cm Stabilization at
280 °C for 5 h in
air, carbonization
at 700, 800, 900 °C
for 2 h in Ar

[45]

Si NPs + PAN/DMF 1.5 kV/0.75 mL h−1 Stabilization at
280 °C for 5.5 h in
air, carbonization
at 760 °C for 1 h in
Ar; thermal
heating at 760 °C
in C2H2 gas

[46]

PAN + Si/Mineral Oil → Si–C
composite NFs

−/20 and 8 µL min−1/10 cm electrospun fibers
were soaked
in n-octane for
12 h, carbonization
at 800 °C for 4 h in
Ar/H2

[47]

aVoltage/flow rate/distance between nozzle and collector
PAA Polyacrylic acid, PAN Polyacrylonitrile, TEOS Tetraethoxyorthosilicate, HCT Hollow
carbon tubes, DMF N,N-dimethylformamide, PVP Polyvinylpyrrolidone, PMMA Polymethyl
methacrylate, THF Tetrahydrofurane, EtOH Ethanol
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Table 15.3 Capacities of Si-NFs and Si-carbon NFs composites

Materials Electrochemical performance Ref.

Capacity (mAh g−1) Current density (A g−1) Cycle

Si nanoparticles 1125.4 2 100 [36]

m-SiNFs 1363.4 2 300 [36]

Graphene-coated SiNFs 760 0.5 50 [37]

Si@PCNFs 1104 0.5 100 [38]

Si encapsulated HCT 870 1 200 [39]

Si@CNF@C composite 620 0.1 200 [25]

Si/carbon nanofibers 773 0.1 20 [40]

SiNP@C core–shell 721 2.75 300 [41]

Si/C/TiO2 composite
nanofibers

677 0.048 55 [42]

Si/C–C core–shell 886 0.05 50 [26]

Hollow core–shell
structured silicon@carbon
nanoparticles

1020 0.2 100 [43]

Si/C composite nanofibers 670 0.05 40 [44]

Si/C nanofibers 647 0.05 50 [45]

carbon coatings
on Si@CNF
(1) 10 wt% Si@CNF-C
(2) 30 wt% Si@CNF-C

700
1000

[46]

Si (core)–hollow carbon
nanofibers

1300 3 80 [47]

15.4 Advantages in 1D CNF/Si Composite for LIBs

As one of the most promising substituent to commercialized graphite which has
372 mAh g−1 theoretical capacity value, Si has attracted tremendous attention as
an anode due to its very high theoretical capacity value (4200 mAh g−1). With this
holly nature, Si suffers poor electronic and ionic transport properties if it contains
oxygen in it. Also, as Si is an alloying/dealloying anode type, it undergoes a huge
volume expansion around 400% during lithiation/delithiation process as it forms an
alloy with Li [48]. This volume expansion causes capacity fading during subsequent
cycling. Many approaches have been taken to get the benefit of high capacity Si. The
most commonly employed approaches are the nanoengineering of Si [49–51] and
composite making with carbon [52–55]. Out of these Si-C composite is a promising
strategy to control volume expansion of Si as carbon provides electrical conductivity
and acts as robust mechanical support to volume expansion of Si which avoids deteri-
oration of electrode. The super combination of Si/C composite provides high stability
due to the presence of carbon with the advantage of high capacity associated with Si.
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So overall electrochemical performance gets improved [56]. The selection of carbon
material is the next important task. As there are extensively researched carbon forms
at present, selecting a proper carbon is utmost required. Among different carbon
forms, CNF is a promising candidate that provides electrical conductivity, provides
a 1D path for Li+-ion diffusion, more surface for electrode/electrolyte interphase,
and can control volume expansion of Si by encapsulating Si in it [57].

J. Wang et al. demonstrated Si-hollow CNFs as anode for LIB. The authors have
synthesized Si-hollow CNFs via simple coaxial electrospinning technique. The said
nanocomposite shows improved electrochemical performance as compared to only
Si. Si-hollow CNFs shows 1300 mAh g−1 specific capacity after 80 cycles at 0.5 °C
current density (1500 mAg−1). On the other hand, only Si shows a rapid decrease
in capacity. The electron microscopy images are shown in Fig. 15.9. Outer coverage
of CNFs accommodates volume change and carbon prevents direct contact of Si to
electrolyte so the formation of SEI is also controlled. This makes Si-hollow CNFs
composite material a promising anode material [47].

Ho-Sung Yang et al. encapsulated Si nanoparticles in multi-channeled hollow
CNF and employed it as anode for LIB through coaxial electrospinning method. The
multi-channels in CNFs provide more surface area to encapsulate Si. The authors
have synthesized single channeled (1cHCNF), two channeled (2cHCNF), and 4

Fig. 15.9 a, b SEM images of PANCNFs, c TEM image of Si nanoparticles encapsulated in CNFs,
d HRTEM (high-resolution transmission electron microscopy) and SAED pattern of Si-hollow
CNFs. Adapted and reproduced from Ref. [47], Copyright 2013 Royal Society of Chemistry
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channeled hollow CNFs (4cHCNF) and encapsulated Si in it named as Si1cHCNF,
Si2cHCNF, and Si4cHCNF, respectively. The electronmicroscope images are shown
in Fig. 15.10. The charge and discharge capacity of Si1cHCNF, Si2cHCNF, and
Si4cHCNF are displayed in Fig. 15.11. The specific capacities of Si1cHCNF,
Si2cHCNF, and Si4cHCNF were 2615 mAh g−1, 2506 mAh g−1, and 2276 mAh
g−1, respectively. The highest capacity for Si4cHCNF is attributed to more number
of contact points in between Si and CNFs. Also, capacity retention for Si4cHCNF
is highest (72.6%) as compared to Si1cHCNF and Si2cHCNF after 50 cycles
(Fig. 15.11a, b).

These multi-channeled CNFs provided improved conductive path and accommo-
dated volume change of Si. This strategy improves contact surface in between Si
and CNFs which helps to improve electrochemical performance [57]. Hence, CNFs
is a promising carbon form for making composter with Si nanoparticles in order
to achieve high capacity and cycling stability life. The 1D nature of CNFs is the
key parameter to improve electrochemical performance. Also, the synthesis of CNF
via electrospinning provides an advantage to get desired diameter CNFs and in situ
synthesis of composite making with other nanomaterials.

Due to the several advantages of electrospun-basedCNF/Si toward the LIBs, it has
been performed and able to meet the high energy and power density demands. The
electrochemical performance of the electrospun Si-based composites with different
strategies has been discussed in detail.

Fig. 15.10 a and c are FE-SEM images of Si2cHCNF and b and d are FE-SEM images
of Si4cHCNF at high and low resolution, respectively. Adapted and reproduced from Ref. [57],
Copyright 2014 Royal Society of Chemistry
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Fig. 15.11 a Charge and b discharge capacity over different cycles of Si1cHCNF, Si2cHCNF and
Si4cHCNF samples with normalized Si content. Adapted and reproduced fromRef. [57], Copyright
2014 Royal Society of Chemistry

15.5 LIBs Performance of Electrospun-Based Synthesized
Si Composites

There are several strategies that have been applied to overcome the challenge in
Si-based anode for LIBs. Electrospun is one of the excellent methods to overcome
the fundamental problem. Zhu et al. reported that atomic-scale control of silicon
expansion as ultrastable LIBs anode. They have made binder-free three-dimensional
flexible Si and graphene/carbon nanofibers (FSiGCNF) [58].

Figure 15.12a: Schematic design of synthesis of 3DFSiGCNFs, Fig. 15.13a: SEM
images of 3DFSiGCNFs (top view) Fig. 15.13b: SEM images of 3DFSiGCNFs (side-
view) Fig. 15.13c TEM images of SEM images of 3DFSiGCNFs and clearly showing
the hollow space between Si and carbon layer (d–g) TEM elemental mapping of
3DFSiGCNFs showing the very well distribution of C, O, and Si and also empty
space. Figure 15.14a, b shows electrochemical performance different samples while
charging and discharging; in the case of Si NPs, the fast capacity fading is observed;
due to huge volume change, SiCNF has slightly improved capacity and due to the
coating of carbonwhich enhances the electrical conductivity and stability. It is notable
that the FSiGCNF has a very high retention capacity of 2002 mAh g−1 at a current
density of 700 mAg−1 also after 1050 cycles able to achieve very high capacity
3840 mAh g−1 for silicon alone. The high reversible capacity of Si alone is due to the
voids present in the graphene carbon matrix which provide sufficient space for inter-
calation–deintercalation resulting in very high storage capacity with 99% coulombic
efficiency. Figure 15.15a, b shows the rate performance of FSiGCNF during charging
and discharging at current density range from 280 to 28,000 mAg−1. 3D FSiGCNF
delivers the reversible capacity of 1862, 1583, 1240, 1028, 886, and 761 mAh g−1

with current densities of 280, 700, 1400, 2800, 7000, and14,000mAg−1, respectively.
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Fig. 15.12 a Schematic of synthesis of 3DFSiGCNFs. Adapted and reproduced from Ref. [58],
Copyright 2016 American Chemical Society

These all data confirm that the electrospun-basedmethod can control the fundamental
challenges and able to deliver very high energy density and power density.

Wu et al. have been designed as engineered empty space between Si and CNTs
by low-cost electrospinning methods to overcome the fundamental challenges. The
electrochemical LIBs performance has been given in the figure. Figure 15.16a shows
the schematic of conformal carbon coating on Si NPs and disintegration of Si NPs
due to volume changes Fig. 15.16b shows the schematic of the design of carbon
coating on Si NPs with empty space between Si NPs and Carbon coating. This
empty space will help for the volume expansion and contraction of Si NPs during
the electrochemical process. Figure 15.17a shows the stability of SiNPs@CT and
shows very high capacity 969 mAh g−1 at current density of 1 A g−1 which is 3 time
higher than state-of-the-art graphite anode at 1C. SiNPs@CTs shows the superior
cyclability up to 200 cycles with 90% retention capacity. Figure 15.17 (b) shows the
cyclic performance of bare Si, carbon-coated Si and SiNPs@CT. Si NPs show the
drastically capacity fading due to large volume expansion, while carbon coated Si has
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Fig. 15.13 a SEM images of 3DFSiGCNFs (top view) b SEM images of 3DFSiGCNFs (side-view)
c TEM images of SEM images of 3DFSiGCNFs and clearly showing the hollow space between Si
and carbon layer d–g TEM elemental mapping of 3DFSiGCNFs showing the very well distribution
of C, O, and Si and also empty space. Adapted and reproduced from Ref. [58], Copyright 2016
American Chemical Society

somewhat improved capacity but SiNPs@CTs showexcellent capacity retention even
after 50 cycle negligible capacity fading (95% retention). The high capacity retention
is due to the space available between SiNPs andCTswhich help for suitable lithiation
and delithiation process. Figure 15.17c shows the rate performance ranging from the
current densities of 0.8 to 8 A g−1 [39].

Chen et al. successfully designed and synthesized Si coated with the CNFs as
shown in Fig. 15.18a schematic illustration of Si@MC-CNFwith void space between
Si and carbon layer and Fig. 15.18b SEM image of Si@MC-CNF and Fig. 15.18c
TEM image of Si@MC-CNF. They have used this composite with a fascinating
strategy for the LIBs application. The electrochemical performance of Si@MC-CNF
(Si@multichannel carbon fibers) has been given in Fig. 15.19a, b. Figure 15.19a
shows the cyclic performance of Si@MC-CNF at a current density of 100 mAg−1

and able to achieve the discharge and charge capacity of 1400 and 1213 mAh g−1

which is very high as compared to graphite anode. Figure 15.19b shows the rate
performance of Si@MC-CNF in the potential window of 0.01–2 V. Si@MC-CNF
has been performedwith different current densities 100, 200, 500, 1000, 1500mAg−1

and achieved the capacity of 1342, 1331, 1215, 1007, and 784 mAh g−1, respectively
[59].

Hawang et al. Figure 15.20a, b has been designed core–shell SiNPs@Cby electro-
spun using duel node. Figure 15.20a shows the electrospun duel node method for the
synthesis of SiNPs@C to overcome the problem of volume expansion. Figure 15.20b
shows the cross-sectional TEM images of SiNPs@C that also clearly indicates the
core–shell morphology of SiNPs and carbon. [41]. Li et al. also designed the binder-
free silicon/carbon fabric using double-nozzle electrospinning and Fig. 15.20c shows
the schematic of the synthesis of silicon/carbon binder-free fabrics. Figure 15.20d
shows the TEM images of CPAN-Si/CPAN [60].
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Fig. 15.14 Cyclic performance of 3DFSiGCNFs, SiCNFs and pure Si NPs during a charging,
b discharging at current density of 700 mAg−1. Adapted and reproduced from Ref. [58], Copyright
2016 American Chemical Society

Zhange et al. designed and synthesized electrospun core–shell Si/carbon fibers.
Figure 15.21a is the schematic illustration of structural design of Si/Po-C@C (Si in
porous carbon@C) composite and 3D sketch of overall structure, Fig. 15.21b SEM
image of Si/Po-C@C, Also, Ma et al. designed as shown in Fig. 15.21c schematic
illustration for the synthesis process of G/Si@CFs (carbon nanofibers interwined
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Fig. 15.15 Rate performance of 3DFSiGCNFs as well as SiCNFs during a charging, b discharging
at different current densities. Adapted and reproduced from Ref. [58], Copyright 2016 American
Chemical Society

graphene/silicon) composite, Fig. 15.21d SEM image of G/Si@CFs, Fig. 15.22a
cyclic performance of Si/Po-C@C, Si NPs only, and Po-C@C at current density of
0.2Ag−1 Fig. 15.22b rate capability of Si/Po-C@Cat current densities of 0.1–1Ag−1

[61]. Figure 15.23a cycling performance with coulombic efficiency of G/Si@CFs,
G/Si, and Si NPs@CFs, Fig. 15.23b rate capability of G/Si@CFs and Si NPs @ CFs
[62].

Table 15.3 shows the capacities of Si NPs, Si-NFS, and Si-carbon NFs composites
for the performance of LIBs.
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Fig. 15.16 a Schematic of carbon-coated silicon NPs b schematic of carbon-coated silicon with
empty space between Si NPs and carbon. Adapted and reproduced from Ref. [39], Copyright 2012
American Chemical Society

Fig. 15.17 a Cyclic stability of SiNPs@CT at 1C b cyclic performance of bare Si, carbon-coated
Si and SiNPs@CT c rate performance of SiNPs@CT. Adapted and reproduced from Ref. [39],
Copyright 2012 American Chemical Society
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Fig. 15.18 a Schematic illustration of Si@MC-CNF with void space between Si and carbon layer.
b SEM image of Si@MC-CNF c TEM image of Si@MC-CNF. Adapted and reproduced from Ref.
[59], Copyright 2019 American Chemical Society

Fig. 15.19 a Cyclic performance of Si@MC-CNF at current density of 100 mAg−1 b rate perfor-
mance of Si@MC-CNF. Adapted and reproduced from Ref. [59], Copyright 2019 American
Chemical Society
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Fig. 15.20 a Synthesis of SiNPs@C by electrospun. b Cross-sectional TEM images for SiNPs@C
[41]. c Synthesis of C-Si/C using double nozzle electrospinning. d TEM images of CPAN-Si/CPAN.
Adapted and reproduced from Ref. [60], Copyright 2016 American Chemical Society

Fig. 15.21 a Schematic illustration of structural design of SiPo-C@C composite and 3D sketch of
overall structure; b SEM image of SiPo-C@C. Adapted and reproduced from Ref. [61], Copyright
2015 Royal Society of Chemistry c Schematic illustration for the synthesis process of G/Si@CFs
composite, d SEM image of G/Si@CFs. Adapted and reproduced from Ref. [62], Copyright 2017
Springer Nature
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Fig. 15.22 a Cyclic performance of Si/Po-C@C, Si NPs only and Po-C@C at current density
of 0.2 A g−1; b rate capability of Si/Po-C@C at current densities of 0.1–1 A g−1. Adapted and
reproduced from Ref. [61], Copyright 2015 Royal Society of Chemistry

Fig. 15.23 a Cycling performance with coulombic efficiency of G/Si@CFs, G/Si, and Si NPs@
CFs; b rate capability of G/Si@CFs and Si NPs @ CFs. Adapted and reproduced from Ref. [62],
Copyright 2017 Springer Nature
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15.6 Conclusions

In this chapter, we have summarized the need for high energy density, high power
density, and long cycle life LIBs. As Si has high theoretical capacity among various
anodematerials, low operating potential, earth abandonmakes Si as promising candi-
date. But due to some challenges such as pulverization, morphology changes, volume
expansion and SEI layers formation with cycle by cycles. But to overcome these
problems, many engineered tailored strategies have been employed to meet the next
generation energy density and power density demands. Therefore, electrospun-based
method with tuned space sized between Si NPs core and carbon shell has fulfilled the
requirements of the above three challenges. All these strategies are able to meet the
requirement, and the performances of the materials have been given in Table 15.3.
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Chapter 16
Lithium Cobalt Oxide (LiCoO2):
A Potential Cathode Material
for Advanced Lithium-Ion Batteries

Anjumole P. Thomas, Akhila Das, Leya Rose Raphael,
Neethu T. M. Balakrishnan, Jou-Hyeon Ahn, M. J. Jabeen Fatima,
and Raghavan Prasanth

16.1 Introduction

Lithium-ion batteries (LIB) have long been considered as a power source for portable
electronics due to its high energy density and very low self-discharge of all recharge-
able batteries. Today, lithium-ion batteries dominating the energy storage device
market at least by a factor of 2.5 to any competing technology because of its high
value of energy density, i.e., 150 Wh kg−1 [1]. The performance of a battery is a
measure of its cell potential, capacity, and energy density which is directly related
to the properties of the material that forms positive and negative electrodes. Cycle
time and stability are also a function of the electrode material. Compared to other
battery technology such as lead–acid and Ni–Cd, lithium batteries are in the state of
infancy, and there is much hope for innovations in battery chemistry and cell engi-
neering. Fabricating efficient batteries with suitable properties is a key challenge that
will lead to developments of novel materials for battery such as cathode, anode, and
electrolyte [1]. The components of lithium-ion batteries are electrodes, positive and
negative electrodes, and electrolytes. The schematic of a typical lithium-ion battery
is displayed in Fig. 16.1.

Inorganic materials that reversibly react with lithiumwere later identified as inter-
calation compounds that are crucial in the development of promising lithium-ion
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Fig. 16.1 Schematic illustration of basic mechanism in LIBs

batteries. In 1972, titanium disulfide (TiS2) was the best intercalation compound
available at that time andwas started using as the positive electrode in Li-ion batteries
were Li metal as the anode. But its impeccable operation strategies made it non-
viable for battery application [2]. Later, higher chalcogenides were introduced as
intercalation electrode materials such as sulfides and selenides. In 1983, Goode-
nough proposed lithium metal oxide insertion electrodes that are successfully used
in today’s battery technologies [3]. Different combinations of lithium-ion electrode
materials are discovered out of whichmetal oxide/sulfide electrodes for non-aqueous
secondary batteries stand a major role due to their high specific energy and power.
Metal oxides and sulfides are extensively investigated for electrodematerial andmany
of them have been synthesized either by lithium extraction or by insertion. Oxides
include vanadium pentoxide (V2O5), molybdenum oxide (MoO3), tungsten oxide
(WO2), iron (III) phosphate (FePO4), cobalt oxide (CoO2), etc., and sulfides such
as molybdenum sulfide (MoS2), chromium sulfide (CrS2), and nickel phosphorus
trisulfide (NiPS3), etc. [4]. A high voltage and material stability make lithium/metal
oxide electrode more preferable over metal sulfides.

Lithium cobalt oxide (LiCoO2) is one of the important metal oxide cathode mate-
rials in lithium battery evolution and its electrochemical properties are well inves-
tigated. The hexagonal structure of LiCoO2 consists of a close-packed network of
oxygen atoms with Li+ and Co3+ ions on alternating (111) planes of cubic rock-salt
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sub-lattice [5].Goodenough et al. reported that lithium-ion canbe reversibly extracted
from the structure by a corresponding change of cobalt oxidation and over the range
0.5≤ x ≤ 1 in LixCoO2 exhibit low overpotential and good reversibility [4]. The first
commercial LIBs are introduced by SONY, but relatively low capacity and stability
of LiCoO2 make it less desirable for cathode material. Later, several modifications
are reported on LiCoO2 by coating with metal oxides and phosphates in order to
improve the capacity of batteries [6, 7]. Availability, low thermal stability, and high
price are the main challenges faced in LiCoO2 market. To overcome these problems,
many synthetic approaches are experimented, and out of these, the electrospinning
method offers low-cost and simple procedure for the preparation of one-dimensional
(1D) nanostructures with excellent properties such as high specific surface area, short
ionic and electron diffusion pathways, andmechanical stability [8]. And hence it also
improves electrochemical properties and battery performance.

Electrospinning is a widely used fabrication technique for the processing of novel
1D nanostructure such as nanofibers, nanotubes, and nanowires for a wide range of
applications such as tissue engineering, energy conversion and storage, and electronic
devices. The reduction of the size of the particle from micro to nanoscale improves
the structural properties such as porosity, surface area to volume ratio, and electrical
and mechanical properties. The electrospinning technique has a wider application
in battery technology for the preparation of efficient electrode material for longer
applications. In typical LIBs, powder electrodes are used such as a carbon-based
anode and lithium metal oxide cathode. During lithium-ion intercalation and de-
intercalation cycles, ions having long diffusion pathways that diminish the kinetics of
electrochemical reactions and result in poor battery performance [9, 10]. It is reported
that electrospun nanofibers show better intercalation–de-intercalation mechanism as
well as good electrochemical reaction kinetics at the electrode-electrolyte interface
due to high surface area, porosity, and high stability [11]. Nanostructured LiCoO2

cathode material can be prepared by sol-gel-assisted electrospinning method were
metal acetate and citric acid as precursors with applied voltage 25 kV and distance of
30 cm were reported. Electrochemical studies showed that nanostructured electrode
shows high initial discharge capacity of 182 mAh g−1 compared with capacity 140
mAh g−1 of powder LiCoO2 electrodes [12], promises a new model micro-lithium
battery for future energy storage device market.

Higher performance Li-ion batteries for advanced transportation applications
required batteries with high energy and power density. Enhancement of rate capa-
bility of batteries can be achieved by structural improvements in electrode materials
and which leads to overcoming the barriers such as low cycle time, low-temperature
tolerance, and poor life. Mizuno et al. proposed nanostructured wire-like LiCoO2

which could reduce crystal growth at high temperature and show better rate capa-
bility [13]. Technological developments in electrospun LiCoO2 electrode material
merits structural stability, cyclic performance, and safety. Also, doping, surface engi-
neering, and incorporation of carbon materials are the key research methodologies
in this area for further developments in electrospun LiCoO2 materials.
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16.2 LiCoO2 Nanostructures of Different Morphology

To fabricate micro-scale lithium batteries, effective techniques are required for the
fabrication of micro-scale anode, cathode, and electrolytes [1, 14]. There are lots
of investigations carried out in the field of electrode materials, especially LiCoO2

for improving its electrochemical properties. Most of the preparation methods are
focused on high-temperature solid-state reactions which lead to the formation of
LiCoO2 with abnormal grain growth, inhomogeneity, and poor control on stoi-
chiometry [15]. Solution-assisted preparation techniques are also employed for
preparing LiCoO2 fibers, out of these, electrospinning is a simple and versatile
method to generate uniaxially aligned arrays or mats with well-controlled chemical
compositions as well as precision in diameter.

There are several reports on inorganic hollow nanofibers of TiO2 and SiO2 [16,
17], however, the first hollow nanofibers of LiCoO2 prepared by Zhan et al. [18]
with higher surface area and fancy nanostructure. In his experiment, precursor solu-
tion contains lithium acetate, cobalt acetate, citric acid, and water were used. In the
current experiment, the precursor solutionwasheatedup to60 °C thepellucid solution
would be gradually polymerized to form the sol with part of the acetic acid and water
evaporating slowly. While electrospinning, the sol was elongated to form the core-
shell structured fibers accompanied by the solvent volatilizing. After the fibers were
put into cyclohexane to eliminate the machine oil (core) and the following drying,
the volatile components rapidly vaporized, and the gel hollow nanofibers would be
transformed to the xerogel nanofibers. The typical xerogel hollow nanofibers were
continuous as long as 10–20 cm with the diameter of 0.5–4 mm, which overlapped
each other and seem as a piece of brown nonwoven cotton agglomerate (Fig. 16.2).

Fig. 16.2 SEM images on the surface morphology of the a xerogels fibers, b LiCoO2 hollow fibers
calcined at 400 °C for 6 h in air Adapted and reproduced from [18], Copyright 2007 Taylor and
Francis
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Morphology of xerogel nanofibers by SEM showed smooth and featureless appear-
ance. After calcination, nanofibers become brickle due to the decomposition of citric
acid and reaction between lithium acetate and cobalt acetate. Increasing of calcina-
tion temperature to 700 °C, there are no structural deformations and the properties
are well maintained. Further, observations by TEM technique indicate that wall of
xerogel nanofibers was made up of polycrystalline LiCoO2 nanoparticles.

In advanced transportation system such as hybrid electric vehicle (HEV) and
electric vehicle (EV), Li batteries are prior choice due to its high performance [13].
Li batteries show better charge–discharge capability as well as faster lithium-ion
transfer in the cathode. Morphology of cathode material is a determining factor in
battery performance. Honma et al. [19] reported nanosized electrode materials that
are expected to possessmuchhigher power output due to short diffusion length.Nano-
sized LiCoO2 as suggested as electrode material for Li-ion rechargeable batteries has
anisotropic surface properties affecting electronic structures, which is evidenced by
electron energy loss spectroscopy (EELS). To obtain nanostructured cathode mate-
rial, there are several methods reported yet such as post-templating method [20],
sol-gel method [21], spray-drying method [22], co-precipitation method [23], and
hydrothermal method [24–26]. Out of these, sol-gel method is more preferred due
to its high control on chemical composition of the obtained nanostructured material.
But the disadvantage of these processes is large size of the product and this is due
to crystal growth during heat treatment. In contrast, electrospun wire structure could
suppress the crystal growth even at high temperature because of its unwoven fabric
morphology [24].

Mizuno et al. [13] fabricated wire-structured LiCoO2 material from wire-
structured precursor by applying high voltage to the precursor solution by elec-
trospinning method. This method has attracted much attention recently, since this
method can easily fabricate mass production of wire-structured electrode material
than conventional hydrothermal method. By using electrospinning method, various
wire-structured materials such as metal–carbon composites, electrode material, such
as LiFePO4, have been synthesized successfully [27–29].

Mizuno et al. fabricated as-spun fiber of LiCoO2 with/without vapor grown carbon
fiber (VGCF) from the precursor aqueous solutions of Li, Co, polyvinyl alcohol
(PVA) andpolyoxyethylene octyl phenyl ether. SEMimages showed that the diameter
of obtained as-spun fiber with/without VGCF is 0.5 and 1.2 µm, respectively. It is
clear that the precursor solution with VGCF could control the diameter of the wire-
structured LiCoO2. The charge–discharge and rate capability experiments revealed
that both resultingmaterials show the reversible Li+-ion insertion/extraction reaction.
However, due to the existence of a small irreversible capacity at the initial cycles, the
interfacial resistance increases, resulting in the poor cyclability and lower charge–
discharge rate capability, especially for nanowire LiCoO2 fabricated with VGCF.

Larger the size of electrode material smaller will be the surface area and lead to
poor electrochemical performance [30]. Smaller surface area also leads to slower
charge–discharge rate and lower power density [19, 31]. Since sol-gel synthetic
approach is used for smaller particle but still have relatively lager size over than
micron meters [32]. Xu et al. [33] developed a new synthetic approach for producing
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ultrafine LiCoO2 powders via a combined sol-gel and electrospinning method. In
this experiment, acrylic acid was used as chelating agent to avoid pH change in gel
formation during electrospinning. The obtained electrospun nanofiber is grinded to
ultrafine powder of sub-micron particle size under lower calcination temperature
and shorter calcination time compared to regular sol-gel process. In this method,
precursor solutionofLiCoO2 is prepared from lithiumacetate and cobalt acetate in the
molar ration of 1.05:1 (Li: Co). Acrylic acid (AA) was added to the above solution to
form1:1molarAA:LiCoO2 sol-gel solution at 70–80 °C.Ethanol solution containing
polyvinyl pyrrolidone (PVP) was added to the above solution with continues stirring.
This composite solution was loaded in 1 mL syringe equipped with a stainless steel
needle and electrospun at DC voltage of 40 kV under controlled rate of 0.4 mL/min.
For comparing the properties of ultrafine phase, pure LiCoO2 powders and sol-gel
derived nanofibers are also prepared. Lower calcination temperature and calcination
time give smaller particle size, which is evident from SEM images of electrospun
LiCoO2 are shown in Fig. 16.3. Powders derived from nanofiber calcined at 650 °C
shows diameter less than 300 nm and calcined at temperature above 700 °C shows
diameter around 0.3–1 µm. Sol-gel powders show substantially larger diameter of
0.3–2.6 µm diameter were calcined above 700 °C. Crystalline structure of LiCoO2

Fig. 16.3 SEM images on the surface morphology of LiCoO2, a LiCoO2 nanofibers calcined at
650 °C, b nanofibers derived powders calcined at 650 °C, c nanofibers derived powders calcined at
700 °C, d sol-gel powders calcined at 700 °C Adapted [33], Copyright 2013 Elsevier
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calcined at 700 °C was examined by TEM shows nanocrystalline grains with size in
the range of 300–500 nm. In contrast, sol-gel derived LiCoO2 powder shows larger
sizes much above than 500 nm. These results show that electrospinning is indeed
a very good synthetic route for producing fine LiCoO2 powders as compared to
conventional methods. The smaller size of LiCoO2 powder shows enhanced surface
chemistry and lithium-ion intercalation, which is evident from the results of cyclic
voltammetry (CV) carried out with calcined powder at 650 and 700 °C.

The charge–discharge curve versus number of cycles for the LiCoO2 powder
derived from nanofiber shows higher discharge capacity and cyclic stability than sol-
gel derived powders. Surface modification by lanthanum oxide (La2O3) coating on
LiCoO2 powder also shows improved electrochemical properties. Phase pure ultra-
fine LiCoO2 powders derived from sol-gel-based electrospinning method is suitable
for high efficiency LIBs. Compared to other conventional method, electrospinning is
found as effective approach for producingfine-sized electrodematerialwithout losing
chemical composition. This technique is also a facile method for other electrode
materials in LIBs.

16.3 Effect of Coating on LiCoO2 Nanostructures

LiCoO2 iswidely accepted electrodematerial inLIBs, andmany researches are devel-
oped to improve its performance in advanced applications by preparing LiCoO2 in
different sizes and shapes also in surface modifications by coatings [34–36]. Surface
modification of LiCoO2 with metal oxides such as zinc oxide (ZnO), magnesium
oxide (MgO), and aluminum oxide (Al2O3) showed better structural stability as well
as improved cyclability. Wang et al. proposed molten-salt treatment on LiCoO2 and
the result showed enhancement of structural stability of electrode material due to
surface solid solution, also it suppresses Co4+ dissolution at charged state [34]. Coat-
ings on LiCoO2 make it less vulnerable to electrolyte electrode reactions and hence
improve performance.Myung et al. proposed that amphotericmetal oxide (Al2O3 and
ZnO) coating on Li[Li0.05Ni0.4Co0.15Mn0.4]O2 show improved cycling performance
at 60 °C. Studies revealed that metal oxide coating layers gradually transformed to
metal fluoride film due to the scavenging of F− from hydrogen fluoride (HF), which
is one of the by-products from electrolytic salt decomposition into electrolyte. This
will form an extra metal fluoride layer on metal oxide, which prevents acid attack.
Particle morphology is well maintained, and hence it showed better cyclability even
at 60 °C.

Structural stability of electrospun LiCoO2 is also enhanced by coating active
material on its surface. Lu et al. proposed coating of lithium phosphorous oxinitride
(LiPON) on the surface of 3D nanostructured fibrous LiCoO2. In his report, LiCoO2

fibers are prepared from Li-Co-PVP sol, which is used as precursor for electrospin-
ning with stoichiometric ratio of Li: Co: PVP = 1:1:2. Radio frequency sputtering
method was used to coat LiCoO2 fibers with 2.4 µm LiPON film [37]. The length of
the as-spun fibers with a smooth surface could extend up to 1–2 cm. The diameters of
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the fibers are relatively uniformwith an average value of 80–100 nm. The 3D network
structure is well reserved after being calcined. Electrochemical properties of LiCoO2

fibers as cathode material in lithium-ion batteries with and without LiPON coating
are investigated; results poor cycle performance and loss of capacity in consecutive
cycles. Hence, LiPON layer coated LiCoO2 fibers show better structural stability
during examination and exhibited the discharge capacity of 120.4 mAh g−1 with the
loss of 0.11% per cycle. During the 100th cycle, it showed discharge rate of 0.05
mA cm−2.

Morphological studies revealed mechanical collapse of 3D architectures of
LiCoO2 fibers after CV and discharge–charge measurements. Figure 16.4d shows
the SEM images of fibers after the charging and discharging 10th cycles. As shown
by the arrow, many fibers have been interrupted, and the compact clusters of fibers
collected on the substrate as shown in Fig. 16.4c become sparse. These changes
indicate that the 3D net architecture has been destroyed, indicating a poor character.
To prevent the fibers from breaking down, one LiPON layer was coated onto the
surface of the fibers. As shown in Fig. 16.4e, the fibers collected on the substrate,
as shown in Fig. 16.4c, become the smooth surface after the deposition of LiPON
film, indicating that the new layer of LiPON film is densely coated onto the surface
of these fibers. The solid-state electrolyte of LiPON film could provide a very fast
Li+-ion diffusion inside the fibers electrode. Figure 16.4f shows, as the typical 3D
network architecture as cathode was assembled with lithium into the cell, the SEM
images of its surface after the first electrochemical reaction of 3D architecture with
Li+. It can be seen that, after electrochemical cycling, the LiPON layer is also well
coated on the surface of the 3D structure of the fibers as shown in Fig. 16.4e. The
smooth surface as shown in Fig. 16.4f supports the 3D network structure stability of
the LiCoO2 fibers with a LiPON coating layer after cycling.

Li et al. [33] developed a synthetic route for electrospun phase pure LiCoO2

nanofibers with ultrafine particle sizes by sol-gel-based electrospinning method.
In electrospinning process, pH of the precursor solution is a determining factor.
Here, results showed that using acrylic acid as chelating agent, which made electro-
spinning easier and obtained nanofibers of LiCoO2 is grinded to ultrafine powders
of sub-micron size. This sub-micron sized ultrafine powder derived from electro-
spun nanofibers possess discharge capacity of 148–153 mAh g−1, 84% of initial
capacity is retained after 30 cycles. Surface modification of this powdered LiCoO2

with La2O3 coating the retention of initial capacity is increased further to 91% at
30th cycle and 83% at 50th cycle without decreasing in its initial capacity, making it
attractive for Li-ion batteries. The discharge capacities and cyclic stability of various
LiCoO2 nanopowders (coated with and without 3%La2O3) derived from electrospun
nanofibers and sol-gel synthesis as shown in Fig. 16.5. Calcined LiCoO2 powders
derived from nanofibers at 650 °C retain 76% of initial capacity at 30th cycle, while
those calcined at 700 °C retain 84%of it, though their initial capacity is slightly lower.
Furthermore, the nanofiber derived LiCoO2 powders with La2O3 coating retains 91%
of initial capacity at 30th cycle, and 83% of it at 50th cycle, showing much improved
cyclic stability without decreasing its initial capacity. Such improved stability is
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Fig. 16.4 SEM images on the surface morphology of the as-spun LiCoO2 fibers at magnification
of a 5000 and b 20,000. SEM images of the 600 °C annealed fibers c before and d after charge and
discharge cycles; SEM images of the LiPON coated fibers e before and f after charge and discharge
cycles Adapted and reproduced from [37], Copyright 2008 Elsevier
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Fig. 16.5 Discharge capacity versus number of cycles for different LiCoO2 nanoparticles; a
nanopowders (with and without La2O3 coating) derived from electrospun nanofibers calcined at
650 °C, b nanopowders derived from electrospun nanofibers calcined at 700 °C and sol-gel powders
calcined at 750 °C Adapted and reproduced [33], Copyright 2012 Elsevier

believed to be caused by the higher resistivity of La2O3 coating that prevents HF
from destroying the structure of LiCoO2 powder.

Chen et al. [38] successfully prepared PVP/LiCoO2 nanofibers using typical elec-
trospinning route. The obtained nanofibers are composed of small crystalline grains,
which are found to be uniformly linked. PVP is employed in synthesis of nanofiber,
which shows better aqueous solubility, less toxicity, and better stability [39]. In this
preparation method, 0.001 mol lithium acetate and 0.001 mol cobalt acetate were
dissolved in 2 mL methanol is used as precursor solution. 0.06 g of PVP in methanol
is added to the above solution of 0.025 mol LiCoO2 is electrospun under DC voltage
of 8 kV. The obtained nanofiber was calcined at temperature of 700 °C for 12 h. Elec-
trospinning is continued with different applied voltages of 10 and 12 kV. Figure 16.6
shows the SEM images of LiCoO2 nanofibers obtained from electrospinning at 12 kV
voltage with an annealing temperatures of 300, 500, and 700 °C. After annealing at
300 and 500 °C, the diameter of the fiber reduced due to removal of acetate group

Fig. 16.6 SEM images on the surface morphology of LiCoO2 fibers (bar 5 µm) electrospinning
(12 kV) various annealing temperature at a 300 °C, b 500 °C, and c 700 °C for 12 h Adapted and
reproduced from [38], Copyright 2011 John Wiley and Sons



16 Lithium Cobalt Oxide (LiCoO2): A Potential Cathode Material … 465

from cobalt acetate and lithium acetate molecules. Annealing at 700 °C reduces
the size even smaller by the complete removal of organic residues and lead to the
formation of crystalline lithium oxide and cobalt oxide.

With a strong interaction of PVP as capping agent, it is assembled on the surface
of LiCoO2 as long chains. LiCoO2 nanofibers itself show strong interaction due to
high Gibbs free surface energy of small sized nanofiber. These two interactions make
cluster type nanofibers and with few surface defects. Low aggregation of nanofiber
can be induced by lowering the viscosity of precursor solution. Gu et al. [40] reported
a core-shell LiCoO2–MgO coaxial fiber for lithium-ion batteries were prepared by
combining electrospinning with sol-gel process. Co-electrospinning is considered as
an effective method for the preparation coaxial fibers as compared to self-assembly
approach, laser ablation, etc. In this work, core-shell LiCoO2–MgO were coaxial
fibers are prepared from one step process and thickness of the fiber is controlled by
adjusting the pressure of sol during electrospinning process. In this method, LiCoO2

spinnable sol and MgO spinnable sol were prepared and its viscosity is adjusted to
4.0 Pa s. Electrospinning is carried out under 25 kV voltage and pressure of LiCoO2

and MgO sols were controlled at 0.3 MPa and 0.02 MPa, respectively.
SEM images of the obtained nanofiber are shown in Fig. 16.7, diameter of the

fiber is 2–3 µm, and flaked portion clearly shows the core-shell morphology of the
fiber calcined core-shell fiber have length of 10–15 cm and diameter of 1–2 µm after
the removal of organic residue. TEM images of coaxial fiber show the clear boundary
of core-shell structure. The composite fiber has a shell thickness of 50–100 nm and
shows excellent flexibility under optical microscope when one end is bend with a
copper wire. This indicates that the presence of MgO coatings on LiCoO2 makes it
more flexible as compared to bare LiCoO2. CV experiments are applied to investi-
gate the reversibility of obtained core-shell fiber electrode during charge–discharge
process.CVcurve shape is similar toLiCoO2 fibers, and the two small redoxpeaks are
corresponding to first-order phase transformation. It indicates thatMgO coating does
not suppress the phase transformation fromhexagonal tomonoclinic, also it improves
the reversibility of phase transformation by the migration of Mg2+ into Li2O layers.
Cyclic stability of core-shell fiber is found to be higher due to maximum diffusion of

Fig. 16.7 Four SEM images on the surface morphology of the xerogels fibers a, the calcined fibers
b, TEM c, and HR-TEM d images of the calcined fibers Adapted and reproduced from [40],
Copyright 2007 Royal Society of Chemistry
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Mg2+ and Li+ having similar ionic radii. The core-shell fiber electrode shows initial
charge capacity of 192 mAh g−1 which is found to be lower than bare LiCoO2 fibers,
which implies MgO layer changes lithium diffusion kinetics. Cycle performance of
the core-shell fiber after 40th cycle shows discharge capacity of 163.0 mAh g−1

with a capacity retention of 90.0%. Bare LiCoO2 fiber shows discharge capacity of
90.0 mAh g−1 exhibiting only 52.0% of the initial discharge capacity. This improved
electrochemical performance is attributed by the stabilizing effect of MgO coating
on LiCoO2 fiber. Impedance spectra of core-shell LiCoO2–MgO fiber suggest that
MgO coating on LiCoO2 effectively avoids impedance growth by protecting surface
from passive surface film formation on cycling. Coating the surface of LiCoO2 with
inert material is an effective method for improving the electrochemical properties.

16.4 Electrospun LiCoO2 Composites

16.4.1 Metal/LiCoO2 Composites

Lithium transition metal oxides such as lithium cobalt oxide (LiCoO2), lithium vana-
dium oxide (LiV2O5), lithium titanium oxide (Li4Ti5O12), lithium manganese oxide
(LiMn2O2), lithium copper oxide (LiCuO2), lithium manganese chromium oxide
(LiMnCrO), lithium iron phosphate (LiFePO4), and lithium nickel oxide (LiNiO2)
are used as cathodematerial in lithium-ion rechargeable batteries [12, 41–43].Among
these, LiCoO2 is widely used as cathode material in lithium-ion batteries due to its
layered crystalline structure, good capacity, energy density, high cell voltage, high
specific energy density, high power rate, low self-discharge, and excellent cycle life
[43]. Studies showed that doping of LiCoO2 with some metals such as manganese,
chromium, nickel, titanium, and boron improves its electrochemical properties [44–
48]. Alcantara et al. [44] reported that boron-dopedLiCoO2 exhibited higher capacity
at first discharge and enhancement in capacity retention. Step potential electrochem-
ical spectroscopy and galvanostastic cycling revealed that boron dopants improved
the reversibility of lithium de-intercalation–intercalation process [44]. Waki et al.
[45] reported that manganese substitution up to 20% increase in the cyclic stability
of LiCoO2 material. From potential step experiment, LiCo0.8Mn0.2O2 is recom-
mended as one of the promising cathode materials for a 4 V class secondary lithium
battery [45]. On the other hand, doping with non-substituting material like silver also
enhances electrochemical properties of LiCoO2 [49].

Aykut et al. [49] developed silver/lithium cobalt oxide (Ag/LiCoO2) nanofiber via
sol-gel electrospinning. 1D nanofibers of LiCoO2 with high surface to volume ratio
have been produced by combination of sol-gel-assisted electrospinning. He adopted
a new method for the preparation of (Ag/LiCoO2) nanofiber because the atomic
ratio of Ag+ is larger than Co and Li cause loss of nanofiber uniformity during
the production. In this preparation method, homogeneous electrospinning solution
of 8 wt% of PVA/water in which lithium acetate and cobalt acetate were added in



16 Lithium Cobalt Oxide (LiCoO2): A Potential Cathode Material … 467

Fig. 16.8 Schematic illustration of sol-gel electrospinning of Ag/LiCoO2 Adapted and reproduced
from [49], Copyright 2013 Elsevier

1:1 ratio. The above mixture is magnetically stirred under 60 °C and this homoge-
neous solution is electrospun under 15 kV voltage and 15 cm from the collector.
The obtained nanofiber is calcined at temperature of 600 °C with increasing rate of
5 °C/min which allow proper oxidation and removal of the combustion gas and
organic residue. After calcination process, a nonporous structure of Ag/LiCoO2 is
obtained. Figure 16.8 shows the sol-gel electrospinning of Ag/LiCoO2.

In order to obtain smooth nanofibers from electrospinning, different precursor
solutions were prepared and the obtained nanofibers were shown in Fig. 16.9. Addi-
tion of silver nanoparticles makes nanofiber rougher and is visible from the SEM
images as shown in figure denoted by red arrows. Diameter of the fiber is in range
from 100 nm to 2 µm and increase with the addition of silver nanoparticle. On
comparing, the XRD pattern of LiCoO2 and Ag/LiCoO2 shows that the presence
of silver does not make any shift in diffraction angles of LiCoO2 peaks. This indi-
cates that highly mobile Ag+ is entered into interlayer space of LiCoO2 during the
calcination process and does not replace lithium or cobalt atoms. X-ray photoelec-
tron spectroscopy analysis of Ag/LiCoO2 nanofibers is also reported in which clear
peaks of silver nanoparticle with binding energy of 367.3 and 373.3 eV indicate the
presence of silver in electrospun Ag/LiCoO2 nanofiber.

In this study, Aykut et al. [49] reported a facile preparation of Ag-doped LiCoO2

NFs via sol-gel electrospinning technique Ag nanoparticles. Well-distributed Ag
nanoparticles in the nanofibers were produced and these were calcined at 600 °C
in air atmosphere for 3 h. Self-alignment of Ag nanoparticles in the nanofibers was
observed in the morphological studies. Ag/LiCoO2 nanofibers with nano-porous
structure were obtained after the calcination process. The porous structure was
possibly caused by the Ag nanoparticles leaving the fibers during the calcination
process in which atomic radius of Ag ions is bigger than Li and Co ions. The Ag
phases thus exist only at the interlayers of LiCoO2 crystals in the nanofibers. The
prepared Ag-doped LiCoO2 nanofibers can be used as the cathodematerial in Li+-ion
batteries.

Kim et al. [50] developed ruthenium oxide/cobalt oxide (RuO2/Co3O4) nanowires
in a simple electrospinning method. This composite RuO2/CoO4 is used as bi-
functional electro-catalysts in rechargeable lithium–oxygenbattery cathodes.Among
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Fig. 16.9 FE-SEM images on the surface morphology of as-spun a Li(Ac)/Co(Ac)2/PVANFs, and
Ag/Li(Ac)/Co(Ac)2/PVA/PVP NFs with different Ag contents: b 1 wt% Ag, c 2 wt% Ag, and d 3
wt% Ag in ES solution Adapted and reproduced from [49], Copyright 2013 Elsevier

other transition metal oxides, Co3O4 is common choice for Li-O2 batteries as a cata-
lyst because of its favorable catalytic activity with oxygen [51–54]. But early studies
show that the initial discharge capacity of O2 electrode faded after some cycles due
to the presence of Co3O4 [55]. Noble-metal oxides such as RuO2 is used to fabricate
composite with Co3O4, for improving its electronic conductivity and also reduce the
charging overpotentials of Li-O2 batteries [56–58]. Therefore, a composite of RuO2

and Co3O4 is of great importance in Li-O2 batteries.
In thiswork, nanowireRuO2/Co3O4 compositewithCo:Ru ratio of 9:1 is prepared

by facile electrospinning method. Both Co3O4 and RuO2/Co3O4 nanowires are
prepared. Structural characterization Co3O4 and RuO2/Co3O4 by SEM and TEM
shows 1D nanowires composed of many crystalline particles of small size. The
crystalline phase of both nanowires Co3O4 and RuO2/Co3O4 is examined by XRD
experiment in which both shows characteristic crystalline peaks of Co3O4. Due to
the small amount of ruthenium in RuO2/Co3O4, the diffraction peak is obscured.
The electrochemical properties of both Co3O4 and RuO2/Co3O4 are examined. The
discharge–charge profiles for the first cycle in the Li-O2 cell fabricated with the
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Co3O4 nanowire, and RuO2/Co3O4 nanowire cathode catalysts are presented. The
initial discharge capacity of the LiO2 cells RuO2/Co3O4 nanowire catalysts was
approximately 10,850 mAh g−1 which is much higher than those of cells with Co3O4

nanowires. LiO2 cells with RuO2/Co3O4 nanowires show lower overpotential for the
discharge and charge functions than Co3O4 nanowires.

The cyclic stability of the Li-O2 cells with the Co3O4 NWs, and RuO2/Co3O4

NW cathode catalysts were also examined under a limited capacity operation of
500 mAh g−1 at a current density of 200 mA g−1. The initial potentials of Li-O2

cells with the Co3O4 NWs, and RuO2/Co3O4 NWs are plotted. The Co3O4 NWs
and RuO2/Co3O4 NWs catalysts showed sequentially decreased overpotentials of
1.44 and 1.14 V, respectively. The lowest charge potential of the RuO2/Co3O4 NWs
indicates that the reaction products of Li2O2 are decomposed more easily, whereas
the highest discharge potential means that the reaction products of Li2O2 are formed
more readily.

Incorporating the RuO2/Co3O4 NWs as the bi-functional catalysts can clearly
facilitate the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR)
processes by reducing the overpotentials at the Li-O2 battery cathode. The discharge
voltage profile of the cathode with the RuO2/Co3O4 NWs was maintained for 300 h,
whereas the discharge voltage dropped to below 2.3 V after 225 and 175 h for the
cathodes made with the Co3O4 NWs and KB respectively. The high initial discharge
capacity and good cycle stability of the RuO2/Co3O4 NW electrode can be attributed
to the high bi-functional catalytic activity of the RuO2/Co3O4 nanowires from its
1D structural features and from the interaction between the composite metal oxide
components.

16.4.2 Carbon/LiCoO2 Composite

Carbon is considered as an ideal material for air cathode in Li-O2 batteries [59–62].
Mitchell et al. [63] developed the carbon nanofibers electrode for lithium–oxygen
batteries and achieved a discharge capacity of 7200 mAh g−1 and of higher gravi-
metric energy density, which is almost four times higher compared with LiCoO2

cathode for LIBs. But the evolution of CO2 from the electrode surface diminishes
battery performance. To protect the carbon from degradation, the high LiO2 adsorp-
tion energy material which activates the growth of Li2O2 on its surface rather than
carbon surface should be utilized [64, 65]. Recently, Zhang et al. [66] reported that
LiO2 shows more stable adsorption on Co/CoO surface rather than pure carbon elec-
trode leads to the formation of Li2CO3 which enhanced cycling performance of LiO2

batteries. In order to minimize the degradation of carbonmaterials, many researchers
have developed composite cathodes.

Hyun et al. [67] developed a bi-functional air cathode Co-CoO nanoparticles
embedded in the nitrogen-doped carbon nanorods (Co-CoO/N-CNR) for lithium–
oxygen battery. In this report, a highly efficient air cathode made up of cobalt-
cobalt oxide nanoparticles which are exposed on the surface also encapsulated in the
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Fig. 16.10 Preparation process of the Co-CoO/N-CNR composites Adapted and reproduced from
[67], Copyright 2017 Elsevier

nitrogen-doped carbon nanorod (Co-CoO/N-CNR) with superior specific capacity
and cyclability based on Li-O2 batteries. Precursor solution was prepared from
poly(acrylonitrile) PAN as nitrogen source, cobalt actylactonate Co(acac)2 as carbon
source. This precursor solution was electrospun on an aluminum foil by applying
a voltage of 15 kV voltage and 10 cm distance between needle tip (23 gauge) and
collector at room temperature condition. The electrospun mat was collected and
dried before calcination. After that the PAN/Co(acac)2 electrospun nanofibers were
stabilized in air at 275 °C for 4.5 h with a slow heating rate of 3 °C min−1. After
that the mat was carbonized at 800 °C for 30 min in argon with a 5 °C min−1

heating rate. PAN/Co(acac)2 nanofibers obtained from electrospinning having an
average diameter of 400 nm. After that it is exposed to thermal treatment, Co(acac)2
oxidizes and transforms into cobalt oxide nanoparticles while parts of PAN decom-
pose, thereby generating some pores, producing cobalt oxide/N-CNR composites
as shown in Fig. 16.10. During the subsequent carbonization process under Argon
gas, it reduces and forms Co metal/CoO which are embedded in the electrode and
also developed onto the N-CNR surface. PAN residue converts into the graphitized
structure of carbon with large mesopores, formed Co-CoO/N-CNR composites. The
mesopores found in Co-CoO/N-CNR composites which are seen in figure can handle
reversible formation and decomposition of discharge product.

Electrochemical performance of theCo-CoO/N-CNRcomposite electrode is eval-
uated. It is found that, co-existence of Co-CoO nanoparticles directly introduced
in the Co-CoO/N-CNR composite cathode contributes to decrease in overall over-
potential and enhance the stability of battery performance. Co-CoO nanoparticles
also avoid the direct contact of Li2O2 on the CNR surface, so that can prevent air
cathode from undesirable side reactions during cycling. The porous Co-CoO/N-
CNR nanostructure with rod-like morphology accommodates continuous formation
and decomposition of solid discharge product enables efficient transport of elec-
trons and ions, and thereby improves the rate performance and cycling ability. The
Li-O2 battery with Co-CoO/N-CNR cathode exhibits high discharge capacity of
10,555 mAh g−1 at a current density of 100 mA g−1. The well-organized design of
Co-CoO/N-CNR composite as an air cathode bi-functional catalyst by the in situ
electrospinning approach shows the importance of not only high porous structures
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but also the efficient catalyst for high performance Li-O2 batteries which can also
protect the electrode well.

Wang et al. [68] reported composite of CoxOy nanoparticles decorated nitrogen-
doped carbon nanofibers synthesized by coaxial electrospinning method. It is found
that, zinc precursor used in this method undergo self-evaporation from inside to
outside can form the pore channels inside the carbon composites. These pore chan-
nels facilitate the migration of ions and the pore channels density can be controlled
by varying the amount of zinc nitrate. Electrochemical measurements of CoxOy

nanoparticles decorated nitrogen-doped carbon nanofibers show an extraordinary
high reversible capacity of 983.5mAhg−1 after 400 cycles at 1000mAg−1 and excel-
lent rate capability as the result of both metal oxide nanoparticles and special porous
channels structure over those capacities of CoxOy—carbon composite materials.

Electrospinning is considered as a facile, low-cost technique to produce contin-
uous carbon nanofibers (CNFs) in the form of thin film by applying a strong electric
field between the nozzle and collector while injecting a polymer solution [69]. The
carbon nanofiber (CNF) film produced can be directly acts as electrodes without
adding polymer binders or conductive additives. They possess many advantages
over the other forms of carbon used as electrodes, such as easy and controllable
creation of an extremely large surface area and hierarchical pores as well as tuneable
compositions of the CNF composites by incorporation of active materials [70, 71].

Abouli et al. [69] reported a facile route to synthesize porous carbon nanofibers
containing cobalt and cobalt oxide nanoparticles (CoOx/PCNF) as anodes for Li+-
ion batteries. This is a one-pot strategy to produce Co and Co3O4 nanoparticles
embedded in electrospun porous carbon nanofibers (CoOx/PCNF). The composite
electrodes showed excellent cyclic and rate performance resulting from the high
capacity spinel cobalt oxides and improved conducting networks provided by the
graphitic carbon layers and CNFs. All these advantages make this hybrid material
a good candidate as electrodes in high performance LIBs. Figure 16.11 shows the
schematic illustration of synthesis of Co3O4/PCNF. Polyacrylonitrile and polymethyl

Fig. 16.11 Schematic illustration of the synthesis process: a co-precursor/PCNF after stabiliza-
tion; b Co/PCNF after carbonization, and c Co3O4/PCNF after post-heat treatment Adapted and
reproduced from [69], Copyright 2014 Royal Society of Chemistry
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methacrylate were used as precursors and N,N-dimethyl formamide (DMF) as the
solvent to produce the porous carbon nanofiber (PCNF) matrix. Cobalt (II) acetate
tetrahydrate was used as the source of Co was dissolved in 10 ml of DMF at 80 °C
for 5 h under magnetic stirring. The mixture was transferred to a plastic capillary and
electrospun on a spinning machine at 16 kV. The film obtained after electrospinning
was carbonized at 650 °C for 1 h in a nitrogen atmosphere using a tube furnace.
Carbonization at temperatures higher than 650 °C was beneficial to improving the
electrical conductivity of the carbon matrix. A lower temperature caused incomplete
crystallization of the nanoparticles. The resultant CNFs consisted ofCo nanoparticles
uniformly dispersed in the porous carbon matrix (Co/PCNF). The carbonized films
were post-heat treated at 300 °C for 15 min in air to precipitate Co3O4 nanoparticles,
designating the final product as Co3O4/PCNF.

The electrochemical properties of the Co3O4/PCNF electrode measured in the
voltage window of 0.01–3.0 V are compared with those of the neat PCNF and
Co/PCNF electrodes are studied. The discharge–charge profiles of the Co3O4/PCNF
electrode presented a long plateau at about 1.03 V, followed by a slope down to
0.01 V upon the first discharge. In the first cycle of the CV curves, a large cathodic
peak appeared at 0.8 V corresponding to lithiation of Co3O4 to Co, followed by a
small peak at around 0.36 V corresponding to the formation of a solid electrolyte
interphase (SEI) film at below 0.8 V. The main anodic peak observed at about 2.1 V
is attributed to delithiation of Co to Co3O4. The very small anodic peak at 1.35 V
suggests that the oxidation took place in a multistep process. The Co3O4/PCNF elec-
trode delivered discharge capacity of 952mAg−1 after 100 cycles at a current density
of 100 mA g−1.

Chen et al. [38] successfully prepared PVP/LiCoO2 nanofibers using typical
electrospinning route. The obtained nanofibers are composed of small crystalline
grains, which are found to be uniformly linked. Polyvinyl pyrrolidone is employed
in synthesis of nanofiber, which shows better aqueous solubility, less toxicity, and
better stability. In this preparation method, 0.001 mol lithium acetate and 0.001 mol
cobalt acetate were dissolved in 2 mL methanol is used as precursor solution. 0.06 g
of PVP in methanol is added to the above solution of 0.025 mol LiCoO2 is electro-
spun under DC voltage of 8 kV. The obtained nanofiber was calcined at temperature
of 700 °C for 12 h. Electrospinning is continued with different applied voltages of 10
and 12 kV an annealing temperatures of 300, 500, and 700 °C to obtain nanofibers.

16.4.3 Metal Oxide/LiCoO2 Composite

Gu et al. [40] reported a core-shell LiCoO2–MgO coaxial fiber for lithium-ion
batteries were prepared by combing electrospinning with sol-gel process. Co-
electrospinning is considered as an effectivemethod for the preparation coaxial fibers
as compared to self-assembly approach, laser ablation, etc. In this work, core-shell
LiCoO2–MgOwere coaxial fibers are prepared fromone step process and thickness of
the fiber is controlled by adjusting the pressure of sol during electrospinning process.
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In this method, LiCoO2 spinnable sol and MgO spinnable sol were prepared and its
viscosity is adjusted to 4.0 Pa s. Electrospinning is carried out under 25 kV voltage
and pressure of LiCoO2 and MgO sols were controlled at 0.3 MPa and 0.02 MPa,
respectively.

XRD and HR-TEM results revealed that the LiCoO2 core was composed of
partially oriented LiCoO2 nanoparticles, 10 nm in size, growing in the direction
of axis of the fiber. The electrochemical properties of the coaxial fibers were investi-
gated using bare LiCoO2 fibers as a reference. Impedance spectra of the coaxial fiber
electrodes suggest that theMgO coating on the LiCoO2 effectively avoids impedance
growth by protecting the surface from passive surface film formation during cycling.
The CV experiment indicates an improved reversibility of the core-shell fiber elec-
trode, and a preferable cyclability was also revealed by the charge–discharge exper-
iment. After 40 cycles, the discharge capacity of the core-shell fiber electrode still
remained at 90.0% of the initial value, compared to 52.0% retention for the uncoated
LiCoO2 fiber electrode. Coating the surface of LiCoO2 with an appropriate inert
substance is an effective approach to improve its electrochemical properties.

Yuan et al. [72] reported a facile and general electrospinning technique followed
by controlled annealing in air to fabricate Co3O4–CeO2 composite oxide nanotubes
(CCONs). The effect of the annealing temperature on the lithium-ion battery perfor-
mance and catalytic activity toward CO oxidation was investigated in this report.
Advantages of 1D hollow nanostructure and the synergistic effect of Co3O4 and
CeO2, the as-obtained Co3O4–CeO2 composite oxide nanotubes exhibit improved
lithium-ion battery performance and high catalytic activity toward CO oxidation. In
this report, he also predicted the design and synthesis of novelmetal oxides composite
as advanced multifunctional materials for more potential applications. Figure 16.12
shows the schematic illustration of the formation of Co3O4–CeO2 composite oxide
nanotubes.

Fig. 16.12 Schematic illustration of the formation of Co3O4–CeO2 composite oxide nanotubes
Adapted and reproduced from [72], Copyright 2017 Elsevier
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16.5 Conclusion

Many cathode materials were explored for the development of lithium-ion batteries.
Among these developments, lithium cobalt oxide plays a vital role in the effective
performance of lithium-ion batteries. Electrospun LCO attained its popularity owing
to its higher porosity, larger surface to volume ratio, better efficiency, etc. Earlier, pris-
tine electrospun LCO was used as such and later on, coating materials on the surface
of electrospun LCO materials, the addition of metal oxide-based composites, the
addition of carbon-based material composites, etc., was synthesized for the achieve-
ment of higher ionic conductivity, cycling stability, etc. Electrospun materials are
always preferable compared to other techniques and there are many other techniques
such as sol-gel method handled along with the electrospinning method. Nanosized
fibers, wires, tubes, etc., were also incorporated for the effective implementation
of lithium-ion batteries. The structural stability, safer and cycling stabilities are the
major highlights of using electrospun LCO cathodes.
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Chapter 17
Electrospun Lithium Iron Phosphate
(LiFePO4) Electrodes for Lithium-Ion
Batteries

Neethu T. M. Balakrishnan, M. A. Krishnan, Akhila Das, Nikhil Medhavi,
Jou-Hyeon Ahn, M. J. Jabeen Fatima, and Raghavan Prasanth

17.1 Introduction

The use of renewable systems at its best hand was made possible by the use of energy
storage devices. Among the different energy storage systems, lithium-ion batteries
are seeking much attention since it can offer high energy and power density [1,
2]. Eventhough, there was certain limits in its practical application due to the safety
hazards andperformance degradation [3]. The performances of batteries are primarily
determined by the type of integral components used in it; the electrodes and the elec-
trolytes. Even though electrolytes are more crucial for the batteries, electrodes have a
vital role in determining the performanceLIBs.Among the anodes and cathodes used,
cathodes which serve as the positive electrodes in LIBs are considered to be more
important to determine the electrochemical properties of the device. The capacity
and specific power of LIBs are greatly depends on the choice of cathodes materials
[4]. The morphology and compositional characteristics of electrodes are important
to determine its electrochemical performance. Different types of cathodes such as
spinel [5], olivine [6], and conversion [7] types are employed for the enhancement in
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performance. When the lithium-ion batteries was commercialized in 1991, cathode
that used was lithium cobalt oxide (LiCoO2 Simply LCO) [8] which was introduced
by JohnGood enough. It was considered as themost commercially successful form of
layered cathodes. LCO exhibits high theoretical capacity (274 mAh g−1) and excel-
lent volumetric density (1363 mAh cm−3). The self-discharge of these cathodes is
very low and they are enough to provide good cycling performance. However, the
toxic nature of cobalt makes severe problems including environmental issues while
using LCO in LIBs. Apart from this, expensive nature and low thermal stability made
it to hunt for the new cathode materials in LIBs. For LCO, when it heated above
certain temperature results, the release of oxygen that leads to the thermal runway
which finally results the burst out of cells. This issue is the major concern of this
material for the commercial application in LIBs, for example, the incident that was
happened in Boeing 787 airplanes in 2013 [9]. Similar thermal issues where reported
recently with Samsung Note 7 [10] and Tesla cars [11], all these incidents catalyzed
the research over the development of thermally stable as well as electrochemically
best performing electrode-electrolyte combination. After LCO, lithium nickel oxide
(LiNiO2 simply LNO) [12] introduced that possess similar crystal structure of LCO,
but could not reach at its performance level due to the tendency of Ni2+ ions to
substitute Li+-ions. Compared to cobalt and nickel, manganese is considered to be
cheaper and less toxic so, lithium manganese oxide and lithium nickel manganese
oxide [13] are considered to be effective than LCO and LNO. During the lithium
extraction process, the tendency of these materials to change its spinal structure by
Jahn-Teller distortion made its performance unsatisfactory [14]. On the continuous
effort of developing a thermally stable and well performing cathode material for
LIBs, the research over the polyanions was extensively made and as a result, in
1998, John Goodenough developed an olivine-structured cathode material, lithium
iron phosphate (LiFePO4 simply LFP) [15] that exhibits high thermal stability as
well as high power capability. Compared to other batteries, LIBs with LFP cathodes
are safer and can be used without any safety hazards even at abused conditions and
this material is environmentally benign. LFP batteries can work at a wide range of
temperature in between−20 and 150 °C [16]. Moreover, the environmental friendli-
ness, good shelf life along with long cycle life that ensured by this cathode material
open up LIBs to a new era of safer and reliable lithium-ion technology [17]. Even-
though, they have a deft to use as cathode material in LIBs, is that the lower practical
capacity compared to its theoretical capacity (170 mAh g−1) due to its low electronic
conductivity. Inorder to tackle this issue and thereby improve the electrochemical
performance of LFP, different methods such as composite as well as physical modi-
fications of LFP were introduced. Carbon coating [18] and doping [19] are the two
most effective methods and even the commercially available LFP cathodes used are
coated with carbon for ensuring good electrochemical performance. Through these
methods, the lithium-ion kinetics can enhanced by providing a convenient lithium
diffusion pathway and thereby the final electrochemical activity. Similarly, flexible
LFP cathodes are observed to be exhibit best functioning in LIBs which can be
prepared by electrospinning [20], sol–gel method [21], hydrothermal method [22],
and spray pyrolysis method [23].
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Electrospinning [24] is considered as the excellent method for the preparation
of flexible electrodes. The versatility and scalability of electrospinning technique
make it important method for the synthesis of nanostructured electrode materials,
especially nanofibrous morphology than any other methods used. Electrospinning
can be effectively used for making nanostructured cathodes [25], anodes [26], and
separators [27]. Usage of electrospun material provides economical as well as func-
tional advantages in LIB performance. Electrospun fibrous electrodes can easily use
as free standing and do not require any binders for support, which greatly enhance the
energy density of LIBs. Moreover, they have a two-dimensional (2D) morphology,
high surface area with a tunable density, and most importantly, a highly porous
structure that provides easier pathway for lithium diffusion and accommodate huge
volume expansion during the lithiation and delithiation process thereby preventing
the cracking and pulverization of electrodes and loosing of contact with current
collector [28]. Anodic nanofibers are effective to reduce the dendrite growth which
is severe issue with anodes like silicon [29]. Separators, that prepared by the electro-
spinning process produce porous structures that can effectively control the motion of
ions through it. Comparing with commercially using separators such as polypropy-
lene (PP) [30] and polyethylene (PE) [31], electrospunned separators are observed to
be exhibiting superior electrochemical properties due to the porous structure that it
results. So the fibrous membranes of separators are extensively studied for LIBs. For
cathodes such as LFP, the major factor which limits its application is its degradation
that happens during the cycling as well as its high internal resistance. Electrospin-
ning can be effectively utilized in order to overcome this issue with the LFP [32, 33].
The porous structural morphology which enhances the lithium diffusion kinetics and
tackle other issues related to the cathodematerials. Several studies revealed that elec-
trospun LFP can exhibit improved electrochemical performance than normal LFP
that will discuss detail in this chapter.

17.2 Structure of Lithium Iron Phosphate (LFP)

LFP cathodes possess an olivine structure that shown in Fig. 17.1 generally repre-
sented as M2XO4. In the structure, M atoms are occupied in half of the octahedral
sites, whereas one eighth of tetrahedral sites of the hexagonally closed packed oxygen
arrays are occupied by the X atoms.

Compare to that of spinal-structured cathodes such as LiMnO4 [5], olivine struc-
tures are distinct by the presence of crystallographically different octahedral sites.
Normally those structures composed of ‘M’ as Fe, Mn, Co or Ni are observed to be
exhibiting an ordered olivine structure. The structure of cathodes has significant over
the electronic conductivity it poss. For olivine-structured cathode materials different
lithium-ion diffusion pathways are proposed such as along the b-axis, c-axis and
between the bc-layers. Among these different pathways, diffusion through the c-axis
is observed to the best (Fig. 17.2).
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Fig. 17.1 Olivine structures of lithium iron phosphate

Fig. 17.2 Movement of
lithium-ions through lithium
iron phosphate (LFP)
cathode

Low electronic conductivity of LFP leads to research over the development of
nano-engineered structures, that can results high conductivity and there by good elec-
trochemical properties. Electrospinning forms leaf-like structures with highly inter-
connected polymer chains. The comparison of electrospunned LFP/C and conven-
tional LFP was made by Bachtin et al. [28] reveals that, for electrospunned LFP, the
specific capacity increases with cycling. This is attributed by the activation of LFP
particles by cycling. The reason for this may be the volume change associated with
the lithiation and delithiation process that will make the accessibility of more LFP
particles with the electrolytes. In this aspect, electrospun LFP can be considered as
best for the development of better cathodes in LIBs than the conventional cathodes.
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17.3 Precursors for Electropsun Lithium Iron Phosphate
Cathodes

The morphology of LFP has a significant impact in determining its electrochem-
ical properties. LFP microspheres with nanoparticles having a three-dimensional
structure appears to be exhibiting high rate capability and tape density [34].
Similarly, nanospheres and hierarchical spindle-like architectures produced via
hydrothermal method of synthesis exhibits good electrochemical properties [35];
however, nanofibers of LFP exhibit superior electrochemical properties than any of
these nanostructures [36]. Also the fibrous LFP is capable to exhibit excellent rate
capability even at 10 C-rate [36]. LFP nanofibers can be synthesized using different
precursor solutions. The solution that employed for the electrospinning often contains
lithium (Li) and iron (Fe) containing compounds along with a polymer. The pres-
ence of polymer is important, because at high temperature and at an inert atmo-
sphere, they can easily get converted into amorphous carbon, hence that could forms
a uniform layer of carbon coating over the electrode active material. In most of
the studies, electrospun LFP, polyvinyl pyrrolidone (PVP) is used as the polymer
and it has a significant role in the formation of porous structures. PVP is highly
polar polymer and water soluble. The ability of PVP to form hydrogen bond with
the citrate group influences the textural properties such as pore size, porousity, and
surface area of the solution of LFP [37]. Qiu et al. [38] synthesized LFP/C nanofibers
using lithium dihydrogen phosphate (LiH2PO4), ferric citrate (FeC6H5O7.5H2O),
polyvinyl pyrrolidone (PVP), and polyethylene oxide in water. After electrospin-
ning, the as-spun fibers were treated at a temperature of 450 °C under nitrogen
atmosphere. Depending on the concentration of precursors used, the morphology of
resulting fibers also varied. Different morphologies of spunned fibers with varying
concentration of LiH2PO4/FeC6H5O7 (0.8 to 1.4) were shown in Fig. 17.3. The best
morphology of fiberwith smooth surface and uniform diameter is observed for higher
concentration of LiH2PO4/FeC6H5O7 [38].

LFP/C nanobelts synthesized with lithium hydroxide monohydrate (LiOH.H2O),
ferric nitrate (FeNO3.9H2O) and phosphoric acid (H3PO4) in dimethyl formamide
(DMF) at a stoichiometric ratio 1:1:1. PVP was employed as the spinning template
as well as the carbon source. The resulting fibers exhibit a reduction in diameter
with the decomposition of PVP [20]. Kang et al. [39] synthesized LFP by using the
solution containing PVP, deionized water, methanol (CH3OH), nitric acid (HNO3),
lithium nitrate (LiNO3), iron(II) nitrate nonahydrate [Fe(NO3)3.9H2O], and ammo-
nium dihydrogen phosphate (NH4H2PO4). The resulting hollow tubular structures
were compared with LFP-CNT tubes and no significant difference in morphology as
well as electrochemical performancewas found. So PVP is one of the best choices for
the preparation of porous LFP electrode. The XRD pattern of prepared LFP exhibits
their orthorhombic structure and the videoscopic image and surface morphology
were analyzed. The as-spun fiber exhibits a diameter 3–5 µm with very smooth
surface (Fig. 17.4). On calcined at high temperature, the prepared LFP/C nanotubes
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Fig. 17.3 SEM images on the surface morphology of a as-spun LiH2PO4-FeC6H5O7/PVP-
PEO precursor fibers and LiFePO4/C nanofibers prepared using different mole ratio of
LiH2PO4/FeC6H5O7: b 0.8; c 1.0; d 1.1; e 1.2; f 1.3. Adapted and reproduced from Ref. [38].
Copyright 2014 Elsevier
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Fig. 17.4 SEM images on the surface morphology of porous LiFePO4 nanotubes a, b calcination
at 800 °C for 10 h. Adapted and reproduced from Ref. [39], Copyright 2012, The Chemical Society
of Japan

exhibit a diameter 150–500 nm but even at high temperature, they maintained the
original morphology [39].

Using the solvent (DMF), Lin et al. [40] synthesized LFP fibers using the precur-
sors Fe(NO3)3 · 9H2O, LiNO3 and H3PO4. Polyacrylonitrile (PAN) is used as the
polymer in this synthesis method. The precursors, PAN, and DMF were taken in a
concentration 13, 3, and 84% [40]. The lower precursor concentration yields best fiber
morphology with good chemical stability. Nanofibers are synthesized with coaxial
anduniaxial electrospinningmethodusing the solutionofLiH2PO4, Fe(NO3)3 · 9H2O
and 1.0 g of polyethylene oxide (PEO) inwater, followed by sintering. An amorphous
layer of carbon which act as the conducting carbon layer over the surface of the LFP
was formed that can reduce the lithium-ion diffusion path and there by enhances the
electrochemical properties of the cathode material [41]. Carbon-coated single crys-
talline LFP nanowires (SCNW-LFP) prepared using an aqueous precursor solution
containing LiH2PO4, Fe(NO3)3, and polyethylene oxide result fibrous structure with
a uniform diameter of about 100 nm. This cathode material retained about 98% of
its theoretical capacity even after 100 Cycles at a temperature of 60 °C (Fig. 17.5).
This superior capacity is due to the presence of single crystalline nanowires as well
the carbon coating which can act as the protective layer over the single crystalline
nanowire and there by improve the capacity [42].

Structurally stable LFP electrode was synthesized using the solution containing
precursors such as PAN and commercially available LFP particle in DMF. The raw
LFP (rLFP) appears in the form of clusters with independent particle. But, in LFP/C
complexes, a uniform dispersion of the LFP particles that linked with carbon is
normally observed. Electrospinning results high density fiber structure that can effi-
ciently supply electrons to the LFP particles (Fig. 17.6). This can be seen from the
fibers synthesized from PAN and LFP particles. This nanofibers heat treated at a
temperature of 800 °C exhibits an improved electronic conductivity of about 2.23×
10−2 S cm−1. In addition to this, they are sufficient to exhibit a discharge capacity
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Fig. 17.5 a SEM image on the surface morphology of SCNW-LFP heated at 600 °C for 2 h, b
overview TEM micrograph of SCNW-LFP showing nanowires with a diameter of around 100 nm.
Adapted and reproduced from Ref. [42], Copyright 2011 John Wiley and Sons

Fig. 17.6 Schematic diagrams of a r-LFP, b prepared LiFePO4/carbon complex, c electron transfer
pathway of the LiFePO4/carbon complex. Adapted and reproduced from Ref. [44], Copyright 2011
Springer

of about 153 and 61 mAh g−1 at current density of 0.1 and 10 C rate, respectively
[43]. Taprakci et al. [44] Synthesized LFP/C fibers by using PAN as the carbon
source and LFP precursor solution in DMF. LFP precursors such as lithium acetate
(C2H3LiO2), phosphoric acid (H3PO4), and iron acetate (Fe (C2H3O2)2) were used at
a stoichiometric ratio of 1:1:1. Resulting fibers exhibit a homogeneously distributed
carbonaceous layer. The calcination/carbonization temperature could highly influ-
ence over the electrochemical property of the resulting fibers. The average discharge
capacity exhibited by the fibers calcined at temperature of 600, 700, and 800 °C
is about 125, 141, and 131 mAh g−1, respectively, at a discharge rate of 0.1 C.
Moreover, on evaluating the cycling performance of the resulting fiber, best capacity
retention is observed up to 50 cycles. Both the fibers calcined at higher tempera-
ture (700 and 800 °C) displayed low capacity fading per cycle but it is higher for
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the fiber that calcined at temperature of 600 °C. Hence, the best charge–discharge
and cycling performance of the electrospun composite electrode is observed for the
sample calcined at a temperature of about 700 °C within the nanofibers prepared
using 8% LFP precursor and 4% PAN. The fiber exhibits a capacity of about 166
mAh g−1 at a current rate of 0.05 C. This is achieved by the good penetration of
electrolyte within the membrane [44].

17.4 Enhancing the Performance of Electrospun Lithium
Iron Phosphate Cathode by Structural Modification

Eventhough carbon coating can enhance the electronic conductivity of LFP, the
resulting conducting nature is not satisfactory. So inorder to improve it further,
different conducting additives are incorporated with the LFP particles. Carbon
nanotubes (CNT) [45, 46] graphite [47] and graphene [48] are the major carbon
allotropes that employed as conducting additives in most of the electrodes due to its
ability to form three dimensional (3D) conducting network channels that can ensure
large surface area and high aspect ratio [49, 50].

17.4.1 Composites of Lithium Iron Phosphate
with Conducting Materials

Mixing the electronically conductingmaterialswith LFP is a very commonmethod to
prepare composite electrode having enhanced electrochemical properties and long-
term charge–discharge cycling stability. In the simplest form, a sufficient amount of
electronically conducting materials, mostly nanostructured materials such as CNT,
graphene, or conducting graphitic carbon uniformly mixed by mechanical mixing in
a mortar and pestle and transferred to a glass vial containing sufficient amount of
NMP solvent, then air tightly lose it. The material is then subjected to ultrasound
sonication flowed by magnetic stirring typically for overnight. The uniformly mixed
and grinded composite slurry then coated on a pre-cleaned and flattened aluminum
foil using the doctor blade technique and dried at 80 °C under vacuum for 12 h
and punched out the circular disc of it used as the cathodes in LIBs. However, for
preparing the fibrous morphology, electrospinning is used for the fabrication of elec-
trodes. For that, a nanocomposite slurry mentioned above could directly electrospun
on the current collector or the precursor LFP solution having electrically conducting
nanostructured materials is electrospun first and the resulting fibers are calcined [20,
28] at high temperature (typically 600 to 800 °C). Electrospinning of precursor solu-
tion of LFP with sufficient amount of PAN is also a widely reported method [51].
LFP/CNT/C composite nanofibers were prepared by Topraskci et al. [51] by the
combination of electrospinning process with sol–gel method. The precursor solution
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Fig. 17.7 TEM images of LiFePO4/CNT/C composite nanofibers at various magnifications: a
20,000×, b 80,000×, c 200,000×, and d 400,000×, e cycling performance, f initial voltage
versus capacity curves of pristine LiFePO4 powder, LiFePO4/C composite nanofibers, and
LiFePO4/CNT/C composite nanofibers at 0.05 C. Adapted and reproduced from Ref. [51].
Copyright 2012 American Chemical Society

that contains LFP precursors lithium acetate (LiCOOCH3) phosphoric acid (H3PO4)
and iron(II) acetate (Fe(COOCH)2 along with CNT and polyacrylonitrile (PAN) can
be converted into LFP/CNT/C composite simply by heat treatment. In addition to
this, adding functionalized CNT can further enhance the electrochemical perfor-
mance of the composite. The functionalized CNT forms bridges between the LFP
particles (Fig. 17.7a, b) and forms a distribution throughout thematrix (Fig. 17.7c, d).
Comparing this composite structure formed with normal LFP/C, a rapid and contin-
uous capacity fading is observed for pristine LFP. The irreversible capacities of
pristine LFP, LFP/C, and LFP/CNT/C are observed to be 150, 162 and 169 mAh g−1

(Fig. 17.7e). Compared to carbon modified LFP, the composite LFP/CNT/C elec-
trode exhibited superior discharge capacity corresponds to 99% of the theoretical
value (170 mAh g−1) and retained up to 50 cycles (Fig. 17.7f). The exception-
ally improved electrochemical performance of these cathodes (fibrous LFP/C and
LFP/CNT/C nanocomposite electrode) are attributed by the one-dimensional fiber
structure that results best lithium-ion transport [51].

This same research group [51] developed LFP/r-GO/C composite combining both
electrospinning and sol–gel method, where the LFP particles are encapsulated inside
the graphene containing carbon nanofiber matrix. Spinning solution consists of PAN,
LFP precursors and functionalized CNT dissolved in DMF was electrospunned and
the as-spunned fibers were heat treated at 700 °C. PAN functions as the carbon
source were as the graphene helps to improve the electronic conductivity of as-spun
fibrous electrode material. The electrochemical studies on electrospunned composite
nanofiber displayed a reversible capacity of about 166 mAh g−1 at a discharge rate
of 0.05 C. Comparing with the discharge capacity of LFP/C, the nanocomposite
LFP/r-GO/C composite, shows significant enhancement in specific capacity reten-
tion, which exhibited a stable discharge capacity of 166 mAh g−1 up to 50 cycles
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without any considerable amount of capacity fading which is corresponds to the 98%
theoretical capacity of LFP. The enhanced capacity in the LFP/rGO/C composite was
attributed to the presence of highly conducting and electrochemically active graphene
[52] and very stable cycling stability resulted from the role of graphene nanosheets
as the mechanical buffer which prevent the cracking and pulverization of electrode
due to the continues volume expansion and contraction of the nanofibers during the
lithiation and delithiation process. Themain limiting factors of using transitionmetal
oxides as cathode is that, they will only utilize one of their oxidation states during
the intercalation and de-intercalation process [53]. Hence, inorder to achieve high
energy density and specific capacity, one of the important aspects that can be made
easy to possible is the utilization of all the oxidation state of the active material.
From this idea of developing high capacity cathodes, Zhang et al. [54] developed
LiF/ferrocene/polyacrylonitrile (PAN) composite fibrous electrodes by electrospin-
ning and heat treatment of LiF/F/C precursors. The electrochemical performance of
the electrode is evaluated by preparing precursor solution having different concen-
tration of LiF + ferrocene + PAN. During the first charge–discharge cycle, the
nanofibers prepared with precursor concentration (LiF + ferrocene + PAN) 11, 16,
21, and 26% exhibit a discharge capacity about 262, 435, 472, and 294 mAh g−1,
respectively (Fig. 17.8). Comparing the discharge capacity of this cathode material
with currently using cathodes, it is evident that the cathode with 21% precursor solu-
tion exhibits an enhanced electrochemical performance with high capacity retention
(472 mAh g−1) even at 50th cycle [54].

Hosono et al. [55] developed a triaxial LFP nanowires with multiwall carbon
nanotubes (VGCF) core column along with an outer amorphous carbon shell.
Through the electrospinning technique CNT core that gets oriented along the direc-
tion of the wire enhances the electronic conduction during the charge–discharge
cycling. At the same time, the amorphous carbon present at the outer surface will
suppress the oxidation of Fe2+. The FE-SEM image of the fibers formed by the
precursor solutionwithout VGCF is shown in Fig. 17.9which shows structure similar

Fig. 17.8 Cycling
performance of the LiF/Fe/C
nanofiber composites
prepared from precursor
solutions with different
concentrations. Adapted and
reproduced from Ref. [54],
Copyright 2012 IOP Science
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Fig. 17.9 FE-SEM images on the surface morphology of the a dried, bmaterials heated at 800 °C
for 10 h. The precursor solution includes the poly acryl acid, and the sources of Li, Fe, and Pwithout
VGCF. Adapted and reproduced from Ref. [55], Copyright 2010 American Chemical Society

to the fibers formed by the precursor solution containing VGCF. The discharge
capacity of triaxial nanowires of LFPwith VGCF core column (a), triaxial nanowires
of LFPwith acetylene black (b), andLFPnanowireswithoutVGCF (c)was compared
[55].

17.4.2 Insertion Compounds of Lithium Iron Phosphate
and Their Modifications

Compared to other olivine cathodes such as lithium cobalt phosphate (LiCoPO4),
lithium nickel phosphate (LiNiPO4), LFP exhibits a low redox potential of 3.5 V that
will lead to lower working voltage. This is due to the fact that, chemical potential
of Fe2+/Fe3+ is lower than that of Mn2+/Mn3+, Co2+/Co3+ and Ni2+/Ni3+ (4.1, 4.8,
and 5.1, respectively) [56, 57]. Incorporation of manganese results an increment in
the cell voltage from 3.5 to 4.1 V [58, 59]. Furthermore, on decreasing the iron
content, the polarization for the iron oxidation/reduction was found to be decreased
while for that of respective Mn was found to be increased. Structural change was
introduced by Kang et al. [60] by incorporating manganese to the olivine structure.
Li[Fe1−xMnx]PO4 nanofibers with varying Mn and Fe concentrations were prepared
(x = 0, 0.1, 0.3); however, only morphological studies were reported in this study.
The fibers prepared possess a diameter ranging from 100 to 500 nm and found that
surface roughness is increased with increasing the manganese content. Roughness
increases the surface area that will improve the electrochemical properties of the
electrode and can set a good interface between the electrode and electrolyte [60].
Further incorporation of carbon to this material can enhance the battery perfor-
mance. Hagen et al. [61] proposed in situ incorporation of carbon into the electro-
spun Li[Fe1−xMnx]PO4 (x = 0, 0.25, 0.50, 0.75, and 1) Fig. 17.10. The electro-
spun LFP was prepared using the commercially available precursors such as lithium
hydroxide, iron Sulfate, manganese Sulfate, phosphoric acid, and PVP. After that,
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Fig. 17.10 a Image showing a nanofiber electrode before and after calcination and aCR2025bottom
cell, b at higher magnifications the homogeneous carbon coating of the LiMnPO4 crystallites is
resolved. Adapted and reproduced from Ref. [61]. Copyright 2012 John Wiley and Sons

these nanofibers were calcined at a temperature of about 850 °C under vacuum,
which results in the formation of graphitic carbon to the final fibrous nanostruc-
ture. On incorporation of carbon, the resulting fiber formed consists of a porous
conducting matrix that can secure the fibrous morphology as well as improve the
electronic conductivity, specific capacity, and cyclability. The porous carbon matrix
consists of uniformly dispersed LiMnPO4 and the as-prepared nanofibers are capable
to exhibit a high charge–discharge capacity 125 mAh g−1 even after 50 cycles [61]
Moreover, the sample exhibits very low capacity fades at a current rate up to 4 C.
Even at a discharge rate of C/2, charge–discharge capacity of system exhibits an
increase in trend which is attributed by the structural stability of the nanofiber elec-
trode and also there an increase in contact area of the conduction channel that result
by the fusion of fiber connection during cycling which favors the electrochemical
performance of the system. The significantly enhanced electrochemical performance
is attributed to the highly porous conducting matrix formed around the fibers which
consist of homogeneously distributed LiMnPO4 crystallites.

A123 Systems Inc. and Sony introduced LFP batteries for the powering of electric
vehicles due to its good electrochemical performance which made it significant for
meeting the advanced application of lithium-ion batteries such as in electric vehi-
cles. However, the system exhibits a low energy density which is about 578WhKg−1

due to its low operating voltage. Insertion LFP cathodes are satisfactory for fabri-
cation of battery modules to power the electric vehicles, if the researchers could
find a solution to improve its cell voltage. Because of the effort taken in this direc-
tion by the battery technologists, a new system of cathode materials was extensively
studied such as LiMnPO4, which is capable to exhibit a high energy density of 700
Wh Kg−1 with an operating voltage of about 4.1 V vs. Li [62]. Again, lithium vana-
dium phosphate (LVP) are considered to be the similar class of material that exhibits
a monoclinic structure with three-dimensional network and exhibit a good specific
capacity, excellent thermal, and cyclic stability. The three-dimensional (3D) network
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structures provide an easy lithium-ion diffusion pathway and there by exhibit a theo-
retical reversible capacity of about 197 mAh g−1. Similar to many other cathode
materials like LFP, LMO, etc., the electrochemical performance of these cathodes
are limited by its low electronic conductivity [63, 64]. Similar to LFP materials, in
LVP also, for the enhancement of electrochemical properties, particle reduction and
carbon coating are considered as the effective method. The LVP/C composite cath-
odes are observed to be exhibiting high electronic and ionic conductivity due to the
presence of nanosized LVP particles that will enhance the lithium-ion kinetics and
the carbon coating will provide good electronic conductivity [65]. For the LVP cath-
odes, the electrospunned fibrous structures are observed to be exhibiting enhanced
electrochemical performance because the percolation behavior, which is observed
to be much better in fibrous structures than the particles [66]. From these results, it
is expected that the fibrous LVP/C composite can provide excellent electrochemical
performance for LIBs. Chen et al. [66] developed LVP/C nanofiber composite and
decorated as high performance cathode for LIBs. Using a typical precursor solution
containing NH4VO3, NH4H2PO4, and CH3COOLi.2H2O in citric acid along with
PVP was electrospun and prepared nanosized fibers having uniform morphology.
The resulting composite fiber exhibited good cyclic stability and rate capability in a
voltage range of 3.0–4.8V. These composite fibers exhibited a discharge capacity 190
mAh g−1 at 0.1 C which corresponds to 99% theoretical capacity of LVP. It is inter-
esting to note that the composite fiber is capable to exhibit high discharge capacity of
about 132 mAh g−1 at a high discharge rate of 20 C along with better cycling perfor-
mance. This superior electrochemical properties are attributed to the exceptionally
high surface area offered by the nanosized fibers and enhanced electronic conduc-
tivity provided by carbon fibers [66]. Study over this fibrous LVP, Wei et al. [67]
prepared similar one-dimensional and highly porous-structured LVP cathode mate-
rial by adopting the simple electrospinning-assisted solid-state synthesismethod. The
precursor solution containing PVP was electrospunned first and the as-spun fibers
are calcined at a temperature of 350 °C and then treated at a temperature of 800 °C
under vacuum. This composite fibers exhibited an excellent electrochemical perfor-
mance and can be used in LIBs at a potential range of 3.0–4.8 V. The cell studies
on this porous composite fibrous electrode showed high reversible capacity of about
191 mAh g−1 at a discharge rate of 0.1 C and 110 mAh g−1 at 20 C. Eventhough the
discharge capacity exhibited by this porous fibers are inferior compared to that of
the LVP fibers developed by Chen et al. [66] or currently using cathode materials in
commercial LIBs, the performance is excellent and promising [67]. Contrast to the
usual methods of preparing electrospun LVP, ionic liquids were firstly introduced
in electrospinning process by Peng et al. [68] that finally results to the formation of
nanocubes embedded N-doped carbon nanofibers. The role of ionic liquids (ILs) in
LIBs as an additive in electrolytes is extensively studied to improve the safety of the
batteries [69–71], but it very rarely used in electrodes. ILs are considered to be impor-
tant in this process because they enhance the feasibility of PANbased electrospinning
process and facilitate the formation of self-supporting conducting network moreover
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Fig. 17.11 Representative morphologies and structures of the as-electrospun LVP-NC/NCNF, a
low,b, c highmagnification. Adapted and reproduced fromRef. [68]. Copyright 2019Royal Society
of Chemistry

they can facilitate the formation of (100) facet oriented nanocubes by acting a struc-
ture directing agent. The presence of ILs can further enhance the electronic conduc-
tivity by forming a dual phase carbon coating layer. The precursor solution containing
with PVP and PANalongwith IL, 1-n-Butyl-3-methylimidazoliumdihydrogen phos-
phate ([Bmim] H2PO4) was electrospun and annealed at a temperature of 800 °C to
obtain LVP nanocubes embedded in N-doped carbon fibers (LVP-NC/NCNF). The
electrochemical activity and electrochemical performance of the obtained nanofibers
were compared with LVP nanoparticles/carbon nanofibers (LVP-NP/CNF) and LVP
nanoparticles (LVP-NC). Investigating the morphology of the as-spunned fibers it
is evident that the as-spunned fibers possess high aspect ratio and a diameter of
about 500 nm and they are intertwined to form a mechanically stable free standing
electrode (Fig. 17.11a, b). Apart from this, the LVP particles with a cubic structure
having a side length of 200 nm are connected by the carbon fibers as presented in
Fig. 17.12 LVP-NC/NCNF is capable to exhibit high electrochemical performance
and is exhibited a discharge capacity of 155 mAh g−1 at 0.1 C which is significantly
higher (>40–50 mAh g−1) than that of LVP-NP/CNF and LVP-NC, which exhibits a
discharge capacity of about 114.8 and 105.2 mAh g−1, respectively. Also these LVP-
NC/NCNF electrodes displayed excellent cycling stability and retained the discharge
capacity even after 60 cycles [68]. Hence, in summary, it can be say that among the
phosphate-based cathodes, LVP is one of the promising groups of cathodes that can
ensure high electrochemical performance. Similar to LFP cathodes even it suffers
low electronic conductivity metal ion doping, coating with conducting materials is
considered to be effective methods to reach at the high performance. Moreover, elec-
trospun LVP materials are considered to be the best due to the shorter diffusion
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Fig. 17.12 Cycling
performance at 1C, of the
as-prepared LVP-NC/NCNF,
LVP-NP/CNF, and LVP-NP,
respectively. Adapted and
reproduced from Ref. [68].
Copyright 2019 Royal
Society of Chemistry

pathways, faster Li+-ion intercalation that favors the electrochemical performance
of the system.

17.5 Conclusion

LFP-based cathodes are considered to be the best for LIBs especially for the high
temperature applications due to the high thermal stability and good electrochemical
performance that it can deliver. The factor that limits the application of LFP is
its low electronic conductivity that can be enhanced by coating with conducting
materials such as carbon which will inhibit the oxidation of iron, metal doping, and
controlling the size of particles LFP that will enhance the electronic conductivity
there by improves the electrochemical performance. Electrospinning is opted as the
best method for the preparation of best performing LFP cathodes because, it results
the formation of nanofibrous structures that will have shorter lithium diffusion path,
fast lithium intercalation kinetics, good mechanical strength, high surface area and
porousity. During the electrospinning process, different structuralmodificationswere
adopted for LFP by incorporating different conducting additives such as CNTs and
graphene. This lead to the formation of cathode material having good electronic
property and it helps to overcome the issue related with the LFP cathode used.
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Chapter 18
Electrospun Fibrous Vanadium
Pentoxide Cathodes for Lithium-Ion
Batteries

N. S. Jishnu, Neethu T. M. Balakrishnan, Akhila Das, Jou-Hyeon Ahn,
M. J. Jabeen Fatima, and Raghavan Prasanth

18.1 Introduction

The main concern with the renewable energy is their proper storage that is essen-
tial to establish a proper energy supply. An efficient and cost-effective storage is
the next hurdle that has to be overcome to meet the effective utilization and storage
of renewable energy such as solar, wind and tidal energy. Among different energy
storage systems such as capacitors, supercapacitors, fuel cells and batteries, batteries
are important and play a crucial role. They are the essential components of most of
the electronic devices, and portability is the fact that makes batteries important over
other energy storage devices. Most of the portable electronic devices are making use
of the lithium-ion battery; it is prime important due to high energy density as well
as power density. The minimum self-discharge, lack of memory effect and excel-
lent storage capacity are the important factors that make LIBs important over the
other battery technology. Even though perfect energy storage is always a serious
concern, nanostructured materials especially nanofibers are promising candidate
for the development of high-performance energy storage devices, especially in LIB
systems. Different methods such as wet chemical synthesis [1], sol–gel templating
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[2], self-assembly [3], molten salt method [4], precursor methods [5] and electro-
spinning [6] are introduced for the synthesis of nanofibrous structures. Among these
different methods of preparation, electrospinning is one of the versatile, simple and
cost-effective techniques that can produce fibrous structureswith differentmorpholo-
gies like core shell [7], hollow [8], multilayer [9] and porous [10] structures. Apart
from the capability to fabricate the nano- to submicron-sized fibers having unique
morphologies, electrospinning leads to the development of fibers having high surface
area to volume ratio, ease of using material combinations and ease of fiber function-
alization as well a mass production capability [11, 12]. In energy storage devices,
electrospunned electrode and electrolyte materials are considered as the ideal candi-
date for high-performance batteries since it possesses large surface area, tunable
properties, different material compositions and high aspect ratio.

The type of electrode materials plays a crucial role on the electrochemical perfor-
mance such as output voltage, charge–discharge capacity and cycling stability rate
capability of the LIBs. Transition metal oxides seek greater interest in recent studies
in both their fundamental and technological aspects. The advances of lithium-ion
battery come from the choice of suitable intercalation material as cathode. The
electrochemical reaction that involves insertion and extraction of Li+-ions from the
cathode matrix without collapsing its structure determines the performance of the
battery. The intercalation anodes such as graphite ensure the proper intercalation of
ions without the formation of dendrite, which was the severe problem faced while
using lithiummetal anodes.While in cathode materials, transition metal oxide-based
cathodes that possess layered, spinal and olivine structures are superior. In the long
journey on hunting of high-capacity cathode materials, transition metal oxide gained
great attention due to its ability to react with more than one lithium-ion per redox
ion. Initially, the commercialized lithium-ion battery used LiCoO2 (LCO) as cathode
[13, 14], but due to the toxicity of cobalt as well as its low thermal stability leads
to the usage of MnO2-based cathodes [15, 16]. Still, the problem was there within
this cathode material that causes structural changes during the cycling that result
by the Jahn–Teller distortion effect. For thermally stable LIBs, LiFePO4 (LFP) was
a promising candidate since it can stable even at high temperature. But the low
electronic conductivity makes issues with the use of LFP [17]. Recently, layered
structured vanadium pentoxide-based cathodes are the most studied cathode mate-
rials due to its ability to form variety of possible structures. It was firstly reported by
Wittingham in 1976 [18, 19]. The low electronic conductivity and low lithium-ion
diffusion restricted its application in LIBs, but the issues and challenges associated
with V2O5 were successfully resolved by fabricating nanostructured materials via
different methods such as sol–gel synthesis [20], hydrothermal synthesis [21], elec-
trospraying [22] and electrospinning [23]. Among these methods, electrospinning
takes up a significant impact that comes from the porous nanostructures. Because of
the unique structure and high surface area, electrospun nanofibers exhibit excellent
electrochemical properties. Electrospunned nano-entities exhibit one-dimensional
(1D) fibrous, rode or tube-like structures and thereby enhance the Li+-ions diffu-
sion rate. Different nanostructures 1D structure such as V2O5 and Nb2O5 [24] were
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extensively studied that can effectively replace the current cathodes in LIBs in order
to ensure high electrochemical properties [25]. Among these, V2O5 nanofibers seek
major attention.

18.2 Synthesis of Electropsun Vanadium Pentoxide
Cathode by Using Different Precursors

The tunable oxidation state and intercalation property make V2O5 a viable alter-
native active material for cathodes in lithium-ion battery. The layered structure of
V2O5 results the reversible intercalation of the Li+-ions, and the tunable oxida-
tion state results the structural variation in the cathode which is beneficial for the
battery performance. But the problemwith this cathodematerialwas its low structural
stability and cyclic stability that limited its practical application in LIBs. Electro-
spinning is proposed as an alternative method to produce the V2O5-based cathode
with improved electrochemical performance.Electrospinning results the formationof
nanostructures, especially very long seamless nanofibrous structures. It can employed
for the fabrication of polymer metal oxide, ceramic or carbon fibers. In the method
of electrospinning, suitable precursor solution is continuously drawn as a charged
thread from a spinneret (Fig. 18.1) bymeans of an electrostatic force which possesses
the combinational characteristics of electrospraying and dry spinning or dry jet wet
spinning.

For the electrospinning of V2O5, different precursor solutions such as vanadyl
acetyl acetonate or simple vanadium pentoxide powder dissolved or uniformly
dispersed in a suitable polymer solution like polymethyl methacrylate (PMMA),
polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP), etc., can be used. Among
different spinning parameters such as solution concentration, applied voltage and
feed rate that determine the properties of resultant nanofiber structure, the precursors
used are also impart vital role in determining the membrane morphology. Vanadium
sol prepared by using vanadium oxide isoproxide as precursor followed by mixing
with polyvinyl acetatewas electrospunned, and heat treatment results in the formation
of highly crystalline V2O5fibrous nanostructures [26]. Vanadium oxitriisopropoxide
precursor dissolved in PMMA solution was electrospunned, and hydrothermal reac-
tion over this as-spun fibers results in the nanoscale vanadium oxide having a layered
structure with interlayer distance of 11.4 Å [27]. Same vanadium oxitripropoxide is
used as the precursor to synthesize the one-dimensional (1D) nanofibers consisting of
nanostructured particle from the sol–gel solution of the precursor [28]. Commercially
available V2O5 powders can also be successfully employed as the precursor for the
development of V2O5-based fibrous cathodes. This system shows an enhanced rate
capability and superior long-term charge–discharge cycling stability. The advantage
of using commercially available V2O5 is fact of cost-effectiveness. The synthesis
results in the formation of the nanofibers made up of nanoplates [29]. Synthesis of
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Fig. 18.1 Schematic representation of electrospinning and effect of annealing temperature over
V2O5 nanostructures

electrospun nanofibers using vanadium acetyl acetonate precursor followed by calci-
nation results in fibrous cathode material in which the effect of doping substantially
increased the electrochemical performance [30]. Among different polymers, poly-
methyl methacrylate is successfully used for the synthesis of V2O5 nanofibers along
with suitable vanadium oxides or other vanadium-based compounds [9]. Polyvinyl
acetate (PVAc) [31] is another polymer-based precursor that is used along with vana-
dium oxitripropoxide in order to synthesis V2O5 cathode for LIBs. Polyvinyl alcohol
[32] also used along with the vanadium compounds. The polymer PVP is also used
along with the commercially available V2O5 in order to form a uniform precursor for
the production of V2O5 nanofibers by sol–gel and electrospinning method. The type
of precursor solution and method of preparation along with synthesis procedures and
annealing temperature plays a vital role in the properties of resultingV2O5 nanofibers.
The use of different precursors forms different fiber morphologies (Fig. 18.2), and
this is the beauty and versatility of electrospinning [33].

18.3 Structure and Property of Electrospun V2O5

Vanadium pentoxide (V2O5), yellow/brown solid (Fig. 18.4b) with a layered crys-
talline structure, is a promising cathode material for lithium-ion batteries (LIBs).
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Fig. 18.2 SEM images on the surface morphology with inset scales of 500 nm of a as-spun fibers,
b porous nanofibers calcined at 400 °C, c hierarchical nanofibres calcined at 500 °C, d single-
crystalline nanofibres calcined at 600 °C, e electrospun hierarchical fibers composed of V2O5
nanorods, f Spherical hollow hierarchical V2O5 structures. Adapted and reproduced from Ref.
[33]. Copyright 2018 Elsevier

Vanadium was discovered by Andrés Manuel del Río, a Spanish-Mexican mineral-
ogist, in 1801 and is the 20th most abundant element in the earth’s crust. Vanadium-
oxygen system is a widely studied material that exhibits 13 distinct phases, and each
one of the systems is similar in their lattice structure and spacing. Different oxides
of vanadium exhibit different properties and many of vanadium-oxygen phases are
non-stoichiometric. Different types of vanadium oxides are vanadium (II) oxide
(vanadiummonoxide, VO), vanadium (III) oxide (vanadium sesquioxide or trioxide,
V2O3), vanadium (IV) oxide (vanadiumdioxideVO2) and vanadium (V) oxide (vana-
dium pentoxide, V2O5). In addition to these principal oxides of vanadium, various
other distinct phases also exist:

(i) Phases with the general formula VnO2n+1 exist between V2O5 and VO2;
examples of these phases include V3O7, V4O9 and V6O13.

(ii) Phases with the general formula VnO2n−1 exist between VO2 and V2O3; exam-
ples of these phases include V4O7, V5O9, V6O11, V7O13 and V8O15. Called
Magnéli phases and are examples of crystallographic shear compounds based
on the rutile structure.

(iii) V3O5 appears as the mineral oxyvanite

Among these principal oxides of vanadium, V2O5 attracted much attention due
to its large spacing and open layered crystal structure (Figs. 18.3 and 18.4a) [26,
34]. V2O5 consist of both V4+ and V5+ ions. It has an orthorhombic cubic crystal
structurewith the lattice parameters of a= 11.54Å, b= 3.571Åand c= 4.383Åwith
space group Pmmn [35]. The structure of V2O5 is made up of pyramidal structures
that are formed by oxygen and vanadium atoms which form the most stable oxide
structure of vanadium. The stacked pyramidal structured V2O5 shares edge to form
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Fig. 18.3 Structural representation of V2O5 (where white = vanadium and red = oxygen), a close
packed structure, b 3D structure, c crystal structure, d monolayer

zigzag double chains. These layers get bonded over the z-direction or along the (001)
direction. The bonding over the layer is through the weak van der Waals bond that is
formed between the oxygen and vanadium atoms of adjacent layered structure [36,
37].

When vanadium pentoxide intercalated by water, it forms a V2O5.n H2O xerogels
that consist of bilayer V2O5 with water in between them. This structure results a
change in vanadyl position that allows the layers to get close to each other [38].

Currently using cathode materials such as LiCoO2 (LCO), LiFePO4 (LFP),
LiNiMnCoO2 (NMC) and LiMn2O4 (LMO) deliver a capacity value which is less
than 200 mAh g−1; hence, the development of superior cathode materials which
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Fig. 18.4 a 3D structural representation of V2O5, b V2O5 Powder

have higher practical capacity is the prime importance to fabricate LIBs that can
possess high energy density and power density. The choice of metal oxide that can
provide multi-electrons redox reaction is important, since they can insert and extract
multiple electrons which can enhance the reaction rate and thereby improve the
specific capacity of the LIBs. By using such lithium-free oxide structure, e.g., V2O5,
the problem facedwas the compulsory usage of thesemetal oxides alongwith lithium
metal anode in order to provide the required Li+-ions. But therewas a serious problem
with the use of lithium metal anode called dendrite formation. The formation and
growth of finger-like dendrite over the lithium anode cause short circuit that can lead
to the battery explosion [39, 40]. Hence, the safety of the lithium cells is the main
concern while making use of lithium metal as anode in LIBs. Latter, this problem
was rectified with the use of ionic liquids as well as the use of lithium alloy such
as Li–Al alloy [41]. V2O5 is a best choice due to its open layered structure that can
facilitate the easy intercalation and deintercalation of Li+-ions as well all that can
accommodate more Li+-ions, which provide a high specific capacity value in the
potential range of 4.0–2.0 V (vs. Li/Li+). V2O5 possesses theoretical capacities of
442 mAh g−1 for three Li+ intercalations, or 294 mAh g−1 for two Li+ intercala-
tions per the molecular formula [42] which are much larger than those of traditional
cathode materials, such as LiCoO2 (140 mAh g−1) [43] LiMn2O4 (148 mAh g−1)
[44] and LiFePO4 (170 mAh g−1) [45]. The natural abundance (20th most abundant
element in the earth’s crust), low cost, ease of synthesis and processing further make
it suitable as a cathode material in LIBs [46–48]. As mentioned earlier, V2O5 as a
cathode material exhibits a multiple electron intercalation and easy to intercalate and
deintercalation of Li+-ions into their layered structure. The lithium intercalation and
deintercalation reaction in Li/V2O5 half-cell is expressed as:
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V2O5 + xLi+ + xe− → LixV2O5

However, several problems largely restrict the battery performance of V2O5, such
as small Li+-ion diffusion coefficient, poor lithium diffusion kinetics, low electronic
conductivity (1× 10−2 to 1× 10−3 S cm−1), irreversible phase transitions, instability
in structure and dissolution of vanadium into the electrolyte which are the main
issues associated with this cathode material [49]. Therefore, V2O5 exhibits poor
discharge capacity, rate capability and cycling stability. In order to overcome these
issues, a variety of strategies are employed and demonstrated that the nanostructured
V2O5 materials can effectively enhance the electrochemical performance of theV2O5

as a cathode material. Nanostructured V2O5 can shorten the diffusion length of
Li+-ions by reducing particle sizes, facilitate electrolyte penetration by generating
porous structures and buffer volume changes during lithium insertion/extraction by
free voids. One of the novel strategies adopted is to integrate cation doping with
the V2O5 nanostructures. This design strategy not only has the advantages of the
V2O5 nanomaterials, but also increases the intrinsic electric conductivity of V2O5.
In addition, it is significant to modify the nanostructured V2O5 with conductive
additives, such as carbon materials and conductive polymers (coating on V2O5 or
mixing with carbon nanomaterials or conducting polymers). Both conducting carbon
and polymers can enhance the electric conductivity on the V2O5 surface and prevent
particle aggregation. The polymer coating also works as a protective surface layer
which prevents the direct contact of V2O5 with the electrolyte.

A variety of nanostructured V2O5 cathode materials was synthesized to improve
the cycling performance and the rate capability of LIBs. The novel nanostructures
of V2O5 cover zero-dimensional (0D) nanoparticles [50], one-dimensional (1D)
nanorods [51], nanoribbons, [52], nanowires [35], nanotubes [49], two-dimensional
(2D) nanosheets [42] and three-dimensional (3D) hierarchical architectures [52].
Porous carbon [53], carbon nanotube [54–57] and graphene [58–63] are the widely
used carbonaceous materials with V2O5. Nanobelts [61, 64–66] nanowires [35, 55,
67, 68] and nanotubes [69] are the most studied 1D nanostructure for V2O5. 3D
nanostructures such as nanoflowers [70], nanofibrous membrane [32] and 3D porous
V2O5 microspheres [71] are also reported.Other 1Dnanostructures, such as nanorods
[72], nanotubes [69] and porous V2O5 nanofibers [73], were also investigated.

V2O5 nanoparticles (size ranging from 30 to 60 nm) were prepared by a one-step
flame spray pyrolysis process [50], hollow nanospheres (diameter of around 28 nm)
by a sol–gel method with polymeric micelles as a soft template [74] having good
cycling performance, and rate capability is reported. TheV2O5 nanoparticles showed
excellent cycling performance by keeping a specific capacity of 110 mAh g−1 after
100 cycles at a current rate of 10C and a superior high rate capacity of 100mAhg−1 at
20 C. Hybrid nanocomposites can offer advanced performance that is not possessed
by an individual component. Hence, the V2O5 nanostructures composited with CNTs
by filling the V2O5 nanoparticles in the interior of CNTs [57], coating on the surface
of CNTs [75], or intertwining ultra-long CNTs and V2O5 nanowires [55] having
improved electrochemical properties and charge–discharge cycling property along
with good rate capability were studied. The intertwining ultra-long CNTs and V2O5
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nanowires were prepared as freestanding and highly robust electrode materials for
flexible LIBs, which are promising inwearable devices and roll-up displays [55]. The
intertwining electrode structure showed high rate capability and excellent cycling
stability. The MWCNT/V2O5 core/shell sponge [75] carbon tube-in-tube (CTIT)
(Fig. 18.5) [56] structure also reported. The areal capacity of the MWCNT/V2O5

sponge was as high as 816 μAh cm−2 at 1 C rate (1.1 mA cm−2) in a voltage
range of 4.0–2.1 V, which was 450 times that of a planar V2O5 thin film. At a high

Fig. 18.5 TEM image of the V2O5/carbon tube-in-tube composite, where most of the V2O5
nanoparticles were encapsulated within carbon tube-in-tube. Adapted and reproduced from Ref.
[56]. Copyright 2009 John Wiley and Sons
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current rate of 50 C (55.9 mA cm−2), this composite preserved the areal capacity of
155 μAh cm−2, leading to a high power density of 21.7 mW cm−2.

V2O5 nanowires were homogeneously integrated with graphene sheets to form
a robust V2O5 nanowire–graphene composite paper via a simple vacuum filtration
process [60] and rGO-supported porous V2O5 spheres (V2O5/rGO) with diameters
of 10–50 nm were grown on the surfaces of rGO sheets in a facile solvothermal
process [61], hierarchical nanocomposite ofV2O5 nanosheets self-assembled on rGO
sheets was prepared by a solvothermal method [58] as a high-power cathode material
for LIBs are also reported. V2O5 nanowires prepared by a hydrothermal treatment
process and graphene nanosheets exfoliated by a modified Hummer’s method is used
to form a robust V2O5 freestanding electrode. The uniform mixture of graphene
and V2O5 nanowires was filtered to obtain a V2O5 nanowire–GO composite paper,
in which V2O5 nanowires homogeneously integrated with GO. This free-standing
nanocomposite electrode exhibited extremely high cycling stability and high rate
performance. When measured at a current density of 10,000 mAg−1, the V2O5

nanowire–graphene composite cycled up to 100,000 cycles with a stable specific
capacity of 94.4 mAh g−1. The extremely long cycle numbers are two or three orders
of magnitude larger than those of conventional electrode materials, suggesting that
highly organized nanostructured electrodes can address the poor cycling issues [60].
In this entire hybrid V2O5 composite with carbon nanotubes or graphene, the voids
within the interpenetrative network facilitate the easy penetration of electrolyte and
facilitate the space for volume expansion and contraction of the electrode during
lithium intercalation and deintercalation, thereby improving the cycling stability and
rate capability of LIBs. There are three conducting polymers widely used in devel-
oping V2O5-based cathode materials, such as polypyrrole (PPy) [76–78], polyani-
line (PANI) [79–81] and polythiophene [82–85]. The electrochemical performance
of these hybrid materials is summarized in Table 18.1. However, the methods to
prepare these nanostructured materials are not simple, easy or cost effective, and
many of the cases need high pressure or vacuum. For example, the hydrothermal or
solvothermal method required expensive autoclaves which have serious safety issues
and the impossibility of observing the crystal as it grows if a steel tube is used [86,
87].On the other hand, the sol–gel method is a very popular fabrication technique,
but the purity of the materials in this technique is greatly substrate dependent [88,
89]. Again, this technique has little control over porosity of the gel which in turn
affects the rate of solvent removal from the gel in order to form the final powder.
Moreover, formation of gel is a slow process, whichmakes sol–gel a time-consuming
fabrication technique, and post-preparation heating is required as compared to other
methods. Also, it needs very high-temperature furnace or heating device, and metal
alkoxides are the most preferred precursor, which make this technique more expen-
sive. To get the material completely in crystalline form, we have to do the synthesis
at very high temperature; otherwise, the resulting material in amorphous form along
with considerable amount of hydroxides, defects and phase composition may vary
from batch to batch. Moreover, this technique requires the use of significant quanti-
ties of citric acid and ethylene glycol, but produces only a small volume of product
relative to the precursor sol–gel [82, 83].
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Electrospinning is considered as an effective method to prepare V2O5 cathodic
materials having long nanofibrous structure, exceptionally high surface area, high
aspect ratio, large surface to volume ratio and easy to prepare even a non-woven
fabric-type freestanding electrodes without any binder. The morphology of electro-
spun V2O5 fiber can be turned by varying the electrospinning parameters, which is a
unique advantage of electrospinning [18, 103]. Different morphologies such as core
shell [107], hollow [108], porous [109], aligned [110], random [9], beaded [111],
single phase [9], multi-axial fibers composed of three or more phases [112], etc., are
easily possibilitywith the electrospinning technique.Many studies reported that elec-
trospinning results in the formation of one-dimensional V2O5 nanofiber that exhibits
improved performance in LIBs [32, 113]. Electrospunned 1D V2O5 fibers result in
the superior properties due to the reduced size that improves the contact area between
the electrodes and electrolyte. Moreover, these nanostructures allow reduction in the
diffusion distance that enhances the properties of the resulting cathode material.
For example, the carbon nanotubes encapsulating V2O5 nanosheets (V2O5@G) have
diameters of around 150 nm and lengths of several microns, which were interwoven
to form a flexible freestanding web (Fig. 18.6b, c). The preparation of V2O5@G
started through a in situ strategy with producing precursor nanowires by the elec-
trospinning of polyvinyl pyrrolidone solution containing a vanadium source and
tetraethylorthosilicate. Layered graphitic carbon with average thickness of 5 nm was
then deposited on the precursor nanowires in the presence of methane at 1070 °C in a
CVD process (Fig. 18.6a) [93]. Due to the good electric conductivity andmechanical
strength, the film of V2O5@G web was directly used as a freestanding electrode for
flexibleLIBs.This freestanding electrode showedultra-fast and stableLi+-ion storage
performance. It retained a capacity of over 90mAhg−1 at a high rate of 100C and also
showed a small capacity fading of 0.04% per cycle over 200 cycles. Noteworthy, an
energy density of ca. 360Wh kg−1 at a power rate of 15.2 kW kg−1 is one of the best
results ever reported for V2O5-based cathodematerials [113]. Eventhough the simply
electrospun V2O5nanofiberous electrode shows superior electrochemical properties
and improved lithium-ion battery performance, still there are several strategies such
as doping with charged metal ions [114] and composite with carbon nanomaterials
[106] which are adopted for the further improvement in electrochemical properties
of V2O5-based cathode.

18.4 Methods to Improve the Electrochemical Properties
of Electrospunned V2O5

In order to improve the electrochemical properties of electrodes in LIBs, different
strategies have been introduced like coating, doping, composite preparation, etc.
Through these approaches, the crystalline structure of the active material will get
modified. In vanadium pentoxide cathodes as well, these methods are successfully
in cooperated in order to improve its intercalation properties. The modification of
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Fig. 18.6 a Schematic diagram of a single nanocable where V2O5 uniformly encapsulated into the
graphitic nanotube.bSchematic of the configuration of self- supported flexibleV2O5@Gmembrane
interwoven by nanocables. c SEM images of V2O5@G membrane. d TEM image of V2O5@G.
Adapted and reproduced from Ref. [93]. Copyright 2010 Royal Society of Chemistry

crystalline structure enhances the interlayer attraction, and it will result in an increase
in the interlayer distance that will further results in the enhancement of intercalation
property.A composite structure is prepared that results in the formation ofV2O5-TiO2

nanorods that can exhibit 1.5 times discharge capacity than the vanadium pentoxide
cathode [115].
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18.4.1 Doping

Doping is one of the effective methods that is used to improve the property of most of
the cathodes material used in LIBs. Doping will impart morphological and electro-
chemical differences in cathode. In V2O5, inclusion of certain cations increases its
electrochemical and extreme temperature properties. The presence of ionic dopants
improves its structure, stability, electronic and ionic conductivity which will propor-
tionally enhance its cycle life and electrode kinetics. Different charged ions such
as Ag, Mn, Al and Cu are used as the doping agent in V2O5cathode. During the
doping what happens inside this cathode is, V5+ ions will get replaced by this doping
ions. The replacement will take place partially, and this will lead to the formation
of V2O5 framework that consists of MO6 octahedra. By the formation of this modi-
fied framework, the deformation caused during the lithium insertion gets prevented
and shows an enhanced structural stability as cathode. Apart from this, a high elec-
tronic conduction can result in the material due to the formation of low valence
state in vanadium by the insertion of doping ions [116–118]. Doping is also used in
V2O5 which is synthesized by methods other than electrospinning [119]. V2O5 films
doped with different dopants [114] as well as silver show a superior conductivity
than undoped V2O5 [46]. The same effect can be seen in electrospunned V2O5 also.
One-dimensional (1D) nanofiber that is synthesized by electrospinning and inclu-
sion of various amounts of aluminum in V2O5 interlayer shows an enhanced elevated
temperature property [104]. Chromium (Cr)-doped vanadium pentoxide produced by
sol–gel method exhibits a lithium diffusion coefficient between 10−11 and 10−12 cm2

s−1 that is greater than the crystalline vanadium pentoxide [36]. Same doping effect
is studied by Zhang et al. [114] in V2O5 using Cr, and this system exhibits a reversible
capacities of 200, 170 and 120 mAh g−1 at cyclic rate of C/10, C/2 and 1C rate,
respectively [120]. Similar to Cr, copper (Cu), terbium (Tb) [121], niobium (Nb) and
thallium (Ta) [122] are also used as an effective dopant in V2O5 [123]. Yan L. Cheah
et al. [104] investigated the effect of aluminum over the electrospunned vanadium
pentoxide and observed that, by the addition of even 0.5% aluminum, it exhibits an
initial discharge capacity of 360 mAh g−1 with a capacity retention of about 50%
even after 50 cycles (Fig. 18.7), and the best result was observed in the 1% aluminum-
doped V2O5 that exhibits enhanced high rate and elevated temperature performance.
The reason for this improved property was the retention of fibrous morphology as
well as the stable inclusion of aluminum ions in the crystal structure [104].

18.4.2 Composite with Carbon Materials

Like doping, one of the efficient methods that is used for the enhancement of prop-
erties of vanadium pentoxide is making composite with carbon materials such a
carbon coating, mixing with CNT, graphene, bucky ball and quantum dots. Introduc-
tion of carbon sources such as carbon nanotubes, graphene, active carbon or any other
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Fig. 18.7 Plots of specific discharge capacity versus cycle number ofVNF,Al0.5VNFandAl1.0VNF
cycled at a 0.1 C rate at room temperature, b 0.1 C rate at 55 °C and c 1 C rate at room temperature.
Adapted and reproduced from Ref. [104]. Copyright 2012 American Chemical Society

carbon sources can effectively improve the structural stability of vanadium pentoxide
nanostructures. Different allotropes of carbon such as graphite, carbon nanotubes,
graphene and bucky ball are considered to be an effective material for electrodes
in LIBs. By incorporating such conducting materials, the electronic conductivity
and lithium diffusion property of V2O5, which have great control over the electrode
properties, further get improved [124–126]. The carbon nanolayer coated over the
V2O5 can act as a protective layer over the active material [127, 128]. Carbon coating
by different methods was observed in nanostructured vanadium pentoxide cathode
material other than that prepared by electrospinning [122]. Vanadium oxide nanos-
tructures that are produced by the hydrothermal method are modified with carbon by
makinguse of sucrose as carbon sourcewhich exhibits an enhanced surface area along
with improved conductivity [129]. The resulting electrochemical properties greatly
depend on the source of carbon choosed. Multiwalled carbon nanotubes (MWCNTs)
were also used for the modification of vanadium oxide nanostructures produced by
the hydrothermalmethod [130, 131]. ElectrospunV2O5 can be alsomodified by using
different carbon sources that can ensure the advantageous property of both V2O5 and
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graphitic carbon.Graphene-modified electrospunnedV2O5 shows an improved prop-
erty that resulted by the capability to exhibit both the properties of electrospunned
V2O5 structure as well as that of graphene. By the incorporation of graphitic carbon,
a composite was produced with the vanadium pentoxide nanostructure that exhibits
high Li+-ions storage and high discharge capacity of about 224 mAh g−1 with a scan
rate of 0.2 C. The electrode also showed good cyclic stability and rate capability
that resulted from the increased kinetics of the material by composite preparation
route of the GVO composite [106]. Kong et al. [93] synthesized electrospunned
vanadium pentoxide nanosheets that are encapsulated with vapor phase deposited
graphitic carbon layers. It results in the formation of a flexible web film in which
the vanadium pentoxide nanoparticles are encapsulated in carbon nanotubes. Along
with excellent flexibility, the device level analysis shows that the resulted cathode
structure shows excellent lithium-ion storage performance as well. At 0.5 C, the cell
exhibits a reversible capacity value of about 224 mAh g−1 (Fig. 18.8). Even over 200
cycles, the cell showed only 0.04% capacity decay which demonstrates the excel-
lent cyclic stability of the V2O5-carbon composite cathode. Also, the cell shows an
energy density of 360 Wh kg−1 at a power rate of 15.2 kW kg−1 which is observed.
This is one of the works which shows the excellent performance that is attributed by
the modification with the carbon nanotubes [93].

Hyoung An et al. [132] synthesized carbon encapsulated porous vanadium
pentoxide (C/HPV2O5) byusing electrospinning alongwith the post-calcination tech-
nique using PAN and VO(acac)2 (Fig. 18.9a); this formed fiber was then carbonized

Fig. 18.8 Electrochemical characteristics of half-cell: different cycle performance of V2O5@G,
V2O5/G and pure V2O5 electrodes at current density of 0.5 C. Adapted and reproduced from Ref.
[93]. Copyright 2010 Royal Society of Chemistry
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Fig. 18.9 Schematic illustration of the ideal C/HPV2O5-30 synthesis process. a PAN and VO
(acac)2 nanofiber obtained by electrospinning, bVN nanoparticles/CNF composite obtained after a
carbonization process, c C/HPV2O5-30 with interior void spaces and well-defined pores as well as
a uniform carbon layer on the V2O5 surface prepared by post-calcination. Adapted and reproduced
from Ref. [132]. Copyright 2016 American Chemical Society

under nitrogen atmosphere to form VF/CNF (Fig. 18.9b) which is then finally get
converted into C/HPV2O5—30 (Fig. 18.9c). The possible formation mechanism of
this system was proposed based on the SEM and TEM results (Fig. 18.10). The
hollow porous structure consists of the carbon encapsulationwithwell-defined pores.
Compared to commercially available V2O5, this modified cathode material exhibits
improved Li+-ion storage with a discharge capacity of 241 mAh g−1 at 100 cycles.
Also, the cell exhibits an improved rate performance of about 155 mAh g−1 at
1000 mA g−1 [132].

Plasma-enhanced carbon coating was successfully introduced by Cheah et al.
[133]. In this study, a nanothick layer of carbon was uniformly coated over the elec-
trospunned vanadium pentoxide using plasma-enhanced chemical vapor deposition.

Fig. 18.10 Schematic illustration of the formation mechanism of C/HPV2O5-30. Adapted and
reproduced from Ref. [132]. Copyright 2016 American Chemical Society
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The penetration of plasma through the fiber meshes ensures the uniform coating
of carbon over the polycrystalline V2O5 nanofibers, and the carbon-coated fibers
exhibited enhanced electrochemical properties compared to pristine nanofibers due
to the fact that the coated carbon can ensure the electronic conductivity to the cathode
material as well as it prevents the side reaction with the electrolyte employed [133].

18.4.3 Dependence of Synthesis Parameters

In the method of electrospinning for the synthesis of vanadium pentoxide nanofibers,
the annealing temperature is one of the important parameters which determines the
surface morphology as well as the electronic and electrochemical properties of the
nanofibers. For the determination of structural morphology of the resulting fiber,
annealing atmosphere also has a great influence. By investigating the structure of
the V2O5 nanofiber, annealing of the as-spun fiber under air is appeared to exhibit
nanowire morphology, while under the N2 atmosphere is favorable for the nanorod
structures [134]. By combining the sol–gel method along with electrospinning, a
cathode material with high lithium-ion storage was synthesized by Yu et al. [128],
and he observed a storage capacity above 370 mAh g−1 and charge/discharge at a
higher rate up to 800mAg−1 with low cyclic degradation. The startingmaterials used
are V2O5, hydrogen peroxide (H2O2) alongwith PVP. The resulting cathodematerial
has amesoporous structurewith average fiber diameter of 350 nmand specific surface
area of ~97 m2 g−1 [73]. One-step electrospinning process followed by sintering at
a temperature of 400 °C for 15 min produced highly porous structure due to the
shrinking of fibers caused by the thermal degradation of PVP. The precursors used
for this process are vanadium vanadyl acetylacetonate along with PVP. The resulting
cathode exhibits a discharge capacity value of about 316 and 158 mAh g−1 during
the first and 50th cycles, respectively, at 0.1 C rate (only 50% capacity retention).
At the same time, electrospunned cathode that sintered at a temperature 400 °C for
2 h shows a capacity retention value of about 72% even after 100 cycles along with
improved high rate performance [19]. The dependence of annealing temperature
on the morphology of nanostructured V2O5 nanofibers was investigated by Wang
et al. [103]. The investigation was mainly focused on the controlling parameters for
producing V2O5 nanostructures with controllable morphology by electrospinning
method, and the samples were annealed at different temperatures varying from 350
to 600 °C. The resulting morphologies obtained for the V2O5 nanostructures are
displayed in Fig. 18.11.

The V2O5 electrospunned nanofibers were prepared from the precursors such as
vanadium(IV) acetyl acetone and PVP. During the process of annealing at different
temperatures, a significant mass loss is observed above an annealing temperature of
400 °C (Fig. 18.12) [103] that is primarily due to the decomposition of PVP. At an
annealing temperature of 500 C, the disappearance of nanograins was observed, and
further increase in annealing temperature results in the formation of nanobelts.
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Fig. 18.11 SEM images on the surface morphology of V2O5 nanostructures that were annealed at:
a 350 °C, b 400 °C, c 450 °C, d 500 °C, e 550 °C, f 600 °C, g formation of V2O5 nanostructures.
Adapted and reproduced from Ref. [103]. Copyright 2012 John Wiley and Sons

Fig. 18.12 Thermogravimetric analysis (TGA) of the as-prepared vanadium (IV)-
acetylacetone/PVP precursor nanofibers. Adapted and reproduced from Ref. [103]. Copyright
2012 John Wiley and Sons
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Liqiang Mai et al. [129] synthesized ultra-long vanadium pentoxide nanowires
having adiameter 100–200nmusing a single spinneret for thefirst time.The synthesis
has been done by controlling the precursor solution properties. Vanadium oxytrihy-
droxide solution was prepared by the hydrolysis of vanadyl acetyl acetonate in PVP,
and the resulting solution was partially miscible. The core of the electrospunned
polymer was produced by the phase-separated polymer during the spinning, and the
VO(OH)3 forms the shell of the fiber. The electrospunnedfiberswere further annealed
at temperatures of 350, 400 and 500 °C. The sintering process results in the burning
of PVP fibers completely which will finally result in the crystallization of V2O5 crys-
tals. High-temperature annealing results in the destruction of complete continuous
morphology of fiber that is obtained at a temperature of 350 °C (Fig. 18.13) [135].

Berezina et al. [130] proposed electrospinning method to develop both micro- and
nanostructured V2O5 using vanadyl acetyl acetonate as the precursor. On studying
the annealing temperature, an increase in conductivity of fibers was observed with
increase in annealing temperature, and this suggests the complete carbonization of
polymer with annealing at high temperatures. The best is observed at a temperature
between 400 and 450 °C, and the longer annealing will result in the solidification of
V2O5 [136]. Controllable hierarchical structures can be also formed by the method
of electrospinning. Ostermann et al. [131] suggest electrospinning followed by the
calcination process for the preparation of a hierarchical structure. The morphology
andphase structuresweremodified through thismethodof preparation. Single-crystal
V2O5 nanorods were allowed to form on the V2O5/TiO2 composite nanofibers using
the process of calcination. Calcination has a major role in determining the fiber
morphology (Fig. 18.14). In addition, post-spinning treatment of the electrospunned
fiber can also influence the morphology and phase structure. When the fibers were
calcined at a temperature of about 425 and 525 °C, longer and thinner fibers with
more uniform morphology were obtained at 425 °C [137].

18.5 Electrochemical Properties Electrospun V2O5

The choice of a best cathode material completely depends over its electrochemical
property. The use of the vanadium pentoxide as the cathode material in lithium-ion
battery is due to its higher theoretical specific capacity and electrochemical property
that leads to the easier intercalation of the Li+-ions which make it superior over other
cathode materials. The electrospun V2O5 cathodes prepared from different precur-
sors exhibit varying electrochemical properties. During the intercalation of Li+-ions,
the main structural change that is associated with it is the phase transformation of
V2O5. Cyclic voltagramms can effectively use in order to investigate the phase trans-
formation during the intercalation and deintercalation of Li+-ions. Cheah et al. [28]
studied the cyclic voltammogram of electrospunned V2O5 that is produced by using
the precursor solution of vanadium sol–gel. The first cycling displays several oxida-
tion–reduction peaks, whereas the cycling below 2 V shows a reduction peak at 1.95
which results in the accommodation of more than two Li+-ion per V2O5 [9]. Ban
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Fig. 18.13 a–f FE-SEM images on the surface morphology of fibers heated at 350, 450 and 500 °C
for t = 1 and 3 h at the heating/cooling rate of 2 degrees/min to obtain TNFs, spheres, flakes and
nanowires. Adapted and reproduced from Ref. [135]. Copyright 2012 Springer Nature

et al. [28] increased the calcination temperature after the hydrothermal treatment
of electrospunned fibers from 420 to 500 °C. When discharged to 1.75 V versus
Li/Li+, it exhibits a low initial capacity of about 110 mAh g−1 that gets decayed after
few cycling. When annealing the as-spun fibers between the temperature ranges
of 450–500 °C, V2O5 nanobelts were formed, and then, it showed an improved
discharged capacity of 350 mAh g−1 at current density of about 0.1 mA cm−2 within
1.75–3.75 V versus Li/Li+ (Fig. 18.15) [28]. The charge–discharge cyclic stability
of electrospunned V2O5 is highly influenced by the phase changes that occurred
by the intercalation of Li+-ion into the nanostructure which further determines its
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Fig. 18.14 SEM images on the surfacemorphology ofV2O5-TiO2 nanofibers that were electrospun
from a 2-propanol solution containing different ratios (r) of VO(OiPr)3 to Ti(OiPr)4 and calcinating
at different temperature: a r = 1:0, T = 475°C; b r = 4:1, T = 475 °C; c r = 1:1, T = 425 °C; d r =
1:1, T = 525 °C. Adapted and reproduced from Ref. [137]. Copyright 2006 American Chemical
Society

electrochemical potential window [136–138]. Ban et al. [27] synthesized nanoscale
single-crystal vanadium oxide by making use of electrospinning followed by the
hydrothermal method. The resulting structures form a fibrous morphology with a
capacity of 120 mAh g−1 in the first cycle, which is about 5% less than that of V2O5

nanobelts [27].
The porous fiber structures produced by Yu et al. [23] using electrospunned

PMMA fibers as the template will get removed by the high-temperature annealing
process at about 400 °C, and it results in structure with tube-like pore size of one
micrometers in diameters (T.V2O5). Following the similar procedure, but without
making use of electrospunned PMMA fibers, another sample is made (S.V2O5). The
cycling performance of both the electrodes was investigated at different C-rates at a
potential range of 4.0-2.0 V (vs. Li/Li+) at room temperature. The discharge capacity
is well maintained for T-V2O5 up to 300 cycles, but it is gradually decreasing in the
case of S-V2O5. About 85% of capacity retention is observed for T.V2O5 which only
56% for S.V2O5 up to 300 cycles [23]. A phase pure V2O5 nanofibers produced
by electrospinning followed by annealing resulted in the formation of fibers having
nanoscale diameter [26]. Compared to other nanostructured V2O5 electrodes, these
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Fig. 18.15 Discharge curves during 1st, 10th and 25th cycle of nano-V2O5 at 0.1mAcm−2 between
4.0 and 1.75 V. Adapted and reproduced from Ref. [28]. Copyright 2009 Elsevier

fibers exhibit superior lithium storage capacity. It is also noteworthy that the as-spun
V2O5 nanofibers exhibits a high charge and discharge capacity compared to that of
commercially available V2O5 cathodes. The resulting nanofibrous structure provide
a specific capacity of 133.9 mAh g−1 at a current density of 800 mA g−1 even after
100 cycles which shows a capacity retention of 96%, while for the commercial V2O5

the discharge capacity was only about 40.6 mAh g−1 after 100 cycles with a capacity
retention of 71.85% (Fig. 18.16) [29].

Fig. 18.16 Electrochemical properties of the preparedmaterials: Specific capacity of the a commer-
cial V2O5 and bV2O5 nanofibers for 100 cycles at a current density of 800mA g−1, Inset shows the
charge/discharge curves correspond to different cycles. Adapted and reproduced from Ref. [29].
Copyright 2015 Elsevier
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Li et al. synthesized V2O5 nanotubes by using low-cost inorganic vanadium
pentoxide, and the resulted as-spun nanofibers were heat treated at 400 °C either
15 min or 60 min. Superior properties were exhibited by the sample that heat treated
at 15min. The initial discharge capacity of these samples is found to be 150mAh g−1

at a current density of 0.2C, over a voltage range of 2.5–4.0VversusLi/Li+, and about
86% capacity is retained even after 50 cycles, while for the fibers that produced by
annealing 400 °C for 60 min exhibited an initial discharge capacity of 144 mAh g−1

under the same test conditions. The enhanced charge–discharge capacity and cycling
stability are ascribed to the retention of carbon traces among the nanotubes [18].
From different studies carried out, it is evident that the final performance of the
resulting nanofibers will completely depend over the crystallinity of fibers and fiber
morphology. Both of these can be controlled by using annealing that is carried out
finally. The synthesis parameters have a major dependence to determine the final
performance of the fiber [33]. From all these reports, it was found that the doped
system shows the enhanced battery performance compared to its undoped coun-
terpart. In summary, it can be concluded that the electrochemical properties of the
electrospunned V2O5 nanofibers can be tuned by doping with other electroactive
materials. Doped V2O5 nanostructures will exhibit enhanced electrochemical prop-
erties due to the presence of charged cations, which results in structural variations in
the materials capable to influence the electrochemical characteristics.

18.6 Electrochemical Properties of Doped Electrospun
V2O5

Doping is one of themethods that is effectively used inmost of the cathodematerial in
order to enhance its electrochemical properties. The dopants can easily incorporate to
the electrospunfibers by the incorporation of the same to the electrospinning solution.
The same effect of doping can also be observed in carbon coating-induced cathode
materials as well. Cheah et al. [133] investigated the electrochemical performance
of carbon-coated electrospunned V2O5 nanofibers. The charge–discharged cycling
studies in the LIBs demonstrated that the capacity retention in carbon-coated V2O5

fibers gets improved and showed a capacity retention greater than 65% after 50 cycles
at a current density of 0.1 C, while the unmodified vanadium pentoxide nanofibers
exhibited only 40% capacity retention. Along with this, the elevated temperature
(55 °C) performance of the material is found to be better than that in room temper-
ature. An increment in discharge capacity from 280 to 298 mAh g−1 is observed
for the carbon-coated fibers during the first cycle at 500 °C. But for the unmodified
fibers, a discharge capacity 284mAhg−1 is observed during the second cycle, and it is
observed to be 32mAhg−1 less than that of room temperature capacity [133]. Sodium
(Na)-, potassium (K)- and molybdenum (Mo)-based vanadium oxides prepared by
the method other than electrospinning are also reported as high-performance cath-
odes in LIBs [139–141]. Sodium vanadium oxides are attractive cathode materials



18 Electrospun Fibrous Vanadium Pentoxide Cathodes … 525

that exhibit excellent electrochemical properties. Hydrothermally synthesized mate-
rial exhibits a mesoporous flake-like structure that enhances the lithium-ion diffusion
with β-Na0.33V2O5 phase. The resulting structure exhibits discharge capacity of 339
and 226 mAh g−1 at a current density of 20 and 300 mAg−1 which is higher than
undoped V2O5 cathodes [142]. A novel silver-doped vanadium oxide is synthesized
by combining both electrospinnings along with hydrothermal method. The resulting
fibrous structure is composed of single-crystalline nanorods. The electrochemical
studies over this cathode material show that there is an improved cyclic performance.
At a current density of 20 and 100 mA g−1, these electrodes are delivered and initial
discharge capacity of 250 and 175 mAh g−1 with a cyclic efficiency of about 72 and
71% over 30 cycles, respectively, in the voltage range of 2.0–3.6 V versus Li/Li+

(Fig. 18.17) [105]. By the introduction of dopants, the phase change effect of V2O5

cathodes during the lithiation and delithiation can be nullified. Among different
dopants, Ti4+ is considered as the best that can prevent the phase change effect in
electrospunnedV2O5-based cathodematerials. Hence, it can offer an enhanced cyclic
stability throughout the electrochemical reaction process [31].

Vanadium-based nanomaterials are employed as negative electrodes (anodes)
in LIBs as well. LiV3O8 nanofibers are prepared by electrospinning using 2D
nanosheets with an exposed (001) facet which is proposed as the best anode for
LIBs. The hierarchical LiV3O8 nanofibers produced by the electrospinning show
improved electrochemical performance than the normal LiV3O8 nanofibers because
of its unique structure. LIBs performed with liquid electrolytes, LiV3O8 nanofibers
and LiMnO4 cathode, can exhibit a reversible capacity of about 72 mAh g−1 even

Fig. 18.17 Electrochemical performance of β-Ag0.33V2O5: Galvanostatic cycling profiles at 1, 2,
5, 20 and 30 cycles in the voltage range 2–3.6 V at 20 mA g−1. Adapted and reproduced from Ref.
[105]. Copyright 2013 Royal Society of Chemistry
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after 50 cycles which show 69.7% retention of capacity obtained in the first cycle at a
current density of 60 mA g−1 [143]. Similarly, different mixed oxides such as hollow
nanofibers synthesized with different mixed oxides (MxV3O8 whereM=Cu, Ni and
Fe) also exhibit remarkable electrochemical properties. Xiang et al. [33] synthesized
metal oxide vanadium-basednanofiberMxV3O8 usingdifferentmetals such as copper
(Cu), nickel (Ni) and iron (Fe) which were prepared by electrospinning followed by
calcination process. Compared to other metal oxide structures, copper-based V2O5

exhibits superior electrochemical properties. The electrospinning followed by the
calcination process results in the transformation from electrospunned dense fiber to
core shell fibers of Co3V2O8 that exhibit 900 mAh g−1 reversible capacity over 2000
cycles at a current rate of 5 A g−1 [144].

Similar to LIBs, electrospunned V2O5 cathodes are employed for the other metal-
ion batteries. There are few number of studies, which investigate the electrochemical
property of V2O5 electrodes in sodium [145, 146]- and aluminum [147, 148]-based
batteries; however, there is only limited investigation over electrospunned materials
for this metal-ion batteries yet. Vanadium oxide-based cathodes prepared by the
low-temperature hydrothermal method exhibit a capacity of 116 mAh g−1 even after
100 cycles at a charging rate of 50 mA g−1 in aluminum ion batteries. This cathode
material synthesized is capable to exhibit good intercalation toward lithium as well
as aluminum ions [149].

18.7 Electrospun V2O5 for Energy Storage Solutions other
than LIBs

Electrochemical capacitors or supercapacitors are considered to be another potential
source for energy storage. The importance of supercapacitors arises from their high
power density that makes them an alternative power source against batteries, which
have low power density. However, compared to LIBs, the energy densities exhibited
by super capacitors are poor [150, 151]. Similar to LIBs, electrospunned materials
can be used in supercapacitors for enhanced electrochemical performance [152, 153].
Among different materials choosed, electrospunned V2O5 can ensure good electro-
chemical properties and long-term cycling stability [154]. Wee et al. [148] proposed
the use of electrospunned V2O5 nanofibers as electrodes in supercapacitors. The
pseudocapacitances of the nanofibers were enhanced by optimizing the annealing
temperature. About 400 °C is optimized as the best annealing temperature for the
electrode in supercapacitors having superior properties. The electrospunned V2O5

nanofibers annealed at 400 °C exhibit a capacitance 190 Fg−1 and an energy density
of 5 Wh g−1. Electrolyte possessing neutral pH like aqueous potassium chloride is
optimized for the enhanced electrochemical properties, and further enhancement of
the capacity is done by the usage of lithium containing salt such as LiClO4 [155].
Similar to LIBs cathode, structural modification can impart in supercapacitors elec-
trode in order to improve its electrochemical activity. V2O5 coated over multiwalled
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carbon nanotube is reported as an excellent choice for energy storage device since
it possesses both high energy density and power density [156]. Modifying the mate-
rial with graphitic carbon, carbon nanotube or graphene is reported as one of the
methods to improve its electrochemical properties of electrodes in pseudocapaci-
tors [56, 157–160]. Huang et al. [155] studied the electrochemical properties of a
composite material prepared by embedding vanadium oxide with different valen-
cies over the carbon fibers by electrospinning followed by calcination. The resulting
fibrous structures were investigated for high performance in supercapacitors, and the
best performance is observed for the V2O5-embedded carbon nanofibers. A stable
gravimetric charge–discharge capacitance of about 606 Fg−1 is observed for this
electrode at a charging rate of 0.5 A g−1 over 5000 cycles due to the superior elec-
trochemical property exhibited by V5+ than that of V4+ and V3+ ions [161]. Pasquier
et al. [162] synthesized V2O5/carbon nanofiber composite produced by electrospin-
ning of polyacrylonitrile/V2O5 in N,N dimethylformamide (DMF). On varying the
loading of V2O5, there was a change in nanometer size diameter, specific surface
area, porosity, pore size and pore distribution. These factors determine the elec-
trochemical behavior of resulting electrode. The electrode with maximum amount
of V2O5 (20 wt%) exhibits large interfacial area. The resultant electrode exhibits
150 Fg−1 capacitance with an energy density 18.8 Wh kg−1 over a power density
of 400–20,000 Wh kg−1 [162]. α-Fe2O3-based composite is prepared by doping
with V2O5, and the composite nanofibers were produced by electrospinning. The
resulting material exhibits magnetic properties as well that completely depends over
the amount of V2O5 in the composite [163]. A similar material selection is made by
Jiang et al. [164] and investigated the electrochemical property of flexible and highly
porous Fe2O3 andV2O5 nanofibers by electrospinning followed by high-temperature
calcination. The nanofibers of these two distinct materials interconnected to form a
binder-free 3Dhierarchical structure. The resultingfibrous structure provides specific
capacitance about 255 Fg−1 at a current rate of 2 mV s−1 [164].

Methods other than electrospinning also employed for the facile synthesis of vana-
dium oxide-based electrodes for supercapacitors. Polypyrrole, a conducting polymer
that allows to grow over V2O5 nanosheets using anionic dodecylbenzenesufonate
as surfactant, provides excellent electrochemical properties like long-term cyclic
stability and rate capability [47]. The interconnected porous vanadium oxide synthe-
sized exhibits a highest specific capacitance of 316 Fg−1 with an energy density of
43.8 Wh kg−1 [165]. Dependence of morphology over the electrochemical behavior
is investigated by Zhang et al. [166], and hydrothermally synthesized microspheres
show largest specific area and a capacitance of 308 Fg−1 [166].

18.8 Conclusion and Future Outlook

The future of LIBs lies in the development of materials that can ensure the complete
battery performance even at extreme conditions. The choice of material as well as
the method of preparation plays a major role in determining the electrochemical
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performance of the nanostructured electrodes. This chapter summarizes the signifi-
cance of vanadium pentoxide-based cathodes in LIBs and the methods adopted for
the enhanced electrochemical performance for the same. The ability of vanadium
pentoxide to be stable at extreme conditions, capability to exhibit multiple oxida-
tion state and ability to intercalate Li+-ions readily due to the open layered structure
make it most attractive cathode in LIBs. Among different methods such a sol–gel
or hydrothermal synthesis, etc., electrospinning is economically viable. Most simple
and effective technique for the fabrication of nanofibers has hierarchal structure and a
range ofmorphologies such as nanorods, nanotube, nanoribbon, nanobelt, nanofibers,
core shell or hollow structures, etc., with enhanced electrochemical properties. The
process of spinning canperformat ambient conditionswith simple equipmentwithout
any risk. Further improvement in electrochemical performance of V2O5 electro-
spun fibrous electrodes was made by structural modifications of the active material.
Coating and doping are considered as the most effective method for the development
of advanced vanadium pentoxide-based cathodes. Different conducting materials are
employed for this purpose that can result in higher material properties and that will
finally result in outstanding functioning of the rechargeable system. The application
of electrospunned V2O5 and its composite nanofibers is one of the efficient and finest
options for the development of advanced LIBs. However, their applications are not
limited to only lithium-ion technology, but extended to other battery systems such as
magnesium-ion batteries, aluminum-ion batteries or fluoride-ion batteries. Besides
battery systems, for supercapacitors and fuel cells aswell, these electrospunnedV2O5

or othermetal oxides and its composite nanofibrousmaterials including carbonmate-
rials are found to be better in performing the charge storage than the other normally
using active materials. In nutshell, all the aforementioned studies suggest that the
future of LIBs lies in the development of electrode material other than lithium and
among which transition metal oxide-based cathodes such as vanadium pentoxide are
going to be the important candidate in LIBs.
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Chapter 19
Electrospun Manganese Oxide-Based
Composites as Cathodes for Lithium-Ion
Batteries

Aiswarya Bhaskar, Ditty Dixon, Ammu Surendran, and Harsha Enale

19.1 Introduction

The state-of-the-art energy storage systems mainly support the use of lithium-ion
batteries due to its high energy density andmoderate power density. The careful opti-
mization of lithium-ion batteries (LIBs) can be a milestone for stationary as well as
electromobility application. In a lithium-ion battery, positive electrode (cathode) acts
as lithium source and hence, the capacity limiting electrode and negative electrode
(anode) is the lithium accepting electrode (e.g. Graphite, Li4Ti5O12, etc.). Hence, it
is important to choose carefully the cathode materials for efficient and prolonged use
of a lithium-ion battery.

The cathode materials are divided mainly into three classes based on their crystal
structures, such as olivines (Fig. 19.1), layered (Fig. 19.2) and spinels (Fig. 19.3) [1–
3]. Other than these, miscellaneous materials such as silicates are also under investi-
gation by the researchers [4]. The olivine family has a nominal composition LiMPO4,
M=Fe, Mn, Ni, Co, etc. [1]. However, this class of materials suffers from a lower
energy density. Among those, LiFePO4 is intensively investigated by the researchers
as a high rate and safe cathode material for lithium-ion battery. It has a theoretical
specific capacity of 170 mAh g−1 and a flat charge-discharge plateau around ~3.45 V
versus Li+/Li. Nevertheless, LiFePO4 has a poor electronic conductivity and hence
is used with a carbon coating to ensure good electrochemical properties. Moreover,
due to the one-dimensional movement of Li+ ions in LiFePO4, any defect that can
hinder the lithium channels can adversely affect the electrochemical performance.

The layered class of materials, having a composition LiMO2 (M=Co, Mn, Ni, Fe,
etc.), are attractive cathode materials facilitating a two-dimensional Li+ diffusion.
Most of thesematerials have a crystal structure belonging to R3m space group, where

A. Bhaskar (B) · D. Dixon · A. Surendran · H. Enale
Electrochemical Power Sources Division, CSIR-Central Electrochemical Research Institute,
Karaikudi, Tamil Nadu 630003, India
e-mail: aiswarya@cecri.res.in

© Springer Nature Singapore Pte Ltd. 2021
N. T. M. Balakrishnan and R. Prasanth (eds.), Electrospinning for Advanced Energy
Storage Applications, Materials Horizons: From Nature to Nanomaterials,
https://doi.org/10.1007/978-981-15-8844-0_19

539

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8844-0_19&domain=pdf
mailto:aiswarya@cecri.res.in
https://doi.org/10.1007/978-981-15-8844-0_19


540 A. Bhaskar et al.

Fig. 19.1 Olivine structure of LiFePO4, a ball and stick model, b polyhedron model

Fig. 19.2 Layered structure of LiCoO2, a ball and stick model, b polyhedron model

there exist alternate layers of transitionmetal-oxygen and lithium [5]. In the transition
metal-oxygen layer (MO2 layers), the metal occupies octahedral sites whose corners
are made up of oxygen. LiCoO2 is the widely known commercial cathode material
in this class, and the LiCoO2/C lithium-ion technology was commercialized by Sony
in 1991 [2]. This material exhibits a stable electrochemical performance for several
hundreds of cycles. However, only 0.5mol of Li+ out of 1mol of total Li+ ions present
(corresponds to a capacity of ~140 mAh g−1) can be extracted from this material,
which means only half of the theoretical capacity (275 mAh g−1) can be reached.
Moreover, due to the presence of toxic and expensive Cobalt, this material is not
environmentally friendly and cost effective [5]. By substituting a part (or complete)
of Cobalt with Manganese and/or Nickel, this material can be modified in such a
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Fig. 19.3 Normal spinel structure of LiMn2O4, a ball and stick model, b polyhedron model

way that more than 50% of Li+ can be extracted. Mn ions will exist in tetravalent
form, and Ni ions will exist in divalent form in the material. The Mn4+ ions remain
in octahedral coordination, ensuring the structural stability of the material [6].

In order to extract complete lithium from the layered compounds while keeping
the structure intact, methods such as integrating it with Li2MnO3 having amonoclinic
structure were adopted [6, 7]. This class of cathode materials is named “Lithium-rich
layered” as the overall lithium amount exceeds 1 mol and the excess lithium resides
in the transition metal layers (Fig. 19.4). The nominal composition can be written as
xLi2MnO3 · (1 − x)LiMO2 (M=Co, Mn, Ni, Fe, etc.). This class of material shows
a specific capacity, exceeding 280 mAh g−1 [8]. However, this material still suffers
from poor first cycle coulombic efficiency as well as voltage decay during cycling
[9]. Moreover, the material exhibits poor rate capability due to poor Li+ transport
kinetics [10]. Initially, Li2MnO3 was considered as electrochemically inactive in view
of the fact that the tetravalent Mn in octahedral coordination cannot be oxidized to
higher valencies. However, extending the upper cut off voltage to >4.5 V versus
Li+/Li during charging, it was observed that Li and oxygen can be simultaneously
removed from the material with a nominal composition of “Li2O”, which leads to
the formation of MnO2-like species [11]. In the subsequent discharge, Li+-ions can
be intercalated into the MnO2-like species, forming LiMnO2. It was observed that
Li2MnO3 as the starting material shows a better electrochemical performance than
LiMnO2. The reason for this superior electrochemical performance was attributed to
the existence of a composite structure in Li2MnO3 after the first “Li2O” removal, in
which Li2MnO3 domains are distributed in a LiMnO2 matrix [12]. Several Li-rich
layered compositions were researched thereafter which contain Co, Ni, Fe, etc., in
addition to Manganese [13]. In the first charge against Li anode in a half cell, a
plateau is visible in the electrochemical profile of these materials, corresponds to the
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Fig. 19.4 Li-rich layered structure of Li2MnO3, a ball and stick model, b polyhedron model

simultaneous removal of Li+ and stoichiometric amounts of oxygen. In the subse-
quent discharge as well as charge, when performed at slow charge–discharge rates,
the plateau disappears, and the profile becomes sloppy indicating the completion of
the “Li2O” extraction reaction. However, these materials are yet to be commercial-
ized mainly due to the issue of voltage decay upon continuous cycling. In order to
overcome these issues, several methods are suggested in the literature such as surface
coating using carbon, fluorides and phosphates. [2].

Manganese-based spinel-type cathode material LiMn2O4 and its transition metal
(Ni, Co, Cr, Fe, Zn, etc.) doped derivatives have attracted huge attention as high
voltage cathodes for lithium-ion batteries since 90s [14]. LiMn2O4, the 4 V spinel
cathode, suffers from issues like (i) disproportionation of Mn4+ to form triva-
lent and divalent Mn ions, leading to dissolution of Mn in electrolyte and further
forming oxygen vacancies, which if further aggravated at high temperatures and (ii)
Jahn–Teller distortion, resulting in cubic to tetragonal phase transition during deep
discharge [14, 15]. It was observed that substituting a part of Mn with other transi-
tion metals can increase the average oxidation state of Mn and solve these issues to a
certain extent [3]. Hence, its transition metal derivatives have also gained huge atten-
tion as cathode materials (>4 V) for LIBs. LiMn2O4 was commercialized by NEC in
1996 [16]. The crystal structure of these materials mainly belongs to normal spinels
with the space group Fd3m (disordered), where Li+ ions occupy tetrahedral 8a sites,
manganese ions and the other transition metal, if doped, occupy octahedral 16d sites,
and oxygen atoms occupy the 32e sites, forming a face-centred cubic close packing
[17]. In this material, Li+ extraction (charging step) from 8a sites of the crystal lattice
takes place via the formation of two intermediate cubic spinel phases, resulting in
the appearance of two peaks around 4 V. Both these phases could be assigned to
a space group of Fd3m. In addition, another initial crystal structure belonging to
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P4332 (ordered) exists for some of the transition metal substituted LiMn2O4, where
the substituted transition metal as well as manganese do not share same Wyckoff
site 16d. In the cation-ordered spinel, Mn and the substituted transition metal (for,
e.g. Mn and Ni in LiNi0.5Mn1.5O4) occupy distinct octahedral sites such as 4b and
12d, respectively [17, 18]. These materials possess high rate capability as a result of
the three-dimensional Li+ diffusion pathway, formed by the 8a tetrahedral sites and
vacant 16c octahedral sites. Among these, the Ni-substituted spinel with composition
LiNi0.5Mn1.5O4 is highly attractive as this material contains all the Mn in tetrava-
lent form and Ni in divalent form. As a result, complete capacity is obtained around
~4.7 V for this material where the Ni4+/Ni2+ electrochemical activity occurs.

Among these different classes of cathode materials, Mn-based layered, Li-rich
layered and spinel materials are particularly attractive as cathodes in lithium-ion
batteries for electric vehicles [19]. While the layered and Li-rich layered materials
deliver a high capacity, which translates into a high energy density in a lithium-ion
battery, the spinel class of materials exhibits a high rate capability that translates
into a high power density in a lithium-ion battery. As noted here, it is still necessary
to improve the rate capability of layered and Li-rich layered materials in order to
increase their penetration as cathodes in lithium-ion batterieswith high power density
and energy density [20]. To achieve that, the materials should be modified in such a
way to enhance the lithium diffusion kinetics. Several methods are adopted for short-
ening the Li+ diffusion pathway such as going to nano-sized particles, synthesizing
nanoarchitectures, creating composites with carbon, etc. Among these, electrodes
synthesized using electrospinning technique are very interesting due to the improved
Li+ transport kinetics, provided via 1D nanostructures formed through facile and
low-cost synthesis routes that are industrially viable [21–23]. One of the advantages
is that the electrospun electrodes can be prepared sometimes binder free and that
way the electrochemically inactive components of the electrode can be reduced. In
addition, the quicker intercalation/deintercalation of Li+ ions, minimized dissolution
throughout cycling arising from stability of the morphology and increased surface
area will result in enhanced electrochemical performance of the cathode in the cell.
At the same time, low packing density is the major disadvantage of electrospun
electrodes, which can be overcome by using needleless electrospinning technology
[24].

19.2 Electrospun Mn-Based Layered Cathode Materials

The investigations performedon electrospun electrodes of layered andLi-rich layered
materials containing manganese will be described here. In 2009, Ding et al. reported
the synthesis of aluminium-doped LiNi1/3Co1/3Mn1/3O2 nanofibres via electrospin-
ning [25]. For this, initially an electrospinning precursor solution was prepared by
dissolving appropriate amounts of metal nitrate precursors in deionized water. To
the prepared solution, polyvinylpyrrolidone (PVP) was added and stirred intensively.
The obtained sol was then electrospun at a voltage of 25 kV, keeping a distance of
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15 cm between the needle and the collector. The collector loadedwith the electrospun
fibres was then heated under vacuum at 100 °C, followed by peeling off the fibres and
annealing them at high temperatures such as 500 and 800 °C. The obtained nanofibres
were found to exist in layered structure (space group R3m), as revealed by X-ray
diffraction (XRD) analysis. Atomic forcemicroscopic (AFM) studies before calcina-
tion confirmed the cylindrical structure of the electrospun nanofibres, with diameter
in the range of 200–250 nm and with smooth surface. After calcination at 500 °C, the
surface of the fibre was found to be rougher with decrease of the diameter. Increasing
the calcination temperature furthermore to 800 °C resulted in the complete shrinking
of the fibres with decrease of diameter to 100 nm. For comparison, nanopowder of
the same material was prepared through a sol-gel process. Electrochemical investi-
gations in lithium half cells (note that the electrochemical experiments mentioned in
this chapter are always done in half cells against Li metal as counter and reference
electrodes unless otherwise specified) reveal superior rate capability for the electro-
spun nanofibres of aluminium-doped LiNi1/3Co1/3Mn1/3O2 in comparison with the
sol-gel synthesized nanopowder [25].

Anotherwork came out in 2012 byKang et al. added support to the results reported
byDing et al. on layered LiNi1/3Co1/3Mn1/3O2 with an only difference that the sample
was not doped with aluminium [26]. Here, the synthesis of electrospun nanofibres
was carried out using the same method adopted by Ding et al. The final annealing
temperatures used were 700 °C after a pre-annealing at 500 °C, and the calcination
was performed under air as well as oxygen for comparison. XRD patterns obtained
for the electrospun nanofibres show that the synthesized materials belong to hexag-
onal α-NaFeO2-type structure. However, the degree of cation mixing was found to
be influenced by the annealing atmosphere. Morphology studies conducted using
scanning electron microscope (SEM) on air- and oxygen-annealed samples indi-
cated the presence of nanofibres with ~100 nm and 800 nm diameters, respectively.
Additionally, the sample annealed under air displayed more agglomeration. Cyclic
voltammetry studies indicated better reversibility of cathodic and anodic peaks for
the oxygen-annealed nanofibres. Furthermore, higher absolute capacity was deliv-
ered by the oxygen-annealed electrospun LiNi1/3Co1/3Mn1/3O2 nanofibres, which
could be attributed to the better uniformity and smaller diameter of these fibres [26].

19.3 Electrospun Mn-Based Li-Rich Layered Cathode
Materials

Hosono et al. reported the synthesis of 0.5Li2MnO3–0.5LiNi1/3Co1/3Mn1/3O2 hollow
wires as positive electrodes for high energy Li-ion batteries [27]. Synthesis
of 0.5Li2MnO3–0.5LiNi1/3Co1/3Mn1/3O2 precursor solution was carried out by
dissolving stoichiometric amounts of metal acetates and 1.5 g of polyvinyl alcohol
(PVA) in a mixture of water, methanol and acetic acid by stirring at 90 °C for 1 h.
The electrospinning of the solution was then carried out at a voltage of 20 kV applied
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across the metal needle and the collector, which here is an aluminium foil. After a
preheating of the precursors with the collector under vacuum, the obtained nanowires
were removed from the collector and annealed at a higher temperature of 800 °C
for 3 h under air. The prepared samples were subjected to XRD, and the obtained
patterns confirm the crystallization of 0.5Li2MnO3–0.5LiNi1/3Co1/3Mn1/3O2 in a
layered-layered solid-solution. High grade of crystallinity was revealed by the exis-
tence of sharp reflections in the XRD pattern. The obtained material was found to
possess a hollow nanowire morphology using field emission SEM and transmission
electron microscopy investigations. Moreover, the hollow structure morphology of
the wires was found to change even with hand crushing. According to the authors,
the idea of electrospinning here is to suppress three-dimensional grain growth at
high temperature annealing and to obtain smaller particles with high crystallinity
and high tap density than getting hollow structures. In fact, the hollow structures
would result in low volumetric energy density in a battery. Voltage profiles of electro-
spun 0.5Li2MnO3–0.5LiNi1/3Co1/3Mn1/3O2 hollowwires in LIBs showed fingerprint
behaviour of the Li-rich layered material during the first charging with the plateau
around 4.5 V which could be attributed to the activation of Li2MnO3 component.
The material delivered a charge capacity of around 328 mAh g−1 in the first cycle.
The first discharge capacity delivered was 273 mAh g−1. In addition, a coulombic
efficiency of 83% was obtained in the first cycle, which is quite good for layered
Li-rich materials. The authors attribute this high capacity and first cycle coulombic
efficiency to the volume relaxation of the hollow wires during cycling due to its
peculiar morphological features. However, a capacity decrease was observed after
20 cycles [27].

Electrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres were synthesized by Min et al.,
as high rate cathode materials for LIBs [22]. For this, an electrospinning solution
consisting of polyvinylpyrrolidone (PVP), N,N-dimethylformamide (DMF) and stoi-
chiometric amounts of lithium acetate dihydrate, manganese acetate tetrahydrate,
nickel acetate tetrahydrate and cobalt acetate tetrahydratewas prepared. The prepared
mixture was subjected to intense stirring for a day at room temperature and subjected
to electrospinning at a high voltage of ~15–20 kV. The formed nanofibres were then
collected on an aluminium collector and annealed for 12 h at 600 °C in air. For
comparison, powder form of the Li1.2Ni0.17Co0.17Mn0.5O2 material also synthesized
via a co-precipitation process using the same startingmaterials.Morphological inves-
tigations conducted using SEM reveal the existence of nanofibre morphology with
100–200 nm diameter in the electrospun synthesized samples and aggregated parti-
cles in the case of sample synthesized via co-precipitation (Fig. 19.5a–d). TEM
images of electrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres confirm the uniform
distribution of Li1.2Ni0.17Co0.17Mn0.5O2 nanoparticles inside the nanofibre matrix
and also indicate the crystalline nature of the sample (Fig. 19.5e, f).

Structural analysis using XRD confirmed the existence of
Li1.2Ni0.17Co0.17Mn0.5O2 in a single-phase α-NaFeO2-type structure belonging
to the space group R3m and was consistent with the observation from TEM analysis.
The crystallization of Li1.2Ni0.17Co0.17Mn0.5O2 in the layered-layered solid-solution
was further confirmed by the presence of superlattice reflections around 20−23°
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Fig. 19.5 SEM images of (a, b) Li1.2Ni0.17Co0.17Mn0.5O2 nanoparticles, (c,
d) Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres and TEM images of (e, f) Li1.2Ni0.17Co0.17Mn0.5O2
nanofibres. Adapted and reproduced from Ref. [22]. Copyright 2013 American chemical Society

2θ. Additionally, Fourier transform infrared (FT-IR) spectroscopy analysis of
Li1.2Ni0.17Co0.17Mn0.5O2 samples was carried out in order to examine the effect of
the nature of the PVP participating in the chemical reactions. Characteristic peaks
for the formation of inorganic material were observed in the range of wavenum-
bers 500−700 cm−1 for the electrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres. In
comparison with the peaks observed for the co-precipitation via synthesized sample,
the electrospun nanofibre peaks appeared smoother, indicating poor crystallinity
of the compound. Electrochemical performance of the Li1.2Ni0.17Co0.17Mn0.5O2

samples was studied by conducting cycling stability investigations at room temper-
ature, in the voltage range 2.0–4.8 V in galvanostatic mode. The electrospun
Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres delivered a high charge capacity as well as
discharge capacity of 331 mAh g−1 and 256 mAh g−1, respectively, in the first cycle.
However, the charge as well as discharge capacities of Li1.2Ni0.17Co0.17Mn0.5O2

nanopowder obtained via co-precipitationwere observed to be 269 and 193mAh g−1.
The Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres displayed a capacity retention of 66% at
the 60th cycle, whereas the nanoparticles synthesized via co-precipitation exhibited
79%, which is slightly higher. Large surface area could be the reason for large
capacity delivered by electrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres electrode at
first cycle. The nanofibre structure enhances the electrode–electrolyte contact in the
cell. Even though the authors attribute the poor capacity retention of electrospun
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Li1.2Ni0.17Co0.17Mn0.5O2 nanofibres to its poor crystallinity, the enhanced parasitic
reactions with increased surface area could also contribute to capacity decay.
As revealed from the rate capability studies, nanofibre Li1.2Ni0.17Co0.17Mn0.5O2

electrodes prepared via electrospinning method showed superior high rate perfor-
mance. Meanwhile, an inferior rate capability was observed for the nanopowder
Li1.2Ni0.17Co0.17Mn0.5O2 (Fig. 19.6). This limited rate capability could be attributed
to the sluggish solid-state Li+ ion diffusion in the sample. The authors suggest
that the diffusion distance of Li+-ion could be further shortened by reducing the
nanofibre diameter to 10–30 nm. A further improvement of intercalation kinetics
can be achieved by using effective conducting nanofibres that enhance the electrical
contact between the electrode particles. In summary, this investigation reveals
that the electrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofibre electrode has superior
electrochemical performance than the nanoparticle electrode mainly due to the
improved Li+ diffusion kinetics provided by the peculiar fibre morphology [22].

Li1.2Mn0.54Ni0.13Co0.13O2 encapsulated carbon nanofibres, synthesized by combi-
nation of electrospinning method and heat treatment were reported by Ma et al. [28].
For comparison, pristine Li1.2Mn0.54Ni0.13Co0.13O2 particles were synthesized via
sol-gel method. In this work, PVP-assisted sol-gel method was used for the prepara-
tion of Li1.2Mn0.54Ni0.13Co0.13O2 particles. In order to do this, firstly, lithium acetate
dihydrate, manganese acetate tetrahydrate, nickel acetate tetrahydrate and cobalt
acetate tetrahydrate were dissolved in 10 wt% polyvinylpyrrolidone (PVP) solution
(in water) under intense stirring for 6 h. A viscous violet gel was obtained by evapo-
rating the solution at 85 °C. The obtained gel was then dried under vacuum at 120 °C
for 18 h. The powder was annealed at 500 °C for 6 h to decompose PVP completely

Fig. 19.6 Rate capabilities
of Li1.2Ni0.17Co0.17Mn0.5O2
nanoparticles and
Li1.2Ni0.17Co0.17Mn0.5O2
nanofibres (voltage
2.0–4.8 V, charging current
was 14.3 mA g−1). Adapted
and reproduced from
reference [22]. Copyright
2013 American chemical
Society
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and further calcined at 950 °C for 8 h in air to get the final product. After this step, to
prepare electrospinning suspension, dedicated amounts of Li1.2Mn0.54Ni0.13Co0.13O2

and carbon black were added into polyacrylonitrile (PAN) in dimethyl formamide
(DMF) solution (8 wt%) and dispersed ultrasonically. The prepared suspension was
then subjected to electrospinning at a high voltage of 18 kV with a feeding rate
of 1 ml/h and with a 20 cm needle-to-collector distance. The obtained electrospun
nanofibres were collected on the aluminium foil and dried in a vacuum oven for 12 h
at 120 °C. The electrospun nanofibres obtained thereafter were subjected to different
subsequent heating steps in order to get the final Li1.2Mn0.54Ni0.13Co0.13O2 encap-
sulated carbon nanofibres. Pristine Li1.2Mn0.54Ni0.13Co0.13O2 was also synthesized
via the same heating process for comparison. From the XRD analysis, the pris-
tine sample was found to crystallize in α-NaFeO2 structure without any additional
reflections indicating the absence of crystalline admixtures. Superstructure reflec-
tions correspond to the existence of Li2MnO3 phase (Space group C2/m) was visible
confirming the presence of layered-layered solid-solution. SimilarXRDpatternswith
no additional reflections corresponding to the presence of crystalline form of carbon
were observed in case of the electrospun samples, indicating the amorphous nature
of the carbon present. Morphology investigations using SEM reveal a nanofibre
nature for the electrospun nanofibres, whereas slight agglomeration with particle
size distribution varying between 300 and 500 nm was observed for the pristine
sample. Additionally, it was observed that the electrospun sample is comprised of
Li1.2Mn0.54Ni0.13Co0.13O2 particles, uniformly distributed with carbon black, which
after heat treatment resulted in shrinking and breaking of the nanofibres together with
squeezing out of particles from inside the fibres. High resolution TEM investigations
reveal the dispersion of Li1.2Mn0.54Ni0.13Co0.13O2 and carbon black inside the carbon
nanofibre matrix. Additionally, the surface of the Li1.2Mn0.54Ni0.13Co0.13O2 fibres
was observed to be covered with layers of amorphous carbon which is supposed to
act as a protection barrier during charge–discharge. The cyclic voltammetric investi-
gations on both pristine and nanofibre materials show fingerprint anodic peak around
4.6 V, corresponding to the removal of stoichiometric amounts of Li and O from the
Li2MnO3 component. However, the decreased area and intensity of the oxidation
peak at 4.6 V for the electrospun nanofibres were attributed to the suppression of
oxygen release by the presence of carbon layers on the Li1.2Mn0.54Ni0.13Co0.13O2

surface. Cycling stability investigations have shown that the electrospun nanofibres
of Li1.2Mn0.54Ni0.13Co0.13O2 deliver a first discharge capacity of 263.7 mAh g−1

with coulombic efficiency of 83.5%. This is superior to that of the pristine sample,
with a first cycle specific capacity of 247.2 mAh g−1 and coulombic efficiency
of 75.4%. The authors attribute this superior electrochemical performance of the
Li1.2Mn0.54Ni0.13Co0.13O2 nanofibres to suppression of oxygen release and elec-
trolyte decomposition by the amorphous surface carbon layer and enhanced electro-
chemically active surface area via the peculiar nanofibre morphology with minimal
aggregation, which leads to an improvement in the Li+ transport kinetics. Further-
more, this resulted in a predominant increase of the rate capability in case of the
electrospun nanofibre samples [28].
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Recently in 2019, Al2O3 coated Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes were
prepared by electrospinning by Chen et al. for the application as cathodes in LIBs
[29]. The amount of Al2O3 was varied and optimized according to the electrochem-
ical performance. In order to prepare the electrospinning solution, stoichiometric
amounts of metal acetates were mixed with a pre-prepared solution of polyacry-
lonitrile (PAN) in DMF under vigorous stirring for 12 h at 60 °C. The solution
was then subjected to electrospinning with a voltage of 15 kV and a flow rate of
1 ml h−1. A distance of 200 mm was used between the spinneret and collector
(copper foil). The nanofibres were then calcined at 800 °C under air to obtain final
product. To coat with Al2O3, the obtained fibres were mixed with aluminium nitrate
in distilled water under stirring. After washing and filtering, the obtained mate-
rial was freeze dried and subjected to annealing at 500 °C for 10 h. XRD analysis
confirms the formation of a layered structure for all the materials. The superlattice
reflections indicate the presence of monoclinic domains of Li2MnO3. No consider-
able differences in the unit cell parameters were observed before and after Al2O3

coating.Morphology examination using SEM reveals a nanofibremorphology for the
uncoated and coated samples after electrospinning which is changed to a nanotube
morphology after annealing, as resulted from the decomposition of the polymer. In
addition, a shrinking in the nanofibre diameterwas observed after annealing at 500 °C
with increase in surface roughness. Al2O3 coating was confirmed by X-ray photo-
electron spectroscopy (XPS) investigations on the samples. A peak around 73.8 eV
was observed, which could be attributed to the Al 2p3/2 binding energy in Al2O3.
An amorphous layer of Al2O3 with ≤10 nm thickness was observed in HRTEM
images for the medium Al2O3 coated Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes. Further-
more, spinel domains were observed using HRTEM for the Al2O3 coated samples.
Cyclic voltammetric studies further confirm this observation, as revealed by the
oxidation/reduction peaks around 3.0 V. For the coated and uncoated nanotubes, a
high intensity peak was observed around 4.6 V in the charge, associated with the
Li2MnO3 activation. Additionally, peaks correspond to the electrochemical activity
of Ni and Co ions were observed in the 4 V region similar to that of the Li-rich
layered samples containing Ni and Co as mentioned in the former text. The observa-
tions from CV curves were further supported by the voltage profiles obtained from
galvanostatic cycling experiments performed on the samples between 2.0 and 4.8 V.
Among the coated and uncoated nanotubes, sample with the highest percentage of
Al2O3 coating delivered the highest first cycle charge capacity which is about 359
mAh g−1. The discharge capacity was found to be 272 mAh g−1, and the coulombic
efficiency was observed to be ~76% in the first cycle for this sample. However,
taking into account the first cycle coulombic efficiency (CE) and specific capaci-
ties, the medium Al2O3 coated Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes sample is the
optimum one as it delivers a charge capacity of ~331 mAh g−1 and a CE of 85%,
respectively. Additionally, the Al2O3 coated Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes
prepared through electrospinning followed by calcination were found to exhibit
superior cycling stability, compared with the Al2O3 coated nanoparticles of the same
Li-rich material. High rate electrochemical investigations reveal excellent perfor-
mance for the nanotubes synthesized via electrospinning owing to the enhanced
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Li+ diffusion and electronic conductivity in the one-dimensional nanostructures.
Further, among those, the coated samples exhibited better rate capability and high rate
performance than the uncoated Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes. In summary,
the diameter and calcination temperatures were found to influence the electrochem-
ical performance of the nanostructured electrodes synthesized via electrospinning
[29].

19.4 Electrospun Mn-Based Spinel Cathode Materials

As mentioned in the former text, Mn-based spinels are promising cathode materials
for LIBs, owing to their normal spinel structure, facilitating a three-dimensional
Li+ diffusion, resulting in high power density in a LIB. However, the rate capa-
bility of these high voltage cathode materials is still not sufficient in order to meet
the requirements for high power applications. Hence, several research groups have
adopted electrospinning to prepare nanofibres, which facilities faster Li+ diffusion
due to shortening of diffusion length.

Electrospun nanofibres of LiMn2O4 were synthesized by several research groups.
Liu et al. synthesized LiMn2O4 nanofibres via electrospinning for application as LIB
cathode materials in 2012 [30]. The precursor solution was prepared by dissolving
manganese acetate, lithium carbonate and PVP in a mixture of solvents such as
ethanol, distilled water and acetic acid. The solution was then taken in a syringe,
fitted with a needle and electrospun at an applied voltage of 20 kV on an aluminium
collector. A distance of 12 cm was maintained between the needle and collector. The
obtained fibres were then subjected to a high temperature annealing at 800 °C for
5 h. Calcination was found to decrease the fibre diameter from 350 nm to 180 nm.
Furthermore, it resulted in the transformation of fibres to compact grain structures.
XRD analysis revealed the presence of single-phase cubic spinel LiMn2O4. The first
discharge capacity for the electrospun, and 800 °C calcined fibreswere observed to be
80 mAh g−1, which showed a pronounced capacity fading even after 5 cycles. This
shows that for good electrochemical performance, the electrospinning parameters
and annealing temperatures need to be carefully optimized [30].

Zhao et al., in 2012, reported the fabrication of electrospun LiMn2O4 nanofibres
as LIB cathode material [31]. Initially, metal acetates in stoichiometric ratios were
added to a PVP in ethanol solution and stirred vigorously. The solution was then
delivered into a syringe. A voltage of 15 kV was applied across the spinneret and the
collector (here, Aluminium foil). After a precalcination at 450 °C, the fibres were
annealed at 600 °C for 3 h at a rate of 5 °C min−1. After confirming the phase purity
with XRD, the prepared fibres were subjected to morphology investigations. The
obtained fibres after calcination displayed diameters in the range 150–350 nm and a
length of 3–5 μm. Each fibre was made of particles with face size ranging from 50
to 150 nm. The electrospun LiMn2O4 material after calcination displays two redox
peaks in the cyclic voltammogram (3.5–4.3 V). These two peaks correspond to the
stepwise Li+ extraction from the 8a wyckoff sites in the crystal lattice of the cubic
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spinel structure. A higher hysteresiswas observed for the electrospunLiMn2O4 fibres
in comparisonwith LiMn2O4 synthesized via othermethods. Cycling stability results
reveal a discharge capacity retention of 94% after 50 cycles. However, the coulombic
efficiency in the first cycle was found to be quite low (79%) for the LiMn2O4 spinels
[31].

Zhou et al. have prepared LiMn2O4 with a porous “network-like” morphology
and compared its electrochemical performance with the material prepared through a
conventional sol-gel synthesis [32]. For this, solution of manganese acetate tetrahy-
drate and lithium nitrate in distilled water was prepared. Dedicated amount of PVP
was added to this solution to prepare the electrospinning precursor. The solution was
then taken in a syringe, fitted with a metal needle (diameter 1.4 mm). A voltage of
15 kV was applied across the needle and the collector, which is an aluminium foil.
The distance between the needle and collector was maintained at 12 cm. A flow rate
of 0.5 ml h−1 was used. The final nanofibres of LiMn2O4 were acquired by annealing
the electrospun fibres at 700 °C for 4 h. The obtained material was found to crys-
tallize in Fd3m space group using XRD analysis (Fig. 19.7d) [32]. SEM images
display a diameter of 150 nm for the electrospun LiMn2O4 samples (Fig. 19.7a, b)

Fig. 19.7 a SEM images of electrospun LiMn2O4 precursor, b LiMn2O4 nanofibre cathode after
annealing at 700 °C, c LiMn2O4 nanoparticles (sol-gel synthesized) after annealing at 700 °C,
d XRD patterns of both synthesized samples. Adapted and reproduced from reference [32].
Copyright 2014 Elsevier
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[32]. The sol-gel synthesized sample was found to exist in a particle size of 200 nm
and exhibited strong agglomeration (Fig. 19.7c) [32]. Even though voltage profiles
(3.0 V to 4.5 V) show similar behaviour for the electrospun and conventional sol-
gel synthesized electrodes, the cycling stability investigations, conducted at room
temperature, reveal a superior behaviour for the electrospun nanofibres. The authors
attribute this enhanced capacity retention (92% at 60th cycle) to the suppression of
Mn dissolution. This observation is further supported by the fact that the electro-
spun LiMn2O4 samples exhibit a better cycling stability than the sol-gel synthesized
sample even at 55 °C. For the cycling stability experiments conducted at 10 C (1C
= 148 mAh g−1), the electrospun nanofibres delivered a higher specific capacity (90
and 78 mAh g−1 for the electrospun and sol-gel samples, respectively) and capacity
retention (85% and 58% for the electrospun and sol-gel samples, respectively) than
the sol-gel synthesized nanoparticles. Additionally, enhanced rate capabilitywas also
observed for the electrospun samples. This could be attributed to the enhanced surface
area as well as shorter Li+ diffusion path due to the typical nanofibre morphology,
resulted from electrospinning [32].

Porous hollow nanofibres of LiMn2O4 were synthesized by Duan et al., in 2017,
by electrospinning the fibres on a fluorine-doped tin oxide glass collector [33]. For
the preparation of electrospinning precursor solution, firstly, metal acetates in stoi-
chiometric amounts were dissolved into a pre-prepared solution of PVP in ethanol,
followed by addition of acetic acid. The precursor solution was then delivered into a
syringe with a metal needle. A voltage of 20 kV was applied across the needle and
metal collector, and the distance between needle and collector was kept as 20 cm.
After a heating step at 60 °C, for 1 h, the obtained fibres were subjected to various
annealing temperatures for comparison. The 700 °C annealed LiMn2O4 nanofibres
were phase pure (space group Fd3m) as revealed by XRD analysis. Meanwhile,
the diffraction pattern obtained for 650 °C annealed samples exhibited reflections
corresponding to the presence of Mn2O3 impurity phase. The annealing tempera-
ture was also found to influence the nanostructure morphology and diameter of the
electrospun fibres. After annealing at 700 °C, the smooth surface of the precursor
nanofibres gets porous, and the diameter decreases from 500 to 200 nm.Additionally,
annealing at high temperature was found to create a network structure for the fibres,
which would result in improved Li+ transport kinetics. Furthermore, the heating rate
used for high temperature annealing was also found to influence the morphology of
the nanofibres. This is dependent on the speed of release of CO2 and H2O (during
the decomposition of the organic moieties). When the gas and water are released
slowly during annealing, the particles have a tendency to grow, which will result in
increased size and disruption of nanofibre morphology. Whereas, when the release
is too fast, the fibre morphology will be disturbed. Hence, it is important to maintain
the heating rate as optimum, which here is 5 °C min−1. Add to that, the nature of the
collector was found to influence the fibre morphology. The fluorine-doped tin oxide
glass collector was found to provide the nanofibres more uniformity and integrity
than that of an aluminium collector, the use of which in comparison results in more
agglomeration. Electrochemical performance analysis of the LiMn2O4 nanofibres,
after 700 °C annealing at a heating rate of 5 °C min−1, shows charge and discharge
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capacities of 132.8 and 125.9 mAh g−1, respectively, at a rate of C/10 (1C = 148
mAh g−1). The voltage range used for this galvanostatic cycling measurement was
3.0–4.4 V. A capacity retention of 91% was observed after 200 cycles and 83% after
400 cycles. Moreover, it exhibited satisfactory rate capability. The cycling stability
was found to be highest for this sample in comparison with the samples annealed to
700 °C with heating rates 3 and 7 °C min−1 [33].

Hosono et al. have reported the fabrication of LiNi0.5Mn1.5O4 hollow wires as
cathodes for high energy Li-ion batteries [27]. The synthesis was performed using
metal acetate precursors and PVA. The precursors were dissolved in a mixture of
distilled water, methanol and acetic acid. After dissolving at 90 °C, the solution was
delivered to a syringe having a metal needle. At a voltage of 20 kV, the precursor
solution was ejected, and the obtained nanofibres were collected in an aluminium
collector. After a pre-drying step at 100 °C under vacuum, the fibres were removed
from the collector and annealed at 800 °C for 3 h to get the final nanofibres. In
this work, the authors assign the crystal structure of electrospun LiNi0.5Mn1.5O4

hollow wires to P4332 space group even though no neutron diffraction data are
provided. Normally, it is not possible to distinguish between the ordering of Ni and
Mn in using XRD. Sharp reflections in the XRD pattern indicate a high degree of
crystallinity for the hollow wire sample. TEM images show that the thin walls of
hollow wires consist of faceted nanoparticles interconnected via a two-dimensional
manner. Cycling stability investigations were conducted in galvanostatic mode. The
first 20 cycles were conducted in a voltage range 3.5–4.9 V, whereas the later cycles
were carried out between 2.0 and4.9V. In the broader voltage range,where the second
Li+ intercalation/deintercalation takes place, the capacity fade was more prominent,
owing to the hugevolumechange associatedwith spinel to tetragonal phase transition.
However, the authors claim an accommodation of this volume change by the smaller
particles as revealed by its superior electrochemical performance in comparison with
that of the LiMn2O4 spinels reported in the literature [27].

One-dimensional nanoarchitecture of LiNi0.5Mn1.5O4 was prepared via electro-
spinning by Arun et al. [34]. Firstly, required amounts of metal acetates were
dissolved in methanol, and acetic acid was added to the solution. Subsequently,
the solution was mixed with a PVP solution in ethanol and subjected to vigorous
stirring. This precursor solution was then taken in a syringe and electrospun at a
voltage of 18 kV and a flow speed of 0.8 ml h−1. Aluminium foil was used as a
collector, and a distance of 15 cm was maintained between the collector and needle.
After a precalcination at 300 °C for 3 h, the fibres were subjected to high temperature
annealing at 600 °C for 1 h in a box furnace at a heating rate of 5 °C min−1. The
synthesized LiNi0.5Mn1.5O4 electrospun fibres were then electrochemically investi-
gated in half cells and full cells (against anatase TiO2 anode) after basic characteri-
zation. Structural analysis using XRD shows the crystallization of LiNi0.5Mn1.5O4 in
cubic spinel phase with slight amount of LixNi1−xO impurity phase. The electrospun
LiNi0.5Mn1.5O4 nanofibres were of about 100–200 nm diameter as observed from
FESEM analysis. After final calcination, the diameter of nanofibres reduced to ~50–
100 nm, and TEM analysis showed the existence of intergrown crystalline nanopar-
ticles with diameters in the range 10–20 nm on the fibres. Prepared LiNi0.5Mn1.5O4
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nanofibre electrodes, when investigated in Li half cells, exhibited typical Ni4+/Ni2+

redox peaks above 4.7 V. An initial specific discharge capacity of ~118 mAh g−1

was delivered by the electrospun fibres (at a charge–discharge rate of 1 C = 150
mA g−1) with a coulombic efficiency of 84.3%. Moreover, the material exhib-
ited ~93% capacity retention after 50 cycles. The full cell assembly of electrospun
LiNi0.5Mn1.5O4 nanofibres was performed using electrospun anatase TiO2 as counter
electrode and electrospunPVdF–HFPmembrane as separator, soaked and gelledwith
1 M LiPF6 in EC (ethylene carbonate): DMC (dimethyl carbonate) electrolyte. The
full cell delivered a capacity of ~102 mAh g−1 at 0.1 C. The specific capacity for the
full cell was calculated by taking the active mass of cathode into account. An energy
density of 285 W h kg−1 was obtained for the prepared full cell assembly. However,
the rate capability of the full cell was not as good as the reported half cell values for
electrospun cathodes and hence needs further optimization [34].

Excellent high rate performance was delivered by the electrospun LiNi0.5Mn1.5O4

hierarchical nanofibres, synthesized by Liu et al., in 2013 [35]. For the synthesis of
nanofibres, lithium acetate, manganese nitrate, nickel nitrate and PVPwere dissolved
in stoichiometric amounts, and the precursor solution was then subjected to elec-
trospinning, followed by pre-annealing at 450 °C and then annealing at 800 °C.
The obtained product, when subjected to SEM investigations, revealed the pres-
ence of nanofibres (diameter 300-400 nm) formed with LiNi0.5Mn1.5O4 nanooctahe-
drons. These one-dimensional nanostructureswere intergrown to form a network-like
morphology. The hierarchical nanofibres were found to exist in normal spinel struc-
ture (space group Fd3m). Galvanostatic cycling in the voltage range 3.5–5.0 V at
a charge–discharge rate of C/2 (1C = 150 mAh g−1) shows a specific discharge
capacity of 133 mAh g −1 and a coulombic efficiency of 93% in the first cycle. The
material delivered an excellent rate capability (discharge capacities of 90 mAh g−1

and 80 mAh g−1 at 10 C and 15 C, respectively), owing to the peculiar 1D hier-
archical nanofibre morphology [35]. Caterpillar-like LiNi0.5Mn1.5O4 was fabricated
by Haridas et al. as high voltage cathodes for LIBs in 2016 [36].

For the preparation, initially lithium acetate, manganese acetate and nickel nitrate
were dissolved in ethanol, and the solution was added to a premixed solution of
polyethylene oxide (PEO) in distilledwater. Electrospinningwas performed by trans-
ferring the precursor solution into a syringe fitted with a needle. The spinning was
carried out at a voltage of 15 kV while maintaining a distance of 22 cm between
the electrodes. The submicron fibres collected on the aluminium foil collector
were subjected to heat treatment at 850 °C in air for 2 h to obtain the caterpillar-
like LiNi0.5Mn1.5O4 nanostructures (Fig. 19.8). When other annealing temperatures
were used, the morphology was found to be different. At 550 and 650 °C, a fibre
morphology was observed, and at 750 °C, spiral morphology was seen (Fig. 19.8).
The caterpillar-likemorphologymentioned in this work could also be related to inter-
grown fibre morphology. The electrospun material was found to exist in cubic spinel
structure as revealed by XRD analysis.

Raman spectroscopy analysis confirmed the existence of caterpillar-like
LiNi0.5Mn1.5O4 in the disordered spinel structure (space group Fd3m). Meanwhile,
the conventional sol-gel synthesizedLiNi0.5Mn1.5O4 showedpeaks inRaman spectra,
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Fig. 19.8 FESEM images of
electrospun
LiNi0.5Mn1.5O4/PEO
precursor fibres at different
calcination temperatures.
a As synthesized electrospun
LiNi0.5Mn1.5O4/PEO
precursor fibres, b, c fibre
morphology obtained at
550 °C and 650 °C,
respectively, d spiral-like
morphology obtained at
750 °C, e caterpillar-like
morphology obtained at
750 °C. Adapted and
reproduced from reference
[36]. Copyright 2016
Elsevier

corresponding to ordered P4332 structure. Confirming this observation, the cyclic
voltammetry investigations (3.5–5.0 V) show the presence of Mn4+/Mn3+ electro-
chemical activity for the caterpillar-like fibres. Results for the cycling stability and
rate capability are given in (Fig. 19.9). Rate capability investigations conducted in
galvanostaticmode show that at 1C (150mAg−1), the caterpillar-likeLiNi0.5Mn1.5O4
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Fig. 19.9 a, b Rate capability studies of LiNi0.5Mn1.5O4 powder and caterpillar, c first charge–
discharge plot of LiNi0.5Mn1.5O4 powder and caterpillar, d cycling stability studies performed at 1C
for LiNi0.5Mn1.5O4 powder and caterpillar. Adapted and reproduced from reference [36]. Copyright
2016 Elsevier

delivers a capacity of 120 mAh g−1, which is higher than the conventionally synthe-
sized LiNi0.5Mn1.5O4 powder. Very good rate capability was observed for the electro-
spun LiNi0.5Mn1.5O4 (~98 mAh g−1 and 40 mAh g−1 at 5 C and 15 C, respectively)
than the conventional powder (~47 mAh g−1 at 5 C). The capacity losses observed
for the electrospun and powder LiNi0.5Mn1.5O4 were found to be 18% and 1.7%,
respectively, after 100 cycles. Apart from the morphology influence, this could also
be an effect of the cation ordering/disordering in the samples as disordered crystal
structure (Fd3m) was found to be advantageous for smoother Li+ ion diffusion [36].

Li1.5MnTiO4+δ ultralong nanofibres were synthesized by Vu et al. using electro-
spinning as cathodematerials for LIBs [37]. As a first step, stoichiometric amounts of
Li acetate, manganese acetate and titanium (IV) isopropoxide were mixed separately
in DMF and acetic acid, respectively. Both solutions were then mixed with each
other, stirred, and PVP was added. PVP concentration was varied and optimized to
control the diameter of the electrospun fibres. The precursor solution was vigorously
stirred and subjected to electrospinning at voltages of 15–20 kV and collected on an
aluminium foil mat, followed by annealing at 600 °C for 12 h in air after preheating
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at 120 °C for 10 h in vacuum. Analysis of XRD patterns of the prepared electro-
spun fibres shows the existence of sample in Fd3̄m space group. However, super-
lattice reflections correspond to Li-rich layered structure (monoclinic phase with
C2/c space group) were also visible. This phase coexistence was further confirmed
by HRTEM investigations. SEM images imply that the Li1.5MnTiO4+δ nanofibres
are formed by octahedral particles intergrown/arranged in a uniform manner. The
fibres formed were found to have a length of 30 μm and diameter 80 nm. Cycling
stability studies were conducted in galvanostatic mode at a voltage range 2.0–4.8 V.
The Li1.5MnTiO4+δ nanofibres were found to exhibit less polarization, high absolute
capacity (235 mAh g−1) as well as high cycling stability (94% retention at 1C =
154 mA g−1 after 100 cycles) in comparison with the same material synthesized
via solid-state (184 mAh g−1) and sol-gel (235 mAh g−1) routes. However, at lower
C-rates (C/5), the electrospun nanofibres exhibited much faster capacity fading than
the samples synthesized via other routes. This could be a result of the enhanced
parasitic reactions of the nanofibres with electrolyte due to the large surface area.
The electrospun nanofibres of Li1.5MnTiO4+δ also exhibited enhanced rate capability
than the samples obtained through other synthesis routes, owing to the enhanced Li+

diffusion kinetics facilitated by the 1D nanostructure. PVA was also used in this
study instead of PVP. However, only shorter nanofibres were obtained, which could
be due to the low bonding ability with titanium (IV) isopropoxide and hence not
investigated electrochemically [37].

19.5 Conclusions

Electrospun nanofibres of several Mn-oxide-based cathode materials were synthe-
sized by various research groupsworldwide. In general, the synthesismethod consists
of mainly three steps such as (i) preparation of precursor solution for electrospinning
comprised ofmetal salts and a polymer, (ii) electrospinning the solution on a collector,
which could be metal foils like aluminium, copper, etc., or special mats like fluori-
nated tin oxide, by applying a voltage across the needle (spinneret) and the collector,
resulting in the formation of smooth fibres (iii) drying the collected fibres, followed
by annealing at high temperatures to obtain shrinked fibres or hollow structures with
rough surfaces. The list of electrospun Mn-oxide-based materials investigated as
cathodes in LIBs is summarized in Table 19.1.

The electrospun fibres exhibited superior electrochemical performance in terms of
high rate cycling stability and rate capability. The capacity retention was found to be
enhanced in certain cases, revealing that the synthesis route and morphology have a
strong influence on cycling stability. However, only very limited lithium-ion full cell
investigations have been conducted to analyse the electrochemical behaviour of elec-
trospun fibres in real systems. Furthermore, volumetric energy density of these elec-
trospun nanofibres is still in question, mainly due to their special nanoarchitectures
resulting in low tap densities.
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Table 19.1 List of electrospun Mn-oxide-based materials investigated as cathodes in LIBs

Material
class

Material Carbon
precursor used
for
electrospinning
(polymer)

Metal
precursors
used

References

Layered Al-doped LiNi1/3Co1/3Mn1/3O2 PVP Metal
nitrates

25

LiNi1/3Co1/3Mn1/3O2 PVP Metal
nitrates

26

Layered
Li-rich

0.5Li2MnO3–0.5LiNi1/3Co1/3Mn1/3O2 PVA Metal
acetates

27

Li1.2Ni0.17Co0.17Mn0.5O2 PVP Metal
acetates

22

Li1.2Mn0.54Ni0.13Co0.13O2 PVP Metal
acetates

28

Al2O3-coated
Li1.2Mn0.54Ni0.13Co0.13O2

PAN Metal
acetates

29

Spinel LiMn2O4 PVP Mn acetate,
Li carbonate

30

LiMn2O4 PVP Metal
acetates

31

LiMn2O4 PVP Mn acetate,
Li nitrate

32

LiMn2O4 PVP Metal
acetates

33

LiNi0.5Mn1.5O4 PVA Metal
acetates

27

LiNi0.5Mn1.5O4 PVP Metal
acetates

34

LiNi0.5Mn1.5O4 PVP Li acetate,
Mn acetate,
Ni nitrate

35

LiNi0.5Mn1.5O4 PEO Li acetate,
Mn acetate,
Ni nitrate

36

Li1.5MnTiO4+δ PVP Li acetate,
Mn acetate,
Ti
isopropoxide

37
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Chapter 20
Electrospun Mixed Oxide-Based
Composites as Cathodes for Lithium-Ion
Batteries

Satishkumar R. Naik, Anand I. Torvi,
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 lithiummetal oxide compound as a cathode andgraphite
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 precursormethod [10–15] and electrospinning. Among thesemethods, 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 flowmeter 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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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 polymermolecular 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 chambermay have a direct influence on the fiber diameter andmorphology. 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 themost 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; LiMO2 as the source of
lithium in the cell [31]. Graphite-LiCoO2 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-
giblememory 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 LiFePO4 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, LiNi1−YCoyO2

In a series of research papers, Delmas group [36–39] and Zhecheva et al. [40]
reported the structural details and physical properties of LiNi1−yCoyO2 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 LiNi1−yFeyO2, the
capacity is reducedwith increasing iron [41]. The electronic conductivity is an impor-
tant parameter which influences the properties of such layered oxides. Thus, cobalt
substitution in LiNiO2, as in LiNi0.8Co0.2O2, reduces the conductivity [39]. Also, as
lithium is removed from the phase LixNi0.1Co0.9O2 or from LixCoO2 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 LiNi1−yMgyO2 the capacity was reduced [43].
Similarly, in the case of substituted nickel oxides, such as LiNi1−y−zCoyAlzO2, the
nickel is oxidized first to Ni4+ then the cobalt to Co4+ 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, LiMnO2

Lithium manganese dioxide (LiMnO2) 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 LiMnO2, 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 Li0.5MnO2.nH2O [46, 49–51].
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Mild warming causes the loss of water to give the desired layered LixMnO2 and
overheating to 150 °C leads to the formation of the spinel LiMn2O4.

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 LiNi0.5Mn0.5O2. More recently, the compounds
LiNi1−y−zMnyCozO2 have been extensively investigated and found to have properties
that qualify them as possible candidates for the replacement of LiCoO2 [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, LiMn1-YCoyO2

Bruce et al. [60] reported the synthesis and electrochemical performance of cobalt-
substitutedLiMn1−yCoyO2. In such compounds, the partial substitutionofmanganese
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, LiNi1−YMnyO2,
Multi-electron Redox Systems

Ammundsen and Davidson research groups studied the mixed metal compounds
like Li–Mn–Cr–O2 system [62, 63]. The lithium ions in the transition metal layer
were found clustered around the manganese ions as in Li2MnO3, and the system
can be considered as a solid solution of Li2MnO3 and LiCrO2. 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 LiNi1−yMnyO2 phase system and reported a solid solution for y ≤ 0.5 but a
deterioration of the electrochemical behavior with increasing themanganese content.
Spahr et al. [56] repeated the optimum electrochemical behavior for the composition
LiNi0.5Mn0.5O2. 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 mAh g−1 falling to 125 mAh g−1 after 25 cycles and to 75 mAh g−1 after
50 cycles. They also showed that the capacity and its retention increased as the
synthesis temperaturewas increased from450 to 700 °C. Similarly, Ohzuku et al. [65]
prepared the 550material at 1000 °C and reported a constant capacity of 150mAhg−1

at 0.1 mA cm−2. The 550 material, synthesized at 900 °C and quenched to room
temperature, also showed a capacity exceeding 150 mAh g−1 for over 50 cycles in
thin-film configuration [66]. A material formed at 1000 °C showed a lower capacity
of ~ 120 mAh g−1 at 0.1 mA cm−2; the capacity was increased to about 140 mAh g−1

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 yLiNi0.5Mn0.5O2.(1-y)Li2TiO3, 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 mAh g−1 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,
LiNi1−Y−ZMnyCozO2

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
LiMn1-yNiyO2 would stabilize the structure in a strictly two-dimensional pattern.
Ohzuku et al. [57] synthesized the symmetric compound LiNi0.33Mn0.33Co0.33O2 at
1000 °C and reported a capacity of ~150 mAh g−1. This compound will be hereafter
referred to as 333 materials. The synthesis of these LiNi1−y−zMnyCozO2 compounds
is typically accomplished using a modified mixed-hydroxide approach by reacting
Ni1−y−zMnyCoz(OH)2 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 LiNi0.4Mn0.4Co0.2O2, 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 highNi 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 LiNi0.5Mn0.5O2 was
6.2 × 10−5 S cm−1; this increased on cobalt addition to 1.4 × 10−4 S cm−1 for
LiNi0.4Mn0.4Co0.2O2 at 21 °C and 6.8 × 10−4 S cm−1 at 100 °C [73].

For the four oxides LixNi1.02O2, LixNi0.89Al0.16O2, LixNi0.70Co0.15O2, and
LixNi0.90Mn0.10O2, 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 Li0.3Ni1.02O2. The stability is improved on aluminum or cobalt substitution. The
compound Li0.1NiO2 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, Li0.5Ni0.5Mn0.5O2 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+Mn3O4 in nitrogen [78].
The compounds Li0.5Ni0.4Mn0.4Co0.2O2 and Li0.5Ni0.33Mn0.33Co0.33O2 both begin
to lose weight above 300 °C with major weight loss, 7–8%, only above 450 °C,
which corresponds to reduction of Co(III) to Co(II) and any Ni(IV) to Ni(II); the
manganese remains Mn(IV), 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, Li1+XM1−XO2

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 Li2MnO3

andLMO2,whereM=Cr orCo.Yoshio et al. [82], Thackeray et al. [83, 84] andDahn
et al. [66] reported that the transition metal cation can also be nickel or manganese
including mixtures such as LiNi1-y CoyO2 and Li2MnO3 can be replaced by related
materials such as Li2ZrO3 and Li2TiO3. Li2MnO3 can be represented in the normally
layered notation as Li[Li1/3Mn2/3]O2. These solid solutions can thus be represented as
LiM1−y[Li1/3Mn2/3]yO2,whereMcanbe, for example,Cr,Mn, Fe,Co,Ni, ormixtures
thereof.Addition of extra lithiumwill tend to push themanganese away from trivalent
to tetravalent, and thus minimizing the impact of any Jahn-Teller distortion coming
from Mn3+. The end-member Li2MnO3 which has been shown [85, 86] to exhibit
unexpected electrochemical activity on charging as themanganese 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 Li2MnO3 also
results in the removal of lithium, and here again, both mechanisms of Li2O removal
[88, 89] and proton exchange [90] are believed to be operative. Acid leaching of
the lithium stoichiometric compounds, such as LiNi0.4Mn0.4Co0.2O2, also results in
the removal of lithium and a small amount of proton exchange. Thackeray et al.
[91] showed that Li2TiO3 forms a solid solution with LiNi0.5Mn0.5O2 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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Fig. 20.3 Different magnifications SEM images of the precursor nanofibers (a), K2V8O21
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 K2V8O21

Anqiang et al. [94] reported the synthesis of single-crystalline fork-like potassium
vanadate (K2V8O21) 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 mAh g−1 can be delivered at the current densities of 50 and
500 mA g−1, respectively. Furthermore, the K2V8O21 electrode exhibits excellent
long-term cycling stability which maintains a capacity of 108.3 mAh g−1 after 300
cycles at 500mAg−1. 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



20 Electrospun Mixed Oxide-Based Composites as Cathodes … 575

Fig. 20.4 The SEM images of a carbon nanofibers, b LiFePO4/C nanofiber composites Adapted
and reproduced from Ref. [95]. Copyright 2012 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 mAh g−1 at a discharging rate of C/25 and
152 mAh g−1 at a discharging rate of C/10 at ambient temperature.

20.5 Conclusion

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 mAh g−1 with energy densities of
~200 Wh kg−1. 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 transitionmetals replacing the cobalt system and proving enhanced safetywith
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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