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Polymer- and Carbon-Based Nanofibres
for Energy Storage
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Abstract There is ever-increasing demand for energy worldwide. The constant use
of energy particularly in portable devices and vehicles has required highly efficient
and high-capacity energy storage. Materials research is at the front of addressing the
society’s demand for energy storage. This chapter focuses on the fabrication and
use of polymer and carbon-based nanofibers for energy storage. The widely used
fabrication methods such as chemical vapour deposition, electrospinning and the
recently developed methods including controlled freezing and gelation for nanofi-
bers have been described. Upon the preparation of polymer nanofibers, carbon
nanofibers can be produced by pyrolysis under inert atmosphere. We then review
the applications of carbon-based nanofibers in different types of rechargeable bat-
teries and supercapacitors. The chapter is completed with conclusion and outlook.

7.1 Introduction

With the increase in demand for energy, there must be a corresponding increase in
energy production which in turn leads to issues in supply and demand. Renewable
energy sources such as wind and solar light demonstrate a great potential for reducing
the dependence on fossil fuels and thus the production of greenhouse gas emissions
[1]. Energy requirements are variable throughout the day, and a balance must be
achieved that avoids undersupply, but also prevents wasting through overproduction.
As the world looks towards renewable energy sources, we need a reliable electricity
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supply for 24 h a day. Since solar power and wind power are intermittent sources, the
solution to this problem lies with energy storage. By storing the energy produced at
low demand in powerful and reliable batteries/supercapacitors, a constant electricity
supply can be provided without reliance on fossil fuels.

Even through the burning of renewable fuel sources such as biomass, energy
storage methods are a necessity since variation in electricity production with the
variation in demand is not recommended as this decreases the efficiency in pro-
duction. There have also been numerous studies that have determined that the use of
variable generation resources will impact the stability of the grid unless storage is
included [1].

Within the realm of energy storage, there are several methods available which all
store energy in different forms. Chemical energy storage encompasses many fields
including hydrogen storage [2] and methane storage [3]. Another way is the storage
of mechanical energy using constructions such as flywheels which are capable of
storing 1 kWh of useable energy [4, 5]. Carbon nanotubes (CNTs) are of particular
interest in the development of strong materials for flywheels, and as such,
CNT-reinforced nanocomposites have been developed [6, 7].

Another type of energy storage is electrochemical energy storage, of which
batteries and fuel cells are prime examples. Electrochemical cells are capable of
generating electrical energy from chemical reactions as such their voltage is
dependent upon the electrode potentials of each of the half-cells in use. For
example, rechargeable lithium cells can provide voltage of around 3 V with good
cycling capability. Lithium-ion batteries use intercalated lithium compounds as the
cathode material, while the anodic material is most commonly graphite, though
there is research into alternative electrode materials due to its limited theoretical
capacity that is unsuitable for high-energy applications [8–10].

There are many materials that are currently being researched for their potential
energy storage applications. One such material would be conductive polymers
which are organic polymers that demonstrate as semiconductors most of the time.
Conducting polymers store and conduct charge through redox processes; i.e., when
oxidation (doping) occurs, ions are transferred to the polymer backbone, and the
reverse occurs with reduction (dedoping), wherein ions are released back into
solution [11]. The bulk of the film is responsible for charging, and as such, con-
ducting polymers present the opportunity for high levels of specific capacitance.
While long-term stability is expected to be a problem due to swelling and shrinking,
some research has demonstrated stability over thousands of cycles [12, 13].

A rapidly developing area of research is focussed on electrical energy storage
through systems such as superconducting magnetic energy storage which involves
storing electrical energy in the form of direct current (DC) electricity that is the
source of a DC magnetic field and has been shown to be capable of storing 1–3 MJ
of energy with power outputs of up to 2 MW [14]. The conductor operates at
cryogenic temperatures where it has relatively no energy losses because the mag-
netic field is in the superconducting region [14].

The energy storage area in which carbon-based nanofibres have been most
prevalent is supercapacitors which are currently used in applications that require
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many rapid charge and discharge cycles. Supercapacitors are constructed with two
metal foils that act as current collectors, coated with an electrode material such as
activated carbon or carbon nanofibres which act as the power connection between
the electrode material and the external terminals of the capacitor. These electrode
materials must have very high surface areas which may be achieved by various
methods such as templating or activation. The methods of storing energy within a
supercapacitor fall in two categories: electrical double-layer capacitance (EDLC)
and pseudocapacitance which will be discussed later [15, 16].

Carbon nanofiber (CNF) composites include combinations of CNFs with metals,
metal oxides, or polymers, which can lead to favourable behaviour during energy
storage since CNFs store charges using surface properties, while metal oxides and
polymers store charges using the body of the material. Combining the two materials
allows for EDLC and pseudocapacitance to be used simultaneously in both Faradaic
and non-Faradaic processes to store charges [16, 17]. The performance of
CNF/metal oxide/polymer composites is largely determined by the dispersion of the
CNFs within the matrix. Therefore, the technique used to achieve uniform dis-
persion plays a key role in the synthesis of CNF composites. There are two main
approaches to achieving the dispersion of CNFs within a metal oxide or polymer
matrix, melt mixing, and sonication in low viscosity solutions [6, 18, 19].

Carbon-based materials have attracted a lot of attention due to promising
properties in their basic forms, i.e. graphene [20, 21], carbon-based nanofibres
[22–26], and hierarchically porous carbon materials [27, 28]. The carbon material
that has received the most attention recently is graphene, a one-atom-thick sheet of
sp2-bonded carbon arranged in a hexagonal lattice [29]. Graphene is the thinnest
known material in the world and can be considered as the basic starting point for
building many other carbon materials [29].

Currently, the main commercially used material for anodes is graphite; however,
the theoretical capacity of this is limited to 372 mAh g−1 which cannot meet the
requirements for high energy capacity [8]. Due to this deficiency, researches into
other carbonaceous materials such as carbon nanotubes (CNTs), carbon nanofibres
(CNFs), ordered mesoporous carbon, and hierarchically porous carbon have been
carried out to show much higher capacity. This chapter focuses on the fabrication of
polymer nanofibers and carbon-based nanofibres and the use of such materials for
energy storage.

7.2 Fabrication Methods for Carbon-Based Nanofibres

7.2.1 History and Properties of Carbon Nanofibres

The first-recorded publication surrounding carbon-based nanofibres is a patent
submitted by Hughes and Chambers on the manufacturing of filaments [30].
However, the true significance of these structures was not fully appreciated until
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their structure could be analysed through electron microscopy. The first electron
microscopy images of carbon nanofibres were observed by Soviet scientists
Radushkevich and Lukyanovich. Published in 1952, they showed multi-wall carbon
filaments 50 nm in diameter formed by CO decomposition on an iron substrate
[31]. Early research was motivated by the wish to limit their formation. Filamentous
carbon or carbon filaments were considered a nuisance as they often grew and
accumulated upon metallic catalysts used in petrochemical processing and the
conversion of carbon-containing gases.

In 1985, Buckminsterfullerene, C60, was observed by Kroto et al. and earned
them the Nobel Prize in 1997 [32]. The discovery was followed by a demonstration
by Iijima that carbon nanotubes were formed during arc-discharge synthesis of C60

[33, 34]. Two years later, Iijima and Ichihashi and Bethune et al. synthesized
single-walled carbon nanotubes (SWCNTs) [33, 35]. It was initially suggested that
the carbon nanofibres formed through the catalytic chemical vapour deposition
method were comprised of a duplex structure, an inner core of amorphous carbon
surrounded by graphitic platelets [36, 37]. More recently, it has been shown that the
structural arrangement of CNFs can vary significantly when subjected to different
reaction conditions including the chemical nature and structure of the catalyst and
the composition of the reactants [38].

As the name suggests, CNFs are nanoscale with respect to their diameters. Their
small scale provides a promising basis for research into their properties and any
modifications that could result in porosity. While chemical vapour deposition
(CVD) was the first process by which CNFs were produced, many processes have
since been developed which allow for greater control over structure, morphology,
and dopants, while also providing a potentially “greener” approach to production.
These methods can include electrospinning [39–41], controlled freezing/freeze-
drying [2, 42, 43], and nanofibrous gels and carbonization [22, 44].

7.2.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) process is often used to produce solid
high-quality, high-performance materials. Typically, a substrate is exposed to
volatile precursors which may react and/or decompose on or near to a heated
substrate surface to produce the desired deposit. Atomistic deposition like this can
provide highly pure materials and structural control at atomic or nanometre-scale
level [45]. This process can be used to produce single-layer, multi-layer, composite,
nanostructured, and functionally graded coating materials [45]. CVD has become
one of the main methods for the deposition of thin films and coatings for a wide
range of applications including semiconductors for microelectronics, optoelec-
tronics, energy conversion devices, dielectrics for microelectronics, refractory
ceramic materials used for hard coatings, protections against corrosion, oxidation or
as diffusion barriers, metallic films for microelectronics and for protective coatings,
fibre production, and fibre coating [45].
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As mentioned above, CNFs were first presented through a catalytic chemical
vapour deposition method involving the iron-catalysed thermal decomposition of
carbon monoxide [31]. Small organic molecules such as ethanol can be good
precursors for CVD synthesis of CNFs and CNTs since they can decompose to
simpler species such as methane, carbon monoxide, and hydrogen. The decom-
position of a carbon source on a catalyst causes a solid solution of metal carbides to
form, and then, excess carbon atoms in the metal carbide diffuse out from the
catalyst to form CNFs. There are often volatile by-products produced through this
method; however, these can usually be removed by gas flow through the reaction
chamber.

Two types of CNFs can be prepared by CVD, cup-stacked CNFs, and platelet
CNFs as shown in Fig. 7.1, [18]. Generally, the structures of CNFs formed are
determined by the shapes of the catalytic nanosized metal particles. In a recent
study, Lin et al. showed that the participation of chloroform, in a synthesis con-
ducted through the pyrolysis of chloroform and ethanol in the presence of a nickel
catalyst, led to Ni–Cl bonding on the surface of the catalyst resulting in a relatively
poor crystalline layer and a course surface [46]. Low amounts of chlorine in the
catalyst led to the formation of smaller catalyst particles with flat surfaces, causing
graphene nanosheets to stack perpendicular to the fibre axis and became platelet
graphite nanofibres. A high chlorine content, however, leads to aggregation of the
catalyst and thus formation of large catalyst particles with rough surfaces. These
rough surfaces resulted in the random stacking of graphene nanosheets which

Fig. 7.1 Schematic demonstraction of formation of cup-stacked CNF structure (a–c), and platelet
CNF structure (d) (reproduced from Ref. [18] with kind permission of © 2014 Multidisciplinary
Digital Publishing Institute)
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became turbostratic carbon nanofibres, that is, the sheets of carbon atoms folded or
crumpled together haphazardly [46].

7.2.3 Electrospinning

As mentioned above, electrospinning is a fibre production method which uses an
electric potential to charge polymer solutions or melts and draws them into fibres.
The fibres are usually of diameters from tens of nanometers to several microns.
Electrospinning shares some characteristics of electrospraying, used in inkjet
printing, and conventional dry spinning of fibres [47]. The origins of electrospin-
ning can be dated back to 1934, where Formhals patented an invention relating to
the process and producing artificial filaments through the application of 57 kV to a
solution of cellulose [48].

When a sufficiently high voltage is applied to a liquid droplet, the body of the
liquid becomes charged leading to electrostatic repulsion counteracting surface
tension, and therefore, the droplet becomes stretched. At a critical point, a Taylor
cone forms, which is the point at which a stream of liquid erupts from the surface of
the droplet. A balance between molecular cohesion and conductivity must be
achieved so that stream break-up does not occur and a charged jet can be formed
[47, 49–52]. The jet dries in flight, and the charge migrates to the surface of the
fibre; the mode of current flow changes from ohmic to convective.

Electrospinning is a highly versatile technique that has many variables that can
be altered to change the structure of the fibres formed. The morphology of the
structures is highly dependent on a combined effect of the electrostatic field and the
material properties of the polymer. The charge transport due to the applied voltage
is mainly because the polymer jet towards the collector and the variation in current
are linked to the mass flow of the polymer from the nozzle tip [51]. For a poly
(ethylene oxide)/water system, the fibre morphology changed from a defect-free
fibre at the initiating voltage of 5.5 kV to a highly beaded structure at a voltage of
9.0, which was linked to a steep increase in the spinning current which controls
bead formation in the electrospinning process [53].

The conductivity of the solution being electrospun is highly important. If the
solution is completely insulating or the applied voltage is not high enough for the
electrostatic force to overcome surface tension, no fibre can be produced [51]. The
solution can be adjusted by adding salt to enhance the conductivity as demonstrated
by Qin et al. [54] during their application of different salts to polyacrylonitrile
(PAN) polymer solutions. Viscosity and shearing strength of electrospinning
solutions are slightly affected by the addition of salts as well as the diameter of the
nanofibres produced upon electrospinning, with a correlation being established
between the size of the nanofibres formed and the size of the salts [54].

The distance between the nozzle and the collector can easily affect the
morphology and structure of electrospun fibres due to the dependence on deposi-
tion time, evaporation rate, and whipping/instability interval [51]. A study by

312 A. Ho et al.



Chang et al. [49] demonstrated the possibility for continuous near-field electro-
spinning in which solid nanofibres with orderly patterns were deposited over large
areas. The needle to collector distance was fixed to 500 µm, while the jet initiation
voltage was achieved at 1.5 kV [49]. The polymer concentration greatly affected
the morphology of the electrospun nanofibres during this process. When poly
(ethylene oxide) concentration was too low, there was insufficient viscoelasticity to
suppress capillary break-up [49].

Electrospinning is not just limited to the production of purely polymeric fibres,
and a benefit of this process is that solutions can be produced using a variety of
materials as well as combinations of materials to produce fibres with unique
properties. Combined with carbonization, it is possible to produce highly porous
fibres through a number of routes that include spinning into a cryogenic liquid [55],
mixing with metal oxide particles [56–59], and coaxial spinning [41, 57] where a
material that conventionally would not spin may be encased in a polymer solution
that can later be removed through carbonization.

Development of functional composite nanofibres by electrospinning has recently
become a research area of intense interest for energy and environmental applica-
tions [60–62]. Electrospun nanofibres from polymers with high carbon yields (e.g.
PAN in most cases, lignin, cellulose) can be converted to carbon nanofibres through
subsequent high-temperature thermal treatment. This generally includes stabiliza-
tion in air (which converts thermoplastic precursor fibres to highly condensed
thermosetting fibres by complicated chemical reactions such as dehydrogenation,
cyclization, and polymerization) and carbonization under noble gases. Sometimes,
activation steps using steam, base, or acid as the activation agents [63], or
hetero-atom doping during the heating treatment process [64], are needed to
increase the specific surface area or electrical conductivity of the prepared carbon
nanofibres. A unique feature of the electrospun carbon fibres for energy application
is that they can form free-standing fibrous mats which can be directly employed as
electrode materials for energy devices without using substrates or adding binders
and conductive agents, thereby increasing the energy density and simplifying the
fabrication process.

The most significant advantage of using electrospun carbon fibres for energy
storage is the convenience to fabricate hybrid carbon fibre webs via incorporation of
active components (e.g. metal precursors or nanoparticles) or electrically conduc-
tive materials (i.e. carbon nanotubes, graphene) to the precursor solutions to
improve their electrochemical performance. Electrospinning also offers flexibility in
controlling the morphology of prepared carbon nanofibres through variation of the
electrospinning parameters (i.e. single or double nozzle, voltage, feeding rate,
distance), thermal treatment conditions, as well as precursor compositions.
Core–shell-structured electrospun carbon fibres can be created using either a coaxial
spinneret [65], or a single spinneret based on the Kirkendall effect during the
stabilization process [66, 67]. Hollow or highly porous carbon nanofibres [68–70]
can be formed through decomposition or extraction of the incorporated
pore-forming components, e.g. poly(methyl methacrylate) (PMMA), Pluronic F127
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(a triblock copolymer), and mineral oil. It is also possible to obtain fused carbon
fibrous mats by adding low-melting-point polymers in the precursor solutions [71].

7.2.4 Controlled Freezing/Freeze-Drying

Compared to dry-processing routes, wet-shaping techniques are capable of pro-
ducing materials with complex shapes that can satisfy a large range of applications
through the fabrication of dense and porous materials [42]. Freeze-drying, also
known as lyophilization, is an industrial dehydration process which works by
freezing the material and reducing the surrounding pressure to allow any frozen
water to sublimate and desorb under vacuum. The voids of ice crystals after sub-
limation generate porosity in the dried materials. This is how freeze-drying or more
accurately ice templating can be used to produce a range of porous materials. The
control of the freezing condition is the key to the tuning of pore morphology. For
example, a directional freezing procedure may be employed, as illustrated in
Fig. 7.2, allowing for the achievement of aligned microchanneled structures in the
direction of freezing after removing the frozen solvent [72–75]. Importantly, the
emulsion templating and ice templating can be combined to produce materials with
systematically tuned porosity and provide an exciting route for the preparation of
aqueous, organic, and poorly water-soluble drug nanoparticle suspensions [76–78].

With the ice-templating method, polymer solutions or colloidal suspensions are
usually employed to produce a wide range of porous materials. However, when the

Fig. 7.2 a Schematic representation of the directional freezing process. As ice crystals grow in
one direction, solutes such as particles and/or polymeric molecules are excluded and packed
between the crystals. b An optical microscopic image showing the directional freezing of gold
nanoparticle suspension. The blue dashed line indicates the freezing front, while the red stripes are
concentrated gold nanoparticles excluded from the freezing front (reproduced from Ref. [74] with
kind permission of © 2007 Wiley-VCH) (Color figure online)
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concentrations of the polymers or colloids are very low, nanofibrous structures can
be formed. For example, dilute aqueous polymer solutions were directionally frozen
and freeze-dried to generate polymer nanofibres, as demonstrated with sodium
carboxymethyl cellulose (shown in Fig. 7.3), poly(vinyl alcohol), and sodium
alginate [79]. These polymer nanofibres could be further used as templates to
prepare hollow titania microtubes and iron oxide nanofibres [79]. It was also
possible to produce chitosan in porous and nanofibrous structures for the controlled
release of bovine serum albumins [80] or chitosan/silica microsphere composite
fibres for dual-controlled release drugs [81]. Dilute colloidal suspensions including
metal, metal oxide, and polymers can be subjected to the directional freezing
process, which allows the self-assembly of nanoparticles during freezing, and then
produce colloids-composed nanofibres after freeze-drying [82–84]. Rather than
using polymers or colloids, Mao et al. used the solution of the monomer,
2-hydroxyethyl methacrylate (HEMA), in tert-butyl alcohol. After being direc-
tionally frozen and polymerized by ϒ-irradiation, at the temperature the solvent was
still frozen, polyHEMA nanofibrous scaffolds were prepared and demonstrated as a
highly active and recyclable catalyst support [85].

A general route for production of carbon materials is through the carbonization
of polymers. However, to ensure a high carbon yield and maintenance of porous
morphology, the polymer should have high carbon content and/or the carbonization
procedures may be designed purposely. The controlled freezing-freeze-drying
approach has been adopted for lignin solutions [86]. Excitingly, a device was
developed to produce a large quantity of lignin nanofibres. The nanofibers were
produced in thin films by delivering aqueous lignin solutions through a 0.254-mm
aperture onto a liquid nitrogen-cooled drum collector. The resultant frozen ribbons

Fig. 7.3 Sodium carboxymethyl cellulose (Mw 250 K) nanofibers prepared by controlled
freezing and freeze-drying of its aqueous solution (0.02 wt%). Scale bar 5 µm and inset scale bar
600 nm (reproduced from Ref. [79] with kind permission of © 2009 Wiley-VCH)
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were then lyophilized to produce a templated lignin network which was then car-
bonized at 1000 °C to form CNFs [86]. The rapid freezing process described by
Spender et al. resulted in elimination of larger lamellar spaces and macropores that
had been observed in materials produced through the ice-segregation-induced
self-assembly methodology [72, 86, 87].

7.2.5 Nanofibrous Gels and Carbonization

Gels are defined as substantially dilute cross-linked systems which exhibit no flow
when in the steady state [88]. The skeleton formed in such gels may be maintained
by removing the solvent under supercritical condition since pores in the gels are
free from capillary forces leaving behind porous, ultralight materials that have
extremely low density and thermal conductivity. These aerogels can have high
surface areas that could make them ideal as absorbents, catalyst supports, electrodes
for electric double-layer capacitors, and materials for chromatographic separation
[89].

If a nanofibrous gel can be formed, it is possible to produce a three-dimensional
carbon nanofibrous monolith simply by carbonization. The prerequisites for this
method are as follows: (1) a dry nanofibrous gel can be formed; (2) there is high
carbon content in the gel material; and (3) the nanofibre morphology can be
maintained after carbonization. Very often, one can observe the presence of
nanofibres in gels, but that may be challenging for the whole gel to be nanofibrous.
Perylene diimides are multi-aromatic molecules, with an extended quadrupolar p
system, and are utilized in many fields, including biosensing, light-emitting diodes,
and pigments. Due to their strong hydrophobicity, self-assembly of perylene dii-
mides can form nanostructures in various organic solvents via p–p
interaction/stacking and interaction of side chains.

Liu et al. reported the self-assembly of perylene diimide derivatives by
pH-triggered gelation of aqueous solution at room temperature (Fig. 7.4) [22]. After
washing with acetone and cyclohexane and then freeze-drying, 3D red porous
scaffold consisting of entangled nanofibers with relatively uniform diameters
(20–50 nm) was formed as either thin films or monoliths [22]. Upon carbonization,
with little shrinkage, the replicated porous scaffolds with carbon nanofibres were
successfully prepared (Fig. 7.4). It was very convenient to add different desirable
compounds in the solution before gelation. For example, melamine and the sur-
factant Pluronic P123 could be added to produce N-doped mesoporous carbon
nanofibres.

In a further development, nanofibrous microspheres were prepared by a
water-in-oil emulsion formed with the aqueous perylene diimide derivative solution
as the internal phase and o-xylene as the external phase [44]. Span 80 was used as
the surfactant, and polystyrene (MW 192 K) was added to help stabilize the
emulsion. Glucono-d-lactone (GdL) was added into the aqueous phase to initiate
the gelation. GdL can be hydrolysed in water and render the solution acidic.
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The concentration of the GdL was key to producing discreet microspheres; i.e., the
lowering pH induced by GdL hydrolysis should not initiate the gelation before a
stable emulsion was formed. As shown in Fig. 7.5, porous red microspheres were
formed. Upon carbonization, nanofibrous carbon microspheres were produced. This
method is unique in that there are not many reports describing the preparation of
nanofibrous microspheres. For example, the widely used CVD or electrospinning

Fig. 7.4 a Synthesis and chemical structure of perylene diimide derivative (PI). b The procedure
of preparing carbon via pH-triggered gelation, freeze-drying, and pyrolysis. c The nanofibrous gel
structure after freeze-drying (inset showing the red monolith). d The carbon nanofibrous structure
after pyrolysis (inset showing the black carbon monolith) (reproduced from Ref. [22] with kind
permission of © 2015 Royal Society of Chemistry) (Color figure online)

Fig. 7.5 a The red microspheres by optical microscopy. b The porous carbon microsphere. c The
nanofibrous structure of the carbon microsphere (reproduced from Ref. [44] with kind permission
of © 2015 Royal Society of Chemistry) (Color figure online)
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would not be able to produce microspheres. Combining this gelation system with a
droplet formation method can be a versatile way in preparing nanofibrous micro-
spheres. Apart from the emulsion method, the microfluidic method may be
employed to prepare such microspheres.

7.3 Energy Storage Applications

As the population and industrialization of the Earth has increased, so too have the
energy demands, putting a great strain on the existing power infrastructure and
posing serious implications for the future of a society so dependent on finite energy
sources. Up to now, oil-based fuels have been largely used. However, with
increasing limitations on the availability of such resources, a need for alternative
energy sources has become apparent. New technologies have been developed which
rely on sustainable energy forms such as wind energy, solar power, hydroelectricity,
and geothermal energy. These methods of energy production provide some mea-
sures of the solution needed. However, they are also unpredictable in their gener-
ation since it is not always windy and sunny. Due to this inconsistency, renewable
sources must be paired with a reliable form of energy storage which can store
energy as mentioned above.

It is possible to store energy using several different methods which include
chemical (e.g. hydrogen, liquid nitrogen, oxyhydrogen, and vanadium pentoxide),
electrochemical (e.g. batteries and fuel cells), electrical (e.g. supercapacitors and
superconducting magnetic energy storage), thermal, and mechanical energy. In this
section, we will evaluate emerging technologies in the field of energy storage and
how carbon-based nanofibres are proving to be useful materials in many applica-
tions. Table 7.1 lists the energy storage applications where carbon-based nanofibers
have been used.

7.3.1 Rechargeable Batteries

Rechargeable batteries, while initially costing more than the alternative primary
batteries that can only be used until completely discharged and then must be dis-
posed, cost much less over the lifetime of ownership in comparison. Their ability to
cycle discharging and recharging makes them ideal for use in power stations that
must vary their output as demand varies.

7.3.1.1 Li-Ion Batteries

Primary Li batteries were commercialized during the 1970s and involved using
lithium metal electrodes. Li–LixMnO2 was one of the systems developed by
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Tadiran, Inc., Israel, for use in mobile phones; however, it did not achieve wide-
spread use due to safety problems [100]. Through further research into lithium as a
power source, it became clear that lithium intercalated with transition metal oxides
and sulphides could be used as reversible cathode materials for rechargeable Li
batteries (Fig. 7.6) [101–103].

Lithium-ion batteries are most commonly found in portable electronic devices
which require high cycling durability with a low power to weight ratio. These
batteries can supply high energy density while showing small memory effect which
can be found in nickel–cadmium batteries as well as some nickel-metal hydride
batteries. Memory effect is the loss of charge capacity upon repeated partial
charging and discharging. Applying lithium to develop high-performance batteries
is motivated by its low standard reduction potential at −3.04 V (vs. the standard
hydrogen electrode) as well as its low density, 0.53 g cm−3 [104].

During the charging process of Li-ion batteries, lithium ions are forced to leave
the cathode material, which is usually lithium-containing metal oxides, under
an external electric field and intercalate into a graphite lattice [104].
Bubble-nanorod-structured Fe2O3 carbon nanofibres were synthesized by Cho et al.
presenting with a discharge capacity of 812 mAh g−1 upon its 300th cycle, in
comparison with bare Fe2O3 nanofibres which showed a discharge capacity of
285 mAh g−1 at its 300th cycle with both measurements recorded at current density
1 A g−1 [91]. Qie et al. [90] presented porous, nitrogen-doped carbon nanofibre
webs as anodes for Li-ion batteries with a higher specific capacity of 943 mAh g−1

even after 600 cycles at 2 A g−1. While both processes show high capacities for use
in Li-ion batteries, the novelty of the bubble-nanorod-structured Fe2O3 carbon

Fig. 7.6 A schematic presentation of the most commonly used Li-ion battery based on graphite
anodes and LiCoO2 cathodes (reproduced from Ref. [101] with kind permission of © 2011 Royal
Society of Chemistry)
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nanofibres presents the possibility of designing greater variations in the material
that may present even more promising results.

7.3.1.2 Li-Air Batteries

Li-air batteries have not received much attention until recently due to the particular
interest in its potential applications in transportation, where specific energy (energy
per unit mass) and energy density (energy per unit volume) are most important
[105]. In order to achieve efficiency and range equal to that provided by liquid
fuels, a battery system with much higher specific energy and energy density is
required. A Li-air battery has notably higher theoretical energy density because the
anode metal possesses a high ratio of valence electrons to atomic nuclei and cathode
oxygen is not stored in the cell [106]. This theoretical energy density is several
times higher than that of state-of-the-art Li-ion battery technology and can even
match that of 1700 Wh/kg provided by gasoline energy systems [107].

There are many possible reactions involving lithium and air. Depending on the
chemical environment and mode of operation, several products may result from the
reaction of Li and O2 as shown in Scheme 7.1, [108]. There are four major types of
Li-air battery systems: aqueous, aprotic/non-aqueous, all-solid-state, and hybrid.
Each of these systems is classified by the type of electrolyte used. In particular, the
non-aqueous system has attracted a lot of attention due to its potentially high energy
density and rechargeability [107].

There is much research necessary for the development of practical Li-air bat-
teries and commercialization. These include quantitatively demonstrating chemical
reversibility of the electrochemical reactions (and their relationship to the
discharge/charge currents) and understanding coulombic efficiency of the battery in
cycling. Furthermore, the investigation of various functional materials has been
highly active, covering oxidation-resistant electrodes and cost-effective catalysts (to
reduce overpotentials for charge/discharge reactions where insoluble products are
formed), new nanostructured air cathodes for optimal transport to active catalyst
surfaces, and robust Li metal or composite electrode (capable of repeated cycling at
high current densities). Also of great importance is the preparation of
high-throughput air-breathing membranes that separate O2 from ambient air (H2O
and CO2 limit lifetime of Li-air batteries) and understanding and limiting of the
origin of temperature dependences in Li-air batteries [109].

Recent work by Song et al. [92] on Li-air batteries has focussed on composites
of Co3O4 and carbon nanofibres that were produced through the carbonization of
Zeolitic Imidazolate Framework (ZIF)-9/PAN fibrous mats electrospun from
dimethylformamide (DMF) solutions. The initial discharge capacity was presented

O2 + 4Li + + 4e- ↔ 2Li2 O Erev = 2.91 V
O2 + 2Li + + 2e- ↔ 2Li2 O2     E rev = 2.96 V

Scheme 7.1 Cell reactions of lithium and oxygen
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at 760 mAh g−1 at a current density of 0.5 A g−1, which retained 55% of its total
capacity after 10 charge/discharge cycles [92]. This may be compared with an
initial discharge capacity of CO2-activated carbon nanofibres of 699 mAh g−1

presented by Nie et al. [93] at a current density of 0.2 A g−1; however, it is worth
noting that this cathode was not activated until reaching a temperature of 1273 K.
The capacity of an electrode is also greatly dependent on the current density being
used during measurements. A low current density will usually present with a greater
capacity though this may not be suitable for real-life use.

7.3.1.3 Li-S Batteries

While Li-S and Li-air (referred to as Li–O2 since O2 is the fuel) share the same
anode and have active cathode components (S and O2) that are neighbours in group
16 of the periodic table, there are important differences regarding their chemistry
and the states of their cathodes [110].

Advantages of lithium-sulphur batteries over other rechargeable battery systems
include their high specific energy with low costs. Disadvantages, however, include
poor electrochemical stability caused by diffusion of polysulphides from the cath-
ode to the anode known as the shuttle effect. Solutions to preventing this migration
and confining sulphur within the cathode region include the use of porous carbon
structures [104, 111–113], inorganic oxides, and polymers.

Work by Ji et al. [114] pioneered developments of conductive mesoporous
carbon frameworks to encapsulate sulphur nanofiller growth within its channels.
The mesoporous structure allowed for access of Li+ for reactivity with the sulphur
while also inhibiting diffusion within the framework and the properties of the
carbon helped in trapping polysulphides that are formed during redox. Reversible
capacities of up to 730 mAh g−1 were obtained at C/5 rate after 150 cycles of
charge/discharge after modifying the surface of hollow carbon nanofibres (as shown
in Fig. 7.7) to prevent the detachment of LixS from the carbon surface and achieve
specific capacities close to 1180 mAh g−1 with a capacity retention of 80% over
300 cycles [114–116].

7.3.1.4 Na-Ion Batteries

With the increase in portable electronics use, the prices of lithium-ion batteries have
increased correspondingly. As more applications adopt lithium-ion batteries as
power supplies, the strain on lithium sources is expected to increase to the point of
running out and efforts to find new sources of the metal and recycle existing
batteries will likely lag behind the current demands. An alternative to lithium lies in
the development of sodium-ion batteries since it is possible for Na-ion batteries to
be comparable if a cathode with 200 mAh g−1 capacity and a 500 mAh g−1

capacity anode can be discovered. Sodium is also the 4th most abundant element in
the crust of the Earth making supply a much smaller issue [117].
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While sodium-ion devices are still in the early stages of development, they are
promising for large-scale grid applications in spite of the high cost involved in
production of sodium-containing precursors used to make components. To evaluate
the potential of sodium-ion batteries as a replacement for lithium-ion, Ong et al.
[118] provided a comparison between the two using similar materials operating in
Li-ion and Na-ion systems. The larger mass and ionic radius of sodium to lithium as
well as various thermodynamic parameters affect a *300 mV higher standard
reduction potential of sodium.

Doping nitrogen into the carbon-based anodes generated extrinsic defects which
enhance reactivity and electronic conductivity. The sites at which nitrogen has been
added can also adsorb lithium ions and improve lithium storage [90, 119]. This
knowledge was used by Wang et al. [120] to improve the capacity of sodium-ion
batteries using functionalized, interconnected carbon nanofibres doped with

Fig. 7.7 Schematic design and fabrication process of hollow carbon nanofibres/sulfur composite
structure. a Design principle showing the high aspect ratio of the CNF for effective trapping of
polysulphides and b the fabrication process of carbon/sulfur cathode. c Digital camera images
showing the contrast of AAO template before and after carbon coating and sulfur infusion
(reproduced from Ref. [116] with kind permission of © 2011 American Chemical Society)
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nitrogen. The N-doped sites and functionalized groups were suggested as the cause
for a high current density of 134 mAh g−1 after 200 cycles at 0.2 A g−1 due to their
ability to capture sodium ions rapidly and reversible through surface adsorption and
surface redox reactions [120].

Carbon materials with a large interlayer distance and disordered structure are of
particular interest to the area surrounding sodium-ion batteries since these prop-
erties make them beneficial for Na+ insertion/extraction [117]. In a study by Bai
et al., polyvinyl chloride nanofibres were prepared though electrospinning and
pyrolysis at increasing temperatures (600–800 °C) and used as anodic materials in a
Na-ion cell, giving an initial reversible capacity of 271 mAh g−1 and retain
215 mAh g−1 after 120 cycles at 0.012 A g−1 [95]. While the current density affects
the apparent capacity of the electrode material, further tests showed a reversible
capacity of 147 mAh g−1 at 0.24 A g−1 [95].

7.3.2 Supercapacitors

A conventional capacitor stores energy in the form of electrical charge. Two
conducting materials are separated by a dielectric. When an electric potential is
applied across the conductors, electrons flow and charge accumulates on each
conducting plate, which remain charged after the potential is removed until they are
brought into contact again. The capacitance is a measure of the energy storage
capability and is related to the amount of charge that can be stored at an applied
potential.

The early patent surrounding electrochemical capacitors dates back to 1957
where a capacitor based on carbon with a high surface area was described [121].
Supercapacitors consist of two electrodes with extremely high surface areas kept
separate by an ion-permeable membrane that is used as an insulator to protect the
electrodes against short-circuiting. A liquid or viscous electrolyte that can be either
organic or aqueous is added to the cell and enters the pores of the electrodes and
serves as the conductive connection between electrodes across the insulator. These
cells must be sealed to ensure stable behaviour over its lifetime [13, 122].

Supercapacitor is a colloquial name for capacitors which store energy within an
electrochemical double layer at the electrode/electrolyte interface. Electrochemical
double-layer capacitor (EDLC) is the name that best describes the storage principle;
however, in general, there are contributions to the capacitance other than the
double-layer effects. In addition to the capacitance that arises from the separation of
charge in the double layer, reactions that occur on the surface of the electrode
provide a contribution. The charge that is required to facilitate these reactions is
dependent on the potential resulting in a Faradaic “pseudocapacitance” [13].

There are three types of supercapacitors: electrochemical double-layer capaci-
tors, pseudocapacitors, and hybrid types formed by combining both EDLCs and
pseudocapacitors.
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7.3.2.1 Electric Double-Layer Capacitors (EDCLs)

Previously, all electrochemical capacitors were called double-layer capacitors;
however, it became known that double-layer capacitors and pseudocapacitors were
part of a new family of electrochemical capacitors. Double-layer capacitance is the
electrostatic storage of electrical energy achieved through separation of charge in a
Helmholtz double layer at the interface between the surface of a conductor electrode
and an electrolytic solution electrolyte. The separation of charge in a double layer is
a few angstroms (0.3–0.38 nm) and is static in origin [13]. Double-layer charge
storage is a surface process, and as such, the surface characteristics of the electrode
greatly influence the capacitance of the cell. Similarly, the connection between the
electrode and the rest of the surface should be without the addition of other con-
ductive or binding agents to reduce the mass of electrochemically inactive com-
ponents present and sustaining a high specific capacitance with sufficiently high
conductivity [123].

There are various models that have been developed over the years to explain the
electrical processes that take place at the boundary between a solid conductor and
an electrolyte. EDLCs have demonstrated good cycling stability as well as rate
capability. However, they generally demonstrate low specific capacitance as well as
low energy density [16, 17]. An electric double-layer capacitor is most simply made
up of two electrodes immersed in an electrolyte yet kept separate by an
ion-conduction but electron-insulating membrane [124]. Activated carbon with a
large surface area provides a good platform material for double-layer formation
since they allow the capture and release of the electrolyte with relatively decreased
resistance, though this is dependent on the pore size and the solvated ion size of the
electrolyte [125–127].

Work by Xu et al. [96] has shown the production of polyaniline nanofibre
networks with a large specific capacitance of 280 F g−1 at a current density of
1 A g−1. The polyaniline networks were co-doped with nitrogen and phosphorus
since nitrogen doping can cause a shift of the Fermi level which facilitates electron
transfer, while phosphorus doping can restrain the formation of unstable surface
groups and also widen the potential window to increase the energy density of
EDLCs [28, 96, 128–130]. Lu et al. demonstrate a method of producing porous
nanofibres that exhibit a relatively high specific capacitance and may be easily
scaled up to produce bulk amounts of material, since a drawback of the electro-
spinning process is a low production rate coupled with safety concerns and costs
[123].

Nanofibrous gels formed using perylene diimide derivatives provided good
electrode materials after freeze-drying and carbonization. Due to the formation of
nanofibres during the self-assembly process, it is facile to incorporate other mole-
cules into the CNFs. In the case of potassium stannate being used as a base to
dissolve the perylene derivative, the preparation of Sn-incorporated CNFs was
described [22]. This method yielded gels with higher capacities for those formed
upon the incorporation of melamine into the gel, 115 F g−1 at a scan rate of
1 mVs−1. When F-127 (a water-soluble triblock copolymer) was used as a
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sacrificial template for CNFs during the carbonization process, higher surface area
and more interconnected micropores/mesopores were achieved. This was believed
to contribute positively towards an increased capacitance, 226 F g−1 at 4 A g−1

over 1000 cycles, through the improved movement of ions [22]. Nanofibrous
microspheres produced by Liu et al., mentioned previously, also demonstrated good
specific capacitance of 284 F g−1 at 1 A g−1, with a 67% capacitance retention after
1000 cycles at a current density of 4 A g−1 [44].

7.3.2.2 Pseudocapacitors

Pseudocapacitance is named as such to differentiate it from electrostatic capacitance
as it arises from reversible Faradaic reactions occurring at the electrode. The term
“pseudo” arises in order to be able to differentiate it from electrostatic capacitance,
since the charge transfer that occurs is voltage dependent and so a capacitive
phenomenon occurs. There are two types of mechanisms that can cause such a
phenomenon: redox reactions and the deposition of ions to form a monolayer.

Redox reactions occur at electrodes made from metal oxides or conducting
polymers. In the case of ruthenium oxide, charging and discharging curves arise as
a result of overlapping redox reactions as well as a significant double-layer
capacitance due to the porous structure of the hydrous oxide [131]. Deposition of
ions to form a monolayer on the electrode surface results in a Faradaic charge
transfer. If the sites are occupied randomly in a fixed lattice, the Langmuir
adsorption equation may be used to determine another equation, as shown in
Scheme 7.2, which can be used to describe a pseudocapacitive relationship [132].

While “pure” CNF materials act as EDLCs, the intercalation of metal oxide
nanoparticles results in pseudocapacitive action from the nanoparticles with the
CNF acting as a conducting support. This makes CNFs particularly favourable as
supports, since they can be easily intercalated with nanoparticles in layered struc-
tures which improve electronic conductivity while preventing active particles from
detaching from the CNF [97]. Aboulali et al. demonstrated encapsulation of Co3O4

within electrospun carbon nanofibres producing materials that gave a capacitance of
586 F g−1 at a current density of 1 A g−1 and presented good cycling stability of
74% retention after 2000 cycles at 2 A g−1 [97]. The Co3O4 nanoparticles were
securely dispersed within the CNF matrix, allowing for the pseudocapacitive action

Scheme 7.2 Equation describing the pseudocapacitive relation caused by the
adsorption/desorption of ions on the electrode surface where q1 is the amount of charge required
to form or disperse a complete monolayer, K is the electrochemical equilibrium constant, and V is
the electrode potential [13, 131]
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of the nanoparticles to occur without being hindered by separation and helped by
the conductivity of the CNF matrix [97]. A similar principle was demonstrated by
Wu et al. in their encapsulation of iron carbide nanoparticles within iron- and
nitrogen-doped carbon nanofibres for use in electrocatalysis [133].

The pseudocapacitive ability of MnO2 was shown by Zhi et al. when used as a
coating for CNFs after carbonization of electrospun PAN fibres from DMF, giving
an enhanced specific capacitance of 311 F g−1 for the whole electrode and showing
remarkable stability in comparison with previously reported CNF/metal oxide
coaxial electrodes [57, 134]. A drawback of this process would be the limited
scalability of production due to the use of electrospinning which suffers from a low
production rate.

7.3.2.3 Hybrid Capacitors (Asymmetric, Composite, Battery Type)

While supercapacitors have attracted an enormous amount of attention due to their
various advantages including power density and fast charge/discharge capability,
their energy densities are far behind batteries [135]. As such, it is necessary to
explore opportunities to increase energy density while maintaining power delivery.
Hybrid supercapacitors are typically made up of a carbon electrode from EDLC
systems and a battery electrode. If an appropriate combination can be found, an
increase in the cell voltage may be obtained, while a battery electrode material will
deliver more specific capacitance when compared with activated carbons, thereby
improving energy and power density [16].

Figure 7.8 shows the possible approaches to hybrid capacitors. Most hybrid
electrochemical capacitors produced have used pseudocapacitive materials as the
cathode, because they can accumulate charges through Faradaic processes which
can increase the specific capacitance and extend the working voltage [136]. Hybrid
capacitors can be assembled using hybrid materials such as mixed different metal
oxides or doped conducting polymer materials [136–138].

Wang et al. demonstrated a high-performance asymmetric supercapacitor using
carbon-MnO2 nanofiber electrodes that showed only 6% loss in its initial capaci-
tance after 5000 cycles at 4 A g−1 and excellent stability of the cell [135]. This can
be compared to research by Li et al. who produced a nickel–aluminium layered
double-hydroxide nanosheets/carbon nanotube composite which was then tested for
both its electrochemical performance and also its possible application in an
asymmetric capacitor [99]. Both electrode materials showed remarkable stability,
ability to withstand repeated cycles at reasonable current densities, as well as being
able to be easily integrated into a circuit given CNF capabilities to be used without
binding agents.

Another example of hybrid capacitor electrode material was recently shown by
Li et al. where hierarchical porous V2O5 nanosheets on carbon nanofibres were
investigated. They demonstrated good electrochemical performance of 408 F g−1 at
a current density of 1 A g−1, as well as good cycling stability over 10,000 cycles,
showing only 10.7% loss in specific capacity [98]. However, an advantage of this
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material would be its flexible nature and its ability to retain capacity after bending
200 times showing a robust nature suitable for practical application.

7.4 Conclusion and Outlook

There has been a global increase in demand for energy storage that can provide the
high energy density requirements needed for a variety of applications. Carbon
nanofibres have been shown to be promising in energy storage. Among the fabri-
cation methods described in this chapter, electrospinning can form free-standing
fibrous mats which, after carbonization, can be used without binders, substrates, or
conducting agents, thereby increasing the energy density and making fabrication
simpler by allowing the fibres to be directly employed as electrode materials.
Through variation in feed rate, voltage, solution mix, and distance between the
needle and collector, the morphology of fibres may be varied and thus their
properties may change. Catalytic chemical vapour deposition is able to produce
nanofibres rapidly, and the morphology of the fibres may be altered through the use
of different starting materials. However, the instrument with high temperature and
high vacuum is required for this technique. Two recently developed methods
(controlled freezing and nanofibrous gelation) have been used to prepare polymer
nanofibers, which can then be carbonized to produce carbon nanofibers. Polymers
with high carbon content may have to be used. It is also more convenient to produce
a large quantity of nanofibers with the latter two methods.

Fig. 7.8 Schematic representation of different hybridization approaches between supercapacitor
and battery electrodes and materials (reproduced from Ref. [138] with kind permission of © 2015
Royal Society of Chemistry)
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These carbon-based nanofibres have shown promising applications within the
realm of rechargeable batteries, whether the cell be Li-ion, Li-air, Li-S, or Na-ion.
Due to the interlayer spacing in CNFs, it is possible for metal ions to intercalate
into a CNF-based anode during the charging process of the cell and be released
later while showing relatively good cycling capability. Problems with batteries arise
due to shortages of lithium as well as the “shuttle” effect that occurs in Li-S
batteries and side reactions that occur in Li-air cells. While sodium is relatively
abundant and inexpensive, achieving the appropriate capacity for use in trans-
portation has been a problem, though Na-ion batteries have been shown to be good
for use in grid applications. As electrode materials for supercapaitors, the
carbon-based nanofibres have demonstrated high capacity and high recyclability.
The porous CNFs, when co-doped with nitrogen and phosphorus, demonstrated an
increase in energy density and facilitated electron transfer. The incorporation of
metal oxides into the CNF matrix leads to an effective pseudocapacitive system due
to redox reactions and/or the formation of a monolayer through deposition of ions.
The use of CNF electrodes is also reported in hybrid capacitors.

However, to employ the carbon-based nanofibres for the perspective industrial
energy storage applications, the materials need to be produced at a large scale with
reproducible morphology and physical properties. The preparation conditions are
required to be optimized with regard to control of the diameter, porosity, and
doping composition of the nanofibers. The optimization of the procedures for
preparing the electrodes and assembling the devices (e.g. batteries, supercapacitors)
is equally important for safe and efficient use of this technology to meet the
increasing energy demand.
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