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The idea of this work is finding the way to efficiently and safely use mechanical energy released in small
quantities around us to power up small-scale electronic devices used in everyday life. To this purpose,
flexible lead-free piezoelectric composite films were prepared by hot pressing. Different amounts (30, 35
and 40 vol%) of lead-free piezoelectric material bismuth sodium titanate-barium titanate were embedded in
the matrix of polyvinylidene fluoride under carefully optimized conditions of temperature and pressure,
obtaining flexible films with quite homogeneous distribution of piezo-active filler. ATR-FTIR analysis re-
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Co}llnposite materials vealed that hot pressing the flexible films caused a transformation of electro-inactive PVDF a-phase into
Polymers electro-active p and y phases. Dielectric measurements showed an increase of the permittivity up to 80 with

the active phase increasing. Anelastic measurements showed that the elastic modulus increases as well
with the fraction of active ceramic phase. Lastly, obtained flexible polymer-composites demonstrated no-
table properties both for energy storage and energy harvesting application, showing up to 74% of energy
storage efficiency and, from testing of the force impact, up to 9 V and ~ 80 uW of output voltage and power.
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© 2021 Elsevier B.V. All rights reserved.

1. Introduction

An important task of the scientific community is to find the way
of using the enormous amount of mechanical energy released
through the vibrations in everyday life, e.g. by human walking,
transportation movement, sound waves etc. as a renewable and safe
energy source. The perspective of exploiting the mechanical energy
of the surrounding environment can have a huge influence on our
daily life. In this way, many of the health controlling devices, safety
devices, sensors, alarms, lights and other small devices could be
powered completely independently from external electricity sources
(such as electricity grid and batteries), thus highly reducing our
dependence from them as well as our total energy consumption.
Piezoelectric generators have great potential for powering
low-power portable devices and self-powered electronic systems by
extraction of mechanical energy. The advantage of the piezoelectric
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mechanism over other conversion mechanisms lies in its high
energy density and scalability across a wide range of sizes. Thus far
piezoelectric generators commercially available are mostly lead-
based materials. These materials based on lead-zirconate titanate
(PZT) have shown the best piezoelectric performance in many
commercial applications [1-11]. However, the family of lead-based
materials is now facing the challenge due to its environmental in-
compatibility. There is a urgent need for lead-free substitutes that
can have piezoelectric properties comparable to the ones obtained
from the lead-containing materials [12].

During previous investigations, barium titanate (BT) and sodium
bismuth titanate (NBT) based materials synthesized in specific
compositions, have shown to be among lead-free piezoelectrics with
the highest ds3 coefficients for possible replacement of PZT
[2,12-21]. Specifically, the NBT is a piezoelectric material with high
remnant polarization at room temperature [13,22,23]. The main
obstacle to its application is that it possesses high coercive field and
conductivity, preventing easy poling process necessary for good
piezoelectric performance. In order to overcome this problem,


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.161071
https://doi.org/10.1016/j.jallcom.2021.161071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161071&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161071&domain=pdf
mailto:miravijat@yahoo.com
https://doi.org/10.1016/j.jallcom.2021.161071

M. Vijatovic Petrovic, F. Cordero, E. Mercadelli et al.

different solid solutions have been developed during recent years
[12,13,17,23].  Solid solution with barium titanate, (1-X)
[(Big,sNag5)TiO3]-xBaTiO3 have drawn significant attention due to
the existence of a morphotropic phase boundary (MPB) region by
simultaneous presence of rhombohedral and tetragonal phases for x
about 0.06-0.07 [24,25]. It was detected that in this narrow MPB
region (6-7% BT), NBT-BT exhibits enhanced performance. Besides
prominent values of remnant polarization this ceramic is known for
its great value of dielectric permittivity [23-26].

A recent challenge in electronics is also the utilization of flexible
devices with the ability to bend into diverse shapes, which expands
the applications of modern electronic devices in different areas. At
the same time, polymer-based composites provide the advantages of
being flexible, versatile, lightweight, low cost, and able to conform to
complicated shapes, while typically involving low-temperature
fabrication processes [2-7,9-11,22]. Flexibility of electronic devices
based on composites made of a lead-free piezo-active phase em-
bedded in a polymer matrix will enable easy implementation in
clothing, shoes and other accessories. Non-toxicity, impressive
flexibility and biocompatibility make them a very good choice also
for wearable electronics [27-29].

The polyvinylidene fluoride (PVDF) is the polymer matrix of
choice for these applications. Flexible composites based on PVDF can
be prepared by solvent casting, melt blending and/or molding
methods. Taking into account the relatively low melting temperature
of this polymer (~180 °C), a smart way of flexible films preparation
was here developed by designing a set up for hot pressing and
preparation of flexible films based on PVDF polymer matrix. The hot
pressing method was preferably used in order to avoid solvents that
are usually used for PVDF dissolution, like dimethylformamide
(DMF) [30-32]. This simple but rarely exploited concept of making
flexible composites has attracted significant interest of science
community since the process is facile and cost-effective [33-35]. The
PVDF polymer is a material with pretty complex molecular and
crystalline structure and its properties are highly dependent on the
heterogeneity of the system itself. It is indeed a semi-crystalline
material with five polymorph crystalline phases that are defined by
the conformation of the polymer chains [31,33,34]. The a-phase
shows no polarity, it does not possess piezo- and pyroelectric
properties, hence neither ferroelectric properties but the other
polymorphs B, y and & are polar. The most preferable is the elec-
troactive p-phase, which shows high polarity, high spontaneous
polarization and piezoelectric coefficient (13-28 pC/N) [31-34]. The
PVDF molecular interactions are governed by the short-range Van-
der-Waals forces and hence low potential barriers for the rotation of
chain molecules enable easy conversion between the polymorphs.
Slightly more stable is the non-polar a-phase in comparison with the
polar p-phase [33-35]. Literature data have already shown that the
ferroelectrically inactive a-phase of PVDF can be converted into
electroactive phases § and/or y by pressing, stretching at elevated
temperatures, uniaxial tension, electrical poling, annealing, com-
pression molding etc. [31,34,39-43]. This indicates the possibility of
the co-existence of different polymer phases in the material at the
same time, which influences the electrical properties of the material
as well as potential applications. Chu et al. also demonstrated that by
combining non-polar and polar crystalline modifications of PVDF,
very high energy density can be achieved, which is notably im-
portant for the energy storage application [44]. Moreover, inclusion
of fillers in the polymer matrix and formation of polymer composites
may enable the nucleation of electroactive p-phase. Some authors
have shown that inclusion of barium titanate can make the p-phase
to nucleate predominantly, but this process is dependent on the filler
size [31,38]. Others evidenced that addition of NiFe;04 and CoFe,04
in a certain percentage can guarantee the formation of 90% of
B-phase. It was explained that CH, bonds of PVDF and negatively
charged ferrites surface have strong interactions, which induce the
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formation of all trans conformation with consequent B- crystal-
lographic phase stabilization [31]. There are studies where, along
with the addition of the filler (e.g. barium titanate), stretching was
performed in order to obtain mainly p-phase in the material [35]. It
has been shown that also the poling process has an effect on the
phase conversion [42,43].

This research was focused on the preparation of flexible composite
films, by combining a highly flexible PVDF polymer matrix with lead-
free piezoelectric perovskites, 0.94[(BigsNag5)TiO3]-0.06BaTiO3 (NBT-
BT), in different ratios. Since, to the best of our knowledge, a rather
limited number of papers dwelled with these particular composites, a
crucial point of this investigation is to show that this material is quite
versatile and possesses functional properties which are sensitive to
both microscopic and chemical modifications [45,46]. All the evi-
dences reviewed above show that proper tailoring of material prop-
erties is possible by selecting adequate polymer and filler pairs, which
combined with the choice of a suitable processing method will allow
the improvement of existing and the widening of the potential ap-
plications. Using a lead-free piezoelectric polymer-based composite
material for low-energy harvesting and energy storage for always-on
devices paves the way to a new type of safe production and usage of
energy for everyday life.

2. Experimental
2.1. Preparation of active phase powders and flexible composite films

Powders of 0.94[(BipsNags)TiO3]-0.06BaTiO3 were synthesized
by solid state route. The stoichiometric amounts of BaCOs (99.0%,
Merck), TiO, (99.9%, Degussa), Na,CO3 (99.5%, Merck), Bi,O5 (99.9%,
Aldrich) were ball milled in ethanol for 48 h using a polyethylene jar
and zirconia milling media of different diameters. The milling
media/ precursors powder weight ratio was fixed at 1.5. The dried
precursors mixture was then sieved at 250 um and calcined at 800 °C
for 1 h. The calcined NBT-BT powder was finally ball milled in
ethanol for 120 h, dried and sieved at 250 pm. The preparation
process has been optimized in order to obtain a highly reactive
perovskite phase, able to guarantee optimal piezoelectric properties
of the resulting ceramics [25,47].

Commercial PVDF powder (Alfa Aesar) and the previously syn-
thesized NBT-BT powders were mixed in three different ratios:
namely, 30, 35 and 40 vol% of NBT-BT powders. Samples were named
according to the amount of filler as NBT-BT/ PVDF 30/70, NBT-BT/
PVDF 35/65 and NBT-BT/PVDF 40/60, respectively. The powder of the
active phase was mixed with PVDF powder in the isopropanol with
applied ultrasound probe. Mixture was dried in the furnace at 60 °C.
The samples have been further subjected to a hot-pressing process
using a custom built set up. The hot pressing procedure consisted of
heating up to 190 °C with holding time of 10 min while the pressure
of 5 MPa was applied at 160 °C and released at 160 °C during natural
cooling.

2.2. Characterization of powders and composite films

XRD analysis of NBT-BT powders and composite films was carried
out using a Bruker D8 Advance X-ray Diffractometer and Rigaku
MiniFlex 600 instrument, respectively. Particles morphology was
observed with a LEO 1450VP (LEO Electron Microscopy Ltd) SEM
microscope, while composites morphology was investigated by a
Tescan VEGA TS 5130MM instrument. Both the external surface and
transversal section (obtained by fracture of the samples) of the
composite films were observed.

Infrared spectroscopy measurements on the composites were
carried out in attenuated total reflectance (ATR) mode by a
PerkinElmer Spectrum Two™ FTIR spectrometer and collecting
spectra in the 4000-400 cm™! range. Eq. (1) was used to estimate the
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relative fraction of the electroactive phase(s) (Fg4) on normalized
spectra, subtracted from the contribution of the filler [32,48,49]:

Iga *

Fer = 361, 1 1y 100 (1)
where Iz, is the absorbance of the band at about 840 cm™ that can
be assigned to p and/or y phase, I, the absorbance of a char-
acteristic band of the a phase and 1.26 the ratio between the ab-
sorption coefficients at the respective wavenumbers. As suggested
by X. Cai et al. [50], when B and y phases were present simulta-
neously, the peak-to-valley height ratio between the two peaks
around 1275 and 1234cm™! was used to separate the two con-
tributions (Fg) and (F,).

The crystallinity degree (X¢) of neat PVDF and composites was
evaluated by differential scanning calorimetry (DSC). Two repeats
per sample were performed with a Mettler DSC 821¢ instrument,
heating from room temperature up to 220 °C at a scan rate of 10 °C/
min under N,. X values were calculated as the ratio between the
measured enthalpies (AH,,), normalized with respect to the actual
content of PVDF in the composite, and enthalpy of fusion of a perfect
PVDF crystal (AHp = 104.6]/g) [39].

The relative density of the composites was calculated as the
percentage ratio between the measured density (by Archimedes’
method) and the calculated theoretical density. The latter was cal-
culated as in [41], using the appropriate volume fraction of filler,
crystallinity degree, and relative amount of electroactive phases of
PVDE. A filler density of 5.965 g/cm?, as measured by a Micrometrics
Instrument Corporation AccuPycTM 1330 helium pycnometer,
was used.

Optical properties of the prepared systems were investigated in
the wavelength range 200-1400 nm using a Shimadzu 2600 UV-VIS
spectrophotometer.

For dielectric, ferroelectric and anelastic characterizations silver
electrodes (6 mm in diameter) were painted on the films (PEMCO
silver paint, with organic solvent, Alfa Aesar). Dielectric measure-
ments were carried out in the temperature range 100-430K and
frequency range 0.2 kHz - 1 MHz with an HP4284A meter, by using a
four wire probe. Samples were placed in a modified Linkam
HFS600E-PB4 stage during heating and cooling at 1.5-2 K/min.
Anelastic measurements were performed in the temperature range
130-400K by measuring the complex dynamic Young’'s modulus
E=E' +iE” in the kHz range with the free flexural resonance method
[51,52]. Strips about 30 mm long were cut from the films, suspended
on two thin thermocouple wires in high vacuum or 0.1 mbar He
below room temperature and electrostatically excited on their flex-
ural modes. The strips were made conductive with silver paint in
correspondence of the electrode and for shorting the thermocouple.
At least the 1st and 3rd modes could be alternately excited during
the same experiment, probing two or more frequencies in the ratio
1:5.4 and higher [52]. For ferroelectric characterization a Precision
Multiferroic Test System with High Voltage Interface-Radiant Tech-
nologies, Inc. was employed up to 4000 V. The polarization curves
were measured at different external electric fields.

2.3. Poling, film assembly and testing

Electrical poling of the samples was performed in a silicon bath
at 135 °C for 40 min and cooled down to 50 °C under the electrical
field of 50kV/cm in the parallel plate configuration. Poled flexible
films with 1.5 cm? area, were wired and integrated in the Kapton
tape (polyimide film) flexible cover as an insulation and protection
layer. Since it remains stable under the wide range of temperatures
-269 - +400°C and has a high isolation ability, Kapton is usually
used in the flexible electronic industry, for aircrafts, spacecrafts etc.
Testing on force impact of 250N was carried out using Quartz
Impulse hammer with IEPE output modal, KISTLER, Italy.
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3. Results and discussion
3.1. Characterization of active phase powders

The formation of the NBT-BT perovskite structure has been as-
sessed by the X-ray diffraction (XRD). The XRD pattern reported in
Fig. 1a shows that the powder after calcination is mainly composed
by NBT-BT (with 4% BT JCPDS 74-9529), crystalized into rhombo-
hedral crystal structure with space group R3c, and traces of un-re-
acted BT phase (JCPDS 66-0829). The use of highly reactive powders
(instead of fully-reacted powders obtained from the corresponding
crushed ceramics) has been already successfully proposed for the
production of NBT ceramics [47] or NBT-BT/PVDF composites [46].
The average crystallite size of the synthesized powders is 31 + 1 nm,
calculated by the FWHM using the Debye-Scherrer equation. The
particles of NBT-BT powders used for the preparation of composite
flexible films were morphologically characterized by scanning elec-
tron microscopy (SEM). The Fig. S1 displays two SEM images of NBT-
BT particles, where aggregates of particles with size prevalently
around 100-130 nm can be observed.

3.2. Characterization of composite NBT-BT/PVDF flexible films

One of the prepared NBT-BT/PVDF films is presented in the
photograph of Fig. 1c. All the flexible films were in the shape of disks
with diameter around 3-4 cm and showed good flexibility. As the
amount of inorganic active phase in the polymer matrix increases
the film becomes less flexible, as expected.

Morphological SEM analysis of the NBT-BT/PVDF flexible films
was carried out. SEM micrographs of the external surface and
transversal internal surface of the sample NBT-BT/PVDF 35/65 are
reported in Fig. 1b. The following trend was observed, the lower the
NBT-BT content, the more uniform the distribution of the filler is. In
each film, small areas with predominantly PVDF polymer phase
were noticed (Fig. S2 and S3). The thickness of the films can be also
determined from the micrographs and ranges from 110, 150 and
200 pum respectively with the increase of active component con-
centration in the film.

In order to investigate the influence of the hot pressing method
on phase composition in PVDF, for comparison, neat PVDF film was
also prepared by this method. XRD results of neat PVDF film were
compared with the results of commercial PVDF powder, used for the
preparation of flexible films (Fig. 2a). The PVDF powder is mainly
composed of a-phase, as evidenced by three diffraction peaks at 17.7,
18.4 and 20.0, corresponding to (100), (020) and (110) reflections of
the monoclinic a-phase crystals (JCPDS #042-1650), respectively.
Additionally, a-phase presents a peak at 20 = 26.65° corresponding to
the (021) diffraction plane. On the other hand, XRD of the neat PVDF
flexible film, besides these three peaks, possesses a peak at 20 = 20.8°
which is relative to the sum of the diffraction at (110) +(200) planes
of the orthorhombic pB-phase (JCPDS #042-1649), proving that the
appearance of the p-phase was induced by the hot pressing proce-
dure. The reflections of y-phase, as detected by IR and DSC analyses
discussed in the following, are covered by those of the other poly-
morphs.

This was an indication that electroactive polymeric phases could
be present in the composite films and therefore investigation on the
relative amount of PVDF polymorphs was conducted for all flexible
composite films [53].

Since, XRD is more sensitive to the inorganic filler, which would
largely cover the polymer signal, infrared spectroscopy was found to
be a very useful and precise technique to study the polymorphism of
the PVDF matrix. It also allows individuation and quantification of
the most important crystalline phases [39]. The ATR-FTIR analysis
(Fig. 2b-d) confirms and complements the XRD results. The PVDF
powders are indeed characterized by a neat predominance of the
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Fig. 1. a) XRD of the NBT-BT powder, calcined at 800 °C x 1 h, used for flexible films preparation, b) SEM representing surface of the film, inset SEM of the transversal internal

surface of the film c) Flexible film NBT-BT/PVDF 35/65.

o phase, where the principal peaks characteristic of this non-polar
polymorph at 1423, 1383, 1209, 1149, 975, 854, 795, 763, 614, 532,
489, and 410 cm™! are clearly visible. The processing of the polymer
induces the formation of electroactive phases, indicated by the peaks
around 840 cm™! in the spectrum of the PVDF hot pressed film; the

co-presence of the bands at 811 and 1234cm™!, ascribed to the
y-phase, and those at 443 and 1275 cm™!, exclusive of the p-phase
suggests that both the polar polymorphs are simultaneously present.

Also, all the flexible NBT-BT/PVDF composites were subjected to
spectroscopic characterization. The broad band around 525cm™,
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Fig. 2. a) XRD pattern for PVDF powder and neat PVDF film, b) FT-IR spectrum of PVDF powder and neat PVDF film, c) FT-IR spectrum of NBT-BT powder and d) FT-IR spectrum of

flexible films.

Table 1

Amount of « (F,), and electroactive phases, p (F;), y phases (F,) and the crystallinity
degree (Xc) in all composite flexible films, calculated via infrared spectroscopy and
differential scanning calorimetry (DSC).

SAMPLE %F %Fg %E, Xe
PVDF 46 4 50 50
NBT-BT-PVDF30 35 45 20 44
NBT-BT-PVDF35 50 32 18 40
NBT-BT-PVDF40 44 7 49 42

whose intensity increases by increasing the filler amount, is due to
the NBT-BT, and, in particular, to the metal-oxygen (M-O) stretching
vibrations. In all the composites the peaks characteristic of the two
electroactive phases (i.e., f and y) are identifiable but with a different
intensity depending on the film composition. Eq. (1) was used to
calculate the electroactive phase (Fga, constituted of Fy and F,) and
the a-phase amount derived by difference, which are reported in
Table 1. It seems that the highest amount of electroactive phases is
found in the NBT-BT/PVDF 30/70 sample 65%, of which 45% of the
most desirable ferroelectric g-phase [37,45,50,54,55].

The ATR-FTIR results are in accordance with the calorimetric
analysis. The DSC thermograms are reported in Fig. S4. Because the
melting behavior of PVDF depends not only on the polymorphism
but also on other characteristics such as crystallite size and defects, a
range of melting temperatures for the different crystalline phases is

reported in the literature [32]. Anyhow, the p-crystallites show a
melting temperature similar to that of a-form while, when the
y phase is obtained by crystallization from the melt as in the present
case, its melting peak is about 8-10 °C higher than those of the other
two polymorphs.

The DSC melting curves reported in Fig. S4 show that, in the case
of the hot-pressed PVDF and its composite containing 40 vol% of
NBT-BT both characterized by a large amount of y phase, beside the
main peak centered at about 160 °C a shoulder is clearly visible at
higher temperatures (about 170 °C).

Since Eq. (1) allows calculating the relative amount of the crys-
talline phases without taking into account the overall quantity of
PVDF crystalline phase with respect to the amorphous counterpart,
the crystallinity degrees of the samples were calculated as well. As
visible from Table 1, the presence of the particles reduces the overall
crystallinity degree of PVDF, but, being the X. values comparable for
all the composites, the trends observed for the different polymorphs
remain valid.

Mohanty et al. [45] have shown that the negative electrostatic
charge of nanoparticles of the filler is used to potentiate the nu-
cleation of p-phase in PVDF. These authors worked on NBT-BT/PVDF
films obtained by the solution casting method and pointed out that
the negatively charged surface of the NBT-BT confirmed by the zeta
potential measurement, enabled mostly the formation of g-phase.
Actually, the CH, bonds of the PVDF and the negatively charged
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surface of NBT-BT particles have a strong interaction, which induced
extended TTTT conformation aligned on the surface of nanoparticles
and resulted in the formation of the p-phase [31,37,45]. It was also
demonstrated that there is possibly a critical limit of filler amount
that leads to the restricted formation of p-phase. After a certain
concentration of filler, particles were prone to agglomeration and
thus the ionic dipole interactions are getting weaker and the number
of centers for the nucleation of p-phase decrease. The results ob-
tained in the investigated case are partially in agreement with the
data obtained from Mohanty et al. Here, the presence of NBT-BT filler
in the polymer matrix indeed potentiates the formation of p-phase
in the films; however, the amount of p-phase decreases with filler
amount probably due to differences in the methods used for the
preparation of the films in compared studies [45]. Notwithstanding
this, the existence of electroactive p-phase in the film will surely im-
prove its electrical properties and broaden its possible applications.

Since NBT-BT ceramic filler and PVDF polymer are materials with
significantly different properties, the electrical properties of their
composites are influenced not only by the relative permittivity of the
polymer and the filler, but also by other factors such as the mor-
phology of the filler, its dispersion, volume fraction of the filler,
structural defects and pores, the existence of different molecular
conformations of PVDF and interactions between the obtained
phases [2,45,56,57]. It is also important to note that in flexible films
consisting of functional material embedded in a polymer matrix, the
effective distance between the electrodes and effective electrode
area can vary (due to small variations of the film thickness) and can
complicate the interpretation of the electric and ferroelectric ex-
perimental data.

The temperature dependence of the dielectric permittivity, ¢* and
loss tangent, tan § at different frequencies of the flexible composites
and neat PVDF are presented in Fig. 3a-d. The dielectric permittivity
value of each composite is lower in comparison with NBT-BT (6% BT)
dielectric permittivity value, which is about 2000 [25,26] but higher
than dielectric permittivity of neat PVDF film ~ 10 [7,39].

There is an effect of the increase of the active phase concentra-
tion in the film: the dielectric permittivity for 40 vol% is nearly two
times higher than for 30 vol% and eight times higher than for neat
PVDF, while the losses at room temperature (measured at the
standard frequency of 1 kHz) remain below 3% (Fig. 3a-d). Although
the dielectric permittivity around ~ 80 obtained for these samples is
much smaller than that of neat NBT-BT ceramics, it is however a
much higher value in comparison with similar composites reported
in other works [45,46,58-60].

This is illustrated in the Table 2, where a comparison of dielectric
permittivity and loss (at RT and frequency 1 kHz) from various lead-
free ferroelectric ceramics/PVDF compositions is given. Results re-
ported in the literature have been selected for those compositions
with relatively low dielectric loss tangent. Higher amount of NBT-BT
filler results into poorer dispersion in the polymer which is followed
by the formation of more structural defects and pores in the com-
posite. The existing literature data suggested rather different con-
cepts regarding dielectric properties of different PVDF polymorphs
in neat films. The main issue is that different processing methods
can tune the polymorphism of PVDF films and change the char-
acteristics of the polymer such as: the degree of crystallinity, the
polymer chains orientation, the size of the crystals etc. In this regard,
besides the effect of the amount of NBT-BT filler on dielectric
properties, the type of PVDF polymorphism formed in the flexible
film was also considered as important factor (see FT-IR results). W.
Xia et al. who presented the study about PVDF polymers and its
properties prepared by casting and further quenching, suggested
that non polar a- phase possesses higher value dielectric permit-
tivity than g-and y-PVDF phases [37]. Similarly, S. Muduli et al. have
shown in their work, in which neat PVDF films were prepared by
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solvent casting and later hot pressing, that an increase of g-phase
fraction reduces the dielectric constant [53]|. On the contrary, R.
Gregorio et al. prepared melting solution casted PVDF films and
noticed that in the samples with predominantly B-phase the di-
electric permittivity was higher [61]. Yang et al. prepared PVDF films
by solvent casting and passed them through the rolling machine in
order to increase their p-phase content, pointing that films with
higher amount of B-phase possessed enhanced dielectric proper-
ties [49].

In our case, sample NBT-BT/PVDF 30/70 has the lowest value of ¢’,
having the lowest amount of filler but also the highest concentration
of p-phase among all composites. Even though the specimen NBT-
BT/PVDF 40/60 possesses the lowest amount of p-phase, its dielectric
permittivity value is the highest. The results show that there is an
increasing trend in dielectric permittivity with p-phase fraction de-
crease. However, it seems that the dielectric permittivity value of all
obtained composites is mostly affected by the filler amount rather
than the crystalline phases formed in the films [37,57]. The dielectric
permittivity values for all samples are almost frequency in-
dependent in the low temperature region (up to 200K), but above
this temperature, a region of dispersion emerges below room tem-
perature. The most prominent dielectric dispersion can be seen for
temperatures between 200 and 350 K. The main feature is the shift
of the maximum of dielectric loss toward higher temperatures with
the increase of the measurement frequency, which should be due to
the effect of freezing of dipolar motion in the amorphous PVDF
matrix. This can be noticed for the neat PVDF and all composite films
as well [7]. The dielectric response of the composites in this region is
mainly determined by the response of the PVDF polymer and its
glass transition [7,62].

By a closer look at Fig. 3, one can also register a very useful zone
around room temperature as a plateau with relatively constant di-
electric permittivity and losses. The broad relaxor peak characteristic
for the NBT-BT (6% BT) ceramics expected in the region between 400
and 550K is missing from the dielectric spectrum since it is out of
the measurement range [25,26,63]|. Despite that, the tangent losses
of all composites start curving down above 400K which may be
correlated with the dielectric relaxation caused by the NBT-BT filler.
Some authors suggested that this relaxation can be attributed also to
the wide oscillation angle of polymer polar groups followed by their
rotation with main chain co-operation [2,7].

For anelastic measurements three strips were cut from circular
films of all NBT-BT/PVDF and excited on their flexural modes. The
fundamental resonance frequency is:

fr = 1:028(t/”)(E/p)' ", (2)

where t, |, E and p are the sample thickness, length, Young’s modulus
and density. The Young’s modulus was evaluated from this formula
with an error of the order of 20% due to the non-uniform thickness,
especially for the 35% sample (Fig. 4a). Other sources of error are
possibly non-uniform density and the metallic electrode. The elastic
energy loss, or reciprocal of the mechanical quality factor, Q! = E”/E’,
was evaluated from the width of the resonance curves. Higher fre-
quencies were probed by exciting during the same temperature run
the 3rd flexural mode, with f; ~5.4f; and higher modes when pos-
sible. Fig. 4b presents the temperature dependence of the Young's
modulus and elastic energy loss of NBT-BT/PVDF 40/60 measured on
three flexural modes during heating. The curves are relatively stable,
and the gray line had been obtained three days before on cooling.
The temperature dependence of the Young’s modulus and the losses
are dominated by those of the polymer, but the magnitude of the
modulus is larger of a factor ~3 with respect to PVDF due to the rigid
ceramic fraction, similarly to the dielectric permittivity [7].

All the three major Q! peaks and the corresponding steps in the
modulus shift to higher temperature with increasing frequency and
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Fig. 3. Fig. 3. Dielectric permittivity and dielectric losses vs. temperature for NBT-BT/PVDF flexible films for different compositions and frequencies, as specified on the graphs: a)
NBT-BT/PVDF 30-70; b) NBT-BT/PVDF 35/65; c) NBT-BT/PVDF 40/60; d) PVDF. All the curves have been measured during cooling procedure.

Table 2

Comparison of dielectric permittivity and dielectric loss tangent (at RT and f = 1 kHz)
obtained in this work with those reported in the literature on other lead-free ferro-
electric ceramics/PVDF flexible composites. (The values reported in this work are
obtained from the corresponding curves in Fig. 3 measured on cooling at 1 kHz, by
averaging the results around room temperature).

SAMPLE Ceramic Dielectric Dielectric Ref.
concentr. (%) permittivity loss tan 6
NBT-BT/PVDF 30 40 0.02 This
work
NBT-BT/PVDF 35 48 0.02 This
work
NBT-BT/PVDF 40 78 0.03 This
work
NBT-BT/PVDF 30 1 0.05 [45]
NBT-BT/PVDF 40 10 0.03 [45]
NBT-BT/PVDF 30 18 0.03 [46]
BaTiOs/PVDF 40 65 0.02 [58]
BaTiOs/PVDF 40 51 0.03 [59]
BCTZ/PVDF 35 22 0.025 [60]
BCTZ/PVDF 45 245 0.028 [60]

certainly correspond to those in the dielectric permittivity (the
permittivity, e should be compared with 1/E). Table 3 summarizes
the density, measured with Archimedes method, the fundamental
resonance frequency at room temperature and the corresponding
Young’s modulus of the three compositions and of a pure PVDF
sample. Notice that the resonance frequency depends considerably
on T, for example from 212 Hz to 650 Hz with cooling for the 40%
sample. As expected, there is stiffening with increase of the ceramic
fraction. The local minimum of E at 35% is within the experimental

error due to the non-homogeneous thickness, but also reflects a
minimum in density.

P-E hysteresis loops of pure PVDF and its composites measured at
room temperature, at 170 kV/cm and frequency of 100 Hz are pre-
sented in Fig. 5a. The hysteresis loops are well defined but not sa-
turated and therefore the remnant polarization values of the films
cannot be compared with high accuracy. The saturation was not
reached possibly due to the limitation of the voltage source (4000 V).
This can be seen in the literature quite often for the composite films
made of PVDF with other different fillers, such as, PZT, PLZT, BT, NBT
etc. [2,22,57,64,65]. Many parameters can influence the ferroelectric
properties such as interface areas, agglomerations, voids in the
composites, inhomogeneous distribution of filler in the polymer
matrix etc. [2,64,65]. However, as mentioned previously, there are a
couple of more important effects that can influence the ferroelectric
properties of these composite materials and have to be considered.
The sintered NBT-BT ceramics possesses good ferroelectric proper-
ties with nicely saturated square shaped hysteresis loop measured at
50 kV/cm with P; =38 pC/cm? and Ec= 30 kV/cm (Fig. 5b), which is in
agreement with the data available from the literature [66,67].

Likewise, the literature about ferroelectric properties of pure «, p
and y PVDF films points to the possibility of a profound effect of
PVDF phases on the ferroelectric properties of the composites
[36,37,45,55,57,68]. Neat p- phase PVDF shows typical characteristic
of normal ferroelectric in the squared shaped loops for its all-trans
conformations. a- and y- PVDF phases have smaller remnant polar-
ization under the same conditions, and P, of y-PVDF is slightly higher
than that of «-PVDF which can be attributed to the T3G conforma-
tion which is more polar than TGTG" of a-PVDF [36,37].
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Fig. 4. a) Young's modulus measured exciting the 1st flexural mode of a pure PVDF and NBT-BT/PVDF 30/70, 35/65 and 40/60 composite samples during cooling; the initial
heating is also shown for the 35% sample (empty symbols) and b) Relative change of the Young’s modulus and elastic energy loss vs. T of NBT-BT/PVDF 40/60 measured alternately

exciting three flexural resonances during a same heating run.

Table 3

The density, measured with Archimedes's method, the fundamental resonance fre-
quency at room temperature and the corresponding Young’s modulus of the three
compositions.

X p (g/cm?) f1 (Hz) at 295K E (GPa) at 295K
0 1.7 960 21 +0.2
30 3.06 + 0.066 230 81038
35 2.95 + 0.06 370 76+ 13
40 3.32 £ 0.06 420 105+ 1

Thus, as it can be noticed from Fig. 5a, in our case there is a
combined effect of both, influence of the filler amount and effect of
PVDF crystal phases present in each film. The NBT-BT/PVDF 30/70
has the lowest amount of the filler but also the highest concentra-
tion of the ferroelectric p- phase, 45% and it shows a bit lower P, and
E. values in comparison with the NBT-BT/PVDF 35/65 sample that
has 32% of g- phase but a higher concentration of the filler.

The largest loop area which is connected with high losses can be
seen for the NBT-BT/PVDF 40/60 sample that possesses the highest
amount of filler but the lowest concentration of the ferroelectric
B- phase ~7%.

In order to confirm that the polarization arises due to intrinsic
dipoles, room-temperature pulsed polarization positive up-negative
down (PUND) measurements of composites have been carried out
with delay time of 0.2 ms and pulse weight 0.1 ms at 170 kV/cm.
Detailed explanation of PUND method and obtained results are
presented in Fig. S5 and Supplementary material [69-71]. From the
presented results, it can be concluded that samples with higher
concentration of filler indeed have higher value of remnant polar-
ization. In order to give a clearer picture more detailed study have to
be performed for the future study.

3.3. Application point of view: Energy storage and Energy harvesting

3.3.1. Energy storage

During the recent years researchers have been studying PVDF
based composites reinforced with various fillers, e.g., PZT, BT, BST,
TiO, etc. for developing energy storage materials [50,57,65,72,73].
Here, regarding the resulting dielectric and ferroeletric properties of
the flexible composites obtained in this study, the potential of these
materials for the energy storage application was investigated. High

values of breakdown strength and dielectric permittivity are defined
as two main factors that can determine energy storage potential of
the material [57].

As it was presented, the NBT-BT ceramic filler exhibits much
higher values of dielectric permittivity in comparison with PVDF
polymer. On the other hand, the breakdown strength signifies the
highest electric field applicable to the dielectric materials. In this
study, due to the limitation of the used instrumentation, the electric
breakdown strengths values for each composite was not reached, but
from the E,,.x presented in the Table 4 it can be assumed that the
amount of filler affects the properties necessary for the energy sto-
rage application. As the amount of the filler increases, more in-
homogeneous distribution of the filler in the polymer occurs; more
voids and defects are formed, causing the local electric field con-
centration increase and contemporary reduction of the breakdown
strength of the composite materials in comparison with neat PVDF
[45,56,57,74].

Typical electric displacement-electric field loops at moderate
applied field of 170 kV/cm for all investigated films, are presented in
the Fig. 5c. Derived values for energy density presented in the
Table 4 show that the energy density became higher with the
amount of NBT-BT filler in the polymer matrix and for the sample
NBT-BT/PVDF 40/60 it reaches the value of 0.148 J/cm>. The energy
density is getting higher with the increase of electric field as well,
e.g. in the sample NBT-BT/PVDF 35/65 it changes from 0.108 J/cm? at
170kV/cm to 0.172]/cm® at 210 kV/cm. Literature data have shown
that similar PVDF based composite films (with different fillers: pure
and doped barium titanate, strontium titanate, barium strontium
titanate, etc.) possess energy density in the range 2-7J/cm® mea-
sured at 1000-4000 kV/cm [57,75]. However, due to limitation of our
equipment, much lower fields were reached and therefore the values
obtained for energy density are accordingly lower. Thus, it is difficult
to compare the results obtained from the present study and results
available in the literature since the measurements were performed
in different conditions. The obtained results can nevertheless point
on the materials potential for this application. Besides high energy
density, for the practical application in the energy storage devices, it
is important that the material possesses great efficiency. Energy
density efficiencies obtained from the D-E loops for investigated
materials are presented in the Table 4, showing a decreasing trend
with increasing amount of NBT-BT (from 74 down to 66%). Lower



M. Vijatovic Petrovic, F. Cordero, E. Mercadelli et al.

a) —— NBT-BT/PVDF 30/70 30
—— NBT-BT/PVDF 35/65 5
—— NBT-BT/PVDF 40/60
—— PVDF

20

N
(&)

P(uC/cm?)

Journal of Alloys and Compounds 884 (2021) 161071

b)

NBT-BT ceramics

E(kV/cm)

—— NBT-BT/PVDF 30/70
—— NBT-BT/PVDF 35/65
—— NBT-BT/PVDF 40/60
——PVDF

24
22
20 [
18]
16|
14|
12[
10 [
08|
06
0.4
0.2

00 L P | 1
0 20 40 60 80 100

E(kV/icm)

D (uClem’)

I
120

I
140

I
160

180

1
40

-60 60
E(kV/cm)
60 L
d) .. .
451 % Od"i
°°°o. o
50 |- % ° Q ®
R0, Y0, ° 0) PO,
%, ) ) *T P
55 |- %, °¢°°° o o P,
o o o °
__-60 %5, % o®
o o Od' Q: K
g -6.5 |- LA '
< oL %
= Qo °
= 75 ] 0 ]
[« Rl 9
Ke) °a 0 ?
-8.0 - °. o ?
° °
85 9 ® @ NBT-BT/PVDF 30/70
- % Q2 @ NBT-BT/PVDF 35/65
0 ” @ NBT-BT/PVDF 40/60
95 | °® @ PVDF
i o
-10.0 1 L 1 L 1 L L s 1 " 1 " 1
-300 -200 -100 0 100 200 300
E (kV/cm)

Fig. 5. Ferroelectric properties of neat PVDF and all composite films at a) 170 kV/cm, b) hysteresis loop of NBT-BT ceramics, c) Displacement vs. electric field loops and d) leakage

current density vs. electric field for neat PVDF and all composite flexible films.

values of efficiency in comparison with pure PVDF (94%), may be
probably attributed to the larger leakage current in the composite
films [45,50,57].

Low leakage current density is also an important parameter for
the application of the material for energy storage. Leakage current
density (j) was measured as a function of static electric-field (E) in
order to study the conductivity in the material and it is presented in
Fig. 5d. Keeping in mind that the leakage current is related to the
electric conductivity, the obtained results imply the highest elec-
trical conductivity of the NBT-BT/PVDF 40/60 which is followed by
slight decrease for the samples NBT-BT/PVDF 30/70 and NBT-BT/
PVDF 35/65, respectively. Significantly lower leakage current density
was measured for neat PVDF flexible film. Since both component
phases, PVDF and NBT-BT, show low conductivity, it means that the
conductive channels are created in the composite phase. Indeed, as it
was suggested earlier, the amount of ceramic filler can cause the
formation of more defects, pores and space charge in the composite,
and worsen the mechanical properties and flexibility, provoking the
increase of the leakage current density and affecting the energy

storage properties as well [2,23,68,74]. Detailed analysis of leakage
current mechanisms pointed on possible existence of both, ohmic
and space charge limited conduction in all investigated films. With
the filler amount increase, the conduction is more likely to be due to
space charge limited conduction, especially in the higher field region
[76-78]. Details can be found in the Supplementary material
(Fig. S6).

According to all the data available, nanoparticles such as the ones
used in this study, were found to have strong mutual interaction and
cause the agglomeration of the filler and its non uniform distribution
in the films that influence energy storage properties [57,75,79]. In
order to improve the energy storage density, two future aspects will
be examined. The first one will be the modification of nanoparticles
by the hydroxylation process in which the interaction of the filler
nanoparticles with PVDF are stronger and its compatibility becomes
better which can improve the breakdown strength of the composite.
Y. Wang et al. indicated that using hydroxylated barium titanate
nanoparticles instead of as prepared ones, increased the energy
storage density up to 3.7 J/cm>. On the other hand, using the fillers

Table 4

Electric displacement, maximum electric field, dielectric permittivity values at 1 kHz, energy storage density and energy density efficiency for composites and neat PVDF film.
Sample D (pC/cm?) Emax (kV/cm) e (at 1kHz) J(Jem?) n (%)
PVDF 0.23 400 1 0.017 96.60
NBT-BT/PVDF 30/70 1.06 330 40 0.0765 74.38
NBT-BT/PVDF 35/65 1.58 260 50 0.108 68.35
NBT-BT/PVDF 40/60 2.30 150 73 0.148 66.37
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Fig. 6. a) Scheme of testing set-up and b) Scheme of the energy harvesting and storage component and picture of the assembled one, ¢) Oscilloscopic records of the voltage output

obtained by applying the impact force.

with a larger aspect ratio nanofibers, nanotubes or nanosheets can
induce better energy storage performance [57,75,79].

3.3.2. Energy harvesting

Piezoelectric polymers typically provide lower power output in
the micro Watt range, smaller in comparison with the piezo-ceramic
energy harvester based on PZT [80]. In order to combine good pie-
zoelectric properties of the ceramics and flexibility of the polymers,
composites consisting of ceramic filler incorporated in the polymer
matrix are being developed extensively during the last decade
[4,27,80,81].

In this study, poled lead-free flexible films were electroded with
silver and wired with Cu wires in order to enable the connection
with external circuit. The energy harvester unit was encapsulated in
the two layers of thin Kapton tape which is a protective layer and
gives dimensional stability to the device (see Fig. 6b).

In order to achieve uniform distribution of mechanical stress on
the sample, the sample was placed in the holder between sandwich
like metal plates with two springs at the ends of the bottom plate.
Thus, after each mechanical impact of impulse hammer, springs
were able to return the upper metal plate into the original position.
The scheme of the testing set-up with all used mechanical and
measuring equipment was presented in Fig. 6a.

Voltage generation of polymer/ceramic composites NBT-BT/PVDF
while applying the impact force of 250 N are presented in Fig. 6¢. The
highest value of the output voltage was 8-9V for NBT-BT/PVDF 30/
70, 4-5V for NBT-BT/PVDF 35/65 and around 1.5V for NBT-BT/PVDF
40-60. The highest values of output current ~ 8-9 pA and maximum
of generated power up to 80 pW were obtained for the NBT-BT/PVDF
30-70 (Fig. S7). Accordingly, lower values were achieved for other
two samples and the lowest voltage output was found in the neat
PVDF flexible films ~ 1 V.

The explanations for the voltage output decrease with filler
amount increase can be the agglomeration of filler particles and
non-completely homogeneous distribution of the filler in the
polymer matrix, supported by the literature data [22,45,74,80] and
proven by measured density values of the composites. On the other
hand, another possible explanation could be found in PVDF poly-
morphism. According to the literature data, with the poling method
used in this study, in which PVDF films were under the influence of
high field and high temperature for almost 1.5h, polymorphic
changes of PVDF are expected [32,37,4550]. The issue of

10

polymorphism changes could be probably solved by the corona
poling method, in which PVDF samples are exposed to extreme
poling conditions for a short period of time, which is not enough for
significant changes in the polymer structure [82-84]|. Nevertheless,
this investigation will be, conducted as a topic of the some future
study.

According to the above, these enhanced properties in the NBT-
BT/PVDF 30/70 can be probably attributed to better distribution of
the filler in this flexible composite and higher amount of electro-
active phases.

Additionally, the piezoelectric charge constants, ds3, were de-
termined using the equation: ds3=-C*V/F, where C is the capacitance
of the film (pF), V is the output voltage (V) and F is the applied force
(N) [82,83]. The values obtained were 16; 7 and 2 pC/N for NBT-BT/
PVDF samples, with the amount of filler, respectively and 2 pC/N for
neat PVDF film. The results are in accordance with the measured
output voltage values.

For a closer comparison, the power consumption of a typical
solar-powered calculator, is about 5 microwatts and that of a typical
digital thermometer with a liquid crystal display is only one mi-
crowatt. As it was shown, this kind of harvester (1.5 cm?) can collect
enough power to produce about 80 microwatts of DC power that is
enough for many sensing (humidity, temperature sensors) and
computing jobs.

4. Conclusion

Flexible polymer/ceramics composite films were successfully
prepared by adding lead-free piezoelectric material sodium bismuth
titanate-barium titanate (NBT-BT) into a polymer polyvinylidene
fluoride (PVDF) matrix by hot pressing. Flexible films with different
filler amount were prepared and investigated. Detailed structural
analysis of films leads to the conclusions that the hot pressing
method partially induced the formation of electroactive p-phase of
PVDF polymer, influencing in that way the electrical properties of
the material. Even NBT-BT as filler with negatively charged surface
can favor a predominant formation of desirable piezoelectric PVDF
phase. The dielectric permittivity of the films obtained in this study
was much higher in comparison with the one obtained from other
authors. NBT-BT/PVDF 40/60 had nearly two times higher values of
dielectric permittivity than NBT-BT/PVDF 30/70 and eight times
higher than neat PVDF, while the losses at room temperature
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(measured at the standard frequency 1 kHz) remained below 3%. A
very useful zone around room temperature as a plateau with rela-
tively constant dielectric permittivity and losses was noticed in the
dielectric spectra of each film. Anelastic measurements showed a
complete agreement with dielectric properties in which the tem-
perature dependence of the Young’s modulus and the losses are
dominated by those of the polymer, but the magnitude of the
modulus is larger of a factor ~3 with respect to PVDF due to the rigid
ceramic fraction. Non-saturated hysteresis loops pointed out the
combined effect of two factors, that is influence of the filler amount
and effect of PVDF crystal phases present in each film. Calculations
of energy storage density and energy density efficiencies obtained
for the investigated materials revealed a decreasing trend with in-
creasing amount of NBT-BT. The values of n = 66-74% that were ob-
tained for all the composites, were determined as high enough for
the practical application of these materials.

Assembled energy harvesting units were made by proper wiring
and covering the flexible film with a Kapton protection layer. Charge
generation of polymer/ceramics composites while applying the im-
pact force was investigated. The highest value of the output voltage
was 9V and it was obtained for NBT-BT/PVDF 30/70 (4.5V for NBT-
BT/PVDF 35/65 and 1.5 V for NBT-BT/PVDF 40/60). The highest values
of output current was ~ 9 pA and maximum of generated power was
up to 80 pW.

The main conclusion derived from this study is that flexible
composite films made of lead-free NBT-BT filler and PVDF matrix,
especially NBT-BT/PVDF 30/70, have high potential to be used for
efficient environmentally safe low-energy storage and harvesting
devices.
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