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un PVDF–BaTiO3 hybrid structure
pressure sensor with enhanced efficiency

Sahar Kalani,a Reza Kohandanib and Roohollah Bagherzadeh *acd

Ceramic doped-polymer structures as organic and inorganic hybrid structures constitute a new area of

advanced materials for flexible and stretchable sensors and actuators. Here, uniform ceramic-polymer

composites of tetragonal BaTiO3 and polyvinylidene fluoride (PVDF) were prepared using solution casting

to improve the pressure sensitivity. By introducing Ba–TiO3 nanoparticles to PVDF nanofibers,

piezoelectricity and pressure sensitivity of hybrid nanofiber mats were significantly improved. In addition,

we proposed a novel flexible and stretchable multilayered pressure sensor composed of electrospun

nanocomposite fibers with high electrical sensitivity up to 6 mV N�1 compared to 1.88 mV N�1 for the

pure PVDF sensors upon the application of cyclic loads at 2.5 Hz frequency and a constant load of 0.5 N.

Indeed, this work provides a composition-dependent approach for the fabrication of nanostructures for

pressure sensors in a wide variety of wearable devices and technologies.
Introduction

In the past decade, very accurate nanostructured pressure
sensors with different kinds of nanomaterials including nano-
bers,1 nanotubes,2 nanowires,3 nanoparticles,4 etc. have been
developed. These kinds of pressure sensors use the tuning of
resistance,3b,5 capacitance,1c,6 piezoelectricity3a,7 and triboelec-
tricity8 to measure the amount of external pressure. Polymeric
piezoelectric materials are interesting candidates for sensing
applications due to their exibility, low-cost manufacturing
process and low processing temperature.9 Lead zirconate titanate
(PZT) is a commonly used piezoelectric material due to its high
piezoelectricity voltage.10 However, lead-free piezoelectric mate-
rials are of more practical interest as PZT can produce harmful
heavy metals when it is employed and sintered.11 Accordingly,
BaTiO3 as an environmental friendly material has become an
interesting candidate for energy harvesting devices.12 Besides,
BaTiO3 provides better energy transfer in pressure sensors due to
its higher piezoelectric strain coefficient.13 Nevertheless, it has
poor mechanical strength and breaks easily, which prevents its
application in wearable materials.14 To prevent this, it is
combined with polymeric materials such as PVDF to convert it
into a exible combination for these purposes.15

PVDF is one of the most technically important piezoelectric
polymers and is widely employed in the area of sensors, energy
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harvesting and health monitoring.16 Strong piezoelectricity
effect of PVDF was rstly reported by Kawai in 1969.17 PVDF has
a semi-crystalline structure which is represented by repeated
monomer unites of –CH2–CF2–.17 Considering mentioned
structure for PVDF, it can be regarded polar due to electropos-
itive hydrogen atoms and electronegative uorine atoms in
contrast to the carbon chain.17 PVDF demonstrates four crys-
talline phases, determined as a, b, g and d.18 Although, a-phase
is the most abundant phase among the all phases, b-phase
possess the most ferroelectric and piezoelectric effects.19 PVDF
as a polymorphic material can exhibit various phases depend-
ing on the processing condition.20 Recent works on PVDF shows
that an effective way to produce b-phase in PVDF is fabricating
nanober mats using electrospinning under different prepara-
tion conditions.20 However, resulted PVDF mats most oen
show a mixed of a and b-phase aer electrospinning process.21

By adding magnetic nanoparticles and additives to the PVDF
solution during the electrospinning process, a PVDF electro-
spun nanober mat with a dominant b-phase can be achieved.22

Using BaTiO3 nanoparticles as an additive material, a superior
piezoelectric and ferroelectric properties can be induced to
PVDF nanober mats.23

There has been considerable attention on the exible pressure
sensors in the last decade due to their easy fabrication process,
low cost, easy electrical signal acquisition and etc.15,24 This kind of
sensors made from piezoelectric sensitive materials, convert
mechanical forces to electrical voltage. On the other hand,
applying external forces on piezoelectric materials leads to
a separation between positive and negative charges inside the
material resulting a potential difference within the material.25

Accordingly, the amount of external pressure can be determined
based on the generated voltage within the material.25 Depending
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a–f) SEM images of electrospun nanofibers with different PVDF
concentration of 19, 21, 23, 25, 27, 29 wt%, respectively.
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on the application, various exible substrate can be employed for
the pressure sensors including; polyimide, polyethylene tere-
phthalate (PET) lm, polydimethylsiloxane (PDMS) lm and
exible nanober mats.25 In a previous study, Persano et al.,1a

developed an electrospun pressure sensor based on poly(-
vinylideneuoride–triuoroethylene) (P(VDF–TrFE)), which was
able to detect pressures less than 0.1 Pa. Also, Akiyama et al.,26

fabricated a piezoelectric pressure sensor using two platinum (Pt)
thin lms, an aluminum nitride (AlN) thin lm and a PET lm
which can operate on room temperature in a pressure range of
0 to 8 MPa. In another study,27 a novel pressure sensor based on
nanowire/graphene heterostructure was developed with the
potential application in E-skin and wearable devices. Further-
more, different type of pressure sensors based on PVDF/BaTiO3

electrospun nanobers have been produced. In order to improve
the efficiency of these types of sensors various modication
agents such as dopamine (DA),28 poly(methyl methacrylate)
(PMMA),29 polystyrene (PS),30 poly(glycidyl methacrylate)
(PGMA)31 and phosphonic acid32 have been employed for surface
modication. Also, more research has been conducted to prepare
sandwich structures pressure sensors.33

In this paper a comprehensive study were performed to tune
the sensitivity of exible pressure sensors made of hybrid
structure (electrospun PVDF/BaTiO3 nanobers). In addition,
the sensitivities of different composite structures fabricated
using nanober mats and gold sputtered surfaces were
analyzed. To our best knowledge, this is the rst research to
compare the sensitivities of the hybrid nanobers PVDF/BaTiO3

and composite structure of gold-coated mats. Firstly, various
PVDF pressure sensors with different PVDF solution concen-
tration are produced and then their morphology were charac-
terized using SEM images including the ber diameter
distribution and ber uniformity. Then, the concentration that
represent the most desirable resulted nanobers morphology
i.e. uniform and bead-free, selected for further experiments.
Next, organic and inorganic hybrid structures consisting BaTiO3

nanoparticles with different concentrations are incorporated
into the PVDF solution and resulted nanober mats were then
evaluated. Further, FTIR analyze is being employed to charac-
terized the crystalline structure of nanober mats and a detailed
analysis were performed to determine the effect of BaTiO3

nanoparticles on crystallinity and piezoelectricity of the PVDF
nanobers. Then, the fabricated pressure sensors were tested
using a novel homemade instrument called “PiezoTester” and
the results were compared to depict the inuence of BaTiO3

nanoparticles on the performance of pressure sensors. Finally,
novel sandwich nano-structured are made with PVDF, PVDF/
BaTiO3 and gold sputtered surfaces to achieve alternative ex-
ible sensors. The produced sensors have a very high potential to
be utilized in a wide range of application including wearable
devices and health monitoring.
Fig. 2 (a–f) Fiber diameter distributions of electrospun nanofibers
with different PVDF concentration of 19, 21, 23, 25, 27, 29 wt%,
respectively.
Surface morphology of pure PVDF

In order to select the best appropriate PVDF solution, electro-
spun nanober samples were produced in various concentra-
tions of PVDF in the solvent mixture. The desirable PVDF
This journal is © The Royal Society of Chemistry 2020
solution, leads to obtaining a uniform bead-free nanober
sample. Homogenized solutions were obtained by solving PVDF
pellets in dimethylformamide (DMF) and acetone solvent in 6/4
ratio. Then the mixture was heated to 60 �C while stirring at
750 rpm for 3 hours. In electrospinning set up, high voltage,
feed rate and tip to collector distance were set to 18 kV, 0.5 ml
h�1 and 18 cm, respectively. Fig. 1(a–f) illustrates the surface
morphology of the produced electrospun bers with different
PVDF concentrations of 19, 21, 23, 25, 27, 29 wt%, respectively.
Moreover, ber diameter distributions of the nanober samples
are presented in Fig. 2(a–f), which provide valuable information
about the properties of obtained nanobers. Samples (a)
(19 wt%) and (b) (21 wt%) are not appropriate samples because
of the presence of non-uniform bers with some large beads in
between, which are recognizable in the SEM images. Also,
samples (e) (27 wt%) and (f) (29 wt%) are not suitable because
the distribution of ber diameters show that the bers diameter
in both samples are mostly above the nanoscale size range
(>1000 nm), which makes them undesirable for this work.
However, increasing the concentration of PVDF has led to
production of bead-free electrospun nanobers in these two
samples. Samples (c) (23 wt%) and (d) (25 wt%) have the most
desirable conditions. Firstly, these samples seem to have
uniform electrospun bers with nanoscale size range. Secondly,
increasing the concentration of the PVDF has led to production
of nanobers with lower bead formations. This is due to
RSC Adv., 2020, 10, 35090–35098 | 35091
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enhancement of the solution resistance against the electrical
force which is achieved because of the existence of higher
amount of polymer in electrospinning jet andmore interactions
between the polymer chains in the solutions.34

Therefore, both electrospun nanober mats which are
produced from samples (c) and (d) seem desirable for further
considerations. Nevertheless, some more experiments should
be carried out to introduce the best candidate.

As the nal goal of present work is to implement an efficient
PVDF–BaTiO3 pressure sensor, it is important that produced
electrospun nanober mat also be optimized for the maximum
sensitivity. Accordingly, pressure sensitivity of the samples (c)
and (d) were experimentally measured and then compared to
select the best candidate. A small piece of samples (c) and (d)
(12 cm2, and thickness of 20 mm), as active layers were placed
between two thin pieces of aluminum tapes, as shown in Fig. 3.
Also, paper frames was utilized to keep the nanobers mat in
their original structures and decreasing the environmental
noises.38 Finally, the piezoelectric properties and sensitivity of
the samples were obtained using a measurement system which
were successfully used in previous studies.35 The measurement
setup consists of an impact test rig, a load cell and an oscillo-
scope to monitor the output response. Moreover, a preamplier
was employed to amplify the output. One remarkable feature of
this PiezoTester is capability of measuring the amount of
applied pressure. On the other hand, the amount of applied
force and the impact head frequency can be dened and the
output voltage of the piezoelectric sample can measured from
the oscilloscope. Consequently, the sensitivity of the device to
the applied pressure can be measured by dividing the output
voltage to the applied pressure. It is worthwhile to mention that
the impact head frequency has a considerable inuence on the
pressure sensitivity of the device. Therefore, the results in this
paper are presented for different frequencies as well. More
details about the experimental setup and PiezoTester can be
found in ref. 35.
Fig. 3 (a) Schematic diagram of nanofiber mat placed between two
aluminum tapes, (b) zoom-in view of the structure and (c) structure of
pressure sensor and paper frame.

35092 | RSC Adv., 2020, 10, 35090–35098
Fig. 4(a) and (b) demonstrate the sensitivity of the electro-
spun nanober mats of sample (c) (23 wt%) and (d) (25 wt%) as
functions of force and frequency, respectively. When the
frequency is constant (5 Hz) and force changes, as shown in
Fig. 4(a), the sensitivity of the both samples decreases as the
force increase. Also, the sensitivity of the sample (d) (25 wt%) is
more than sensitivity of sample (c) (23 wt%) for all forces. When
the force is constant (0.5 N) and frequency changes, as shown in
Fig. 4(b), sensitivity of both samples increases. Further, one can
see that for all frequencies, sample (d) has better sensitivity.

Although, it seems that sample (d) is the suitable candidate
for further experiments, it is possible that the sensitivity of the
samples changes by adding nanoparticles. Thus, another
experiment was carried out in order to compare the sensitivity,
when BaTiO3 were added as nanoparticles to both samples.
BaTiO3 in powder form with less than 100 nm size, were used as
the ller to integrate with PVDF substrate matrix. BaTiO3

particles were incorporated into the polymer matrix by the
blending technique. The BaTiO3 powder and PVDF pellets were
solved in DMF and acetone simultaneously in 6/4 ratio. The
solution was stirred for about 4 hours at 60 �C in 750 rpm and
sonicated for 1 hour to obtain a homogenized solution. This
processing method allowed us to obtain an extraordinary
uniform dispersion of the BaTiO3 particles within the PVDF
polymer matrix. Therefore, two different nanober mats were
produced with PVDF with concentration of (23 wt%) and
(25 wt%) mixed with BaTiO3 (22 wt%) as nanoparticles. Finally,
a small piece of each samples (12 cm2, and thickness of 20 mm),
were placed between two thin pieces of aluminum tapes and
two pieces of paper frames and sensitivity of samples were
measured using the measurement device. Fig. 4(c) and (d)
Fig. 4 (a) Sensitivity of nanofiber samples (c) and (d) when frequency is
constant and force changes, (b) sensitivity of nanofiber samples (c) and
(d) when force is constant and frequency changes, (c) sensitivity of
produced nanofiber mats from mixture of BaTiO3 (22 wt%) with
samples (c) and (d), when frequency is constant and force changes,
and (d) sensitivity of produced nanofiber mats from mixture of BaTiO3

(22 wt%) with samples (c) and (d), when force is constant and
frequency changes.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a–g) SEM images of produced electrospun nanofiber from
PVDF/BaTiO3 solution with PVDF concentration of 25 wt% and various
BaTiO3 concentrations of 6 wt%, 12 wt%, 18 wt%, 20 wt%, 22 wt%,
24 wt% and 26 wt%, respectively.

Fig. 6 (a–g) Fiber diameter distributions of electrospun nanofibers of
PVDF/BaTiO3 solution with PVDF concentration of 25 wt% and various
BaTiO3 concentrations of 6 wt%, 12 wt%, 18 wt%, 20 wt%, 22 wt%,
24 wt% and 26 wt%, respectively.
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illustrate the sensitivity of the electrospun nanobers made of
samples (c) and (d) with additional BaTiO3 (22 wt%), as nano-
particles. At constant frequency (5 Hz), as shown in Fig. 4(c), an
enhancement in the applied force leads to reduction in sensi-
tivity of both samples. Further, mixture of sample (d) with
BaTiO3 nanoparticles has higher sensitivity in compare with
mixture of sample (c) with BaTiO3, for all forces. At constant
force (0.5), as illustrated in Fig. 4(d), sensitivity of both samples
increases by enhancing the frequency. However, mixture of
sample (d) with BaTiO3 has better sensitivity in compare with
mixture of sample (c) with BaTiO3, for all frequencies.

As a result, sample (d) with 25% concentration of PVDF, has
better morphology and sensitivity, in compare to other samples
and it is considered for further experiments for production of
PVDF/BaTiO3 electrospun nanober mat.

Surface morphology of PVDF/BaTiO3 nanober mat

Fig. 5 demonstrates SEM results of the electrospun PVDF/
BaTiO3 nanober mat for PVDF 25 wt% and different BaTiO3

concentrations of 6, 12, 18, 20, 22, 24 and 26 wt%, respectively.
Moreover, ber diameter distributions of all samples are shown
in the Fig. 6. It has been observed experimentally that
increasing the concentration of BaTiO3 more than 26% caused
clogging at the needle tip. As a result the electrospinning
process was stopped. One can see from Fig. 5 and 6 that
introducing nanoparticles of BaTiO3 to the PVDF nanober,
decreased the nanober diameter and caused lower beads
formation. This improvement is because of the larger elonga-
tion of PVDF/BaTiO3 nanobers which comes from the fact that
polymer solution of PVDF/BaTiO3 creates higher charge density
in the electrospinning jet in compare to pure PVDF polymer
solution.36 However, still some beads formations can be seen in
BaTiO3 concentration of 6 wt%, as shown in Fig. 5(a). Although
SEM image of produced nanober with BaTiO3 concentration of
12 wt% has shown some beads formation (Fig. 5(b)), it has lower
beads in compare to concentration of 6 wt%. Fig. 5(c) illustrates
This journal is © The Royal Society of Chemistry 2020
ber morphology of the electrospun PVDF/BaTiO3 nanober
with BaTiO3 concentration of 18 wt%. One can easily conclude
from Fig. 5(c) that produced nanober has much lower beads in
compare to previous samples. Nevertheless, it is obvious from
Fig. 6(c), which shows the ber diameter distributions of
18 wt% sample, nanobers are not uniformly distributed in this
sample. SEM images and ber diameter distributions of elec-
trospun nanobers with BaTiO3 concentration of 20 wt%,
22 wt%, 24 wt% and 26 wt% are shown in Fig. 5(d–g) and 6(d–g),
respectively. Based on the SEM images and diameter distribu-
tions curves, theses nanober samples are bead-free and
uniformly distributed. As a result, increasing the concentration
of BaTiO3 also has improved the nanober morphology.
Fourier transform infrared spectroscopy (FTIR) analysis

FTIR test has been employed to analyze the structure of
produced nanober mats and to conrm their crystallinity.
FTIR results of electrospun nanober mats, produced from
PVDF 25 wt% and PVDF/BaTiO3 with various concentrations of
BaTiO3 are shown in Fig. 7. The IR spectra of PVDF and PVDF/
BaTiO3 nanober mats are showing peaks at 613, 762, 841, 879,
975, 1070, 1187, 1280 and 1402 cm�1. As depicted in the Fig. 7,
the peaks at 613, 762 and 975 cm�1 are for a phase of the
PVDF.37 Further, the peaks at 841 and 1280 cm�1 are attributed
to b phase of PVDF.37 The peaks at 613 and 762 cm�1 are
because of CF2 and skeletal bending of C (F)–C (H)–C (F) of
a phase of the PVDF, while the peak at 975 cm�1 is due to CH2

bending mode of a phase.37 One can easily conclude that the
produced PVDF and PVDF/BaTiO3 nanober mats, present
a mixed structure of a and b phases. Further, because of
introducing BaTiO3 nanoparticles to the PVDF nanober mat,
intensities of the absorption peaks of a phase have been
attenuated.
RSC Adv., 2020, 10, 35090–35098 | 35093
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Fig. 7 FTIR results of electrospun nanofiber mats made of PVDF and
PVDF/BaTiO3 with various concentrations of BaTiO3. A magnified
spectra for pure PVDF is shown with more details.
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This means that formation of b phase has been promote due
to crystallization of PVDF in PVDF/BaTiO3 nanober during the
electrospinning. Fig. 8(a) shows FTIR results of PVDF/BaTiO3

electrospun nanober as functions of wavenumber and
concentrations of BaTiO3. It is crystal clear from this gure that
Fig. 8 (a) FTIR spectra of the PVDF/BaTiO3 electrospun nanofiber as
functions of wavenumber and concentration of BaTiO3 nanoparticles,
(b) variations of absorbance peaks of a and b phases as a function of
BaTiO3 concentrations, and (c) variations of fraction of b as a function
of BaTiO3 concentrations. Zero concentration stands for PVDF 25 wt%
in all plots.

35094 | RSC Adv., 2020, 10, 35090–35098
absorption peaks of a phases are diminished in intensities as
a result of increasing the BaTiO3 concentration. Quantity of
fraction of b phase in electrospun mat, can be calculated using
below equation:38

FðbÞ ¼ Ab

ð1:26Aa þ AbÞ (1)

where Aa and Ab stand for absorbances of a and b phases,
respectively. Fraction of b phase is calculated using the char-
acteristic absorption bands of a and b phases at 762 cm�1 and
841 cm�1, respectively.37

It is assumed that these absorbances follow the Beer–
Lambert law.37 Fig. 8(b) illustrates the variations of Aa and Ab as
a function of BaTiO3 concentration where Aa and Ab are calcu-
lated from absorption intensities at 762 cm�1 and 841 cm�1,
respectively.37 Zero concentration of BaTiO3 means that the
absorbances are calculated for PVDF 25 wt% electrospun
nanober, as shown in the Fig. 8(b). It is obvious from Fig. 8(b)
that absorption intensities of both a and b phases are decreased
by increasing the concentration of BaTiO3 nanoparticles.
Further, fraction of b is calculated and shown for various
concentration of BaTiO3. Concentration of zero stands for PVDF
25 wt% electrospun nanober. It is clear that fraction of b is
properly improved from 50% to 70%, aer increasing the
concentration of BaTiO3.
Pressure sensitivity of PVDF/BaTiO3 electrospun nanober
mats

To evaluate the performance of the produced sensors each
sample were tested separately with the PiezoTester. Samples
were placed between two aluminum tapes and then a small
piece of each sample with 12 cm2 to 20 mm thickness were
placed between within the paper frames (Fig. 3(c)). The pressure
sensors were subjected to the periodic forces using PiezoTester
and the output voltage as a function of force and frequency were
achieved for different samples. The produced samples showed
appropriate stability against high amount of applied forces in
our experiments. Also, each piezoelectricity test was repeated
ve times in order to achieve valid results. Fig. 9 shows the
sensitivity result of PVDF/BaTiO3 pressure sensors as a function
of frequency and force. As Fig. 9(a) illustrates, a constant
frequency of 5 Hz were assigned to the PiezoTester and the
sensitivity of the samples were measured under different forces.
Aer adding BaTiO3 nanoparticles to the PVDF samples the
sensitivity of the sensors increases in all forces. This is due to
higher capability of BaTiO3 nanoparticles in transferring energy
and thus improving the fraction of b-phase which enhances the
piezoelectricity and pressures sensitivity of PVDF/BaTiO3

samples. A 3 dimensional curve of sensitivity as a function of
force and BaTiO3 percentage is presented in Fig. 9(b). As can be
seen, increasing the BaTiO3 percentage has improved the
sensitivity of the samples. Also, sensitivity is higher when
applied forces decrease. The highest sensitivity which is ach-
ieved in this conguration is 5.6 mV N�1. Fig. 9(c) and (d) show
the sensitivity of the samples in a constant force of 0.5 N and
different frequencies. Again, as the percentage of BaTiO3
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Sensitivity of produced pressure sensors as a functional of
applied forces at constant frequency of 5 Hz, (b) sensitivity at constant
frequency as a function of force and concentration of BaTiO3, (c)
sensitivity of produced pressure sensors as a functional of frequency at
constant force of 0.5 N and (d) sensitivity at constant force as a func-
tion of frequency and concentration of BaTiO3.

Fig. 10 (PVDF)–(PVDF/BaTiO3)–(PVDF) three layer electrospun
nanocomposite, (a) continuously sprayed, (b) separately sprayed and
(c) separately sprayed with gold sputtered surfaces.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
3/

20
25

 2
:3

4:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increases the sensitivity improves. In addition, by increasing
frequency the sensitivity of old samples increases as well. The
highest sensitivity which is resulted in this conguration is
4.7 mV N�1.
Fig. 11 Pressure sensitivity of three different electrospun nano-
composites as a function of (a) applied force in a constant frequency of
5 Hz, and (b) frequency in a constant applied force of 0.5 N.
Pressure sensitivity of (PVDF)–(PVDF/BaTiO3)–(PVDF)
electrospun nanocomposite

In order to improve the efficiency of the fabricated PVDF/BaTiO3

pressure sensor, nanocomposite structures were also developed
and tested using the most efficient PVDF and PVDF/BaTiO3

nanober mats. As mentioned before, PVDF 25 wt% solution
was the desirable candidate for producing PVDF nanobers and
PVDF/BaTiO3 solution with 26 wt% of BaTiO3 nanoparticles
demonstrated the best pressure sensitivity. Fig. 10 shows three
different congurations of electrospun nanocomposite among
the others. In the rst conguration shown in Fig. 10(a), a three
layer nanocomposite was made in a way that a PVDF/BaTiO3

mat were sandwiched between two PVDF mats by continuously
spraying the solutions using electrospinning device. In this
approach, rstly the PVDF solution (25 wt%) were sprayed, and
then the PVDF/BaTiO3 solution (25 wt% and 26 wt% of BaTiO3

nanoparticle) was sprayed immediately on top of it and then
a PVDF solution (25 wt%) was continuously sprayed to produce
a three layer electrospun nanocomposite. Eventually, the
nanocomposite was placed between aluminum tapes and paper
frames (same as Fig. 3) to be tested. In the second conguration,
as shown in Fig. 10(b), a PVDF/BaTiO3 mat were placed between
two PVDF nanober mats. The only different between this
conguration and the previous conguration is that nanober
mats were sprayed separately, i.e. each nanober mat were
produced and removed from the collector drum and then the
other nanober mat were sprayed. Accordingly, the
This journal is © The Royal Society of Chemistry 2020
conguration of Fig. 10(b) was created by placing each electro-
spun mats manually on top of each other. Furthermore, for the
measurement purpose the nanobers were placed between the
aluminum tapes and paper frames. In the last conguration as
shown in Fig. 10(c), the electrospun nanocomposite was
assembled using gold sputtered nanober mats. Both sides of
PVDF/BaTiO3 mats and one side of PVDF mats were gold sput-
tered and the nanobers mats were assembled in a way to
congure the nanocomposite of Fig. 10(c). Here gold sputtered
surfaces would act as electrodes to transfer the electrical
charges with more efficiency. Finally, the nanocomposites were
placed between aluminum tapes and paper frames to be tested.

Fig. 11 illustrates the sensitivity results for the electrospun
nanocomposites with three different congurations. In the
constant frequency of 5 Hz, as shown in Fig. 11(a), at lower
applied forces, the separately sprayed conguration has the best
sensitivity. However, as the applied force increases the contin-
uously sprayed conguration provides a higher sensitivity in
compare with other congurations that makes it suitable for
high pressures applications. Furthermore, the separately
sprayed conguration shows higher sensitivity in lower applied
forces, which makes it more applicable for low-pressure appli-
cation. The sensitivity of gold sputtered conguration does not
change a lot with increasing the amount of applied forces that
can be regarded as an appropriate feature for some specic
RSC Adv., 2020, 10, 35090–35098 | 35095
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Fig. 12 The schematic diagram of the electrical circuit and some real
picture of the measurement set up including; PiezoTester, voltage
output, and LED.
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applications. Moreover, in higher applied forces, separately
sprayed conguration and gold sputtered ones almost show
same trend. In constant force of 0.5 N, based on Fig. 11(b), at
lower frequencies a high sensitivity of 6 mV N�1 is achieved by
separately sprayed conguration. As a result, separately sprayed
nanocomposite indicates the best performance for lower
frequencies and lower pressure applications. This might be
attributed to the enhancement of bulk porosity of the sample
as, it consists of separate layers being placed on each other. An
increment in bulk porosity leads to reduction of relative
permittivity and enhancement in deformability of nanobers
which result in increasing the output of the sample.39 The gold
sputtered conguration almost shows a frequency independent
performance as the sensitivity stays the same in different
frequencies. The continuously sprayed nanocomposite provides
a weak sensitivity in lower frequencies. All three congurations
almost have the same sensitivity in higher trends.

The achieved sensitivity here can be compared with results
in ref. 35 in which a PVDF/ZnO pressure sensor has been tested
with the same PiezoTester. The highest sensitivity reported by
ref. 35 is 2.18 mV N�1 which is lower than our best result (6 mV
N�1).

Energy harvesting capability of the produced electrospun
nanober mats were also addressed by connecting the ampli-
ed output of the sample to an electrical circuit. The sample
could successfully turn on a couple of light emitting diodes
(LED). The schematic diagram of the electrical circuit and some
real picture of the measurement set up are shown in Fig. 12.
Conclusions

A PVDF/BaTiO3 piezoelectric pressure sensor has been devel-
oped via electrospinning method. The optimized concentration
of the PVDF has been selected to be blended with the BaTiO3

nanoparticles to produce efficient pressure sensors. Then,
electrospun nanocomposites were fabricated using optimized
nanober mats for better functionality. Introducing BaTiO3

nanoparticles to the PVDF nanobers leads to a bead-free
uniform morphology with smaller nanober diameter.
Further, the fraction of b-phase in PVDF crystal has been
extensively improved by adding BaTiO3 nanoparticles.
35096 | RSC Adv., 2020, 10, 35090–35098
Consequently, a higher-pressure sensitivity has been observed
in the PVDF–BaTiO3 mat as a result of added nanoparticles. In
addition, increasing the concentration of BaTiO3 provides
higher sensitivity and a sensitivity of 6 mV N�1 has been ach-
ieved for a blended electrospun mat with 26 wt% BaTiO3

concentration. Finally, it was shown that the proposed electro-
spun nanocomposites provide different functionality in various
forces and frequencies, whichmakes them suitable for different
potential applications.
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