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ABSTRACT: Wurzite type zinc oxide (ZnO) mesoporous nanofibers for low-cost
thin film solar cells were successfully synthesized by a simple electrospinning
technique. The n-type semiconducting ZnO mesoporous nanofibers were obtained
from polyvinylpyrrolidone (PVP) and a zinc nitrate precursor in ethanol and water
after calcination treatment at 520 °C for 1 h. The as-synthesized PVP−ZnO and
calcined ZnO nanofibers were characterized using X-ray powder diffraction (XRD),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS).
The vibrational properties of the ZnO mesoporous nanofibers were recorded by
micro-Raman spectroscopy. The results show that the calcined ZnO mesoporous
nanofibers have a single phase with good crystallinity.
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■ INTRODUCTION

Recently, 1D nanorods, nanoflowers, nanowires, and nanofibers
of zinc oxide (ZnO) have shown great potentials due to having
promising photocatalysts for high catalytic activity and for being
excellent candidates for dye sensitized solar cells (DSSC)1 and
quantum dot-sensitized solar cells (QDSSC).2 The ZnO favors
formation of anisotropic structures and exhibits much higher
electron mobility than titanium oxide (TiO2) (155 cm

2 V−1 s−1

vs 10−5 cm2 V−1 s−1). The Debye−Huckel screening length in
ZnO is about 4 nm for a carrier concentration of 1018 cm−3.
They also have high exciton binding energy (60 meV), high
breakdown strength, and exciton stability, and are an
environmentally friendly material.3−5 The electron concen-
tration (n) and electron mobility (μe) in the single crystalline
ZnO nanofibers synthesized by electrospinning is 1.3 × 1019

cm−3 and 4.6 × 10−3 cm2V−1s−1 ,respectively.6 The μe of bulk
ZnO is 205−300 cm2 V−1 s−1, while a single nanowire shows
1000 cm2 V−1 s−1 electron mobility.7 In the case of TiO2,
nanopartcles and nanorods have 0.1−4 cm2 V−1 s−1 electron
mobility, which is much smaller than either bulk or single
crystalline ZnO. The electron diffusion coefficient of bulk ZnO
is 5.2 cm2 s−1 and 1.7 × 10−4 cm2 s−1 for nanoparticulate film.7,8

The electron diffusion coefficients of bulk and nanoparticulate
TiO2 are 0.5 cm2 s−1 and 10−8−10−4 cm2 s−1, respectively.9,10

The highest room-temperature electron mobility for a bulk
ZnO single crystal grown by the vapor-phase transport method
is reported to be about 205 cm2 V−1 s−1 with a carrier
concentration of 6.0 × 1016 cm−3.11,12 From the above
discussion, it is clear that ZnO has higher electronic mobility

that would be favorable for effective electron transport and low
recombination loss when used in DSSCs/QDSSCs.
A number of approaches have been employed for the

synthesis of ZnO, which include physical vapor deposition
(PVD),13 chemical vapor deposition (CVD),14 molecular beam
epitaxy (MBE),15 metal-organic chemical vapor deposition
(MOCVD),16 thermal evaporation,17 combustion method,18

aqueous chemical growth (ACG),19 and hydrothermal.20 On
the other hand, 1D ZnO nanostructures like nanowires/
nanofibers are receiving increasing attention because of their
large length to diameter ratios, high surface area, excellent
aspect ratio, and effective electronic properties. These proper-
ties are making ZnO a promising candidate for DSSC/QDSSc,
photocatalysis, and related applications.21 The ZnO nanowires/
nanofibers are mainly synthesized by two different routes,
which include the vapor-phase route and solution-processed
route. So far, ZnO nanowires/nanofibers synthesized by the
vapor-phase route include MOCVD,22 CVD,23 PVD,24 pulsed
laser deposition (PLD),25 metal organic vapor-phase epitaxy
(MOVPE),26 and MBE.27 Yu et al. synthesized metal catalyst
seed-free ZnO nanowires by using the vapor-phase transport
deposition technique directly onto a fluorine-doped tin oxide
(FTO)-coated substrate.28

Recently Ho et al. developed multi-junction ZnO nanowire
arrays using a chemical process. These multi-junction ZnO
nanowires facilate enhanced surface areas and effective light

Received: May 21, 2013
Revised: June 21, 2013
Published: June 25, 2013

Research Article

pubs.acs.org/journal/ascecg

© 2013 American Chemical Society 1207 dx.doi.org/10.1021/sc400153j | ACS Sustainable Chem. Eng. 2013, 1, 1207−1213

pubs.acs.org/journal/ascecg


trapping in the DSSC application.29 Bulovic et al. developed
ZnO NW arrays using sol−gel ZnO seeding followed by a low-
temperature aqueous chemical route. These nanowire arrays are
very beneficial for PbS-sensitized QDSSCs.30 Zhu et al.
synthesized aligned ZnO by using the electrospun technique
for ultraviolet nanosensors using polyvinylpyrrolidone (PVP) in
dimethyl formamide annealed at 500 °C to remove organic
compounds.31

Presently, the electrospinning preparation of 1D nanofibers
consists of a simple process that can produce a number of
different synthetic fibers that show considerable potential for
practical applications. The commonly used PVP acts as a
mesopore template. It has good electrospinnability and can
generated single fluid electrospinning, which is a popular
procedure for producing nanofibers due to ease of
implementation and cost effectiveness.32 Initially, the electro-
spinning is a method of producing fibers by accelerating a jet of
charged PVP polymer solution in an electric field.33 A high-
voltage 15 kV power supply generates an electric field between
a syringe with a needle tip and a grounded collector drum
covered with aluminum foil. Electrostatic charging of the fluid
at the needle tip of the syringe results in formation of the well-
known Taylor cone, and single fluid jet is ejected from the
apex.34 As the jet accelerates and thins in the electric field,
radial charge repulsion results in splitting of the primary jet into
multiple filaments. The PVP−ZnO composite filaments were
formed from the solution between two electrodes bearing
electrical charges of opposite polarity. Finally, these PVP−ZnO
fibers are collected on the surface of a collector. Moreover, PVP
is a nontoxic, odorless, and environmentally benign polymer,
which is widely used as a functional material in various fields,35

and thus, it is an excellent organic component for use in the
synthesis of organic−inorganic hybrid composites. Because of
its excellent solubility in alcohol and suitability for ZnO
precursors, we have selected the PVP binder in an electro-
spinning technique. This study reports the successful synthesis
of ZnO nanofibers via an electrospinning process, and ZnO
mesoporous nanofibers can then be obtained once these have
been subject to annealing treatment at 520 °C for 1 h.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Zinc nitratehexahydrate [Zn-

(NO3)2•6H2O] and polyvinylpyrrolidone (PVP) ((PVP K90, MW =
1,300,000) were purchased from Sigma Aldrich. The solvent ethanol
was purchased from Daejung Chemical. Deionized (DI) water was
used for the precursor solvent. All these chemicals were used without
further purification.
Preparation OF ZnO Feeding Solution. In a typical experiment,

a 1:0.75 ratio of zinc nitrate and PVP was dissolved in 7.5:2.5 v:v of
ethanol and DI water solvent under magnetic stirring to obtain a
homogeneous precursor of ZnO. The prepared PVP−ZnO electro-
spinning solution was carefully sucked into a 5 mL glass syringe and
fixed horizontally arranged by the electrospinning equipment (SGE
Analytical Science). The positive electrode was connected to the
needle of the syringe containing the precursor solution. The drum
rotating speed (400 rpm) and distance between anode and cathode
(15 cm) were kept constant. The applied potential was maintained at
15 kV. The feeding rate and drum rotating speed were kept constant at
1.0 mL/h (syringe pump (KDS-100, KD Scientific) and 400 rpm,
respectively. The electrospinning deposition was conducted in air. The
PVP−ZnO nanofibers were electrospun on aluminum foil. The
obtained PVP−ZnO nanofibers were calcined at 520 °C for 1 h
(heating rate: 2 °C min−1) using a programmable furnace to get pure
mesoporous ZnO nanofibers. The calcined ZnO nanofibers were used
for further characterizations.

Characterizations. X-ray diffraction (XRD) measurements were
carried out using a D/MAX Uitima III XRD spectrometer (Rigaku,
Japan) with a Cu Kα line of 1.5410 Å. The surface morphology of the
prepared PVP−ZnO and calcined mesoporous ZnO nanofiber samples
were recorded by a field emission scanning electron microscope
(FESEM; S-4700, Hitachi). Transmission electron microscopy (TEM)
micrographs, selected area electron diffraction (SAED) pattern, and
high-resolution transmission electron microscopy (HRTEM) images
were obtained by a TECNAI F20 Philips operated at 200 KV. The
TEM sample was prepared by drop casting ethanolic dispersion of
ZnO nanofibers onto a carbon-coated Cu grid. The elemental
information of calcined ZnO nanofibers was analyzed using a X-ray
photoelectron spectrometer (XPS) (VG Multilab 2000-Thermo
Scientific, U.S.A., K-Alpha) with a multi-channel detector, which can
endure high photonic energies from 0.1 to 3 keV. Thermal analysis was
carried out with a Shimadzu-TGA-50 TG-DTA thermal analyzer in a
nitrogen atmosphere at a heating rate of 10 °C min−1. The micro-
Raman spectrum of the ZnO nanofibers was recorded in the spectral
range of 100−1000 cm−1 using a micro-Raman spectrometer (inVia
Reflex UV Raman microscope (Renishaw, U.K.), KBSI, Gwangju-
center) that employs a He−Ne laser source with an excitation
wavelength 633 nm and resolution of 1 cm−1 at 15 mW laser power.

■ RESULTS AND DISCUSSION
The crystalline structure of the PVP−ZnO fibers and ZnO
mesoporous nanofibers have been studied based on their X-ray
diffraction patterns obtained at 15 kV. Figure 1 shows the XRD

patterns of as-synthesized pure PVP−ZnO nanofibers and after
calcination at 520 °C for 1 h. From the XRD pattern, it is clear
that the as-prepared PVP−ZnO nanofibers are amorphous in
nature. This XRD pattern indicates that the crystalline ZnO
structures did not form at room temperature. Therefore, we
have calcined PVP−ZnO samples at 520 °C. Figure 1(b) shows
the PVP−ZnO nanofibers annealed at 520 °C for 1 h. The
peaks are quite sharper, indicating the crystalline nature. The
calcined ZnO nanofiber sample (Figure 1(b)) shows nine
diffraction peaks of the ZnO mesoporous nanofibers corre-
sponding to (110), (002), (101), (102), (110), (103), (200),
(112), and (201) at 31.60°, 34.318°, 36.08°, 47.38°, 56.48°,
62.74°, 66.474°, 67.90°, and 69.04°, respectively, of the wurtzite
crystal structure. All diffraction peaks that are consistent with
the reported data confirm ZnO with a wurtzite hexagonal
phase. No characteristic peaks for other impurities were
observed, which confirms that the product obtained after

Figure 1. XRD patterns of (a) as-synthesized PVP-ZnO nanofibers
and (b) after annealing at 520 °C.
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calcination is phase pure. The mean values of a = 3.2526 Å and
c = 5.2054 Å are in good accord with the reported values (a =
3.2498 Å and c = 5.2066 Å).3 The XRD observations suggest
that the calcination process can play a role to remove the PVP
from the as-synthesized sample and improve the crystallinity of
ZnO nanofibers. The measured c/a ratio of 1.60 showed a good
match with the value 1.605 for an ideally close-packed
hexagonal {P63mc(186)} structure obtained from the standard
JCPDS data 36-1451. The average crystal domain size of the
ZnO mesoporous nanofibers calculated using Scherrer’s
equation based on the (101) peak is 24 nm (D = kλ/(β cos
θ); k = 0.89, λ =1.54 Å, β = fwhm, θ = diffraction angle). The
observed and standard crystallographic data is summarized in
Table 1.

Figure 2(a) shows the FESEM image of the as-synthesized
ZnO nanofibers. From the FESEM image, it is clear that all
PVP−ZnO nanofibers are uniform in diameter. The higher
magnified FESEM image shows that the PVP−ZnO nanofibers
have diameters of about 400 nm and lengths up to several
hundreds of micrometers, which indicates that electrospinning
is an excellent technique for synthesis of long ZnO nanofibers.
The higher magnified FESEM image reveals that the surfaces of
ZnO nanofibers are quite smooth (as shown in Figure 2(b)). In
the electrospinning process, the PVP is used to adjust the
solution viscosity, and ethanol was added to dissolve the PVP
and to facilitate the solvent evaporation during the electro-
spinning process. Also, ethanol plays an important role in local
polarization in the solution during electrospinning. These

Table 1. Standard and Observed d Values and Their Relative Intensities of ZnO Mesoporous Nanofibers

sr.
no.

2θ
(standard)

2θ
(observed)

(hkl)
plane

standard d (Å) a = 3.2498
c = 5.2066

observed d (Å)a = 3.2526
c = 5.2054

standard relative intensity
I/I0 (%)

observed relative intensity
I/I0 (%)

1 31.769 31.602 100 2.8143 2.8288 57 73.90
2 35.421 34.318 002 2.6033 2.6109 44 51.90
3 36.252 36.081 101 2.4759 2.4873 100 100.00
4 47.538 47.383 102 1.9111 1.9170 23 19.62
5 56.602 56.481 110 1.6247 1.6279 32 32.80
6 62.862 62.743 103 1.4771 1.4797 29 25.10
7 66.378 66.474 200 1.4070 1.4054 4 5.50
8 67.961 67.901 112 1.3781 1.3793 21 22.50
9 69.098 69.040 201 1.3582 1.3592 11 11.35
10 76.953 77.076 202 1.2380 1.2363 4 3.20
11 89.609 89.800 203 1.0931 1.0912 7 6.60

Figure 2. (a, b) FESEM images of as synthesized PVP−ZnO nanofibers and (c, d) after annealing at 520 °C.
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samples were further calcined at 520 °C for 1 h. Figure 2(c,d)
shows FESEM images of calcined ZnO nanofibers. At a glance,
it is clear that the diameters of nanofibers have been decreased
up to 160 nm due to removal of the PVP binder and
crystallization of ZnO nanofibers. However, it is also noted that
the structure of the nanofibers remained the same and
continuous. The higher magnified FESEM image reveals that
the nanofibers are made up of a number of small mesoporous
ZnO nanoparticles. In order to investigate individual single
grains of ZnO nanofibers, HRTEM analysis was carried out.
Figure 3(a,b) shows TEM micrographs of individual ZnO
single nanofibers at different magnifications. The ZnO
nanofibers with diameters of 160 nm and lengths from
hundreds of nanometers to several micrometres have been
observed. After calcination at 520 °C for 1 h, the ZnO
mesoporous nanofibers were composed of multi-layered
nanoparticles with sizes ranging from 25 to 35 nm. The
growth directions for the nanofibers were determined from
high resolution TEM (HRTEM) as shown in Figure 3(c).
Lattice images are clearly observed in Figure 3(c), indicating

that ZnO single grains are highly crystalline. The lattice spacing
along the (01 ̅1) and (001) planes indicated by yellow lines are
found 2.47 Å and 5.23 Å, respectively, which is consistent with
the wurtzite crystal structure of ZnO (Figure 3(d)).
Figure 4 shows the TGA curves of PVP−ZnO and pure PVP

nanofibers. PVP−ZnO nanofibers exhibited a three-step
process of weight loss, with a total weight loss of 80.9%. The
weight loss is a function of temperature: 15.445% loss from
room temperature to 250 °C, followed by 45.4% between 250
and 473 °C, and finally, a loss of 12.3% that started at about
473 °C and ended at about 720 °C. The first step can be
attributed to the loss of volatile solvent. The second significant
weight loss can be attributed to loss by the oxidation of sulfides,
and PVP chains are decomposed thermally. Over about 720 °C,
there is only a slight weight loss up to 1000 °C, and it is
expected that the only material changes that occur at this stage
are in the crystal structure. It is clear from the TGA curve that
the PVP and organic group were completely removed at 720
°C. The weight loss of pure PVP nanofibers began to occur at
approximately 342 °C and was complete at about 483 °C. The

Figure 3. (a, b) TEM and (c, d) HR-TEM images of ZnO mesoporous nanofibers after calcination at 520 °C for 1 h.
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higher thermal stability of PVP−ZnO nanofibers might be
attributed to the higher chain compactness due to the
interaction between the PVP and ZnO materials.
The Raman spectrum of ZnO nanofibers was recorded using

micro-Raman spectrometer at room temperature. Figure 5

shows the micro-Raman spectrum of ZnO nanofibers calcined
at 520 °C. Raman signals are sensitive to crystal structures and
defects. A dominant sharp peak was observed at 438.93 cm−1,
which is the characteristic of hexagonal wurtzite ZnO. This
shows the Raman-active optical phonon mode, E2.

36 Other
small peaks were also observed at 331.2 cm−1 and 573.33 cm−1.
The broad peak at 331.2 cm−1 is due to multiple phonon
scattering,37 and the peak at 573.33 cm−1 is observed due to
structural defects like oxygen deficiency. The intensity of the
peak at 438.9 cm−1 as compared to other peaks is high, which
indicates high crystal quality,38,39 and this result is consistent
with the XRD.
The chemical composition of ZnO nanofibers is investigated

by XPS analysis, and the results are shown in Figure 6. Figure
6(a) shows the high resolution scan of Zn(2p1/2) and Zn(2p3/2)
peaks for the ZnO nanofibers. The peaks at about 1026.48 and
1049.96 eV confirm that the Zn element exists mainly in the
form of the Zn2+ chemical state on the sample surface. Figure

6(b) shows the high resolution scan of the O 1s peak. The O 1s
main peak at 531.70 eV is assigned to the metallic oxides.40 It is
shown that the O 1s peak is somewhat asymmetric, suggesting
that there are at least two kinds of oxygen species on the sample
surface. The fitting deconvoluted peak with O1S (529.7 eV) is
closely related with the oxygen lattice of ZnO. Photo-
electrochemical performance, DSSC and QDSSCs device
fabrication, and testing of ZnO nanofibers are currently
underway in our laboratory.

■ CONCLUSIONS
In conclusion, we have successfully synthesized mesoporous
ZnO nanofibers by a simple and cost-effective electrospinning
technique. As-synthesized PVP−ZnO nanofibers have smooth
surfaces with diameters of about 400 nm and lengths up to
several hundreds of micrometers. The calcination process is
beneficial for the formation of highly crystalline ZnO
nanofibers. The diameter of calcined samples of ZnO
nanofibers have been decreased up to 160 nm due to removal
of the PVP binder and crystallization of ZnO nanofibers. These
results indicate that electrospinning is an excellent technique
for synthesis of long ZnO nanofibers. In the electrospinning
process, the PVP is used to adjust the solution viscosity, and
ethanol was added to dissolve the PVP and to facilitate solvent
evaporation during the electrospinning process. The XRD and
HRTEM results reveal that the synthesized ZnO nanofibers
have a wurzite crystal structure with excellent crystallinity. The
Raman result reveals that the synthesized ZnO nanofibers have

Figure 4. Thermogravimetric analysis (TGA) curves of PVP−ZnO
nanofibers. Pure PVP nanofiber (black line) and (b) PVP−ZnO
nanofibers (red line).

Figure 5. Raman spectrum of ZnO nanofibers.

Figure 6. (a) Zn 2p and (b) O1s high resolution XPS scan of ZnO
nanofibers.
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strong absorption bands at 438.93 cm−1, which is the
characteristic of hexagonal wurtzite ZnO.
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