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With the depletion of fossil fuels and the increasing demand of energy for economic development, it is urgent to develop renewable
energy technologies to sustain the economic growth. Electrospinning is a versatile and efficient fabrication method for one-
dimensional (1D) nanostructured fibers of metals, metal oxides, hydrocarbons, composites, and so forth. The resulting nanofibers
(NFs) with controllable diameters ranging from nanometer to micrometer scale possess unique properties such as a high surface-
area-to-volume and aspect ratio, low density, and high pore volume. These properties make 1D nanomaterials more advantageous
than conventional materials in energy harvesting, conversion, and storage devices. In this review, the key parameters for e-
spinning are discussed and the properties of electrospun NFs and applications in solar cells, fuel cells, nanogenerators, hydrogen
energy harvesting and storage, lithium-ion batteries, and supercapacitors are reviewed. The advantages and disadvantages of
electrospinning and an outlook on the possible future directions are also discussed.

1. Introduction

The human society is facing tremendous challenges with
respect to depleting fossil energy and increasing energy
demands. In order to solve these issues, the construction of
efficient and clean energy conversion and storage devices,
such as wind turbines, photovoltaic cells, and lithium-ion
(secondary) battery, is essential. One-dimensional (1D) nano-
structured materials such as nanofibers (NFs), nanowires
(NWs) [1], nanotubes (NTs) [2], and nanorods (NRs) [3] have
attracted extensive attention due to their unique physical and
chemical characteristics. Among these 1D nanostructured
materials, continuous NFs have been the focus of studies
because of their unique properties compared to other nanos-
tructuredmaterials in the application of energy devices. Until
now, numerous methods such as template-assisted synthesis
[4], chemical vapor deposition (CVD) [5], self-assembly
[6], wet chemical synthesis [7], and electrospinning have
been applied to the preparation for nanofibrous materials.

Compared to other methods, electrospinning has the merits
of simplicity, high efficiency, low cost, and high reproducibil-
ity. Electrospinningwas first developed as a patent to produce
continuous fibers in 1934 [8]. Since then, much attention
has been focusing on this technique and its applications (as
shown in Figure 1). As a versatile method, electrospinning
can be applied to the fabrication of one-dimensional (1D)
nanomaterials of polymers, inorganic materials, and com-
posites with diameters ranging from tens of nanometers to
several micrometers. Particularly, compared to 1D materials
synthesized with other methods, the NFs prepared by elec-
trospinning have larger specific surface areas, higher aspect
ratio, and better pore interconnectivity, which are favorable
for energy conversion and storage. In addition, electrospun
NFs with various morphologies and structures such as core-
shell [9], hollow [10], yarn [11], and porous [12] structures
can be obtained by modifying process parameters including
applied voltage, feed rate, collector type, tip-to-collector
distance, nozzle design, and calcination treatment. In this
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Figure 1: (a)The number of research publications produced between 1999 and 2014 using electrospinning and (b) research articles published
using electrospun NFs in different energy-related areas between 1998 and 2014.

review, the fundamentals and properties of electrospun NFs
are presented and applications in solar cells, fuel cells, nano-
generators, hydrogen energy harvesting and storage, lithium-
ion batteries, and supercapacitors are discussed. The advan-
tages and disadvantages of electrospinning and an outlook
on the possible future directions are also provided. Figure 1
shows the increasing number of publications relevant to elec-
trospinning since 1999 and research articles of electrospun
NFs in different energy-related domains between 1998 and
2014. It is obvious that there is significant growth of the
energy-relative application research activities.

2. Fundamentals of Electrospun Nanofibers

2.1. Working Principles of Electrospinning. Electrospinning
produces fibers with diameters ranging from nanometer to
micrometer scale when the electrostatic force is applied on
solutions or melts. A general electrospinning setup consists
of three primary components as shown in Figure 2: a high
voltage power supply (usually in the kV range), a syringe with
a metallic needle, and a grounded collector (solid substrate
or liquid media). In a typical electrospinning process, high
voltage is applied on solutions or melts. Subsequently, a pen-
dant droplet forms.When the electrostatic repulsion starts to
overcome the surface tension of the fluid, the pendant droplet
will deform into a conical droplet known as the Taylor cone
at the tip of the needle. As the electrostatic force overcomes
the surface tension of the conical droplet, a fine, charged jet
of polymer solution is ejected from the tip of the needle. The
interaction between the electric field and the surface tension
of the fluid stretches the jet stream and makes it undergo a
whipping motion leading to the evaporation of the solvent.
This causes the jet stream to be continuously elongated as a
long and thin filament and then this filament solidifies and is
eventually deposited onto a grounded collector, resulting in
the formation of a uniform fiber.

2.2. Orientation and Hierarchical Structures of NFs. NFs with
different orientation and hierarchical structures can be pro-
duced by electrospinning. The orientation of NFs includes
random and aligned structures as shown in Figure 3. In

Power supply

Collector
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Figure 2: Schematic of a laboratory-scale electrospinning setup.
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Figure 3: Scanning electronmicrographs of electrospun (a) random
NFs, (b) aligned fibers at an angle, and (c) aligned fibers (adapted
from [21]).

particular, the well-aligned and highly ordered NFs are often
required for energy devices. It is worth noting that the fiber
collectors play a crucial role in obtaining aligned orientation.
In the past decades, many progresses have been achieved
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Figure 4: Schematic illustration (left side) and SEM of electrospun core-shell NFs and hollow NFs (right side) (adapted from [22]).

in enhancing alignment of electrospun NFs by using special
designed collectors, such as rotating drum [13], metal frame
[14], or two conductive substrates separated by a gap [15]. In
addition, Teo et al. developed a liquid system combined with
a rotating mandrel where continuous yarn was made from
electrospun fibers [11].

In recent years, hierarchical nanostructured materials
have attracted notable attention and have been found to have
fascinating applications in dye-sensitized solar cells (DSSCs),
hydrogen generation, photocatalysts, fuel cells, lithium-ion
batteries (LIBs), biomedicine, and environmental remedia-
tion due to their unique properties [16, 17]. Hierarchical elec-
trospun NFs structures include core-shell, hollow (as shown
in Figure 4), and porous structures. Besides, many studies on
the manufacturing methods of hierarchical structures of NFs
from different materials have been reported [18, 19]. Briefly,
the core-shell fibers can be formed by coelectrospinning
using a spinneretwith two coaxial capillarieswhere a polymer
solution (shell) and a nonpolymer solution (core) or two
different polymer solutions (core-shell) can be utilized as
precursor solutions and cospun. In such a spinning process,
the inner and outer precursor solutions reach the nozzle
through their respective capillaries and form composite
droplets. Driven by electrostatic repulsions between the
surface charges, the shell liquid of the composite droplets was
elongated thereby generating viscous stress.Then this viscous

stress was transferred to the core layer and the core liquid
was then rapidly stretched. A composite jet is thus formed
[20]. Core-shell electrospun NFs were obtained after further
stretching and solidifying the composite jet. Such core-shell
NFs can be used to obtain hollow structured NFs after going
through posttreatment like removal of polymer core (usually
by solvent extraction or calcination).

2.3. Near-Field Electrospinning and Electrohydrodynamic Jet
Printing. Near-field electrospinning (NFES) has been devel-
oped as a process of direct-written nanostructure or orderly
nanoarrays for a variety of nanofibers in a controllable and
continuous manner. The feature of NFES is that a shorter
electrode-to-collector distance ranging from 500𝜇m to 3mm
is to utilize the stable region of the electrospun jet close to
the needle and a reduced applied voltage commonly 100V∼
600V (dependent on the needle-to-substrate gap) is used
to activate the process [23]. Compared with conventional
electrospinning (far-field electrospinning), NFES is superior
in two aspects. One is that it can realize the positioning
of individual nanofibers with high precision by shortening
the needle-to-collector distance. The other is that it can also
enable an improved control of fiber morphology, which is
essential for the exploitation of single active fibers for pho-
tonic or sensing applications [24]. Based on the above merits,
so far, polymers like polyethylene oxide (PEO) [25, 26],



4 Journal of Nanomaterials

(a) (b)

(c)

Figure 5: Scanning electron micrographs of NFES NFs. (a) The three-character Cal is drawn on a silicon chip by a programmable 𝑥-𝑦 stage
(reproduced from [25]). (b) A triangular pattern is formed by single continuous nanofiber deposited on a silicon chip for 15min (reproduced
from [25]). (c) Six carbon posts connected to each other by nanofibers obtained by NFES with 2wt% PEO polymer at 300V (reproduced
from [26]).

polycaprolactone [27], and composite (PEO/carbon NTs)
[28] nanofibers have been successfully assembled in two-
dimensional even complex three-dimensional patterns such
as character “Cal,” triangular pattern, and six carbon posts
connected by nanofibers fabricated with NFES (as shown
in Figure 5). Such patterns can be achieved by using an 𝑥-
𝑦 stage. What is more, the well-aligned light-emitting con-
jugated polymer nanofibers have also been obtained via
NFES, which is difficult to be synthesized with far-field
electrospinning due to its incapacity for high spatial control,
indicating the possibility of precise positioning and integra-
tion of conjugated polymer fibers into light-emitting devices
[24]. Similar to the conventional electrospinning process, the
diameter of nanofibers could be varied by adjusting vari-
ous process parameters. However, contrary to conventional
electrospinning, it has been found that higher voltage would
result in fibers with larger diameters in NFES.This is because
in NFES the initial polymer jet diameter instead of bending
instability determines the final nanofiber diameter.

In addition to NFES, electrohydrodynamic (EHD) jet
printing is another technology that can be utilized to directly
write structures in two or three dimensions [29]. In the pro-
cess of EHD jet printing, an electric potential lower than
that used in NFES was applied between the nozzle and the
substrate; thus a pulsatingmode rather than a stable jet mode
which was used in electrospinning occurred. Such a pulsat-
ing mode, also called nanodripping different from another
pulsating-EHD jet printing mode in which the duration of
the pulse determines the volume of the droplet and therefore
the feature size on the substrate [30–32], can result in the
ejection of single nanodroplet composed of nanoparticles
from the apex of a liquid meniscus. After droplet impact and
solvent vaporization, nanoparticles are uniformly distributed
and their lateral size is equal to that of a single nanodroplet.
Then the electric field will be applied again to guide the
second droplet to locate in exactly the same spot and the
schematic of EHD printing process is displayed as shown in
Figure 6. It is worth noting that droplet diameter decreases
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Figure 6: Schematic of EHD printing process. (a) Growth of a liquid meniscus and subsequent ejection of ink nanodroplets from its apex
on application of a DC voltage. During DC on-time, droplets are ejected at a homogeneous period 𝜏

𝑒
and, once impacted, are vaporized

(represented by wavy arrows) in the course of 𝜏
𝑒
. After periodic repetition of this event (for illustration convenience merged into one cycle), a

sharp structure consisting of amultitude of formerly dispersed nanoparticles rises from the substrate, attracting approaching charged droplets
by EnA (straight arrows). The growth process is further illustrated with SEM micrographs (150 nm scale bar) of (b) the deposition pattern
of a single nanodroplet and that of (c) actual nanopillar. (d) The deposition pattern of actual nanopillar with a 50 nm diameter and 850 nm
height composed of gold nanoparticles (reproduced from [33]).

with the increase of applied voltage. However, when the
applied voltage increases to a certain value, the droplet dia-
meter will not vary with further enhancement of applied
voltage. Compared with NFES, it is more difficult to obtain
aligning continual patterns by EHD jet printing; however, it is
still an attractive method to manufacture nanostructures that
do not need essential requirement for alignment on a large
scale [29].

2.4. Critical Parameters of Electrospinning. The character-
istics of electrospun nanofibers depend on a number of
parameters. These parameters are commonly divided into
three categories: solution parameters (such as solution con-
centration and/or viscosity, solution surface tension, and
solution conductivity), process parameters (such as feed rate,
applied voltage, and tip to collector distance), and ambient
conditions (like ambient temperature and humidity) [34–
36]. The following will discuss the influential parameters
on morphology and diameter of fibers in the process of
electrospinning.

2.4.1. Solution Concentration. Solution concentration is one
of the factors that determine the diameter of fibers. It has been

found that fibers with a smaller diameter can be obtained by
reducing the concentration of the polymer solution.However,
when the solution concentration is decreased to the entan-
glement concentration (Ce), beaded fibers are produced [37].
Once belowCe only droplets containing the polymer solution
are collected because of no entanglements formation. An
increase in concentration above Ce prevents the formation of
beaded fibers and when the increase is up to 2–2.5 times Ce
smooth fibers are obtained [37, 38]. When the concentration
is too high, helix-shaped microribbons are formed [39].

2.4.2. Feed Rate. The feed rate of the solution is a crucial
factor that influences the diameter and morphology of fibers
in the electrospinning process. As the feed rate of the solu-
tion increases, the charge density will decrease. A high
charge densitymay lead to the electrospinning jet undergoing
secondary bending instabilities, which contributes to the
formation of fibers with smaller diameter [40, 41].Thus, with
an increase of the feed rate, there is a corresponding increase
in the diameter of the fibers. It is worth noting that fibers with
beads are formed when the feed rate of solution is too high
due to not providing enough time for solvent evaporation
[42, 43].
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2.4.3. Applied Voltage. The applied voltage to the solution is
also an important parameter. This is because fiber formation
only occurs when the applied voltage surpasses the threshold
voltage (about ∼1 KV/cm, dependent on the gel solution).
In most cases, applied voltage affects fiber diameter, but the
level of significance varies with other parameters such as the
polymer solution concentration and the distance between the
tip and the collector [44]. As previously discussed, an increase
in the applied voltage increases the electrostatic force on the
solution, which favors the stretching of the jet, ultimately
leading to reduction in the fiber diameter. It has been found
that changing the applied voltage will change the shape of the
initial drop thereby resulting in a change in the structure and
morphology of the fibers [45].

2.4.4. Tip to Collector Distance. Both the diameters and the
morphology of the nanofibers can be also controlled by
the distance between the tip and the collector, although the
effect is not as notable as the other previously mentioned
parameters [46]. A minimum distance that enables enough
time for solvent evaporation before the fibers reach the
collector is required in the process of electrospinning. Longer
distance has yielded thinner fibers [47]. Beads would produce
when the distance was too far or too close [48, 49].

2.5. Material Properties of Electrospun Nanofibers. NFs
exhibit numerous fantastic properties in several fields such
as optics, electricity, mechanics, thermotics, magnetics, and
chemistry due to their surface effect, small-size effect, inter-
face effect, and quantum size effect. The most direct impact
of quantum size effect is the blueshift of the boundary of
the absorption spectrum. Thus, photon-generated charge
carriers transfer to the surface more easily and the small-
size effect gives rise to a high extinction coefficient that all
ultimately lead to high quantum efficiency. Additionally, the
NFs prepared by electrospinning have a high surface area-
to-volume ratio (SVR), high porosity, and a unique web
structure that are crucial to energy conversion and storage.

2.5.1. Surface Area-to-Volume Ratio. In terms of the outstand-
ing feature of SVR, it has been found that the NFs with
higher SVR show enhanced dye adsorption and faster charge
transport. Therefore, electrospun NFs can be used as solar
energy conversion materials for energy devices such as dye-
sensitized solar cells and hydrogen generators. High SVR also
enables NFs to form a nonwoven structure thereby producing
good ionic conductivity [50]. Thus, electrospun NFs can be
used as separator materials in fuel cells and batteries.

2.5.2. Porosity. The high porosity of nanofiber structures
is necessary for their application in hydrogen storage. For
example, when electrospun graphite nanofiber structures
with small pores are used as hydrogen storage materials,
hydrogen molecules can enter and aggregate between layers
of graphite through pores on theNFs surface leading to a high
storage capacity [51].

In summary, it is these unique properties that make
electrospun nanofiber materials more attractive to be used
in many areas like environmental modification, energy,
medicine, and water filtration.

2.6. Advantages and Disadvantages of Electrospinning. Numer-
ous aforementionedmethods have been used to manufacture
NFs and electrospinning is regarded as a versatile and simple
method to generate ultrafine fibers that are between tens
of nanometers and several micrometers in diameter using a
rich variety of materials that includes polymers, inorganic
materials, and composite materials. It is worth noting that
electrospinning is a continuous process that results in the
formation of longer fibers compared to fibers prepared by
other chemical or physical methods [52]. Tunable mor-
phologies and structures can produce desired properties by
controlling the process parameters and/or designing special
electrospinning apparatus.

2.6.1. Advantages. A unique advantage of electrospinning is
that complex hierarchical structures can be obtained via con-
trolled calcination [53].These complex structures are difficult
to fabricate using conventional approaches like template-
assisted synthesis, self-assembly, CVD, and other solution-
based methods.

Wet-chemistry methods such as polyol method [54, 55],
hydrothermal method [56, 57], and sol-gel synthesis [58,
59] have also been adopted to synthesize NWs. Of these,
hydrothermal method has been viewed as one of the efficient
fabrication methods of inorganic nanomaterials. Specifically,
TiO
2
NWs produced by this method have advantages of fine

and controllable crystal form and good dispersibility. How-
ever, compared to electrospun NWs (see Figure 7(a)), NWs
synthesized via the hydrothermal method (see Figure 7(b))
typically have a lower aspect ratio, which is crucial to charge
transfer in energy devices such as LIBs and hydrogen genera-
tors. In addition, the disadvantages of hydrothermal method
such as relatively long production cycle, rigid temperature,
and pressure conditions make electrospinning more attrac-
tive. NWs prepared by sol-gel tend to display larger aggre-
gated structures, which negatively affect their performance
in an energy device. Considering the lengthy and complex
procedures in the milling of NWs prepared by sol-gel (see
Figure 7(c)), sol-gel is inferior to electrospinning. Generally
speaking, electrospinning is a comprehensive, simple, and
advantageous approach for fabrication of NWs or NFs.

2.6.2. Disadvantages. Electrospinning currently has several
limitations. First, in the preparation of organic NFs, the
variety of polymers used in electrospinning is limited and the
structure and performance of NFs are not well researched.
Second, the performance and range of application of electro-
spun inorganic NFs have been limited due to their friability
after calcination, although inorganic NFs have a potential
application in many fields such as energy devices, high tem-
perature filtration, biological tissue engineering, and efficient
catalysis. Third, electrospinning has been implemented at
industrial level; however, in terms of producing fibers for the
application of filters electrospinning is inferior to traditional
methods due to its higher cost to produce fibers with large
diameter. Furthermore, it remains a challenge to fabricate
NFs with diameters less than 10 nm by electrospinning [16].
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Figure 7: SEM images of (a) electrospun TiO
2
NWs on a flat substrate (adapted from [60]). (b) Anatase TiO

2
NWs prepared by hydrothermal

method (reproduced from [61]). (c) TiO
2
NWs prepared by sol-gel synthesis method at 400∘C (reproduced from [59]).

3. Applications in Energy Devices of
Electrospun NFs

3.1. Energy Harvesting and Conversion Devices

3.1.1. Solar Cells. In 1954, Chapin et al. developed the first
piece of crystalline silicon solar cells with 4.5% conversion
efficiency, which opened up a new era in the use of solar
energy [62]. Since then, the solar energy technology devel-
opment has gone through three stages: monocrystalline and
polycrystalline silicon solar cells, amorphous silicon thin film
solar cells, and the third generation solar cells referring to new
concept solar cells with high conversion efficiency such as the
dye-sensitized solar cells and hybrid solar cells. While many
advances have been made in photovoltaic devices, efforts still
need to be made to dramatically improve the conversion
efficiency of photovoltaic cells. One efficient strategy is the
introduction of new structured materials like electrospun
nanofiber materials.

(1) Dye-Sensitized Solar Cells

(a) Photoanode. Dye-sensitized solar cells (DSSCs) can
directly convert light into electricity with the help of a pho-
tosensitizing dye. A typical DSSC consists of three primary
components: a photoanode, a counter electrode, and an elec-
trolyte. A photoanode is generally composed of a transparent
conducting glass coated with a porous semiconductor film,
and the photosensitizing dye is adsorbed on this semiconduc-
tor film. In DSSCs, once the photosensitizer absorbs photons,
the photoelectrons first move into the conducting band of
the semiconductor from the photosensitizer and are collected
on the photoanode. The photoelectrons further transfer to
the counter electrode through the external circuit to form
current. In this process, the maximum light absorption and
efficient charge transport affect the overall photoelectric
conversion efficiency. Hence, the photoanode plays a vital
role. Electrospunmetal oxide nanofibers as a thin film coated
with photoanode have been a hot research topic due to their
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Figure 8: SEM images of the bilayer TiO
2
nanofibers photoanode of a dye-sensitized solar cell (adapted from [74]).

high specific surface area and 1D fibrous morphology. The
high specific surface area enhances the absorption of photo-
sensitizing dye. In contrast to those sintered nanoparticles, 1D
fibrous morphology has lower grain boundaries attributes to
its improved interconnectivity and high surface areas, which
leads to better charge conduction and reduced charge-carrier
recombination [63, 64]. In addition, the large and controllable
pore sizes of electrospunNFs contribute to the penetration of
viscous polymer gel electrolyte [65].

TiO
2
anatase NFs prepared by electrospinning have been

mainly used as photoanode material [66–68]; however, one
of the major problems is their poor adhesion to conductive
substrate. Many effective methods have been adopted to
solve the problem, such as converting electrospun nanofibers
into nanorods [69], using hot press pretreatment [70], and
introducing ultrathin surface treatment layer (STL) [71].
Additionally, some efforts have been made on TiO

2
com-

posites (especially for NPs incorporated in NFs), which are
used as a photoanode of DSSCs.This is mainly because, when
NPs are incorporated in electrospun NFs, the NPs enable
the NFs/mats excellent performance [72]. For example,Wang
et al. introduced a free-standing nonwoven composite of
hybrid nanofibrous TiO

2
/SiO
2
mat and TiO

2
nanoparticles.

The DSSC based on this composite photoanode achieves a
power conversion efficiency of 6.67 ± 0.33% on FTO/glass
substrate. It is believed that the TiO

2
nanoparticles enhance

the dye loading, while the TiO
2
NFs improve the electron

transport and the SiO
2
NFs provide the mechanical strength

and flexibility [73]. Similarly, Yang and Leung [74] prepared
an innovative coexistence of TiO

2
NPs/NFs comprising both

smaller-, larger-diameter electrospun TiO
2
NFs and TiO

2

NPs, which served as a photoanode of DSSCs (as shown
in Figure 8). In their study, the power conversion efficiency

(PCE) reached 8.40%, which could be explained by the
following effects. First, the TiO

2
NF packed with highly

crystalline TiO
2
grains not only could provide a large surface

area to improve photon absorption but also could enhance
the transport and collection of electrons. Second, the bigger-
diameter fiber layer could work as the light-scattering that
reduces the transmission of incident light and makes the
light repeatedly used and thereby increases the photocurrent
density [75].

(b) Counter Electrodes. In DSSCs, the counter electrode (CE)
plays a role in transmitting and collecting electrons and the
catalytic activity of CE affects the device’s internal series resis-
tance, resulting in a change of fill factor [76]. The traditional
used counter electrode in DSSCs is platinum (Pt) as a result
of its high electrocatalytic activity and high photovoltaic
performances with I

3

−

/I− redox couples [77]. However, Pt
is expensive and the long-term stability of the DSSCs based
on Pt CE is unsatisfactory due to the corrosive I

3

−

/I− redox
couple. In order to overcome these problems, many studies
have been carried out on alternative counter electrodes such
as carbonaceousmaterials (graphite [78],mesoporous carbon
(C) [79], and CNTs [80]) that are integrated into transition
metal compounds to replace Pt [81]. Additionally, Joshi et
al. [82] prepared electrospun carbon NFs and found that the
short circuit current density (𝐽sc) and open circuit voltage
(𝑉oc) of such CNFs based cells were comparable to that of
Pt-based cells, but the efficiency was different. The relatively
lower performance of the carbon NFs based cells is mainly
attributed to their lower fill factor (FF) caused by high
series resistance, whichwas probably improved by fabricating
thinner and highly porous CNFs in order to reduce the
thickness of the CE. Noh et al. [83] synthesized electrospun
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Table 1: Photovoltaic parameters of the DSSC devices with respect to different counter electrodes made of electrospun nanofibers obtained
under air-mass (AM) 1.5 illumination at 100mW/cm2.

Counter electrode Fiber diameter (nm) 𝑅
𝑠
(Ω/ cm2) 𝑉oc (V) 𝐽sc (mA/cm2) FF 𝜂 (%) Ref.

PtNFs 40–70 71 0.81 12.3 60.4 6.0 [76]
CNFs 250 15.5 0.76 12.6 0.57 5.5 [82]
CNFs + PtNPs 140–160 NA 0.66 13.54 49.81 4.47 [83]
Cu2ZnSnS4NFs 30–40 69 0.574 8.42 65 3.9 [84]

CNFs/Pt nanocomposites combining with different amounts
of Pt nanoparticles.DSSCs fabricatedwithCNF/Pt nanocom-
posites (with 40wt% Pt nanoparticle) exhibit much better
𝐽sc, 𝑉oc, FF, and photoconversion efficiency (4.47%) than do
those with CNF only and CNF/Pt nanocomposites do (with
20wt% Pt nanoparticles). This is because the presence of
well-distributed Pt nanoparticles on the CNFs improves the
electrocatalytic activity with the I−/I

3

− electrolyte. Recently,
Mali et al. [84] have fabricated kesterite Cu

2
ZnSnS

4
(CZTS)

NFs by electrospinning process. Using cellulose acetate sol-
vent counter electrode, DSSCs achieve higher conversion
efficiency than Pt-based CE due to lower interfacial recom-
bination between the counter electrode and electrolyte and
lower series resistance. And the photovoltaic performances of
electrospun nanofibers counter electrodes mentioned above
are summarized in Table 1.

(c) DSSCs Electrolytes. Although the power conversion effi-
ciency (PCE) of DSSC based on liquid electrolyte has sur-
passed 11% [85], the leakage and volatilization of liquid
electrolytes result in a poor long-term stability, thereby
restricting the practical application of DSSCs. To address
this issue, inorganic or organic hole conductors, ionic liq-
uids, and polymer gel electrolytes have been investigated as
replacements for liquid electrolytes in DSSCs [86]. It is worth
noting that polymer gel electrolyte employed in quasi-solid-
state DSSCs has attracted wide attention from researchers
due to their high thermal stability, good permeability into
the mesoporous TiO

2
electrode and the counter electrode,

and high ionic conductivity [87]. The commonly used
polymer gel electrolytes for quasi-solid-state DSSCs include
polyacrylonitrile (PAN), polymethylmethacrylate (PMMA),
and poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-
HFP), among which, PVDF-HFP exhibits relatively high sta-
bility and ionic conductivity at room temperature. However,
the major drawbacks of these polymer gel electrolytes are
complex preparation technology and lower PCE. To over-
come these problems, electrospun polymer gel electrolytes
membranes have been examined. For instance, Kim et al. [88]
fabricated electrospun PVDF-HFP nanofibers films and spin-
coated PVDF-HFP films that were applied to the polymer
matrix in polymer electrolytes for DSSCs. The experimental
results have shown that the DSSC devices using electro-
spun PVDF-HFP nanofiber films exhibited higher PCE than
that of DSSC devices using spin-coated PVDF-HFP films
because of their high porosity and electrolyte uptake and
1D fiber morphology. It was evident that, with increasing
the ionic conductivity of electrospun PVDF-HFP nanofiber
films, the photocurrent density of DSSC devices decreased.

Therefore, it indicates that photocurrent density and effi-
ciency of DSSC using electrospun PVDF-HFP nanofibers
in electrolytes are not necessarily proportional to the ionic
conductivity in electrolytes. In addition, Sethupathy et al. [89]
prepared PVdF-PAN-V

2
O
5
electrolyte nanofiber membrane

by electrospinning technique and such composite nanofiber
membrane based DSSCs showed a 𝑉oc of 0.78V, a FF of 0.72,
and a 𝐽sc of 13.8mA cm−2 at an incident light intensity of
100mWcm−2 leading to a photovoltaic efficiency of 7.75%.
It has been demonstrated that such improved photovoltaic
performances can be attributed to the high liquid electrolyte
uptake resulting from the excellent porosity of composite
nanofiber membrane.

3.1.2. Fuel Cells. Fuel cells are energy devices that can con-
vert chemical energy into electrical energy through the
redox reaction between anode and cathode. However, unlike
batteries, fuel cells store the reactants externally instead of
internally and enable the continuous production of electricity
under the condition of sustaining supply of fuel (commonly
hydrogen and methanol). Among all types of fuel cells,
proton exchange membrane fuel cells (PEMFCs) and direct
methanol fuel cells (DMFCs) have been considered to be
the potential candidate for industrializing due to their high
power density and low operating temperature. Compared
with PEMFC, DMFC exhibits more advantages such as
nonexisting hydrogen preparation, storage, transportation
and security problems, fuel feed directly without external
reforming process, simple structure, short response time, and
easiness of operation.

(a) Electrospun Catalyst-Supports.The usage of a high cost Pt
catalyst in DMFCs limits their value of commercialization.
To overcome this problem, exploring new materials or Pt-
catalyst-supporting materials as electrocatalyst is essential.
In recent years, many researches have been focusing on
novel nanostructured carbon materials such as NTs [90, 91]
and NFs [92–94] for catalyst-supports in DMFCs due to
their good electronic conductivity and low cost. Indeed, the
specific 1D morphology can improve the stability of the
support materials as well as the overall better performances
of resulting electrodes. Electrospinning has been considered
as a synthesis technique for carbon materials with controlled
diameters and structures. PAN [95], polyaniline (PANI) [96],
and polyimide (PI) [97] have been widely used to produce
electrospun carbon NFs or NTs as supporting materials and
substitutes of Pt catalyst because of their higher porosity and
larger specific surface area that are favored for the uniform
dispersion of Pt nanoparticles. For instance, Li et al. [98]
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Table 2: The summary of electrospun proton conducting polymers as electrolyte membrane of fuel cells.

Polymer Solvent Carrier polymer Proton conductivity (mS/cm) Ref.
Nafion Methanol 0.1 wt% PEO 1.5 (30∘C and 90% RH) [106]
NTDA-BDSA-r-APPF DMF None 1.31 (80∘C and 98% RH) [107]
PFSA Methanol/water 1 wt% PEO 0.16 (80∘C and 80% RH) [102]
PFSA Methanol/water 50wt% PEO 0.041 (80∘C and 80% RH) [102]

investigated Pt clusters electrodeposited on the electrospun
carbon nanofibrous mats (CFMs) through a multicycle CV
method for DMFC applications. Compared to commercial
Pt/C, such carbon nanofibers enhance the catalytic peak cur-
rent of methanol revealing that the 1D structure of the carbon
mat is favorable to the catalytic performance of the catalyst.
In another study, Pt/C supported by CNFs showed higher
electrocatalytic activity, better stability, a larger exchange
current, and a smaller charge transfer resistance than that
supported by commercial carbon paper, which was attributed
to a smaller contact resistance between the catalyst particles
and the support material with a good dispersion of catalyst
particles into the CNF mats [99]. In addition, another group
has investigated such amaterial as Pt-free electrocatalyst. Guo
et al. [100] synthetized non-Pt nitrogen-doped CNTs/CNFs
composite (NCNT/CNFs) by electrospinning as an efficient
cathode catalyst for the oxygen reduction reaction in fuel
cells. It was believed that the enhanced catalytic activity and
better long-term stability can bemainly ascribed to pyridinic-
N doping and unique three-dimensional network structures.

(b) Electrospun ElectrolyteMembrane.Proton exchangemem-
brane (PEM) is another important component of fuel cells.
The proton conductivity and fuel crossover are two factors
that affect the energy conversion efficiency. Nafion has
been typically used as the commercial polymer electrolyte
membrane exhibiting relative high proton conductivity that is
derived from its unique chemical structure [101]. Electrospin-
ning of Nafion perfluorosulfonic acid (PFSA) polymer has
stimulated recent interest. However, Nafion alone is difficult
to electrospin and requires the presence of a high molecular
weight carrier polymer such as PEO [102], poly(acrylic acid)
(PAA) [103], or poly(vinyl alcohol) (PVA) [104] in the electro-
spinning solution due to its insolubility in alcohol/water solu-
tions and in common organic solvents [105]. The presence of
such carrier polymer has been found to reduce the proton
conductivity and thus more recent studies have focused to
minimize the carrier polymer content. A study by Dong et al.
[106] indicated that the high purity Nafion nanofiber via elec-
trospinning with the use of only 0.1 wt% carrier polymer was
successfully obtained, which showed an order of magnitude
higher of proton conductivity as compared to the bulk Nafion
film. That the proton conductivity increases sharply with
decreasing fiber diameter was also observed. They attributed
these findings to the alignment of the ionic aggregates along
the fiber axis direction that was believed to occur during
electrospinning. Similarly, Tamura et al. [107] synthesized
a composite electrolyte membrane composed of sulfonated
polyimide NFs and sulfonated polyimide for PEMFCs and

found that the polyimides within nanofiber were significantly
orientedwhen electrospun. Such compositemembrane in the
parallel direction exhibited significantly higher proton con-
ductivity than the cast films without nanofibers. Mollá and
Compañ [104] prepared the compositemembrane containing
Nafion infiltrated into a porous mat which was obtained via
electrospinning of an aqueous solution of PVA.This compos-
ite membrane showed lower proton conductivity due to the
carrier polymer used than the pristine Nafion cast membrane
but other properties of the membrane like hydrolytic and
mechanical stability or reduced methanol permeability were
remarkably improved. Therefore, both membranes achieved
comparable performance in the DMFCs test. Additionally,
the fillers such as SiO

2
, TiO

2
, and zirconium phosphate

possibly enhanced water retention and thermal stability and
improved the issue of methanol crossover when they were
dispersed into acidicmembranes [108–110]. And the overview
of electrospun proton conducting polymers as electrolyte
membrane of fuel cells mentioned above is presented in
Table 2.

3.1.3. Mechanical Energy Harvesters

(1) Nanogenerators. Mechanical nanogenerators are gener-
ally made of piezoelectric nanomaterials, which could har-
vest small mechanical vibrations from ambient environ-
ment and further convert them into electricity to power
micro/nanodevices. These nanogenerators are mainly exist-
ing in the form of film-based [111, 112], nanowire-based [113],
and nanofiber-based structures. Electrospinning technique
has the unique advantage in the preparation of nanofiber-
based generators.

Piezoelectric polymer PVDF nanofiber has been exten-
sively studied due to its flexibility, ultralong length, and
long-term stability compared with normal inorganic piezo-
electric materials. Considering the simultaneous stretching
and polarization in one-pot to form NFs, electrospinning is
an ideal way to produce 𝛽-phase piezoelectric PVDF NFs
[114]. The common crystal structure of PVDF is shown in
Figure 9(a). Chang et al. prepared a nanogenerator made
of single PVDF nanofiber using direct-write electrospinning
method (as shown in Figure 9(b)) [115]. Their nanogenerator
has a feature that piezoelectric power was generated along
the fiber length direction. Later, Fang et al. fabricated a
nanogenerator from randomly oriented electrospun PVDF
nanofiber membrane in which piezoelectric power was gen-
erated perpendicular to fiber length direction. However, the
mechanism of this phenomenon is not clear yet [116].
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Figure 9: (a) Schematic diagrams showing crystalline structures of PVDF: (top) nonpolar and (bottom) polar. (b) Scanning electron
microscope (SEM) image of a nanogenerator comprised of a single PVDF nanofiber, two metal contact electrodes, and a plastic substrate. (c)
Schematic diagrams showing crystalline structures of PZT (adapted from [114, 115]).

Furthermore, lead zirconate titanate (PZT), a kind of
ceramic material with excellent piezoelectric performance,
has been utilized to fabricate nanogenerators recently. The
common crystal structure of PZT is shown in Figure 9(c). In
a recent publication, Chen et al. [117] reported a piezoelectric
nanogenerator based on PZT NFs prepared by electrospin-
ning. The PZT continuous NFs with diameters ranging from
60 nm to 500 nm and their highest output voltage and power
were 1.63V and 0.03 𝜇W, respectively. Similarly, Zhang et al.
[118] have also preparedNFs using the sol-gel electrospinning
method. It was found that the output voltage increased with
intensified strain and the peak output voltage was 0.17 V. The
above results reveal that PZT NFs have great potential for
nanogenerator and nanobattery applications with the advan-
tages of higher piezoelectric voltage constant and dielectric
constant compared with piezoelectric semiconductor NFs or
NWs. However, there are two problems that need to be solved
in the application of PZT nanofiber-based generators. First,
in order to improve the piezoelectric performance of PZT,
a higher annealing temperature (>600∘C) is needed. Second,

PZT and the solvent should be mixed uniformly, which will
result in the decrease of the concentration of PZT and the
energy conversion efficiency.

In order to produce nanofibers with high piezoelectric-
ity, these parameters in electrospinning process must be
optimized: materials, solvents, concentrations, electrical bias,
needle-to-electrode distance, and electrospinning method-
ologies.

3.1.4. Solar-Driven Hydrogen Generation

(1) Hydrogen Generators—Photocatalysts. Solar energy is an
inexhaustible and clean energy source; meanwhile hydrogen
energy is an efficient, clean, and environmentally friendly
energy source. To make full use of solar energy, photocat-
alytic water splitting for hydrogen generation is a potential
solution to the energy problem. The reaction mechanism
of photocatalytic water splitting is described as follows:
(a) absorption of photons to form electron–hole (e−/h+)
pairs, (b) charge separation andmigration of photogenerated
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charge carriers, and (c) construction of the active sites for
redox reactions. Hence, the photocatalyst should meet the
following basic conditions in order to completely decompose
water. First, the band gap of photocatalyst must be larger
than the theoretical decomposition energy of water. Second,
photogenerated carrier (electrons and holes) potential must
satisfy the requirement for reducing water into hydrogen and
oxygen, respectively.

In 1972, Fujishima and Honda first reported hydrogen
generated from the photoelectrochemical cells via ultraviolet
light irradiation in which TiO

2
acted as a photoanode [119].

It is a significant discovery that indicates people can take
advantage of solar energy to obtain clean hydrogen fuel by
using semiconductor materials as photocatalyts. In recent
years, scholars have investigated other semiconductor mate-
rials used as a photocatalyst. They carried out studies on
hydrogen generation activity of photocatalysts with small
bandgap such as Fe

2
O
3
, WO

3
, NaTaO, CdS, and CdSe and

other materials, but a stable activity has not yet been found in
the visible light wavelength range. After a lot of theoretical
study and practical discovery, TiO

2
is considered as an

ideal photocatalyst due to its long-term stability, low cost,
nontoxicity, and so forth. However, its wide band gap (3.2 eV)
and narrow range of light absorption result in low efficiency
of solar energy utilization and limit its practical application.
Therefore, there is no doubt that extending the absorbance
range of photocatalytic materials and high efficiency separa-
tion of photogenerated carriers will promote more efficient
hydrogen generation. To increase the response in the visible
light region of TiO

2
catalysts, many studies on modification

have been done [120, 121], including C, N, S, and other non-
metallic elemental doping, dyes, and titanium dioxide com-
posites.The experiments have shown thatmodified photocat-
alysts possess visible light catalytic activity but poor reactivity
of direct carriers.

At present, nanostructured semiconductor catalysts have
become a research hotspot in the photocatalytic field due
to their enhanced energy conversion efficiency and low cost
preparation. These 1D nanostructured fibers exhibit excel-
lent properties with respect to photocatalytic water split-
ting owing to the small-size effect, high surface effect, and
quantum size effect. And it is efficient and of low cost to fab-
ricate organic, inorganic, and hybrid NFs by electrospinning
technology compared to other methods. Electrospun NFs
with a high specific area-to-volume facilitate effective absorp-
tion of light and charge transfer. Choi et al. [122] reported
the effects of mesoporosity and interparticle charge transfer
on photocatalysis via the comparison of TiO

2
nanoparticles

and electrospun TiO
2
NFs. Zhang et al. [123] reported

a novel-structured TiO
2
/SnO
2
hybrid nanofiber photocat-

alyst with enhanced photocatalytic activity prepared via
the electrospinning method; the heterostructure promotes
the photogenerated e−/h+ pair separation. SnO

2
possesses

a high electron mobility indicating a faster transport of
photogenerated electrons. Moreover, the conduction-band
edge of SnO

2
is more positive than that of TiO

2
leading

to the migration of photogenerated electrons from the con-
duction band of TiO

2
to that of SnO

2
. Consequently, the

recombination of charge carriers can be suppressed thereby

resulting in a higher photocatalytic performance. The pho-
tocatalysts based on TiO

2
with heterojunction structure

obtained from various methods have also been presented
by other articles [124–127]. Tong et al. [128] demonstrated a
high-performance hydrogen generation system based on the
electrospun PAN/Ag/Pd composite nanofibers that was pre-
pared by microwave reducing the electrospun PAN/AgNO

3

nanofibers and followed by a replacement reaction. Those
composite nanofibers exhibited excellent catalytic activity,
good recycling stability, and easy-separation from the reac-
tion system. Electrospun Pt-TiO

2
/CNFs and SrTiO

3
NFs can

also be utilized for solar hydrogen generation [129, 130]. Liu
et al. [131] reported a novel electrospun core-shell TiO

2
/CdSe

nanofiber photoanode for photoelectrochemical hydrogen
generation.

3.2. Energy Storage Devices

3.2.1. Rechargeable Lithium-Ion Batteries. Lithium-ion bat-
teries (LIBs) have become a cornerstone for the development
of energy storage technologies and have been applied in
many areas including mobile phones, laptop computers,
camcorders, digital cameras, and many other commercial
and military applications due to their high energy density
and long cycle life. LIBs are mainly composed of anode
(generally graphite), a carbonate-based organic electrolyte,
and a cathode (generally LiCoO

2
). Li ions are intercalated

and deintercalated between graphite and LiCoO
2
through

the electrolyte during discharging and charging. Nanofibers
are promising materials for LIBs because of their good
electrochemical activity, high mechanical strength, and high
specific surface area. In this section, recent advances in
the areas of electrospun nanofibrous cathode, anode, and
separator materials for LIBs are briefly summarized.

(a) Cathode Materials. LiCoO
2
is a typical cathode material

used in LIBs due to its high specific capacity, high voltage,
and long cycle life. Nanostructured LiCoO

2
fiber electrode

prepared by electrospinning exhibited enhanced Li ion and
electron conductivity due to the short diffusion distance.
As-prepared electrode could display good rate capability
and high power density. However, such nanofibrous elec-
trodes have shown poor cycling stability. Regarding this,
Cavaliere et al. [64] synthesized the core-shell LiCoO

2
/MgO

composite nanofiber by coaxial electrospinning. As-prepared
LiCoO

2
/MgO could retain 90% of its initial charge capacity

after 40 cycles compared with 52% for the fiber electrode
without MgO. The enhanced cyclability is attributed to the
coating of MgO which could protect the surface from pas-
sive surface film formation during cycling. Besides LiCoO

2
,

V
2
O
5
, and LiFePO

4
have also been extensively studied as

cathode materials because of their high theoretical specific
capacity (400mAh/g and 170mAh/g, resp.), good cycling
stability, and batter safety. However, both of them suffer low
electronic conductivity, leading to low rate capability. The
utilization of electrospinning to prepare nanofibrous V

2
O
5

[132–135], LiFePO
4
[134, 135], or their respective composite

materials cathode electrodes is regarded as the better way to
solve these problems.
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(b) Anode Materials. Carbon NFs have been the popular
anode materials for LIBs due to several advantages such
as low cost, easy availability, and long cycle life. However,
there are also some drawbacks about carbon NFs such as
relatively low specific capacity and rate capability. Regarding
this, C/PAN NFs prepared from electrospinning combined
with thermal treatments exhibited higher reversible capacity
compared with that of carbon NFs without PAN, which was
attributed to their highly disordered structure and defects
[136]. Several studies have been also reported on composite
C/Si NFs [137], C/Sn NFs [138], and C/MnOx NFs [139]
obtained by electrospinning as anode materials for LIBs in
terms of cycling stability and electrical conductivity. Recently
a simple coaxial electrospinning approach was adopted for
the synthesis of hollow lD anatase TiO

2
NFs as an anode

material for lithium-ion batteries by Zhang et al. [22]. When
LiFePO

4
is used as cathode, the battery showed a high

reversible capacity of 103mAh/g at a current density of
100mA/g and retained 88% of its reversible capacity after
300 cycles. Such excellent battery performance was mainly
ascribed to the unique structure which provided a large
surface area and shortened diffusion pathways of Li ion and
electron. In addition, Li et al. [140] reported hierarchical
CaCo

2
O
4
(CCO) NFs prepared by electrospinning as anode

materials for LIBs. It was found that the hierarchical CCO-
NFs exhibited excellent cycling performance and high rate
capability.

(c) Separator Materials. Separator is a critical component in
LIBs and plays an important role in determining the battery
performance. However, the commercial separators based on
microporous membranes have several disadvantages, such
as low porosity, unsatisfactory thermal stability, and poor
wettability in liquid electrolytes [141]. In this regard, elec-
trospun polymer nanofiber membranes provide hope for
researchers because of their high porosities, large specific
surface areas, and better interconnected conduction pathway
for ions within the membrane. Liang et al. [142] reported that
PVDFfibermembranes, used as separators for LIBs, prepared
by electrospinning combined with heat treatments, exhibited
high ionic conductivity at room temperature, a good electro-
chemical stability, and stable cycle performance.These results
indicate that heat-treated PVDFfibermembranes are promis-
ing separator candidate for high-performance LIBs. In addi-
tion, nanofiber composite membranes including polyvinyl-
idenefluoride-co-chlorotrifluoroethylene (PVDF-CTFE) and
PVDF-CTFE/PVDF-HFP were also prepared by electro-
spinning used as separator membranes for LIBs [141]. Sim-
ilarly, Jayaraman et al. reported a gelled electrospun PVDF-
HFP NFs membrane. The separator exhibited the liquid-like
conductivity of ∼2.9mS cm−1 at ambient conditions, when it
was used as a separator in LIBs where full-cell (electrospun
TiNb
2
O
7
and LiMn

2
O
4
acted as anode and cathode, resp.,

as shown in Figure 10) displays excellent cyclability and high
rate capability, which is due to faster ionic transport prop-
erty [143]. Recently electrospun SiO

2
/nylon 6,6 nanofiber

membranes were fabricated and their electrochemical perfor-
mancewas evaluated for use as separators in LIBs byYanilmaz
et al. [144]. It was found that SiO

2
/nylon 6,6 nanofiber

TiNb2O7 PVdF-HFP LiMn2O4

Figure 10: Schematic illustration of lithium-ion battery LIBs (the
anode, separator, and cathode of lithium-ion battery are made of
NFs) (reproduced from [143]).

membranes showed superior thermal stability, mechanical
strength, and high porosity. When this SiO

2
/nylon 6,6 nano-

fiber membrane was used as separator, the batteries exhibited
good cycling performance and superior rate performance,
compared to those using commercial microporous polyolefin
membrane.

3.2.2. Supercapacitors. Supercapacitors (SCs) are considered
to be one of the most promising new energy storage devices
inmany areas such as transportation, electricity, communica-
tions, defense, consumer electronics, and other applications
due to their high power performance, long cycle life, and
lowmaintenance cost. Depending on different energy storage
mechanisms, SCs can be classified into pseudocapacitors
(PCs) and electrical double layer capacitors (EDLCs). PCs
store energy based on fast reversible surface redox reactions,
whereas EDLCs store energy using ion adsorption and
desorption at the electrode and electrolyte interface. Recently,
novel carbon-basedmaterials with rational design ofmaterial
composition, size, and morphology have been explored for
high-performance EDLCs. Electrospinning is perhaps the
most facile route to prepare the highly porous nanofibers.
Thus, electrospun carbon NFs from polymer precursors such
as polybenzimidazole (PBI), PAN, and PI have triggered
widespread investigations. And these electrospun CNFs can
be utilized as electrode for EDLCs after undergoing the
process of stabilization, carbonization, and activation, in
which the surface area and porosity of the NFs can be
improved. Some studies have also investigated ZnCl

2
[145],

silver [146], and nickel [147] as additives to the precursor
solution in order to enhance the capacitance of electrospun
nanofiber-based EDLCs. It has been found that the addition
of ZnCl

2
has a great influence on fiber morphology and

the specific capacitance of carbon NFs containing 5wt%
ZnCl
2
reaches to the highest value of 140 F/g when compared

to those containing 1 wt% and 3wt% ZnCl
2
. Furthermore,

the coaxial electrospinning technique has been the research
hotspot due to its advantage of material preparation. An and
Ahn [148] prepared coaxial NFs with different morphologies
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using PVP-doped Sn and a PVP/PAN mixture as inner and
outer solution, respectively, by themethod of electrospinning
combined with the reduction of H

2
. The electrochemical

test has shown that the capacitance of capacitor reaches
maximum on the condition that the mass fraction of Sn is
8% in the PVP solution. And it is believed that this enhanced
electrochemical performance is ascribed to the synergistic
effect of active sites on the surface of fibers and pore structure
after the reduction of H

2
.

RuO
2
andV

2
O
5
have also attractedmuch attention as PCs

electrode materials because of their electrochemical stability,
high electrical conductivity, and capacitances. For instance,
Choi et al. [149] prepared electrospun Pt NFs to support the
deposited hydrous RuO

2
overlayers and found that the result-

ing composite electrode showed good performance with a
capacity loss of only 21.4% passing from 10 to 1000mV/s. Lee
et al. [150] reported that the RuO

2
–Ag
2
O composite NWs

electrode produced from electrospinning exhibited high
capacitance of 173.25 F/g at 10mV/s and excellent retention of
capacitance up to 97% after 300 cycles. However, considering
the high cost and toxicity of Ru, researchers recently have
focused on conducting polymers such as PANI, polypyrrole
(PPy), and poly-p-phenylene (PPP) as electrodematerials for
PCs. PANI is currently the most promising candidate due to
its low cost and high electrical conductivity. Chaudhari et al.
[151] have prepared electrospun PANI NF and found that the
specific capacitance and rate performance of PANI NFs are
much higher than that of PANI powder.

3.2.3. Hydrogen Storage. Hydrogen energy, as one of the
important new energy sources in the 21st century, has been
considered as an ideal alternative fuel because the only by-
product in its energy conversion process is water. However,
the current challenge lies in finding suitable materials that
possess the advantages of low cost, durability, and safety
in storage of large amount of hydrogen while fulfilling the
requirements of vehicular applications in terms of weight,
volume, and efficiency. Thus, an efficient hydrogen storage
material is crucial to develop and utilize hydrogen energy.
And many recent efforts have focused on the super materials
for hydrogen storage. It has been found that nanostructured
materials are the most promising candidates on account of
their unique advantages such as high specific surface area
and small pore size, which can facilitate hydrogen storage.
Particularly, hydrogen absorption strongly depends on the
materials’ porosity and the smaller pores provide the higher
storage capacity. As such, carbon nanomaterials with tailor-
ing morphology such as carbon NTs and carbon NFs have
exhibited high hydrogen storage capacity [152]. As previously
discussed, electrospinning is a simple and efficient technique
widely used for fabricating fibers with micro- to nanodi-
ameters, controllable pore size, and various morphologies.
Ammonia borane (AB) and polystyrene (PS) are used to
manufacture core-shell composite NFs using coelectrospin-
ning by Kurban [153]. In this process, PS was selected as
the shell material which is mainly because it has a good
H
2
permeability value (23.8 barrers) and a melting point of

approximately 240∘C. The result of the (de)hydrogenation
experiment has shown that the significant improvement in

the dehydrogenation speed of hydrogen is attributed to the
special nanostructure. Several researches have focused on
improving hydrogen storage properties such as lower dehy-
drogenation temperature, alteration of diffusion pathway,
and even enhanced reversibility using templates to modi-
fied thermodynamics and/or kinetics [154–156]. However,
it is upsetting to seek or synthesize a proper template that
meets all the requirements for efficient hydrogen storage.
Subsequently, Xia et al. [157] developed a novel and free-
template one-stepmethod to prepare the carbon-coated Li

3
N

NFs via a simple electrospinning technique. The resultant
Li
3
N porous NFs show notably promoted hydrogen storage

performance with a stable reversibility over 10 cycles of
de/rehydrogenation at temperature of 250∘C. Alipour et al.
[158] reported that PMMA/ammonia borane (AB) nanofiber
composites were manufactured by electrospinning to study
the synergetic nanoconfinement effect of NFs on dehydro-
genation temperature and the removal of unwanted by-
products of AB. The experimental results indicated that the
PMMA/AB samples can significantly decrease the enthalpy
of exothermic decomposition because of the interaction
between AB molecules and PMMA nanofiber structures and
vigorously reduce the emission of by-product impurities by
decreasing the loss of AB weight.

Generally speaking, electrospinning can prepare nano-
materials with desired pore size and morphology for hydro-
gen storage by optimizing process parameters.

4. Summary and Outlook

Electrospinning technique is a versatile, efficient, and low
cost method for fabrication of NFs of a rich variety of
materials. And 1D NFs materials prepared by electrospin-
ning have displayed immense advantages for applications in
energy devices such as solar cells, fuel cells, nanogenerators,
hydrogen generation and storage, LIBs, and SCs. As for their
application in solar cells, electrospun NFs have exhibited
high photoelectric conversion efficiency due to efficient
charge separation and transport and the maximum light
absorption, which ismainly attributed to high specific surface
areas and high porosity. Similarly, electrospun NFs, used as
photocatalyst, have shown enhanced photocatalytic activity
in water splitting for hydrogen generation because of their
large SVR and improved crystallinity. Besides, in terms of
the application in SCs, the electrode prepared by electrospun
NFs has demonstrated high specific capacitance and better
cycling stability due to its unique fibermorphology, including
large SVR and small diameter. Despite their advantages, the
applications of electrospun NFs for energy devices also face
some challenges. For instance, in DMFCs, the efficient inhi-
bition of methanol permeation through PEM is an issue that
needs to be addressed. Regarding this, developing cathode
catalysts that are efficient and durable meanwhile possessing
redox activation and stability will be a meaningful direction
in the future research. Furthermore, at present, the efficiency
of photocatalytic water splitting for hydrogen generation is
still unsatisfactory due to the relatively low activity of pho-
tocatalysts. Thus, how to prepare novel photocatalysts with
high catalytic activity by electrospinning is another problem
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that needs to be solved. With respect to this issue, fabricating
electrospun composite organometal halide perovskite/TiO

2

NFs or composite organometal halide perovskite/graphene
NFs with diversified morphologies as photocatalysts may be
a feasible and promising solution. In addition, a combination
of the system of photocatalytic water splitting for hydrogen
generation and PEMFCs where hydrogen is used as fuel will
be extremely useful in the near future. Such combination is
environmental-friendly, efficient, and of low cost and thus can
be commercialized.
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