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Abstract

The composite fibers of polyvinyl alcohol (PVA) and zirconium (Zr) n-propoxide were produced by an electrospinning process using

the mixed solution of PVA and sol of zirconium n-propoxide. Effects of process parameters, viz. applied voltage, needle to collector

distance and flow rate, were studied on the composite fibrous morphology. Bead-free composite fibers, with fiber diameter ranging from

155 nm to 850 nm, were produced with different process parameters. The morphology of the fibers varies significantly with the heat

treatment. Heat treatment of the composite fibrous mats results in the removal of PVA, which causes the surface rough while retaining

the fibrous morphology. The XRD studies reveal that the structure of PVA free ZrO2 fibers is tetragonal.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Electrospinning has been proved to be the versatile techni-
que to make ultrathin fibers with diameter down to
nanometer range. Besides, this technique has gained much
attention from both academicians as well as industrialists as it
is simple and economical. The versatility of this low cost
process for fiber making lies in its strength of producing fibers
of polymers, metals, and ceramics as well as of composite
systems [1–4]. Ultrathin fibers produced by this technique are
enriched with the unique features such as high surface area,
high surface area to volume ratio, small fiber diameter,
prospective to incorporate active chemistry, filtration proper-
ties, high permeability and low weight which enable them for
their application in various areas of biomedical applications
(tissue engineering), sensor technology, filtration, super capa-
citors, catalysis, and optoelectronics [5–7].

The electrospinning technique involves application of
high voltage to the tip of the syringe needle, filled with a
polymeric solution, which deforms the solution droplet
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(coming out of the needle at a fixed flow rate) into a
conical shape due to electrostatic repulsions between the
surface charges as well as electrostatic attraction between
the oppositely charged collector plates. When the applied
voltage exceeds a threshold value, electrostatic forces
overcome the surface tension and the ejection of a liquid
jet from the orifice takes place. This is followed with a
rapid bending and whipping process in which jet is
continuously stretched and elongated by electrostatic
repulsive forces, leading to the formation of a long, thin
and uniform fiber. In this process, solvent rapidly evapo-
rates and the fiber diameter reduces leading to the forma-
tion of an ultrathin fiber. Ultimately, the charged fibers
deposit on the grounded collector plate as a result of
electrostatic attraction. Bead free fibers with uniform
diameters (throughout their length) can be produced after
optimizing both the solution as well as process parameters.
These parameters include surface tension, viscosity, needle
to collector distance, applied voltage, flow rate and also
ambient conditions like temperature and humidity [8–10].
Possibility of extending the concept of electrospinning to

ceramic systems has opened a new era in nanoscale research
during the past couple of years. Recently, numerous efforts
have been made for the synthesis and characterization of
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ceramic fibers using electrospinning process for various
applications. The typical materials include TiO2, ZrO2,
Al2O3, Bi2O3, PZTs, PLZT, BaTiO3 etc. [11–17]. The
electrospun ceramic fibers are produced in the following
steps: (i) preparation of electrospinning solution which
includes stable sol of ceramic material and a carrier polymer
to maintain the desired viscosity, (ii) electrospinning of the
prepared solution and collection of the polymer/inorganic
composite fibers/mat, (iii) heat-treatment of the composite
fibers to remove unwanted constituents (polymer, solvent)
and to obtain the desired ceramic phase and (iv) annealing
for further modification of the fiber microstructure. Heat
treatment is required to be done at a low heating rate in
order to ensure the removal of organic components without
destroying the fibrous morphology and also to avoid the
disintegration of ceramic fibers.

This study presents synthesis of PVA/Zr n-propoxide
fiber composite for ZrO2 ceramic fibers. PVA (a carrier
polymer) is generally used in the preparation of electro-
spun fibers of ceramic material because of its non-toxic
nature, high water permeability, good film forming ability,
high hydrophilicity, biocompatibility and good chemical
and thermal stability [18–21]. ZrO2 ceramics possess
various valuable properties like high thermal and dimen-
sional stability, high oxygen ion conductivity, low thermal
conductivity together with relatively high coefficient of
thermal expansion. These properties make this ceramic
material useful as a catalyst/catalyst support for hydro-
genation and isomerisation reactions compared with other
ceramic oxides (TiO2, SiO2 and Al2O3), solid electrolytes in
oxygen sensors and solid oxide fuel cells operating at lower
temperatures, thermal barrier coating (TBC) applications
and a ceramic biomaterial [22–24].

In literature, several efforts have been made to synthesize
ultrafine zirconia fibers by the electrospinning process using
poly(vinyl alcohol)/poly(vinyl pyrrolidone)/ethyl alcohol/
distilled water/zirconium oxychloride composites as precur-
sors followed by calcinations at various temperatures ran-
ging from 600 1C to 1200 1C [13,25,26]. But the presence of
halides like chloride ions have several disadvantages in
terms of processing and device applications such as genera-
tion of corrosive HCl gas during the heat-treatment,
requirement of inert atmosphere and inferior electronic
property due to small amount of residual chloride [27,28].
Therefore, the present study is also focused on a halide free
processing route for the preparation of zirconia fibers.
2. Experimental

Zirconium n-propoxide (analytical grade, Alfa-Aesar),
poly(vinylalcohol) (PVA, Mw=125,000 and degree of
hydrolysis =86–89%), acetyl acetone (Sigma Aldrich)
and 2-methoxy ethanol (Sigma Aldrich), were used as
starting materials in this work. PVA solution of 8 wt%
was prepared by dissolving a weighed amount of PVA
powder in deionized water at 85 1C with constant stirring.
Precursor sol of Zr n-propoxide was prepared by the
sol–gel technique as follows:
Zr n-propoxide was used as the precursor chemical for

the synthesis of ZrO2 fibers. Stabilization of Zr n-prop-
oxide was achieved by the addition of acetyl acetone
(chelating agent) in methoxy ethanol solvent. The molar
ratio of acetyl acetone and Zr n-propoxide was kept 1:1.
The basic mechanism for hydrolysis of M(OR)4 has been
given by Mazdiyasni et al. [29] as per the following
reaction:-

For zirconium alkoxides, hydrolysis is a much quicker
reaction than condensation and hence, solid phase of ZrO2

usually precipitates out before condensation. To slow
down the hydrolysis, chelating agent was added to
Zr(OR)4, which produces the chelated complex as repre-
sented by the following reaction:-

This chelated complex experiences much greater strain
than the non-chelated one. As a result, they are least
reactive towards hydrolysis and thus preventing the
precipitation of ZrO2.
Fibrous mats of PVA/Zr n-propoxide composite were pre-

pared by using an Electrospinning (ES) setup manufactured by
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TSPL Pvt. Ltd., Secunderabad, India which consists of a
precisely programmable microprocessor based infusion syringe
pump IP607 (five different grooves for using multiple syringes,
capable of delivering flow rate of 0.2–200 mL/min), high
voltage dc power supply (20 kV maximum voltage) and a
collector plate. Collector plate covered with aluminum foil was
kept at 90o to the needle to collect composite fibers.
Both infusion syringe pump and collector plate were kept in
a chamber, which has a wooden cabinet with a polycarbonate
front window, LED bulbs and relays to indicate the running
of the equipment and safety shut-off.

The syringe (capacity of 2 ml) was filled with a solution
of PVA/ Zr n-propoxide composite solution (volume ratio
of 4:1). To study the effect of process parameters (electric
potential, collection distance and solution flow rate) on
composite fiber morphology and diameters, fibrous mat
structures of PVA/Zr n-propoxide composite were synthe-
sized under following variable electrospinning conditions:
voltage in the range of 7–11 kV, needle-to-collector
distance in the range of 3.5–6.5 cm and flow rates in the
range of 4.5–12.5 mL/min. All of these experiments were
carried out on a stationary collector and for a fixed
collection time of 1 min. A single fibrous mat was also
deposited under one typical electrospinning condition, i.e.
applied electrical potential of 13 kV with 8.5 mL/min flow
rate over a fixed needle to collector distance of 4.5 cm and
characterized from center to edge to study the changes in
morphology and average diameter of composite sub-
micron fibers. This deposition was done for 2 min.

As-deposited fibrous mat of PVA/Zr n-propoxide com-
posite was heat-treated at 600 1C for 4 h in air using
heating and cooling rates of 2 1C/min to produce polymer
(PVA) free ZrO2 fibers. The heat-treated as well as
as-deposited sub-micron fibers were characterized by X-
ray diffraction (XRD) and scanning electron microscope
(SEM). The X-ray diffraction (XRD) of the samples were
carried out in a Philips X-ray diffractometer using Cu Ka
radiation with working current and voltage at 30 mA and
40 kV, respectively. Scans were made from 201 to 601 (2y)
at the speed of 21/min and the step was 0.051. The SEM
images and EDS patterns of samples were recorded by
using FEI Quanta 400 scanning electron microscope. Fiber
diameter was determined from the SEM images of fibers
using the UTHSCSA Image tool software. For each
experimental condition, 50 different fibers were measured.

3. Results and discussions

3.1. Effect of needle–collector distance (NCD)

Fig. 1 shows the digital images, their corresponding
SEM images and fiber diameter distribution of as prepared
electrospun PVA/Zr n-propoxide fiber mat in the following
conditions: applied voltage (13 kV), flow rate (8.5 mL/min.)
and variable tip-to-collector distance (3.5–6.5 cm).
The digital images also show that at the lowest distance,
density of white portion i.e. the fibrous mat is very high
and it decreases as the needle–collector distance increases.
Decrease in the fiber density, i.e. number of fiber per unit
area, is reflected in the corresponding SEM micrographs
which showed the smaller fiber density for mat deposited
at NCD of 6.5 cm. The plots of fiber size distribution show
a shift in the fiber diameter distribution towards higher side.
A narrow fiber size distribution was observed for NCD of
3.5 cm ranging between 170 nm and 550 nm. Composite
fibrous mat showed a very high fiber size distribution
ranging between 325 nm and 855 nm for NCD of 6.5 cm.
Also, with the spread in distribution, the larger number of
fibers within the distribution range shift towards the higher
side (increasing fiber diameter).
The variation of average fiber diameter as a function of

variable NCD is shown in Fig. 2. The plot shows the
increase in fiber diameter with increase in needle–collector
distance. With increase in the NCD, electric field strength
decreases and a relatively less electrostatic repulsive force
is experienced by the polymer jet which is being dis-
charged. Due to this fact, jet velocity decreases resulting
in less stretching of the polymer droplet coming out of
the needle. Also, decrease in electrostatic force brings the
bending instability close to the nozzle tip, causing an
increase in the total path trajectory of the jet segment
leading to increase in the diameters of the as-spun PVA/Zr
n-propoxide composite fibers [30,31].

3.2. Effect of applied voltage

Digital images, their corresponding SEM images and
fiber diameter distribution of as prepared electrospun
PVA/Zr n-propoxide fiber mat have been shown in Fig. 3.
The composite fiber mats were deposited under following
electrospinning conditions: the variable applied voltage of
11–15 kV (in steps of 2 kV), the spinning solution flow rate
8.5 mL/min and the needle–collector distance (NCD) of
4.5 cm. It was observed that change in the applied voltage
affects the diameters of the fibers and their size distribution.
The diameter of the deposition area also decreases with
increase in applied voltage. The fiber density increases with
increasing the applied voltage and the most dense fiber mat
was obtained for an applied maximum voltage of 15 kV.
The increase in fiber density is also obvious from the SEM
image of the corresponding digital picture. This behavior
can be understood from the fact that the increase in
electrostatic field strength increases the electrostatic force
acting on a jet segment resulting in increase in the fiber
density. Analysis of fiber size distribution plots reveals a
broad size distribution of submicron fibers at 11 kV applied
voltage and the spread of the size distribution reduces for
15 kV. The broad range distribution of fibers exists between
300 nm and 630 nm. When voltage is increased from 11 to
13 kV, the distribution of fiber diameter shifts towards the
lower end and it exists between 230 and 550 nm. More
narrow fiber size distribution (200–475 nm) was observed
with further increase in the applied voltage to 15 kV. The
effect of increasing the applied voltage can be realized as the



Fig. 1. Digital images of the deposition area, corresponding SEM images and size distribution of the as-spun PVA/Zr n-propoxide composite fibrous

mats collected under the applied electric potential of 13 kV at fixed flow rate of 8.5 ml/min for three different NCDs: (a) 3.5 cm; (b) 4.5 cm and (c) 6.5 cm.
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Fig. 2. Variation of average fiber diameter with NCD.

S. Singh et al. / Ceramics International 39 (2013) 1153–11611156
converse effect of decreasing the distance between needle
and collector, thereby average fiber diameter showing the
reverse trend.
The variation of average fiber diameter has been shown
as a function of applied voltage in Fig. 4. It is found that
average fiber diameter decreases with increase in the
applied voltage; this is consistent with the earlier work
reported in the literature [32–34]. The polymer droplet,
which comes out of the tip of the needle at a fixed flow
rate, experiences the large columbic forces as well as the
stronger electric field with increase of applied voltage and
during this exposure, the fibers face more stretching,
therefore, reduction in the diameter takes place [35].

3.3. Effect of flow rate

Fig. 5 shows the digital images, their corresponding
SEM images and fiber diameter distributions. To observe
the effect of flow rate variation, electrospun PVA/Zr
n-propoxide fiber mats were prepared under the following
electrospinning conditions: applied electric potential
(13 kV), needle-–collector distance (4.5 cm) and variable
flow rates (4.5–12.5 mL/min). The digital images showed



Fig. 3. Digital images of the deposition area, corresponding SEM images and size distribution of the as-spun PVA/Zr n-propoxide composite fibrous mats

collected under different applied electric potentials of (a) 11 kV; (b) 13 kV and (c) 15 kV for a fixed NCD of 4.5 cm and a fixed flow rate of 8.5 ml/min.
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Fig. 4. Variation of average fiber diameter with applied voltage.
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increase in fiber density with flow rate as reflected from the
white portion (fibers) on the aluminum foil.
Fiber mat deposited with flow rate of 4.5 mL/min

showed relatively small fiber density and this behavior is
well supported by the SEM image for the same sample.
The size distribution plots reveal that fiber size distribution
shifts towards the lower side with an increase in flow rate.
Also, a narrow size distribution was observed for relatively
high flow rate of 12.5 mL/min. Maximum value of fiber
diameter decreases from 725 nm to 465 nm with change in
flow rate from 4.5 mL/min to 12.5 mL/min. From the SEM
images, it is noticed that fiber concentration increases with
increase in the flow rate and the most dense fibrous
network was observed at highest flow rate of 12.5 mL/min.
Variation of average fiber diameter as a function of flow

rate has been plotted in Fig. 6. The average fiber diameter
showed first an increasing trend with increase in flow rate



Fig. 5. Digital images of the deposition area, corresponding SEM images and size distribution of the as-spun PVA/Zr n-propoxide composite fibrous

fiber mats collected under the applied electric potential of 13 kV at fixed collector distance of 4.5 cm for three different flow rates: (a) 4.5 ml/min;

(b) 8.5 ml/min and (c) 12.5 ml/min.
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Fig. 6. Variation of average fiber diameter with flow rate.
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up to 8.5 mL/min followed by a decrease in value for 12.5 mL/
min. The average fiber diameter was found to be equal to
325 nm for the composite mat electrospun at 12.5 mL/min.
The optimization of flow rate is very important in order to
achieve bead-free electrospun fibers as the stable Taylor cone
can be maintained for an optimized value of flow rate and
applied voltage. With the increase in flow rate of the solution,
larger volume of the polymer solution remains available
which further gets drawn into the fibers, hence the solution
carrying capacity of the jet increases and it carries with a
relatively high velocity. Therefore, the time for the fibers to
dry decreases and this leads to increase in the fiber diameter
[36]. However, there is a limit to the increase in the diameter
of the fiber due to higher feedrate. With further increase in
the feed rate up to 12.5 mL/min, there is corresponding
increase in the charges on the electrospinning jet which leads
to corresponding increase in the stretching of the solution
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and this aspect counters the increased fiber diameter due to
increase in flow rate [37].

3.4. Morphological and structural analysis of ZrO2 fibers

obtained after heat-treatment of composite

PVA/Zr n-propoxide fibers

To get PVA free pure ZrO2 fibers, heat treatment of
composite fibers was done at 600 1C for 4 h soaking time
with 2 1C/min heating rate. The comparative microstructures
have been given in Fig. 7(a and b) showing the difference in
the morphology of as-spun composite PVA/Zr n-propoxide
fibers and ZrO2 fibers obtained after heat-treated respectively.
The composite fibers were deposited under the electrospinning
conditions of 11 kV applied voltage, 8.5 mL/min and 4.5
NCD. It was observed that heat-treated fibers show rough
surface which is the effect of removal of polymer (PVA) from
the composite fibers. After heat treatment, the average fiber
diameter (AFD) was found to be 300 nm which is �25%
less than the AFD of composite fibers (435 nm). Also,
most importantly, retainment of the fibrous morphology
was observed after heat-treatment. The energy dispersive
Fig. 7. SEM image of (a) as-spun and (b) heat-treated PVA/Zr n-propoxide

PVA/Zr n-propoxide composite fibrous mat; (e) X-ray diffraction spectra for
spectrum (EDS) of as-spun as well as heat-treated PVA/Zr
n-propoxide composite fibers is reported in Fig. 7c and d,
respectively. Peaks in the case of heat-treated fibers distinctly
identify Zr and O as the elemental components which show
the absence of organic content (no peak for carbon) confirm-
ing the formation of pure ZrO2 fibers.
Fig.7e shows the XRD patterns of ZrO2 fibers obtained

by heat-treating the PVA/Zr n-propoxide composite
fibrous mat. These fibers display the peaks corresponding
to the tetragonal phase. The average size of crystallites was
found to be equal to 8 nm.

3.5. Effect of distance from the center of as-spun

PVA/Zr n-propoxide fiber mat

The microstructural details for a particular fibrous mat,
deposited at electrospinning conditions of 13 kV applied
voltage, 4.5 cm NCD and 8.5 mL/min flow rate, have been
shown in Fig. 8. Four different equally distant positions in the
as-spun composite fibrous mat were chosen (along with line
marked as 1, 2, 3 and 4) for systematic investigation of the
effect of distance from the center of mat to its edge on the
composite fibrous mat; EDS patterns of (c) as-spun and (d) heat-treated

ZrO2 fibers.
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morphology and diameter of the fibers. Three major observa-
tions made from the SEM studies are: (i) decrease in average
fiber diameter from center (418 nm) to edge (308 nm)
(Fig. 8b); (ii) bead-free fibers throughout the distance and
(iii) decrease in fiber density from center to edge region of the
fibrous mat. Fibers are also uniform in diameter throughout
their length irrespective of center or edge. Fiber diameter
distribution was found to decrease with increase in distance
from the center of the mat to its edge. Also, interestingly,
fibers at the edge possess more stretching behavior as com-
pared to those at the center; this results in their straightening
effect up to some micron distance as it can be seen from the
SEM micrograph [(A)] (at lower magnification).
4. Conclusions

Effect of process parameters of the electrospinning on the
structure and morphology of fibers was explored for the first
time on the chloride free preparation route of PVA/Zr
n-propoxide composite fibrous mats obtained by using the
direct sol of zirconium n-propoxide. It was observed that
bead-free composite fibers show a significant variation in
their average diameters as well as diameter range for all the
three process parameters. Average fiber diameter increases
with increase in NCD and decreases with increase in applied
voltage whereas the dual behavior was observed for increase
in flow rate of the electrospinning solution. Heat-treated
composite fibers resulted in pure ZrO2 fibers with tetragonal
structure and �25% reduction in the average diameter and
also, most noticeably, without the loss of fibrous character-
istics. The average crystallite size was found to be equal to
8 nm. A systematic study to see the change in microstructure
from center to edge of as-spun PVA/Zr n-propoxide fibrous
mat revealed bead-free fibers (throughout the distance) and
also straight fiber morphology at the edge as compared to the
center.
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