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Abstract

Metal oxide nanofibers have attracted considerable research interest for processing both
one-dimensional  nanometer  scale  morphology  and  unique  chemical  and  electrical
properties.  A variety of  their  practical  applications in light-emitting diodes,  liquid
crystal displays, solar cells, and gas sensors have been demonstrated. Electrospinning
provides a rapid and facile way to fabricate nanofibers with diameter several orders of
magnitude smaller  than that  produced by conventional  spinning methods.  In  this
chapter, we discuss the fabrication of ultrathin metal oxide nanofibers by the electro‐
spinning  technique.  Priority  is  given  to  zinc  oxide  nanofibers.  Major  parameters
affecting the morphology and diameter of the nanofibers are investigated systemati‐
cally. The effect of calcination condition on chemical composition and crystallization of
the electrospun nanofibers is also addressed. In addition, we show the advantages and
problems when applying electrospun nanofibers to solar cells.

Keywords: electrospinning, metal oxide nanofibers, solar cells, energy, zinc oxides

1. Introduction

Nanofibers have been widely used in many areas, including catalysis [1–3], tissue engineer‐
ing [4–7], filtration [8–10], biomedical [11–13], sensors [14–16], energy [17–19], and magnetic
[20, 21]. The most common ceramic materials of nanofibers are zinc oxide (ZnO), titanium
dioxide, silicon dioxide, zirconium dioxide, aluminium oxide, and lithium titanate [22–24].
Nanofibers can be synthesized by various methods, such as melting processing, antisolvent-
induced polymer precipitation, electrospinning, island in the sea, or direct drawing from a
solution [25–27]. Electrospinning is one of the mostly studied techniques due to its simplicity
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of experimental setup and relatively high production rate. As shown in Figure 1, the number
of published papers on electrospun nanofibers every year increases quickly in the past 10 years.

Figure 1. Comparison of the number of research publications (a) on electrospun nanofibers and their energy applica‐
tions part and (b) on major energy applications of nanofibers in the past 10 years. The data are obtained from Web of
Science Core Collection.

As the demand for energy is growing rapidly in recent years, energy conversion and energy
storage become hot research topics. Nanofibers and other one-dimensional structures, such as
nanowires, nanorods, nanobelts, and nanotubes, have been investigated intensively for their
unique properties in energy applications [28–31]. As indicated in Figure 1a, about 20% of
publications on electrospun nanofibers are for energy applications in 2015. Nanofibers,
especially metal oxide nanofibers, possess unique optical and electrical characteristics and
have been used in various energy devises [2, 32]. The number of published research articles
on the energy application of nanofibers shows exponential increment in the past 10 years. Most
of them focus on solar cells, fuel cells, lithium ion batteries, and photocatalysis applications.
Other applications, e.g., super capacitors and hydrogen generation, are also attracted a lot of
research interest.

In this chapter, we introduce the electrospinning technique briefly and discuss the process‐
ing parameters for controlling the diameter and morphology of electrospun metal oxide
nanofibers as exemplified by ZnO nanofibers. Then, we show applications of nanofibers in
energy conversion (e.g., energy devices and fuel cells) and energy storage (e.g., lithium ion
batteries) and figure out the challenges for these applications.

2. Electrospinning of ultrathin metal oxide nanofibers

2.1. Electrospinning technique

The electrospinning technique is considered as one of the most simple and effective ways to
fabricate nanofibers. Figure 2 shows a schematic diagram of an electrospinning setup. A basic
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electrospinning setup usually consists of three parts: a high-voltage power supply, a spinner‐
et, and a collector. To facilitate monitoring the state of the electrospinning, a laser and a CCD
camera are sometimes added into the setup. The inset of Figure 2 is obtained from a CCD
camera and illustrates a typical image of a spinning jet during the electrospinning. A com‐
mon high-voltage power supply for electrospinning is a direct current power in the range of
several kV to about 20 kV. The spinneret is usually connected with a syringe to hold more
solution and control the flow rate. The inner diameter of the spinneret can be smaller and more
individual for glass capillaries compared to metallic needles. The collector could be an
aluminium foil or other substrates with conductive surface, which depends on practical
application.

Figure 2. A schematic diagram of the electrospinning apparatus. Inset shows the CCD image of electrospinning proc‐
ess near the tip of the glass capillary.

The electrospinning setup is rather simple and can be built easily, however, the mechanism of
electrospinning is very complicated [18, 27]. When a high voltage is applied to the liquid inside
the spinneret, an electrical filed is set up between the spinneret and the collector. The liquid
(usually a polymer solution) reaching the spinneret tip forms a Taylor cone, which emits a
liquid jet through its apex. This electrified liquid jet undergoes a stretching and whipping
process, which leads to the formation of a long and thin thread. As the liquid jet is continu‐
ously elongated and the solvent is evaporated, its diameter can be greatly reduced from
hundreds of micrometres to as small as tens of nanometres. Attracted by the grounded collector
placed under the spinneret, randomly orientated fibres are deposited [24].

Nanofibers with novel structures can be archived by modifying the basic electrospinning setup
in a number of ways. Modifications are usually in the spinneret or the collector. It has been
demonstrated that a spinneret containing two needles could be used to electrospun compo‐
site nanofibers. In another approach, a spinneret consisting of two coaxial capillaries has been
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used to fabricate fibres with core/sheath or hollow structures. In addition, the orientation of
electrospun nanofibers can be controlled by changing the electrode of the collector. One also
can get relatively uniform mat by replacing the planar collector with a rotating drum.

2.2. Controlling the diameter and morphology of electrospun nanofibers

The diameter and morphology of electrospun nanofibers are two key factors, which should be
controlled for practical applications. They are dependent on a lot of processing parameters
relevant to the solution and setup conditions. The intrinsic properties of the solution play
important role in determining the diameter and morphology of resultant nanofibers. One can
get target nanofibers by changing the type of the polymer, the conformation of polymer chain,
or by adjusting concentration, viscosity, elasticity, electrical conductivity, and the polarity and
surface tension of the solution. The conditions of electrospinning setup, e.g., the flow rate for
the solution, the applied voltage, the distance between the spinneret and the collector, could
also affect tremendously the diameter and the morphology of electrospun nanofibers. In
addition to these parameters, variables of evaporation, such as temperature and humidity,
may also influence the two key factors.

Figure 3. A typical procedure for preparing the ZnO nanofibers by electrospinning.

Here, we take the electrospinning of ZnO nanofibers as an example to explain how to control
the diameter and morphology of electrospun nanofibers. Figure 3 shows a typical procedure
for the electrospinning of ZnO nanofibers. In this progress, 43.9 mg of Zn(CH3COO)2•2H2O
(zinc acetate dihydrate) was first dissolved in a monoethanolamine (MEA)-2-methoxyetha‐
nol solution at room temperature. The molar ratio of MEA to zinc acetate dihydrate was kept
at 1.0, and the concentration of zinc acetate was 0.1 mol/L. The resultant mixture was stirred
at 40°C for 12 hours to obtain a transparent and homogeneous solution. Then polyvinylpyr‐
rolidone (PVP) was added into the ZnO sol-gel solution to increase the viscosity of the solution.
The solution was finally loaded into a glass capillary with a 100 μm inner diameter at the blunt
tip. A stable high voltage of 6.0 kV was generated by a high-voltage power supply and was
applied to the solution through a copper wire in the glass capillary. In addition, an indium tin
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oxide (ITO)–coated glass substrate (25 mm × 25 mm) was placed perpendicular to the axis of
the capillary at a distance of 10 cm from its tip as a collector for solar cell applications (see next
section). The collector was connected to the ground along with the high-voltage power supply.
The effect of three processing parameters relevant to the properties of the precursor solution,
molecular weight of PVP, the concentrations of zinc acetate and PVP in the precursor solution,
on the diameter and morphology of electrospun ZnO nanofibers is investigated systematically.

2.2.1. Effect of the concentration of precursor solution

SEM images in Figure 4 show the progression of ZnO-PVP composite from grains to nanofib‐
ers when the concentration of PVP in the precursor solution increases from 0.02 to 0.06 g/mL.
It is rather clear that only ZnO-PVP composite grains with various sizes are formed with 0.02
g/ml PVP regardless of the concentration of zinc acetate. This implies that the electrospun
product is grains instead of nanofibers when the PVP in the solution could not provide enough
viscosity for electrospinning.

Figure 4. SEM images of the ZnO-PVP composite structure electrospun from a mixture of ZnO sol-gel and PVP solu‐
tion. Concentrations of zinc acetate are 0.1 M (top row), 0.4 M (middle row), and 0.75 M (bottom row); those of the PVP
solution are 0.02, 0.04, and 0.06 g/mL from the left to the right column, respectively [33].

As the concentration of PVP is increased to 0.04 g/mL, a few ZnO-PVP nanofibers appear
among ZnO-PVP grains, see the middle column of Figure 4. When the concentration of PVP
reaches 0.06 g/mL, ZnO-PVP nanofibers become predominant (right column of Figure 4). It is
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worth noting that similar progression from grains to nanofibers is taken place in all solu‐
tions (0.1 M, 0.4 M and 0.75 M zinc acetate). So, we can conclude that it is not the concentra‐
tion of zinc acetate but the concentration of PVP, which determines the formation of ZnO-PVP
nanofibers.

Figure 5. SEM images of the ZnO-PVP composite nanofibers electrospun from a mixture of ZnO sol–gel and PVP solu‐
tion. Concentrations of zinc acetate are 0.1 M (top row), 0.4 M (middle row), and 0.75 M (bottom row); those of the PVP
solution are 0.06, 0.08, 0.12, and 0.14 g/mL from the left to the right column, respectively. High-magnification SEM
images are shown as insets [33].

SEM images in Figure 5 show the effect of the concentration of precursor solution on the
diameter of the ZnO-PVP composite nanofibers. One can see that the diameter of electro‐
spun nanofibers increases steadily with the concentration of PVP for all three groups of
samples. And the beads present in the top row images (0.1 M zinc acetate) become less
prominent with the growth of the nanofibers, which can also be attributed to the increment of
the viscosity of the precursor solution induced by more PVP [27]. These results suggest that
the concentration of PVP in the precursor solution plays a significant role in determining not
only the size of the nanofibers but also the absence of the beads. As for the concentration of
zinc acetate, we find that it could also influence the diameter of resultant nanofibers when
comparing the three groups of samples in Figure 5. Relatively high molar concentration of zinc
acetate induces the formation of thicker ZnO-PVP composite nanofibers. Moreover, the
nanofibers synthesized with 0.1 M zinc acetate are more uniform than those in the other two
groups. In general, the diameter of ZnO-PVP nanofibers can be controlled through changing
the concentration of either PVP or zinc acetate in the precursor solution. But thin ZnO-PVP
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nanofibers are produced commonly with some beads at low concentration of the precursor
solution.

In order to analyze quantitatively and compare the effect of the concentration of PVP and zinc
acetate on the size of the resultant nanofibers, we measured the diameter of the nanofibers
from their high-resolution SEM images and plotted the mean of 50 measurements with
corresponding standard error for each sample (Figure 6).

Figure 6. Statistics for the diameter of the ZnO-PVP nanofibers [33].

For the ZnO nanofibers synthesized with 0.1 M zinc acetate, their diameter increase almost
linearly with the concentration of PVP. The finest ZnO nanofiber is 29.9 ± 0.8 nm in diameter.
In the case of 0.4 M zinc acetate, the diameter of electrospun ZnO nanofibers increased
superlinearly from 79.9 ± 7.1 to 162.0 ± 5.5 nm as the PVP concentration increased from 0.06
to 0.14 g/mL. Comparing the fibres synthesized with given PVP concentration, we found that
their diameter increases considerably with the molar concentration of zinc acetate. We also
noticed that the standard error of the mean diameter for the fibres synthesized with 0.4 and
0.75 M zinc acetate, especially the latter, is larger than the case of 0.1 M zinc acetate, which
implies that the concentrated ZnO sol-gel solution disturbed the balance electrospinning set
up by the PVP component. In general, one can get ZnO nanofibers with large diameter by
increasing the concentration of zinc acetate or PVP in the precursor solution. And the former
could contribute to greater nonuniformity in the distribution of the diameter than the latter.

2.2.2. Effect of the molar mass of polymer and applied voltage

As indicated by the Mark-Houwink equation, the intrinsic viscosity of a polymer is related to
its molecular weight. That means one can adjust the viscosity of a polymer solution by
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changing the molar mass of the polymer. The parameters of electrospinning setup could also
influence the diameter and morphology of electrospun nanofibers. Here, the molar mass of
PVP and applied voltage are investigated together.

Figure 7. SEM images of ZnO-PVP nanofibers electrospun with PVP of different molar mass (top: 40,000; middle:
360,000; bottom: 1,300,000). And the high voltage applied to the spinneret is 6, 7, and 8 kV from left to right.

One can see from the first row in Figure 7, with PVP 40,000, the electrospun product is varicose
fibres with relative large size and short length. As the applied voltage increases from 6 to 8 kV,
the size of fibres become larger, but the amount of fibres is fewer. For PVP 360,000 and PVP
1,300,000, ZnO-PVP nanofibers are observed. These nanofibers get denser with increment of
the applied voltage. On the whole, the role of the molar mass of PVP in determining the
diameter of ZnO-PVP nanofibers is similar to that of the concentration of precursor solution.
At the same time, turning the concentration is much easier than changing the molar mass for
practical application. The applied voltage could also affect the size of electrospun nanofibers,
but not as direct as other parameters discussed above.

2.3. Crystallization of metal oxide nanofibers

Electrospinning of composite nanofibers is the first step for the preparation of metal oxide
nanofibers. In order to improve the purity and other characteristics of the composite nanofib‐
ers (e.g., transmittance, mobility, and crystallinity) for energy application, calcination will be
conducted after electrospinning. For example, the as-spun ZnO-PVP nanofibers described
above could be subsequently converted into ZnO nanofibers with pure phase through
calcination. In this section, we discuss the calcination conditions for the crystallization of metal
oxide nanofibers.
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Figure 8. Thermogravimetric analysis curves of as-spun ZnO-PVP nanofibers.

To determine the decomposition temperature of the precursor and the calcination tempera‐
ture for the ZnO-PVP nanofibers, thermogravimetric analysis for the as-spun ZnO-PVP
nanofibers was performed and shown in Figure 8. For the thermogravimetric analysis curve,
the residue weight of the as-spun ZnO-PVP nanofibers is only 4.73%. Most organic in the as-
spun ZnO-PVP nanofibers comes from PVP, and the CH3COOH group of zinc acetate was
removed at a temperature below 480°C. A strong endothermic peak appeared at around
100°C in the differential thermal analysis (DTA) curve, which corresponds to the loss of
absorbed water. The exothermic peak at around 400, 430, and 463°C in the DTA curve may
have resulted from decomposition on the side and main chains of PVP. The thermogravimet‐
ric analysis indicates that a calcination temperature of the as-spun ZnO-PVP nanofibers may
existed above 480°C.

Transmission electron microscopy (TEM) images in Figure 9 show the microscopic structure
of ZnO nanofibers after calcination under different conditions. The diameter of as-spun ZnO-
PVP nanofibers is around 120 nm before calcination. After calcination at 300°C for 10 mi‐
nutes, the diameter of the nanofibers does not change a lot, see Figure 9a. And the shape of
the nanofibers is rather uniform. Even from the magnified image of Figure 9a (see Figure 9b),
it is difficult to identify ZnO grains, which suggests that the ZnO did not crystallize suffi‐
ciently. From the thermogravimetric analysis above, one can know that the PVP component
in the as-spun ZnO nanofibers did not decompose at 300°C. This means that the as-spun ZnO-
PVP nanofibers need higher calcination temperature and longer calcination duration to
remove the PVP content and crystallize as-spun ZnO-PVP nanofibers. Figure 9c shows the
TEM image of the as-spun ZnO-PVP nanofibers calcined at 500°C for 2 hours. The diameter
of the nanofiber shrinks down to about 50 nm. It is clear that the nanofiber is composed of
many single isolated ZnO grains. The lattice images of ZnO in Figure 9d suggest that ZnO
crystallized under this calcination condition, which is also evidenced by the X-ray diffrac‐
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tion (XRD) analysis given below. The growth direction of the crystalline ZnO is indicated by
a red arrow in Figure 9d. By comparing the two samples of ZnO-PVP nanofiber calcined under
different conditions, one can learn that as-spun ZnO-PVP nanofibers could be converted into
crystallized ZnO nanofibers by calcination at 500°C for 2 hours in air. Calcination at 300°C
for 10 minutes is insufficient for the decomposition of PVP and crystallization of ZnO-PVP
composite.

Figure 9. TEM images of the fibres electrospun from the solution of 0.1 M zinc acetate and 0.12 g/mL PVP. After calci‐
nation (a, b) at 300°C for 10 min and (c, d) at 500°C for 2 hours [33].

Figure 10 shows the XRD patterns of ZnO-PVP composite nanofibers after calcination at
300°C for 10 minutes and after calcination at 500°C for 2 hours, respectively. The XRD pattern
for the sample calcined at 300°C for 10 minutes indicates amorphous ZnO in nature.
Characteristic peaks for ZnO are rather weak and obscure, which indicates that only few
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portions of crystalline ZnO are present under this calcination condition. Strong diffraction
peaks in the pattern come from the substrate used for XRD measurement. As for the sample
with calcination at 500 °C for 2 hours, five diffraction peaks at 31.76°, 34.34°, 36.20°, 56.50°,
and 62.84° appear corresponding to (100), (002), (101), (110), and (103) of the wurtzite crystal
structure, respectively. These diffraction peaks can be indexed to a wurtzite hexagonal phase
of ZnO. And the phase of the ZnO nanofibers obtained after calcination at 500°C for 2 hours
is rather pure, because no characteristic peaks for other impurities were found in the XRD
pattern. So, it can be conclude that the calcination condition plays an important role in
crystallizing the as-spun ZnO-PVP nanofibers and removing residual PVP component from
the nanofibers.

Figure 10. XRD pattern of ZnO nanofibers after calcination under different conditions. The ZnO nanofibers were syn‐
thesized using the precursor solution containing 0.1 M zinc acetate and 0.14 g/mL PVP [33].

3. Applications of electrospun nanofibers in the fields of energy

Electrospun nanofibers possess large surface area, high chemical reactivity, and relatively low
density, which could contribute a higher absorption of light and dye than the bulk counter‐
parts. These unique optical and electronic properties enable them to be widely applied to a
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variety of energy harvesting and storage devices, such as solar cells, photocatalysts, fuel cells,
and lithium-ion batteries.

3.1. Solar cell applications

Electrospun nanofibers are commonly made from metal oxides, composites, or surface
modification. Metal oxide nanofibers, e.g., ZnO nanofibers and Ti2O nanofibers, are some of
the mostly used nanofibers in solar cell applications. One can archive high power conver‐
sion efficiency by fast charge transfer and efficient charge separation introduced by nanofib‐
ers. Many polymers, such as PVP, polymethylmethacrylate, and polystyrene, are added into
the solution to increase the viscosity for the electrospinning of metal oxide nanofibers. Among
these polymers, PVP is the most popular one for its high solubility in various solvents and
possibility in mass production [34]. It can used to substitute the liquid state electrolyte for solid
or semi-solid electrolyte for dye-sensitized solar cell devices. Hybrid solar cells and dye-
sensitized solar cells are two major applications of nanofibers in solar cells, which will be
introduced as following.

3.1.1. Hybrid solar cells

Hybrid solar cells have attracted considerable research interest as a promising type of solar
cells in which the merits of organic and inorganic materials combine. Commonly used
combination of organic and inorganic material in hybrid solar cells is polymers and metal
oxides. Both of them play important role in improving the performance of hybrid solar cells
[35]. The polymers, e.g., poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-C61-butyric acid
methyl ester (PCBM), could constitute a donor-acceptor system just like they work in poly‐
mer solar cells. The inorganic materials (e.g., ZnO and Ti2O) could help improve electron
transport for the donor-acceptor system, which is essential for archiving high power conver‐
sion efficiency. It has been reported that nanofibers of polymer-metal oxide composites could
be fabricated by the electrospinning technique. One-dimensional nanofibrous structure
provides much larger interface than the conventional planar structure of polymers and metal
oxides. Researcher recently found that the usage of metal oxide nanofibers in hybrid solar cells
could not only increase the interfacial area but also contribute to the improvement of elec‐
tron mobility and the dissociation of excitons. The external quantum efficiency could be
improved tremendously at the absorption peak of P3HT due to the enhanced dissociation of
photo-generated excitons when an electrospun ZnO nanofiber layer is inserted into the
P3HT:PCBM blend. Hybrid solar cells using ZnO nanofibers and a P3HT:PCBM donor-
acceptor system could yield a power conversion efficiency over 2% [36].

Our group has worked on hybrid solar cells using ZnO nanofibers as electron transport
materials. Figure 11 presents a scheme for the structure of devices used. ZnO nanofibers were
fabricated as described in previous section. A blend of P3HT:PCBM is added into the ZnO
nanofiber mat. To avoid direct contact between the P3HT:PCBM blend layer and the indium
tin oxide (ITO) electrode, a thin ZnO layer was spin coated on the ITO-coated glass substrate
before electrospinning of ZnO nanofibers. Here, MoOx was used as the anode interfacial layer
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instead of commonly used mixture of poly(3,4-ethylenedioxythiophene) and polystyrene
sulfonate, because it has higher charge extraction efficiency.

Figure 11. Device structure of hybrid solar cells using ZnO nanofibers as an electron-transporting layer.

To crystallize the electrospun ZnO nanofibers, calcinations at 300 and 500°C were performed.
The nanoscale surface morphologies of calcined ZnO nanofibers were investigated by atomic
force microscopy (AFM). As shown in Figure 12, ZnO nanofibers can be identified from the
surface of ITO substrate after calcination. As the calcination temperature increases from 300
to 500°C, more particles can be observed. As confirmed by TEM and XRD (see Figures 9 and

Figure 12. AFM topographies of ZnO nanofibers after calcination at 300°C for 10 min (top) and at 500°C for 2 hours
(bottom).
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10), these particles are crystalline ZnO. From the magnified AFM images in Figure 12, one can
also find that the PVP component on the surface of the nanofibers was partially removed after
calcination at 500°C. The surface of ZnO nanofibers, however, could still be compositionally
rich in PVP even after calcination. The residual PVP may create a contact barrier between the
ZnO nanofibers and the P3HT:PCBM blend resulting in a low charge collection efficiency.

Previous paper has shown that the PVP on the surface of colloidal surface could be removed
by UV-ozone treatment [37, 38]. To ensure a good contact between ZnO nanofibers and the
active layer, we performed UV-ozone treatment on ZnO nanofibers to remove residual PVP
from the nanofibers. The atomic concentration of zinc, carbon, and oxygen in the UV-ozone–
treated ZnO nanofibers based on the Zn 2p, C 1s, and O 1s XPS spectra is summarized in
Figure 13. The atomic concentration of zinc and oxygen present in the UV-ozone–treated ZnO
nanofibers both increase as the time of treatment. The atomic concentration of oxygen shows
relatively larger increment than zinc because there is a competition between increment and
decrement in the oxygen atomic concentration by UV-ozone treatment and removal of PVP,
respectively. On the contrary, the atomic concentration of carbon from the PVP in the ZnO
nanofibers reduced by the UV-ozone treatment, especially from 5 to 7.5 min.

Figure 13. Atomic concentrations of zinc, carbon, and oxygen based on the corresponding XPS spectra. The ZnO nano‐
fibers were measured after UV-ozone treatment for 2.5, 5, and 7.5 min.

The performance result for the hybrid solar cells with UV-ozone–treated ZnO nanofibers is
shown in Figure 14. The J-V characteristics for the hybrid solar cells were measured under
AM 1.5G solar illumination at 100 mW cm−2. The ZnO nanofibers were UV-ozone treated for
2.5, 5, and 7.5 min, resulting in a variation in the Jsc. Although the Jsc decreases from 2.5 to 5
min, it increases a lot at 7.5 min. As for the UV-ozone treatment for a longer time, it may reduce
the electron extraction efficiency due to excess oxygen on the surface of the ZnO nanofibers.
It is worth noting that UV-ozone treatment could somewhat contribute to an improvement of
charge collection but the power conversion efficiency of the hybrid solar cells with UV-ozone–
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treated ZnO nanofibers is lower than the reference device. Various chemical surface treat‐
ments are investigated for the application of ZnO nanofibers in hybrid solar cells.

Figure 14. J-V characteristics for hybrid solar cells with UV-ozone–treated ZnO nanofibers for various treatment times
(2.5, 5, and 7.5 min).

PVP can dissolve in water and a lot of polar solvents. Here, we use the solubility of PVP in
ethanol, acetone, and isopropyl alcohol (IPA) to treat the ZnO nanofibers and remove the
residual PVP in the nanofibers. The J-V characteristics for the hybrid solar cells with surface-
treated ZnO nanofibers are shown in Figure 15. Corresponding performance parameters are
presented in Table 1. The Jsc of the solar cell decreases dramatically after immersing the ZnO
nanofibers into an ethanol solution. This effect is aggravated by an ultrasonic cleaning, which
results in a smaller fill factor of 0.27 compared to the immersed device. While the treatment
with acetone and IPA exhibits positive effect. After ultrasonic cleaning in acetone and IPA
subsequently for 1 min, the open voltage of the solar cells increases from 0.54 to 0.61 V. It
implies that the ZnO nanofibers have more contact with the active layer. The contact quality
between the electron transport layer like ZnO nanofibers and the active layer like the
P3HT:PCBM blend layer can be reflected by the values of shunt resistance (Rsh) and series
resistance (Rs). Researchers found that contact resistance and charge recombination at the
interface are major reasons for giving rise to the increase in Rs and the drop in Rsh, respective‐
ly [39]. A low Rs of 14 Ω cm2 and a high Rsh of 952 Ω cm2 strongly support the assertion that
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ultrasonic cleaning in acetone and IPA could effectively remove the residual PVP from the
ZnO nanofibers and ensure a good contact between the ZnO nanofibers and the P3HT:PCBM
layer.

Figure 15. J-V characteristics for hybrid solar cells with ZnO nanofibers after different surface treatment.

Device Surface treatment method PCE [%] Voc [V] Jsc [mA/cm2] FF Rsh [Ω cm2] Rs [Ω cm2]

A Immersed in ethanol 1.18 0.50 5.98 0.40 500 53

B Ultrasonic cleaning in ethanol 0.72 0.49 5.42 0.27 145 106

C Ultrasonic cleaning in acetone and IPA 2.31 0.61 6.93 0.54 952 18

D 20 nm ZnO thin layer with no treatment 1.87 0.54 7.04 0.49 869 25

Table 1. Averaged solar cell performance of the hybrid solar cells with surface-treated ZnO nanofibers as electron
transport media. PCE: power conversion efficacy; Voc: open-circuit voltage; Jsc: short-circuit current; FF: fill factor; Rsh:
shunt resistance; Rs: series resistance.

Although electrospun nanofibers show great potential in hybrid solar cells applications, there
are still some problems to be solved. (1) Removing residual polymers. The polymers using for
fabricating metal oxide nanofibers should be removed before applied to hybrid solar cells.
Only calcination cannot remove completely the residual polymers, which limits the function
of metal oxide nanofibers. (2) Reducing the diameter of nanofibers and spacing to around 10
nm. As we discussed in Section 2.2, the diameter of electrospun metal oxide nanofibers is
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usually in the range of several tens of nanometers (30 nm to several micrometres in case of
electrospun ZnO nanofibers), which is still above the diffusion length of exciton. The diffu‐
sion length of excitons in electronic devices like solar cells is usually around 10 nm. Hence,
electrospun metal oxide nanofibers with finer size are expected to get improved excition
dissociation and higher power conversion efficiency. (3) Controlling the orientation of
nanofibers. Vertically aligned metal oxides could provide an ideal structure for suppressing
of the recombination of dissociated electrons and holes. But most of the orientations of
electrospun nanofibers are parallel to the substrate. Vertically aligned electrospun nanofib‐
ers have addressed seldom until now. Control of orientation, particularly vertical orienta‐
tion, is still a challenge for the hybrid solar cell application of electrospun nanofibers. In
general, the possibility to control the purity, diameter, spacing, and orientation on metal oxide
nanofibers is a critical issue for all researchers.

3.1.2. Dye-sensitized solar cells

Dye-sensitized solar cells usually exploit porous structure of metal oxide nanoparticles to
absorb sensitizing dyes, see Figure 16. The usage of particles, however, could result in charge-
carrier recombination and low power conversion efficiency, because the conduction of
electrons in the matrix of nanoparticles could be diminished across the boundaries of the metal
oxide nanoparticles.

Figure 16. A scheme for dye-sensitized solar cells with dye-covered metal oxide particles (left) and dye-covered metal
oxide nanofibers (right).

Comparing with sintered nanoparticles, one-dimensional metal oxide nanofibers can pro‐
duce high charge conduction because they have smaller particle boundaries and higher specific
surface area (see Figure 16), which can absorb more sensitizing dyes [40]. The size of the pores
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in electrospun metal oxide nanofibers is usually larger than that in metal oxide nanoparti‐
cles, which facilitates the filling of viscous electrolyte into nanofibers. It has been demonstrat‐
ed that dye-sensitized solar cells using electrospun TiO2 nanofibers as electrode could reach
power conversion efficiency comparable with that produced by liquid electrolyte system [41].
However, there are problems when applying electrospun mental oxide nanofibers to dye-
sensitized solar cells. The porous metal oxide electrodes have poor adhesion to the substrate
after removing the polymer component through calcination at high temperature. As shown in
Figure 9, the metal oxide nanofibers shrink prominently after calcination because of the large
stress generated at high temperature. The shrinkage in calcination could affect tremendous‐
ly not only dye-sensitized solar cell devices but also other energy applications of metal oxide
nanofibers. More details about the effect on hybrid solar cell devices are given later. A variety
of methods have been reported to solve the adhesion problem for metal oxide nanofibers. Some
researchers use pretreatment or solvent vapour to diminish the stress effect during calcina‐
tion and improve the adhesion between metal oxide nanofibers and the substrate [42].

3.2. Lithium-ion battery applications

Lithium-ion batteries have attracted considerable attention in both research and industrial
development due to their advantages, such as high energy density, long cycle life, low
gravimetric density, and flexible design. Rechargeable solid lithium-ion batteries have been
widely applied to portable electronic devices for more than 25 years. The solid lithium-ion
batteries produce electrical energy by converting chemical energy via redox reactions at the
electrode. Similarly to working mechanism of fuel cells, lithium-ion batteries comprise an
electrolyte sandwiched by an anode and a cathode. The electrolyte is an insulator for elec‐
trons but a conductor for Li+. Carbon/graphite is commonly used anode material for conven‐
tional batteries. A lithium-metal oxide (e.g., LiCoO2, LiMn2O4, and LiNiO2) is usually selected
as the cathode materials. And the organic electrolyte could be lithium hexafluorophosphate
(LiPF6) salt.

As the demand for energy increases, lithium-ion batteries are expected to be applied to more
applications requiring fast charging and discharging at high power rates like electric vehi‐
cles. So, many improvements, for instance, cycling life, charge/discharge rate, power, energy
density, are needed to meet the requirements. Researchers have developed various novel
materials and nanostructures for both electrodes and electrolytes of lithium-ion batteries.
Electrospun nanofibers is one of the most promising structures for high-performance lithi‐
um-ion batteries due to their one-dimensional structure and low manufacturing cost. LiCoO2

nanofibers have been used as the cathode of lithium-ion battery to get a fast solid state
diffusion [43]. While the electrospun LiCoO2 nanofibers have a large loss in capacity during
the charge-discharge process, resulting from the dissolution of cobalt and lithium cations
forming Li2CO3 and CoF2 impurities. To increase stability and cycling performance of lithium-
ion batteries, coatings on the electrospun nanofibers have also been investigated. Besides
cathode materials, electrospun nanofibers have been employed for use as anode and electro‐
lyte.

Nanofiber Research - Reaching New Heights186



3.3. Other applications

Electrospun metal oxide nanofibers can also be applied to other devices, such as fuel cells,
supercapacitors, and so on. For example, many electrospun metal oxide (e.g., TiOx, MnOx, WOx,
and SnO2) nanofibers can be used as catalyst support in fuel cells.

4. Conclusions

The diameter of electrospun metal oxide nanofibers can be controlled by adjusting the
properties of the solution. Ultrathin nanofibers formed when using very dilute solution. But
fabrication of metal oxide nanofibers at the scale of 10 nm or smaller is still a challenge.
Calcination process after electrospinning determined the chemical composition and crystalli‐
zation of resultant nanofibers. It could help crystallize metal oxide nanofibers, but some‐
what limit the practical application of electrospun nanofibers due to the high temperature.
Residual polymers in the calcined metal oxide nanofibers could be removed by chemical
surface treatments. After surface treatment, the nanofibers have more contact with the active
layer, which contributes high performance for solar cells.
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