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Abstract

Introduction: Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer that
has received a great deal of interest. PVDF crystallizes in five different phases.
The B phase is the most important PVDF phase with the highest piezoelectric
properties. Therefore, increasing the B phase fraction in this polymer is crucial.
Various methods can be used for increasing  phase fraction in PVDF, amongst
which electrospinning and introducing certain nanoparticles are worth
mentioning.

Methods: PVDF solution containing different amounts of barium titanate (BT)
nanoparticles were prepared and electrospun. Finally, the obtained fibers were
heat treated at 155°C for 2 h.

Findings: Morphology observations showed the formation of uniform and
beadles nanocomposite fibers. In addition, increasing the amount of BT
nanoparticles decreased the average fiber diameter. The EDS results showed that
BT nanoparticles were homogeneously distributed in the composite fibers. XRD
patterns showed that the electrospinning method can induce B-phase formation in
PVDF. Calculating the B-phase fraction showed an increasing trend up to 4 wt.
% BT content due to the effective interaction between BT nanoparticles and
PVDF chains. The B phase content reached 94.43% in PVDF-4%BT sample.
Beyond that, nanoparticles agglomeration and the increased viscosity of the
polymer colloid hinder B-phase formation. The contact angle of PVDF fibers
decreased by increasing the BT content, and in the presence of 6 wt. % BT, the
lowest contact angle, 126.8°, was obtained. The results of piezoelectric test
showed that by adding 4 wt. % barium titanate to PVDF, the piezoelectric charge
output of PVDF fibers increased from 6.34 pC/N to 8.85 pC/N.
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Extended Abstract

Introduction

Polyvinylidene fluoride (PVDF) is a semi-
crystalline polymer with significant properties
including excellent piezoelectricity, excellent
mechanical properties, high chemical and
thermal resistance, high flexibility, and
reasonable price that has received a great deal
of interest. PVDF crystallizes in five different
phases of a, B, v, €, and J, each having specific
properties and applications. The B phase is the
most important PVDF phase with the highest
piezoelectric properties due to its significant
remnant polarization. Therefore, increasing the
fraction of the B phase in this polymer is very
important. There are a variety of methods for
increasing P phase fraction in PVDF, amongst
which electrospinning and the introducing
certain nanoparticles are worth mentioning.
Among different nanoparticles, piezoelectric
ceramics are especially interesting due to the
additional piezoelectric effect they might add to
the composite. Barium titanate (BT) has a
perovskite structure with BaTiOs; chemical
formula that renders a strong piezoelectric and
ferroelectric  properties below its Curie
temperature at 125°C. Herein, BT nanoparticles
were introduced to PVDF aiming to facilitate j3-
phase formation by providing proper nucleation
sites.

Findings and Discussion

PVDF as matrix and BT nanoparticles with an
average particle size of less than 100 nm and a
purity of 99% were obtained from Kynar and
Sigma, respectively. The average density and
molecular weight of the purchased PVDF were
about 1.78 g/cm®* and 156,000 g/mol,
respectively.  Dimethylformamide  (DMF,
Merck) was used as the solvent. First, different
amounts of barium titanate nanoparticles (0, 2,
4, 6 wt. %) were dispersed in DMF for 30
minutes using an ultrasound bath. Then, PVDF
was added to the suspension and stirred at 60°C
to obtain a 20 wt. % PVDF concentration. The
prepared polymer colloids were loaded in a 5
ml syringe for electrospinning. The electrospun
fibers were collected at room temperature on an
aluminum foil and subsequently heat-treated at
155°C for 2 hours to improve the mechanical
properties of the fibers. A scanning electron
microscope (SEM, TESCAN-Vega3JK) was
used to study the morphology of
nanocomposite fibers. Fourier transformed
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infrared spectroscopy (FTIR, Il Tensor, Bruker,
Germany) was used to estimate the amount of 3
phase in the samples. The crystal structure of
the samples and phase identification were
investigated using X-ray diffraction (XRD,
Brucker). The wettability of the membranes
was also measured using a contact angle device
(Jikan, Iran) and droplets were photographed on
the sample. Investigating the obtained SEM
images of nanocomposite fibers showed a
uniform fiber morphology in all samples
implying the proper choice of process
parameters. According to the EDS results, it can
be understood that the composite has a
completely uniform and  homogeneous
structure in terms of BT distribution. However,
the average fiber diameter decreased with
increasing BT weight percent. The average
fiber diameter of PVDF nanofibers was 414+17
nm, while this value decreased to 265+11,
198+12, and 136+8 nm in the presence of 2, 4,
and 6 wt. % of BT nanoparticles, respectively.
This significant decrease is due to the increased
conductivity of the solution in the presence of
BT nanoparticles. The obtained FTIR spectra
showed that the B-phase fraction is affected by
the amount of BT nanoparticles in the
nanocomposite.  The  fraction of the
electroactive phase increased up to 4 wt. % BT
due to the effective interaction between BT
nanoparticles and PVDF. However, beyond 4
wt. % BT, nanoparticles agglomeration and
increased viscosity of the primary polymer
solution hinder B-phase formation leading to a
decrease in B-phase content. The contact angle
test results showed that the presence of BT
nanoparticles improves the surface wettability
of PVDF fibers due to their hydrophilic nature
with a contact angle value of less than 35°. The
contact angle value of neat PVDF fibers was
measured to be 133.7°. The contact angle
decreased to 132.6°, 127.7°, and 126.8° at 2, 4,
and 6 wt. % BT nanoparticles, respectively. The
XRD patterns showed that the electrospinning
method can effectively induce the B phase in
PVDF. Also, the strongest diffraction peak of
crystalline BT can be observed in the PVDF-
4%BT composite. The results of piezoelectric
test showed that by adding 4 wt. % barium
titanate to PVDF, the piezoelectric charge
output of PVDF fibers increased from 6.34
pC/N to 8.85 pC/N.
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Conclusion

In this study, the effect of BT nanoparticles
weight percent on the properties of electrospun
PVDF fibers was investigated. The obtained
results showed that introducing BT
nanoparticles to PVDF can decrease the fiber
diameter due to the dominant effect of the
increased solution conductivity compared to the
higher viscosity of the polymer colloid.
Moreover, due to the effective interaction
between BT nanoparticles and PVDF polymer
chains, the 3-phase fraction in PVDF increased
by BT weight percent up to 4 wt.%. Further
increase in BT content, hindered the formation
of B phase during electrospinning due to the
combined effects of nanoparticles
agglomeration and increased solution viscosity.
As a result, the PVDF-4%BT nanocomposite
showed an improved piezoelectric charge
output of 8.85 pC/N. The wettability of the
nanocomposite fibers was also improved with
the ceramic nanoparticles content. The XRD
patterns confirmed the efficiency of the
electrospinning method in facilitating p-phase
formation. While, PVDF powder was
crystallized in a form, the crystalline structure
of electrospun PVDF fibers was the
electroactive B-phase. In addition, the strongest
diffraction peak of BT can also be observed in
diffraction pattern of the PVDF-BT
nanocomposite.
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