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This study is focused on forming a fibrous-zinc oxide/
polyvinylidine fluoride (ZnO/PVDF) nanocomposite and
characterizing its dielectric behavior. The nanocompo-
site is prepared in two steps. First, a network of nano-
scale diameter ZnO fibers is produced by sintering
electrospun PVA/Zinc Acetate fibers. Second, the ZnO
fibrous nonwoven mat is sandwiched between two
PVDF thermoplastic polymer films by hot-press cast-
ing. Scanning electron microscope images of the
nanocomposite show that hot-press casting of the
fibrous-ZnO network breaks the network up into short
fibers. The in-plane distribution of the ZnO fillers (i.e.,
the short fibers) in the PVDF matrix appears to comply
with that of the pristine ZnO fibers before hot-pressing,
indicating that the fillers remain well-dispersed in the
polymer matrix. To the authors’ knowledge, the work
reported herein is the first demonstration of the use of
electrospinning to secure the dispersion and distribu-
tion of a network of inorganic fillers. Moreover, proc-
essing a fibrous-ZnO/PVDF flexible composite as
described in this report would facilitate material han-
dling and enable dielectric property measurement, in
contrast to that on a fibrous mat of pure ZnO. Because
of the high surface area of the short ZnO fibers and
their polycrystalline structure, interfacial polarization is
pronounced in the nanocomposite film. The dielectric
constant is enhanced significantly-up to a factor of 10
at low frequencies compared to the dielectric constant
of constituent materials (both bulk ZnO and PVDF), and
up to a factor of two compared to a bulk-ZnO/PVDF
composite. POLYM. COMPOS., 31:1003-1010, 2010. © 2009
Society of Plastics Engineers

INTRODUCTION

Zinc oxide (ZnO) is a technologically attractive mate-
rial because of its potential for sensor applications [1, 2]
enabled by catalysis [3], optical emission [4, 5], piezo-
electric transduction and actuation [6—8]. The wide array
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of nanostructures producible broadens the appeal for their
incorporation into functional composites. Individual ZnO
nanobelts, for instance, were produced and measurements
by piezoresponse force microscopy revealed promising
results for the future of ZnO in nano-sensors and nano-
actuators industry [9]. Specifically, the effective piezo-
electric coefficient was reported to impart an increase,
attributed to the nano-scale structure, by more than a fac-
tor of two.

For producing ZnO nanostructures, a variety of physi-
cal or chemical techniques have been used from the vapor
or the liquid phase [1, 10-12]. One promising alternative
is the use of electrospinning combined with heat treatment
to generate a nanofiber network film [5, 13—18]. This ver-
satile technique has been broadly applied for solution
processing of fibers from polymeric materials, as well as
bioactive glass and ZnO, to name a few. For example,
thermal processing electrospun polyacronitrile produced a
high-purity carbon nanofiber web that was proposed as a
potential anode for high-power lithium-ion batteries [13].
The control of morphology and fiber orientation in the
electrospinning of the polymer precursor fiber has been
addressed in numerous studies. Methods have been pro-
posed and proven for controlling the fiber alignment: for
instance the work by Dzenis [19]. However, thermal treat-
ment parameters, such as calcination time, on the as-spun
precursor fiber pattern and fiber diameter are still under
investigation [18]. More recently, Kim et al. reported their
results concerning the morphological variation because of
several effects, and concluded that calcination conditions
were the most significant factor [20].

The associated increase in surface area of nanoscale
fillers offers advantageous electrical properties in poly-
meric composites, when compared to their bulk form and
to traditional micron-size fillers [9, 21-23]. Polymer com-
posites of high dielectric constant, for instance, are desira-
ble for a variety of high dielectric constant electronic
devices, such as transducers, piezo-sensors, hydrophones
[24] and in producing electromagnetic antennas. Mal-
monge et al. [25]. produced flexible composites of poly(3-
hydroxybutyrate) (PHB) and lead zirconium titanate
(PZT) for ferroelectric and dielectric applications. They
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FIG. 1. Schematic representation of the computer -controlled electro-
spinning setup. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

produced composites of different compositions and dem-
onstrated the effect of PZT volume percentage. At a
threshold ceramic content, the dielectric constant can
increase the dielectric constant of PHB by as much as
five times. It has also been noted that the composite prop-
erties depend on the size, geometry, and surface quality
of the filler materials and could be tailored, if the disper-
sion of the fillers could be controlled [21, 26]. Hong et al.
[21] studied the dielectric constant of a ZnO/LDPE com-
posite and the effects because of the particle size and spa-
tial distribution of the ZnO filler. Just recently, the effects
of percolation and filler distribution morphology on the
dielectric properties were reported by Wang et al. [22] for
radial-ZnO/PVDF composites. Their results demonstrated
that a significant increase in the dielectric constant was
achieved by the addition of R-ZnO fillers into the poly-
mer matrix, provided that the filler volume fraction
remained below the percolation threshold.

The work being presented here introduces the concept
of using electrospinning to form an inorganic filler net-
work to secure the dispersion and distribution of the fill-
ers in the polymer matrix. Specifically, we report on the
feasibility of fibrous ZnO fillers by electrospinning and
their insertion into PVDF polymer matrix to form the
nanocomposite. The process for producing the fibrous-
ZnO/PVDF nanocomposite is described in the next sec-
tion, followed by the dielectric characterization of the
nanocomposite under various frequency and temperature
along with the crystalline structure. Supporting evidence
for the results and associated discussions are provided by
the x-ray diffractometry (XRD), scanning electron micro-
scope (SEM), and Raman spectroscopy.

EXPERIMENTAL

The processing in the present work consists of two
major stages: (1) the electrospinning of the polymer solu-
tion to form precursor fibers containing zinc; (2) thermal
treatment of these fibers, i.e. calcination/sintering to form
a fibrous ceramic structure. The process parameters,
including solution concentrations, calcination temperature,
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and exposure time were investigated independently, to
achieve a continuous ZnO fibrous network.

Electrospinning of Precursor Fibers

In a homemade electrospinning set-up, as depicted in
Fig. 1, a polymer solution inserted into a syringe that has
a 300 um diameter nozzle, was subjected to a DC bias
ranging between 5 and 15 kV. The rate of the polymer
flow from the syringe was determined by a computer con-
trolled syringe pump (New Era NE-1000 Syringe Pump
along with Pumpterm Software). Under the applied elec-
tric field, the polymer solution was extracted from the
nozzle onto the collector due to high electrostatic force
acting on the polymer droplet at the tip of the nozzle
[27]. As the polymer jet traveled through air, a fiber was
formed, and its diameter was reduced significantly by the
solvent evaporation. The randomly oriented, fine fibers
collected on the screen positioned above the collector
plate produced a fiber mat, of a nano- to micron-scale
determined by the process parameters.

Electrospun PVA fibers with a surface decorated by
zinc acetate (ZnAc) particles were produced by electro-
spinning a PVA-ZnAc precursor solution [28, 29]. The
precursor solution was prepared with PVA-distilled water
(5:20 w/w) and Zn Acetate-distilled water (6:20 w/w) sol-
utions separately. These two solutions were homogenized
by stirring for 4 h. The viscous PVA solution was then
poured into the ZnAc solution, which was then heated to
60°C and stirred for 5 h, to ensure a homogeneous distri-
bution of the zinc and acetate ions. The solution was
cooled to room temperature and then electrospun [3]. The
electrospinning process was optimized for two process
variables: voltage and distance between the syringe tip and
the collector target. The best result for the production of a
continuous and fine precursor fiber was obtained when the
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FIG. 2. TGA results showed that the inorganic part is attained after

450°C. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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FIG. 3. In XRD spectra obtained from the ZnO fiber mat and fibrous-
ZnO/PVDF composite samples, the peaks matched those of the wurtzite
form of ZnO [24, 30, 31]. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

applied voltage and the collector distance were 10 kV and
8 cm, respectively. The resultant electrospun mat exhibited
a fibrous structure of PVA (with an average fiber diameter
of 700 nm) onto which ZnAc particles were distributed.

Calcination and Sintering

To produce ZnO fibers, the next step was the thermal
treatment of the precursor fiber mat, to eliminate the
organics for producing ZnO (i.e. calcination) and sintering
of the ZnO grains. The necessary thermal treatment sched-
ule was determined via DTA/TGA simultaneous analysis.
As seen from Fig. 2, the elimination of organic substances
at 250, 360, and 450°C suggested that the organic burn-
out was completed below 500°C. Because the weight loss
was about 73% after calcination and Zn has a higher den-
sity than other atoms in the structure, the volume of the
heat treated mat was significantly reduced. Therefore, the
slow removal of the organics from the organic fiber mat
was imperative. For this purpose, a stepwise heating
schedule was applied with several ramp and dwell steps.
With a heating ramp rate of 0.5°C/min, the dwell steps for
calcination were held at 120, 300, 400, 500, and 600°C,
each lasting ~12 h in duration. Sintering was carried out
at 1200°C for an additional hundred hours. In total, ~9
days to obtain the ZnO fiber mat. This prolonged treatment
allowed the successful removal of the organics and the for-
mation of inorganic fibers formed from ZnO particles. The
significant amount of shrinkage of the sample also implied
that there would be friction between the surface of the
platinum substrate and the sample during the heat treat-
ment. Therefore, the organic mat was suspended over an
intentionally wrinkled surface of the Pt-tray, to minimize
the contact between the fibrous mat and the substrate.

Fibrous ZnO/PVDF Matrix Composite Formation
To manipulate the extremely fragile ZnO fiber mats and

perform dielectric characterization, the electrospun fibrous
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mat was carefully placed between two solution-cast polyvi-
nylidine fluoride (PVDF) films and pressed at a tempera-
ture above the melting point of PVDF. The PVDF (Alfa
Aesar) solution in dimethylformamide was first prepared
10% w/w at room temperature. The solution was then cast
on a glass substrate kept in an oven, at 60°C for 4 h.
Finally, to maintain the planar network of the ZnO fibers,
the ZnO mat was sandwiched between the two PVDF solu-
tion-cast films and pressed to melt at 180°C. Upon cooling,
a ZnO/PVDF flexible composite film was produced.

RESULTS AND DISCUSSION

Content, Crystalline Structure and Morphology

The first crucial assessment was to ascertain that the
ZnO had remained intact in the resultant fibrous mat. The
content of the mat was analyzed by energy-dispersive x-
ray spectroscopy (EDXS) under a 15 kV and 6 mm work-
ing distance. EDXS results showed the signatures of Zn
and O at weight fractions of 55% and 45%, respectively,
and confirmed that the mat was made of fibrous ZnO.

FIG. 4. SEM images of the ZnO fibers treated at (a) 600°C and (b)
1200°C.
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FIG. 5. Fibrous-ZnO/PVDF composite film (a) back-scattered SEM
image, (b) EDX spectra obtained using a beam of 15kV accelerating
voltage. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Next, the crystalline structure of the ZnO fiber mats
was determined by XRD (Bruker AXS D8) measure-
ments. The reflection angles coming from the specific
crystal planes shown in Fig. 3 were consistent with that
of the wurtzite form of ZnO [22]. This crystal structure is
particularly important, since the electroactive characteris-
tics of ZnO stem from the inherent symmetry [30, 32,
33].

The fibers and the mat heat-treated at 600°C were both
extremely difficult to handle; whereas fibers sintered at
1200°C resulted in their somewhat improved handling and
strength. A denser and well sintered morphology of the
polycrystalline fibers and mats (see Fig. 4) were observed
at 1200°C.

The fibrous-ZnO/PVDF composite was also character-
ized by XRD and SEM. The XRD spectra of the fibrous-
ZnO/PVDF composite (see Fig. 3) were consistent with
the peaks for the ZnO fiber mat. The SEM images of the
composite (see Fig. 5) suggested that the high aspect ratio
ZnO fragile fibers had been broken into short fibers
(~2 um in length) during the casting procedure. More-
over, the in-plane distribution and projection of the mat
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appear to be maintained, and the ZnO fillers were well-
dispersed in the PVDF matrix. Control of the aspect ratio
and the volume fraction of the fillers (~10% in this work)
was not in the scope of this article, but these factors and
their effects in the composite properties are worth investi-
gating in future studies. Nevertheless, the idea of using an
inorganic filler network by electrospinning for the benefit
of securing the dispersion of the fillers in the composite is
considered to be a major contribution in this work. In
addition, incorporating the fiber network into a hot-press-
cast composite film enabled both handling and dielectric
measurement.

Dielectric Properties of the Fibrous-ZnO/PVDF
Composite Film

This section presents dielectric measurements to deter-
mine the dielectric constant, ¢, and the dielectric loss (tan
0 = &"/¢) of the PVDF and fibrous-ZnO/PVDF composite
films. Dielectric properties of the samples were probed by
using Hewlett-Packard 4194A Impedance/Gain-Phase An-
alyzer. Measurements per test temperature were taken
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FIG. 6. Dielectric constant: frequency-temperature scan, (a) PVDF film
obtained by melt pressing of a single-layer, solution-cast film, and (b) fi-
brous-ZnO/PVDF composite film. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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FIG. 7. Dielectric loss: frequency-temperature scan (a) PVDF film
obtained by melt pressing of a single-layer, solution-cast film, and (b) fi-
brous-ZnO/PVDF composite film. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

between 100 Hz and 1 MHz, while the temperature scan
was made from 30 to 150°C at every increment of 10°C.
The measurement system used a PT 100 resistor in direct
thermal contact with the sample, providing accuracy bet-
ter than 0.1°C, by using the NOVOTHERM Temperature
Control Unit. The time for each frequency sweep was ~1
min. Alternating current dielectric properties were ana-
lyzed by monitoring the capacitance and conductivity. For
each temperature, the real and imaginary part was
recorded for the dielectric permittivity as well as time,
temperature and frequency.

The dielectric constant or relative permittivity & (mea-
sure of stored polarization energy) of the PVDF cast film
and the fibrous-ZnO/PVDF composite film had changed
as the frequency and temperature were varied. The rele-
vant frequency-temperature scans for the two films are
presented in Fig. 6. The behavior of the dielectric con-
stant is qualitatively similar. In particular, a comparison
of the low frequency versus high frequency response,
revealed that the relative permittivity & decayed as the
frequency was increased. Moreover, quantitative compari-
son of the two films, ZnO/PVDF composite vs. the PVDF
specimen, showed a substantial increase by a factor of 10,
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over all frequency-temperature settings for the composite
(Fig. 6a vs. b).

The polarization mechanism driving the measured
dielectric behavior of the fibrous-ZnO/PVDF composite
was thought to be the interfacial polarization jump for
two reasons. The first was because of the fact that the
other three mechanisms-electronic, ionic, and molecular
or dipolar-typically impart polarization relaxations or res-
onance as observed, but at much higher frequencies [31,
34] than were scanned. Second, by creating the large
amounts of submicron filler/polymer interfacial area, the
dielectric behavior was enhanced, as shown in Fig. 6b,
when compared to the dielectric constant measured on a
bulk ZnO/PVDF composite [22, 23]. With comparable
ZnO volume fractions at ~10%, the dielectric constant of
the fibrous-ZnO/PVDF composite (near 30 at 100 Hz)
was twice that of the bulk-ZnO/PVDF composite (~14.0
maximum at room temperature and 100 Hz), as reported
by Wang et al. [22]. This enhancement in dielectric
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FIG. 8. Temperature effect on the dielectric constant and loss of the fi-
brous-ZnO/PVDF composite: (a) at 1kHz and (b) at IMHz. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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FIG. 9. Temperature effect on the dielectric constant and loss of ZnOH
(a) at 1kHz and (b) at IMHz. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

behavior could be attributed to the ceramic/polymer inter-
faces acting as effective blocking barriers, since they limit
the charge carrier motion and give rise to interfacial
polarization [35, 36], which was further evidenced by the
increase in permittivity with decreasing frequency [21].
Furthermore, the internal interfaces (e.g., grain bounda-
ries) of the polycrystalline ZnO fibers also contributed
dielectric polarization [24, 35, 37]. Different polarizabil-
ities along different crystallographic directions occurred,
depending on the orientation of crystallites forming the
electrospun/sintered fiber.

Another salient property of a dielectric is the ability to
support an electrostatic field, while dissipating minimal
energy in the form of heat. A lower dielectric loss (the
proportion of energy lost as heat) suggests a more effec-
tive dielectric material. By considering the loss tangent,
which is the ratio of energy dissipated to energy stored,
the overall dissipation factor could be determined, as
shown in Fig. 7 for both films. Despite the differences
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between the magnitude of stored energy for PVDF and
ZnO/PVDF composite films, the loss tangent for both
films remained in the same scale. The qualitative behav-
ior, on the other hand, differed, manifested by a shift to
higher frequencies in the polarization relaxation associ-
ated with the dielectric loss, as also observed by Park
et al. [38]. Moreover, the dielectric loss tends to increase
at elevated temperatures in Fig. 7.

Closer inspection of the spectra in Figs. 6 and 7
reveals that the effect of temperature on the real part of
the dielectric constant &, of fibrous-ZnO/PVDF composite
did not impart a regular trend. The irregularity or anom-
aly could be seen more clearly on plots of T vs. ¢ and T
vs tan 0 for specific test frequencies, as reflected by the
data collected at 1 kHz and 1 MHz (see Fig. 8). The sta-
ble dielectric properties appeared in the range of 60—
100°C. The deviation or discontinuities on the otherwise
regular, trend-like behavior occurred in the 40-60°C
range, and at elevated temperatures above 100°C. Note
that a similar plot was also reported by Hong et al. [21],
for the ZnO/LDPE composite, showing a similar mono-
tonic increase of the dielectric constant from room tem-
perature up to 100°C, albeit lacking measurements at 50,
60, and 90°C.

The dielectric constant of the composite is built up by
the contributions of both PVDF and ZnO. Because of dis-
continuities at elevated temperatures, particularly above
90°C, one may suspect that the moisture uptake of the
composite could affect the dielectric response of the ma-
terial. Because of the large surface area and high surface
energy of the ZnO filler, the fibers could be absorbing
more target molecules, thereby producing hydroxyl radi-
cals [33]. Another possibility would be the formation of
surface defects on ZnO nanostructures and associated OH
groups at the surface after thermal treatment [39]. Both
possibilities, the moisture uptake of the composite and
defects driven surface chemistry of the ZnO, point to the
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FIG. 10. Raman Spectra of the fibrous-ZnO/PVDF composite and
ZnOH samples in the range of 800-3800 cm . [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]
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OH groups or radicals as the potential cause for the
anomalies when temperature varies. Furthermore, the sud-
den drop in the dielectric constant was observed beyond
140°C. A similar drop was also observed by Wang et al.
[22] for their ZnO/PVDF and by Dang et al. [40] for
BaTiO3/PVDF composite specimens, which was attributed
to the thermal expansion and subsequent softening of the
polymer matrix PVDF as its melting starts at about
130°C.

To evaluate the anomaly or decrease of the dielectric
constant around 50-60°C and at around 100°C, and
whether they are OH-groups related, frequency-tempera-
ture scans were also performed on a pellet specimen of
ZnOH prepared from a ZnAc and NH4,OH solution. Fig-
ure 9 shows the ZnOH dielectric behavior as a function
of temperature at 1 kHz and 1 MHz. The dielectric con-
stant decreased at ~50 and 60°C. As the temperature
increased, the fluctuating values were attributed to the
increased OH movements, generating more OH/OH inter-
face in the ZnOH. After 90°C, the steep increase of the
dielectric constant appeared to stop and sharply drop at
110°C. Changes between 90 and 120°C were caused by
moisture removal from the specimen. Fluctuations in the
fibrous-ZnO/PVDF composite film could also be attrib-
uted to the OH groups, which appear to be common in
the composite and the ZnOH specimens. Note that a
higher dissipation was observed in the ZnOH sample than
in fibrous-ZnO/PVDF composite because of higher frac-
tion of the OH groups in ZnOH and associated move-
ments. The existence or sign of OH groups was addition-
ally confirmed by Raman spectroscopy (see Fig. 10),
which showed peaks for the stretching mode of the OH
groups in the anticipated range of 2800-3600 cm ™' [41].

CONCLUSIONS

A poly(vinyl alcohol)-zinc acetate solution was electro-
spun to produce randomly oriented precursor polymeric
fiber mats. The precursor mats were subjected to a con-
trolled thermal treatment (calcination and sintering) to
form the ZnO fibrous structures. The mechanical draw-
back of the ZnO fibrous mat, being extremely fragile, was
circumvented by first sandwiching the mat between solu-
tion cast PVDF films and then making a polymer matrix-
composite via hot-press melt casting.

The use of an inorganic filler network by electrospin-
ning for the benefit of securing the dispersion of the fillers
in the composite was herein originally introduced and
demonstrated. The network of high aspect ratio fibrous
ZnO had been altered during the melt casting, and ZnO
short fibers of nanoscale diameter in the PVDF matrix
were obtained instead. The in-plane distribution of the
ZnO fillers (short fibers) in the PVDF matrix appears to
comply with the projection of the pristine ZnO mat before
hot-pressing.

Moreover, the proposed process flow for the fibrous-
ZnO/PVDF flexible composite facilitated handling and
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enabled measurements for dielectric properties, not practi-
cal on a ZnO fibrous mat. The ZnO short fibers of high
surface area and their polycrystalline morphology allowed
the generation of interfacial polarization, because of both
the increase in dipoles formed at ZnO/PVDF interface,
and at internal interfaces in the fibers of the composite
film. The enhanced interfacial polarization had signifi-
cantly increased the dielectric response over the bulk
properties of both constituents, as well as over bulk-ZnO/
PVDF, albeit with a slight penalty on dielectric loss was
measured. Increasing temperatures and decreasing fre-
quencies have elevated the dielectric constant of the ZnO/
PVDF composite. The stable dielectric properties
appeared in the range of 60—100°C. The observed temper-
ature dependence and instabilities were attributed to OH
groups in the fibrous-ZnO/PVDF composite.
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