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1D ZnO nanoﬁbers were fabricated in this study using the electrospinning method through sol-gel
approach. The effects of fabrication processing parameters on the nanoﬁbers size have been systematically investigated. The higher concentration of the polymer resulted in a broader distribution of the
nanoﬁbers diameter due to non-uniform ejection of the ﬂuid jet. The results indicated that an increase in
annealing temperature resulted in a lower diameter size and more uniformity of the nanoﬁber due to
decomposition of PVA. The DSC result conﬁrms that an annealing temperature higher than 480  C is
required to remove the PVA and fully decompose the zinc acetate to form crystalline ZnO nano structure.
The presence of a crystal ZnO phase was further conﬁrmed by TGA, XRD, FTIR and PL analysis.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent years, there has been a growing interest in developing
one dimensional (1D) nanostructures such as nanowires, nanobelts, nanoﬁbers and nanorods due to the ultra-high surface to
volume ratio and quantum conﬁnement effect [1e3]. 1D ZnO is one
of the most promising oxide nanostructures due to its unique
properties and remarkable performance in piezoelectricity [4],
photocatalysis [5], and thermoelectricity [6]. In addition, ZnO is low
cost, non-toxic and has a large exciton binding energy of 60 meV
which makes this material very desirable for a wide range of applications such as light-emitting diodes [7], gas sensors [8e10],
solar cell [11,12] and optoelectronics devices [13,14]. 1D ZnO
nanoﬁber have been fabricated by using a variety of methods such
as sol-gel [15], electrodeposition [16], hydrothermal [17], vapor
phase transport deposition [18], chemical vapor deposition (CVD)
[19], and electrospinning [20e25], etc. Among the available
methods for synthesizing nanostructures, electrospinning is a
simple, versatile and low-cost technique for fabricating ﬂexible
nanoﬁbers with signiﬁcant lengths, uniform diameters in nanoscale
and various compositions [26]. Although this method appears to be
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technically straight-forward, several processing variables need to
be well understood and optimized in order to fabricate nanoﬁbers
with the desired properties. There have been several studies on the
fabrication of ZnO/polymer nanoﬁbers by electrospinning [27e29],
however, the effect of processing parameters on the nanoﬁbers size
has been rarely investigated. In fact, the ultimate physical and
chemical properties of nanoﬁbers are highly dependent on the
shape, size and the morphology of the nanoﬁbers. To address this
knowledge gap, the current study aims to investigate the effects of
polymer concentration, annealing temperature, and annealing time
on the size and morphology of the ZnO nanoﬁbers. The morphologies and microstructures of ZnO nanoﬁbers as a function of
annealing temperature and solution concentration were analyzed
by Thermogravimetric analysis (TGA), x-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and Photoluminescence (PL) analysis.

2. Experimental procedure
A mixture of ZnO solegel solution and poly (vinyl alcohol) (PVA)
was used as the precursor for ZnO nanoﬁbers via electrospinning
process. Based on a solegel approach, 5 g of zinc acetate anhydrous
solution of 1 mol was mixed with 15 g of PVA (Mw ¼ 86000) and
then stirred for 3 h at 70  C. The homogenous solution was then
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added to the 10 ml plastic syringe which was placed in a syringe
pump. The positive voltage of 15 kV was applied to the needle to
form Tylor cone. The feeding rate of the solution was 0.2 mL/h to
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obtain a stable liquid jet. The nano ﬁbers were spawned on the
aluminum foil substrate, which was placed at a distance of 12 cm
from the tip of the needle. The ZnO nanoﬁbers were then annealed

Fig. 1. Scanning electron microscopy image of ZnO ﬁbers: a) as-spun PVA/Zinc acetate nanoﬁbers without thermal annealing with PVA/Zinc acetate ratio ¼ 2 b) as-spun PVA/Zinc
acetate nanoﬁbers without thermal annealing with PVA/Zinc acetate ratio ¼ 3; c) beads formation in nanoﬁber with PVA/Zinc acetate ratio ¼ 4 annealed at 500  C for 2 h with d)
nanoﬁber with PVA/Zinc acetate ratio ¼ 2 annealed at 300  C for 2 h; c) nanoﬁber with PVA/Zinc acetate ratio ¼ 2 annealed at 500  C; f) nanoﬁber with PVA/Zinc acetate ratio ¼ 2
annealed at 700  C.
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at four temperatures of 80  C, 300  C, 500  C and 700  C. The
diameter and morphology of the precursor and nanoﬁber were
analyzed using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). TGA and differential scanning
calorimetry (DSC) analysis was performed to determine the thermal stability of the precursor ﬁbers. The structure of the ZnO/PVA
nanoﬁber was characterized by XRD, FTIR and PL techniques to
analysis the presence of ZnO in the structure of the nanoﬁber.

3. Results and discussion
3.1. Size controlled of nanoﬁber
There are several affecting parameters on the diameter of ZnO
nanoﬁbers, which can be categorized in three groups as solution
properties, electrospinning condition and annealing process. In this
study, all the electrospinning parameters such as applied voltage,
electrodes distance were kept constant throughout the experiment.
However, the effect of polymer concentration, annealing temperature, and annealing time has been studied. SEM was used for visual analysis of the nanoﬁber microstructure. Fig. 1 shows the SEM
image of nanoﬁbers with a ﬁxed content of zinc acetate (1 mol)
annealed at different temperatures. A nonwoven structure of
nanoﬁber can be observed in a random orientation for all the
samples. The diameter and size distribution of the ﬁbers were
analyzed using ImageJ software. The average diameter of ZnO
nanoﬁber as a function of annealing temperature is shown in
Fig. 2a, while Fig. 2b presents the average diameter of ZnO nanoﬁber as function of the annealing durations at 500  C. As can be
seen in Fig. 2a, the diameter of the ZnO nanoﬁber decreased
signiﬁcantly with the increase of annealing temperature. The
average diameter of ZnO nanoﬁber was around 400 nm without any
annealing. However, the average diameter of ZnO nanoﬁber was
found to be 232, 145, 120 and 60 nm with the annealing temperature of 80, 300, 500 and 700  C, respectively. The decomposition of
PVA is the major factor for the shrinkage of the ﬁbers during the
annealing process. In addition, the standard deviation of ﬁber
diameter tends to decrease with the increase of temperature which
implies the uniform distribution of the ﬁber in the composite. In
order to investigate the annealing time on the on the nanoﬁber

diameter, the samples were annealed at 500  C for different
annealing time (2 h, 4 h, 6 h and 8 h). Fig. 2b shows the effect of
annealing time on the nanoﬁber diameter at 500  C. As can be seen,
the ﬁber diameter slightly dropped down to 90 nm after 4 h of
annealing at 500  C. However, the results didn't exhibit any signiﬁcant change in ﬁber diameter even by increasing the annealing
time. In order to study the effect of solution properties, a series of
samples with different polymer concentration were made. The
viscosity of the electrospinning solution was measured using a DV-I
viscometer with No. 3 spindle. Fig. 3 shows the change of ﬁbers
diameter and the viscosity as a function of PVA/zinc acetate precursor solutions ratio. A direct relationship can be observed between the PVA/zinc acetate precursor ratio and the viscosity. The
viscosity was increased dramatically from 165 cP to 324 cP when
more PVA was added to the solution. As shown, the higher viscosity
of the solution resulted in a larger ﬁber diameter. This can be
attributed to the higher viscoelastic force of the ﬂuid jet which
resists the tension force during the electrospinning process [30].
Furthermore, the increased viscosity resulted in a broader distribution of the nanoﬁbers diameter due to non-uniform ejection of
the ﬂuid jet.
The effect of the solution properties on the stability (beads
formation) of nanoﬁber was also studied. Varying the polymer
concentration highly affect the nonwoven structure of the nanoﬁber. For the samples with the viscosity below 325 cP, a lot of beads
were observed (See Fig. 1c) in the sample which can be attributed to
Rayleigh instability of the ﬂuid jet [31]. In fact, the lower PVDF
concentration solution leads to an insufﬁcient viscoelastic force to
resist the jet instability.
However, no beads were observed for the solution with the
viscosity higher than 325 cP which indicate that the viscoelastic
force of the ﬂuid jet suppress the Rayleigh instability [32].
Fig. 4 shows the HR-TEM image of ZnO ﬁbers annealed at 500  C.
It can be observed the sample is comprised of single isolated ZnO
grains in Fig. 4a. The diameter of the ZnO ﬁber shrinks down to
about 90 nm. In addition, the crystalline phases are obviously
observed in Fig. 4b. As shown, the lattice spacing is 0.262 nm, which
matched the interlayer spacing of the (002) planes in the ZnO
crystal lattice [33].

Fig. 2. Diameter of (a) ZnO ﬁbers as a function of annealing temperature (b) ZnO ﬁbers as a function of annealing duration at 500  C.
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Fig. 3. Diameter of ZnO ﬁbers and viscosity as a function of the PVA/precursor ratio.
Fig. 5. TGA/DSC analysis of ZnO nanoﬁber.

3.2. Characterization of nanoﬁber
The thermal decomposition behavior of ZnO nanoﬁbers was
investigated using TGA/DSC analysis from 25  C to 600  C at a
heating rate of 10  C/min. The result of TGA/DSC is shown in Fig. 5.
The ﬁrst weight loss (10.80%) is occurred until 110  C. This weight
loss is due to the evaporation of water in the precursor composite
ﬁbers. The second weight loss is appeared in a range of 120e480  C
(67.5%). This weight loss is due to the decomposition of PVA and the
CH3COOH group of zinc acetate. However, the results indicate that
no weight loss occurs above 480  C, indicating the decomposition
of the PVA [34]. As observed in Fig. 5, the endothermic peaks
occurred around 120  C and 240  C in DSC curve which are
attributed to the evaporation of water and decomposition of zinc
acetate respective. It has been reported that the crystallization of
ZnO occurs around 250  C through the following reaction [35,36]:

Zn ðCH3 COOÞ2 $ 2H2 O / Zn ðCH3 COOÞ2 þ 2H2 O [
Zn ðCH3 COOÞ2 þ 2R  OH / ZnO þ 2CH3  CO  R þ H2 O
The DSC result conﬁrms that the decomposition of the PVA/zinc

becomes constant beyond 480  C, implying that an annealing
temperature higher than 480  C is required to remove the PVA and
to fully decompose the zinc acetate into a pure ZnO phase.
In order to determine the interaction between ZnO and PVA, a
FTIR analysis was performed. Fig. 6 shows the FT-IR spectra between 4000 and 450 cm 1 for the precursor ﬁbers and the Zinc
acetate. The band at 3000e3500 cm1 is attributed to the stretch
modes of OeH while the appearance the peak at 2937 cm1 is
corresponded to the bend and stretching of C-H bonds. The bands
at about 1437, 1093, and 850 cm1 are attributed to the stretch
modes of CeC, and CeO groups of PVA, respectively. In addition to
the vibration bands of PVA, the appearance of vibration band of the
ZneO at 476 cm 1 conﬁrms the presence of ZnO in the hybrid ﬁbers (ZnO/PVA) sample. However, all the aforementioned peaks
have been disappeared in the annealed nanoﬁber sample at 500  C
which implies the decomposition of PVA from composite nanoﬁber.
The FTIR spectra clearly exhibits a strong peak at 476 cm 1 which
conﬁrms the high quality of ZnO crystal structures.
The phase composition and crystal structure of ZnO ﬁbers were
further studied using XRD. Fig. 7 shows the XRD diffractograms of

Fig. 4. High Resolution Scanning electron microscopy (HRTEM) image of ZnO ﬁbers annealing at 500  C.
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Fig. 6. FTIR analysis of ZnO/PVA nanoﬁber.

Fig. 8. Photoluminescence spectra of zinc acetate/PVA precursor nanoﬁbers (before
annealing) and ZnO nanoﬁbers (after annealing).

detection with the wavelength range of 224e850 nm and a resolution of 0.1 nm. Fig. 8 shows the room temperature PL spectra of
the zinc acetate/PVA precursor nanoﬁber and annealed ZnO
nanoﬁber at 500  C. For the annealed ZnO nanoﬁber at 500  C, one
UV emission peak can be seen at about 387 nm (3.2eV) with the
FWHM of 239 meV, corresponding to the free exciton emission of
ZnO [37], since the transition energy of free exciton emission is
lower than the band-gap transition energy of 3.37eV. For the zinc
acetate/PVA precursor nanoﬁber, a broad and intense emission
peak can be investigated at the wavelengths approximately from
470 to 520 nm, which may be induced by PVA in zinc acetate/PVA
composite [38]. The spectra result not only conﬁrms the presence of
ZnO phase but also indicate the decomposition of PVA for the
annealed ZnO nanoﬁber at 500  C. The PL spectra is also in good
agreement with all other experimental results including XRD
pattern, FTIR and TGA.
4. Conclusion

Fig. 7. XRD results for zinc acetate/PVA precursor nanoﬁbers (before annealing) and
ZnO nanoﬁbers (after annealing).

the zinc acetate/PVA precursor nanoﬁber and annealed nanoﬁber at
500  C. The XRD diffractograms of zinc acetate/PVA precursor
nanoﬁber shows a broad peak at 2 q ¼ 20 which is attributed to
semi-crystalline structure of PVA. However, the XRD spectrum of
the annealed nanoﬁber exhibits a well-deﬁned diffraction peaks at
2q of 31.7, 34.4 , 36.3 , 47.5 and 56.6 corresponding to (100),
(002), (101), (102), (110) plane. All the diffraction peaks clearly
indicate the formation of high crystalline zinc oxide with hexagonal
wurtzite structure. In addition, the appearance of the ZnO peaks
along with the absence of PVA peaks conﬁrm that the high purity of
the ZnO nanoﬁber and decomposition of PVA were realized in the
analyzed samples.
PL technology has also been employed to investigate the effect
of annealing on the properties of nanoﬁber. The photoluminescence (PL) measurements were carried out by using a deep
ultraviolet (UV) PL spectroscopy. The deep UV PL spectroscopy
(Photon Systems Inc.) used here consists of a HeAg laser with an
excitation photon energy at around 5.53eV (224 nm), a monochromator (0.25 m), and an integrated photomultiplier (PMT)

In this paper, the high crystal ZnO nanoﬁber was successfully
fabricated using electrospinning method. The effect of solution
properties and annealing process on the ﬁber diameter was
investigated. The higher concentration of the polymer not only
resulted in a larger diameter of nanoﬁber but also leads to a broader
distribution of the nanoﬁbers diameter due to non-uniform ejection of the ﬂuid jet. The results indicated that an increase in
annealing temperature resulted in a lower diameter size and more
uniformity of the nanoﬁber due to decomposition of PVA. The TGA/
DSC result conﬁrms that an annealing temperature higher than
480  C is required to remove the PVA and fully decompose the zinc
acetate into a pure ZnO phase. The optimum annealing temperature
and duration was found to be 500  C and 2 h, respectively. No
signiﬁcant change in nanoﬁber diameter and structure have been
observed after 2 h annealing at 500  C. The presence of the high
crystal ZnO nanostructures was conﬁrmed by HRTEM, TGA, XRD,
FTIR and PL analysis.
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