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Abstract: For the last several decades, energy harvesters based on piezoelectricity from mechanical
vibration have emerged as very promising devices that are being explored extensively for their
functionality in energy technologies. In this paper, a series of flexible lead-free BaZr(,TipgO3
(BZT)/PVDF and lead-based PbZr( 5,Tip 4803 (PZT)/PVDF piezocomposites with variable filler
content up to 50 vol% were prepared by a hot pressing method. The structure and morphology
of the BZT and PZT powders, as well as the distribution of the piezo-active filler in the obtained
flexible films were characterized by XRD and SEM analysis. In addition, the remnant polarization
(Pr) and leakage current were also investigated to evaluate the breakdown strength in both types of
flexible films. The calculations of storage energies and output voltage obtained for the investigated
materials revealed an increasing trend with an increasing amount of BZT and PZT active phases.
The maximum storage energy of 0.42 J/ cm? (and energy efficiency of 40.7 %) was obtained for the
PZT-PVDF (40-60) films, while the maximum output voltage of about 10 V (~10 pA) was obtained
for the PZT-PVDF (50-50) flexible film. In addition, a comparison between the properties of the
lead-based and lead-free flexible films, as well as the potential use of these films as energy storage
and energy harvesting systems were analyzed.

Keywords: flexible films; ferroelectrics; dielectric properties; energy harvesting; energy storage

1. Introduction

Various alternative renewable sources, such as solar, wind, and thermal energy and
mechanical vibrations, are available for energy generation. For the last several decades,
energy harvesters based on piezoelectricity from mechanical vibration have been explored
extensively for their functionality in energy technologies [1,2]. In the case of low power
electronic devices, power utilization generally lies in the mW or uW range. Furthermore,
the greater part of these applications involves a device that has the capacity to work both
indoors and outdoors in such a manner that it does not possess a substantial dependence
on climate conditions. Energy harvesting is a promising field that enables IoT (Internet of
Things) devices to generate electrical energy by absorbing energy from the environment.
The IoT manages a large infrastructure of web-enabled smart devices, small devices that use
embedded systems, such as processors, sensors, and communication hardware, to collect,
send, and elaborate on data acquired from their environment [3-5]. Ultra-low-power
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consumption (up to tens of micro-amps per preamplifier) is a very important requirement
in order to operate devices with small energy sources.

Compared to flexible electronics built on non-stretchable materials, stretchable materi-
als withstand a greater amount of strain, thus making them more suitable for application
scenarios with large bending and twisting requirements [6-8]. To fabricate a flexible piezo-
electric energy harvester (FPEHSs) that operates under various conditions, ceramic particles
were blended with a polymer to form composite films (CFs). Polyvinylidene (PVDF) was
chosen as an appropriate polymer matrix owing to its excellent stretchability and high
flexibility [9-12].

Lead zirconate titanate (PZT)-based piezoelectric generators are commercially avail-
able and widely employed in the range of 0-200 °C [13,14]. It is well known that at the
morphotropic phase boundary region, PZT’s (Zr/Ti = 58 /42) composition provides the best
dielectric, ferroelectric, piezoelectric, and pyroelectric properties [15]. However, the family
of lead-based materials is facing challenges due to its environmental incompatibility due to
the toxicity of lead. The presence of lead implies danger during the manufacture, use, and
disposal of these materials. Therefore, there is a growing need for new lead-free materials
for various applications. Lead-free solid solutions of BaTiO3 and BaZrO3 (Ba(ZryTi; _4)Os3,
abbreviated as BZT) are among the most important compositions for dielectrics in multi-
layer ceramic capacitors [16]. BZT ceramics have attracted immense attention due to their
high dielectric constant, low dielectric loss, and large tunability because the substitution
of Zr** for Ti** ions has a beneficial effect on the stability of the system [17,18]. Even
though a large number of studies have evaluated BZT ceramics, a rather limited number
of studies have incorporated BZT flexible composite films. On the other hand, there are
many reports on other more complex lead-free systems, such as BaZrTiO3-BaCaTiO3 and
(Big5Nag 5)TiO3-BaTiO3, which have been shown to be the most promising materials with
great piezoelectric performance [19-24]. Because of the aforementioned lack of study of
composite films, we examined the simple-structured BZT and PZT composite films with a
potential for energy storage and energy harvesting usage that can be good alternatives to
the complex lead-free systems.

In the present work, a solid-state synthesis method was used in order to obtain the
appropriate BaZr »Tip sO3 active phase. Flexible BZT /PVDF films were fabricated by the
hot-pressing method. In addition to the BZT-based films, PZT-based flexible films were also
prepared using PZT powders obtained by an auto-combustion method. The conditions for
preparing both types of films with homogeneous distribution of the piezo-active filler were
carefully optimized. The motivation behind choosing these two particular compositions
of BZT and PZT as active phases in flexible films is to examine the pros and cons of using
these simple-structured materials, in terms of their functionality, for energy harvesting and
energy storage.

2. Methods
2.1. Experimental Procedure

Powder of BaZr ,Tig §O3 was synthesized by a solid-state reaction route. The stoichio-
metric amounts of appropriate oxides TiO; (99.9%, Degussa), ZrO, (99.9 %, Aldrich), and
BaCOj3 (99.0 %, Merck) were ball-milled in ethanol for 48 h. The dried precursor mixture
was calcined at 1370 °C for 4 h and ground thoroughly in an agate mortar.

The PZT powder was synthesized by an auto-combustion method. Appropriate
analytical-grade metal nitrates (lead nitrate (Pb(NO3),), zirconium (IV) oxynitrate hydrate
(ZrO(NO3),-H0), titanium isopropoxide (Ti(OCH(CHj3)z)4)), and citric acid (CcHgO7-H,O)
were used as the starting materials. A detailed powder preparation method was reported in
Ref. [25]. After the auto-combustion synthesis and calcination of the PZT precursor powder
at 800 °C for 4 h, pure PZT powder was obtained.

Commercial PVDF powder (Alfa Aesar), which is mainly composed of «-phase, and
the BZT powders were mixed in three different ratios, namely, 30, 40, and 50 vol% of the
BZT powders. The samples were named according to the amount of as-prepared filler:
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BZT-PVDEF(30-70); BZT-PVDF(40-60), and BZT-PVDF(50-50). The same procedure and
volume ratio between the active phase powder and polymer matrix was used for the
samples with PZT powder. To obtain high-performance dielectric composites, it is very
important to disperse ceramic nanoparticles into the polymer matrix homogeneously. Thus,
the powder of the active phase was mixed with the PVDF powder using an ultrasonic
probe in the isopropanol medium for 15 min for better homogenization. After drying, the
powder mixture was placed between two Kapton sheets and hot-pressed using a custom-
built set-up. The hot-pressing procedure consisted of heating up the powder to 190 °C for
5 min while applying pressure of 5 MPa, followed by natural cooling. Figure 1a shows the
obtained flexible film in the shape of a disk with diameter around 3—4 cm that possesses
good flexibility. The thicknesses of the BZT films with 30, 40, and 50 vol% were 60 um,
110 pm, and 250 pum, respectively. Thinner films were obtained for the PZT powders,
and the values are 45 pm, 60 um, and 90 um for 30, 40, and 50 vol% of the active phase,
respectively. The thicknesses of the samples were measured by a digital comparator.
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Figure 1. (a) BZT-PVDF film obtained by hot-pressing method; below that is a picture of the
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assembled component for testing. (b) Scheme of testing set-up.

2.2. Characterization of Powders and Composite Films

The structure of the synthesized BZT and PZT powders was investigated using XRD
measurements (Rigaku MiniFlex 600 instrument, Rigaku, Cedar Park, Texas, USA). The
morphology of the powders and composite films was investigated by a Tescan VEGA TS
5130MM microscope and FESEM (Tescan Mira 3 XMU, Tescan, Brno, Czech Republic).
The vibrational spectrum obtained through Fourier transform infrared spectroscopy (FTIR,
PerkinElmer Spectrum Two™, PerkinElmer, Inc, Waltham, Massachusetts, USA) is useful
for the identification and determination of the amount of the electroactive phases (8
and/or 7). The analyses were carried out in attenuated total reflectance (ATR) mode in a
wavenumber of 4000-400 cm ™. In order to estimate the relative fraction of the electroactive
phases (Fga), Equation (1) was used:

Iga

= 36T, 7 Tox x 100 (1)

Fea

where g, is the absorbance of the band at about 840 cm ™! that can be assigned to the 3
and/or vy phase and I« is the absorbance of a characteristic band of the & phase [26,27]. The
ratio between the absorption coefficients at the respective wavenumbers is 1.26. In the case
that the 3 and 'y phases coexist simultaneously in the film, it is possible to separate these
two contributions (Fg) and (Fy) by taking the peak-to-valley height ratio between the two
peaks around 1275 and 1234 cm !, as suggested by X. Cai et al. [26].

For the electrical characterization, the flexible films were cut into pieces of 2.5 x 1 cm
and covered with silver electrodes with an area of 1.5 cm? by applying the silver paint
(Sigma Aldrich). The dielectric permittivity measurements were carried out using an
LCR meter (model 4284A, Hewlett-Packard, Palo Alto, California, USA) in a temperature
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range of 130 to 420 K and a frequency range of 100 Hz to 1 MHz. A precision multiferroic
test system with a high-voltage interface (Radiant Technologies, Inc., Albuquerque, New
Mexico, USA) up to 4000 V was employed for the ferroelectric characterization and leakage
current measurements at room temperature. The polarization curves were measured at
different external electric fields at a frequency of 100 Hz.

2.3. Preparation of Films for Testing

Before energy harvesting testing, the films needed to be poled in order to align the
domains of the active phase into one direction to obtain good functional material [28].
Electrical poling of the samples was performed between the parallel metal plates in a
silicon bath. The poling procedure was performed in an electrical field of 50 kV/cm at a
temperature of 135 °C for 40 min, after which, the samples were cooled down to 50 °C in
an electric field off.

After poling, the samples were wired with Cu wires in order to enable a connection
with the external circuit. Furthermore, the films were wrapped in insulation Kapton tape
(polyimide film), which is flexible and provides protection to the testing modulus from
mechanical strikes (Figure 1a below). Energy harvesting testing was carried out using a
quartz impulse hammer with an IEPE output modal (KISTLER Instrument Corporation,
Ambherst, NY, USA) by applying a force impact of 500 N. The testing set-up scheme is
presented in Figure 1b.

3. Results and Discussion
Flexible Films Obtained from Prepared Solid-State BZT Powders

The XRD pattern reported in Figure 2a shows that the single-phase BZT powder
was obtained after calcination at 1370 °C for 4 h. Using Rietveld refinement of the XRD
data with MAUD software (version 2.33) [29], the coexistence of 47 % cubic (Fm3m) and
53 % tetragonal phase (P4/mmm) was found. The XRD diffractogram of the morphotropic
PZT52/48 powder calcinated at 800 °C for 4 h is shown in Figure 2b. The coexistence of
80 % of the tetragonal (P4mm) and 20 % of monoclinic phase (Cm) was found. The earliest
investigations of the Pb(Zr; _4Tix)O3 properties near MPB showed that the highest values of
the dielectric constants are on the tetragonal side, while the highest piezoelectric constants
are on the monoclinic/rhombohedral side of the transition [30]. In our case, the tetragonal
phase prevails, which implies good dielectric properties of the obtained films.
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Figure 2. X-ray diffractograms of (a) BZT powders calcinated at 1370 °C for 4 h and (b) PZT powders
calcinated at 800 °C for 4 h.

The SEM images of cross-sections of the BZT-PVDF and PZT-PVDF flexible films
demonstrating different filler content are presented in Figure 3. The volume ratio was
chosen in order to fulfill the requirements for the characteristics on one side and the
flexibility of the films on the other. Very good flexibility of the films was achieved through
the addition of 30 and 40 vol% of the active filler phase. By increasing the volume of the
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ceramic filler in the film, the flexibility notably decreased, but still retained in a certain level
with the addition of 50 vol% of filler. However, a thoroughly homogeneous distribution
of the piezo-active filler was confirmed by SEM in the BZT-PVDF samples. Contrary to
that, in the PZT-PVDF films, the distribution of the active phase filler in the polymer
matrix was not so homogeneous. The PZT powder is prone to agglomeration during
auto-combustion synthesis, and it is very difficult to achieve uniform dispersion of the
powder in the matrix [31].

Figure 3. The SEM images of cross-sections of different compositions of BZT-PVDF and PZT-
PVDF films.

The FTIR spectra of pristine PVDF and all the composite films were used to study the
interaction of the filler and the polymer and the amount of the electroactive phase of PVDF
in each sample (Figure 4). There are several different polymorphs in the PVDF phase, out of
which «, 3, and v configurations are the most representative [25,27]. The relative quantity
of each depends on the thermal, mechanical, and electrical processing conditions used to
produce the PVDF film. The x-phase is not electroactive, while the other two are, with 3
possessing larger polarity than the y-phase [3]. Among all the polymorphs in the PDVE,
the 3-phase shows the highest net dipole moment and, as a result, outstanding piezo- and
pyroelectric properties. Thus, there is an interest in increasing its proportion within the
other phases to maximize the electrical output of PVDF-based piezoelectric generators [32].

The characteristic absorption bands of the non-active x-phase can be observed around
at 1423, 1383, 1209, 1149, 975, 854, 795, 763, 614, 532, 489, and 410 cm !, and those of the
B-phase at 1431, 1275, 1072, and 840 cm~!. The - and B-phase show a similar number
of bands, most of which appear at a similar wavenumber due to the similar polymer
chain conformation [10,12]. However, it was found that the bands around 763 and/or
614, 1275, and 1234 cm~! can be consistently used to differentiate and identify the a-, 5-,
and 7y-phases, respectively. Equation 1 was used to calculate the PVDF phases in all the
composites film and the results are reported in Table 1. Which phase will be formed in
PVDF composite films depends on many factors, such as the preparation method of the
composite films (viscosity of the solution, polarity of the solvent, and the induced thermal
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energy), particle size, and distribution and morphology of the filler, as well as the amount
of the filler content [10,22,33].
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Figure 4. FTIR spectra of all flexible (a) BZT-based and (b) PZT-based films.

Table 1. Amounts of « and electroactive phases - and y-phases in all composite flexible films.

Samples %F & %Fpg %F-y % Fga

PVDF 46 4 50 54
BZT-PVDF (30-70) 58 42 / 42
BZT-PVDF (40-60) 61 39 / 39
BZT-PVDF (50-50) 55 45 / 45
PZT-PVDF (30-70) 36 / 63 63
PZT-PVDF (40-60) 36 / 63 63
PZT-PVDF (50-50) 47 22 31 53

Pristine PVDF (which is mainly composed of a-phase) crystallized mainly in the -
phase (50 %) and a very low amount in the B-phase (4 %) during preparation of the films.
After preparing of the flexible films by different methods (such as the Langmuir-Blodgett
method, spin coating, and solvent casting) many authors further processed their films by
hot-pressing in order to enhance the polar phase in PVDF [34-36]. On the other hand, the
generation of the B-phase directly from the melt is very much in demand and requires
extreme conditions. For instance, Scheinbeim et al. [37] applied very high pressure in the
range of 200 to 800 MPa, confirming the formation of a purely S-phase by applying the
highest pressure of 800 MPa. We used the hot-pressing method (with a pressure of 5 MPa)
to avoid solvents usually used for the dissolution of PVDE, which made the process of
preparation of our films more facile and cost-effective.

The added BZT particles induce the PVDF polymer to crystallize in a more polar -
phase. The amount of the electroactive -phase in the BZT-PVDF-based films does not vary
much when increasing the ceramic filler amount, but the highest amount of electroactive
phases (around 45 %) was found in the composition of BZT-PVDF (50-50).

On the other hand, PZT particles induce the formation of more y-phase (63 %), es-
pecially in the PZT-PVDF (30-70) and PZT-PVDF (40-60) films. The appearance of the
peak at 1275 cm ™!, the main characteristic of the 3-phase, and the characteristic peaks of
the a- and y-phases can be seen only in the PZT-PVDF (50-50) sample. The nucleation of
the ferroelectric f-phase should generally be strongly induced by the interaction between
the surface charges of the filler with the dipole of the polymer. As already mentioned,
the PZT particles were prone to agglomeration, thus the ionic dipole interactions became
weaker and the critical number of centers for the nucleation of the -phase did not even
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exist in the PZT-PVDF (30-70) and PZT-PVDF (40-60) films. However, with the increase
of the active filler up to 50 %, the B-phase appeared instead of the y-phase. With the
increase of the filler concentration, the interactions between the filler and polymer matrix
became more pronounced and, as a result, the formation of the -phase was enhanced [38].
The total amount of the electroactive phase (% Fga) was higher in the PZT-based films in
comparison with the BZT-based ones; however, the contribution of more the desirable and
more electroactive S-phase was higher in the BZT-PVDF films.

The dielectric constant and dielectric loss (tand) are very important parameters for
ferroelectrics, as the dielectric constant represents the charge-holding capacity and tand
denotes the power loss in each cycle of measurement [39]. Figure 5 shows the temperature
dependence of ¢ and the tan ¢ of the neat PVDF, BZT-PVDF (30-70), and PZT-PVDF
(30-70) films at a temperature range from 130 K to 420 K and a frequency range from 20 Hz
to 1 MHz.

70 0.8 70 0.8
(@) | BzT-PVDF(30-70) 1 (b) ] Pzr-PVDF(30-70) ]
60+ o7 604+ 20Hz %
= 20Hz o .
K 1o tkHz
1 kHz ~ dos S oe
5. e 50 10 kHz
1 100 kHz ;
100 kHz 05 ] ;
1 MHz R
PR 1 MHz // &+ 40+ B -~
- Q o Q
e ST 04 35 1 s s 3
e S & Ho3 - . o3
20 4 é - ; : 20 o A ss
71 <A1 M 1
104 ) r"f'\"'-_ / - o 10 ; ,"’" "v.,"" f._..-...‘... Tos
%, e . e, . - d
0 | _cmm— — : — , — 00 0 T T T T T — 0.0
150 200 250 300 350 400 150 200 250 300 350 400
(c) T(K) (d) T (K)
22 -1 08 80 0.8
204 PVDF e PZT-PVDF (30-70)
- 407 407
wl - 20mz B .|+ BZT-PVDF (30-70)
1 kHz : = PVDF Jos
161 10 kHz { ®0ececeass
1]+ 100 kHz T, Jos
1 MHz 401 ‘., s
7124 g’ Ce, ]
© J H04 3
. S
o] —F 20+ 403
6] .:::.‘ s ._.'..' _'02 _I..n-.-----------l----... Joz
4 Pl "'v, e g 04 o¢ o8
z'‘,—-:,;,_--';'—;:yﬁ\‘gF§ L e 7107 ] oo EET o
-, o 4 o © a
0 o TM" : " __I'%ﬁ‘ml __«,,.d"“:'ﬂ 0.0 20 ?Egﬂgnnﬁéﬁﬁﬁnnnﬂnnn 00
150 200 250 300 350 400 1(‘)0 1,0‘00 10,"300 1005000 1,006,000 .
T (K) f(Hz)

Figure 5. Temperature dependence of the dielectric constant and tan J of (a) neat PVDF, (b) BZT-
PVDF (30-70), and (c¢) PZT-PVDF (30-70) at different frequencies; (d) frequency dependence of
dielectric constant and tan § at room temperature.

The dielectric properties of the composites are influenced by different factors, such
as the amount and morphology of the filler, dispersion, volume fraction of the filler, and
the interactions between the two phases [40]. For the neat PVDF film, as well as for both
types of composites, the dielectric constant was almost frequency-independent in the low
temperature region (up to 200 K). Above this temperature and up to 350 K, the dispersed
regions appear. Its main feature is the shifting of the maximum of the dielectric loss
to higher temperatures as the frequency increase. This behavior generally implies that
the dipolar system has a broad distribution of relaxation time [41]. In the investigated
composites, this dispersion can be attributed to the relaxation of frozen C-F dipoles in
the amorphous region of PVDFE. When the freezing temperature (T¢) is reached, these
C-F dipoles receive enough energy and start to move. This relaxation was seen in the
pure PVDEF, as well as in the BZT-PVDF and PZT-PVDF films, and it is attributed to the
so-called B-relaxation [25,42]. The second dispersion above 350 K manifested through the
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strong increase of the dielectric permittivity, especially at lower frequencies, which most
likely originates from the expressed conductivity. Some authors suggest that it can be
also attributed to the mobility of the crystalline part of the polymer chains, while others
think that the main reason is interfacial polarization of different types: polarization due
to the accumulation of space charge in the interface region between the PVDF matrix and
filler particles and/or at the boundaries between the crystalline and amorphous PVDF
phases [43]. Both dispersions were more expressed in the BZT-PVDF films in comparison
to the PZT-PVDF films.

The frequency dependence of the dielectric properties of the BZT/PZT-PVDF (30-70)
composites and the neat PVDF film at room temperature is given in Figure 5d. In the
whole frequency range, a higher dielectric constant was observed in the BZT-based films
(¢’ = 42) than in the PZT-based one (¢" =~ 30). It was also found that both composites had
higher permittivity in contrast to their polymer host matrix (¢’ ~ 10) [23]. The enhancement
of the dielectric constant of the composite films in comparison to the neat PVDEF film can be
ascribed to the dipole polarization and interfacial polarization induced by the BZT /PZT
fillers having three or more times higher dielectric constant [44].

As it can be seen from Figure 5, compared to neat PVDE, the value of the dielectric
losses of the composite films remained almost the same in the whole temperature range
at lower frequencies. The loss curve maintained smoothness in the frequency range from
100 Hz to 1 kHz and then a sharp increase was noted around 10 kHz, which is a typical
feature of the glass transition relaxation of the PVDF matrix. In this frequency range, the
dielectric losses of the BZT-PVDF film were the highest, with the probable reason being
that the amorphous phase of the PVDF in that film was at its highest in this frequency
range in comparison to other two.

The polarization versus electric field hysteresis loops (P-E loops) were recorded at
10 Hz at room temperature (Figure 6). The highest breakdown field that BZT-PVDF (30-70)
can endure is 135 kV/cm; therefore, all the polymer composites are displayed for that
field (Figure 6a,b). However, none of the flexible films can sustain a high enough field
to demonstrate saturated hysteresis loops probably because of its polycrystalline nature.
Instead, the hysteresis loops of all the composite films are symmetrical, well-defined, and
nonlinear. The ferroelectric measurements of the neat PVDF confirmed dielectric behavior
with completely linear hysteresis loops up to 135 kV/cm. The hysteresis loops of the
composite films show that the polarization response was significantly influenced by the
incorporation of the filler particles within the PVDF matrix, showing an enhancement in the
remnant polarization and coercive field values with the higher content of the ferroelectric
active phase. On the other hand, the highest values of polarization (PRr) at zero fields and
the lowest coercive field (Ec) were obtained for both types of compositions with 50 vol% of
the filler particles. The samples that reached the highest breakdown field were BZT-PVDF
(40-60) at a field of 220 kV/cm and PZT-PVDF (40-60) at a field of 390 kV/cm; these
hysteresis loops are presented at Figure 6c.

(b) ——Pzr-PVDF 30-70K (c) “'E 204
PZT-PVDF (40-60) £ ;0 3]

—— PZT-PVDF (50-50) § O 154
——PVDF S =

05 o 1.0

)

T T T ; T T T
50 100 150 50 = 50 100 150 400 300 -200 /7 00 200 300 400
E (kV/cm) E (kV/icm) 0.5/ E (kV/cm)

]—— PZT-PVDF (40-60)
20 —— BZT-PVDF (40-60)

Figure 6. Ferroelectric hysteresis loops of all flexible films: (a) BZT-PVDF films, (b) PZT-PVDF
films, and (¢) BZT-PVDF (40-60) and PZT-PVDF (40-60) films exhibiting the highest measured
breakdown fields.
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The current density (/) was measured as a function of the static electric field (E) in
order to study the conductivity mechanism in the material (Figure 7). As in the case of the
ferroelectric measurements, the leakage current density did not reach saturation. In a low-
field region, the leakage current was low, suggesting an ohmic (linear) conduction behavior.
However, it increased rapidly when increasing the applied electric field. This increase
can most likely be attributed to the co-existence of both ohmic and space charge limited-
conduction mechanism [45]. Bearing in mind that the leakage current is related to the
electric conductivity, it implies somewhat higher electrical conductivity of the PZT-PVDF
composite films in comparison to BZT-PVDEF.

| | i ™
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Figure 7. Current densities as a function of static electric field.

However, in both types of composites, the electric conductivity was not significantly
influenced by the amount of the active phase.

To design a proper dielectric material with high recoverable energy-storage density and
high efficiency (small energy loss) for practical applications, at least three requirements have
to be satisfied simultaneously: a high electric breakdown field, large saturated polarization,
and small remnant polarization [46]. For researchers to investigate the potential for energy
storage of composite films, the hysteresis results are presented in the form of electric
displacement—electric field loops at an applied field of 135 kV/cm (Figure 8). The derived
values of the energy density presented in Table 2 show that the energy density (Jiot) became
higher with the amount of active phase and it reached a value of 0.15 J/cm? for BZT-
PVDF (50-50) and 0.09 J/cm? for PZT-PVDF (50-50). Also bearing in mind that the field of
135kV/cm is quite low, the values obtained for the energy density are, accordingly, low. The
samples that reached the highest breakdown field were BZT-PVDF (40-60) (220 kV/ cm?)
and PZT-PVDF (40-60) (390 kV/cm?), and the energy densities at these higher fields were
0.21 J/cm? and 0.42 J/cm?3, respectively. The breakdown strength diminished with the
increasing filler content above 40 wt%, most likely because the amount of defects, such as
micro-cracks and voids, increased with the concentration of filler nanoparticles.

It is known that the energy-storage density in bulk antiferroelectric ceramics is usually
less than 1 J/cm? due to the lower breakdown field (below 60 kV/cm) caused by the
interior defects in the pores during the sintering process [3]. In the case of polymer-based
composite films with different fillers, the energy densities were in the range of 2-7 J/cm?
measured at very high electric fields of 10004000 kV /cm [3,19,47-50]. The literature data
have shown that the results of energy storage can vary significantly due to the synthesis
methods of the active phase, the amount of active filler, different preparation procedures
of the films (tape casting on a substrate, casting in a petri dish), synthesis methods of the
active phase, the thickness and dimensions of the films, the amount of active filler, the
presence of coupling agents (dopamine, APTES, DDTES, etc.), the number of layers (type
of sandwich structure), etc.
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Figure 8. Electrical displacement vs. electric field loops for investigated flexible composite films.

Table 2. Energy loss density (J}oss), the energy-storage density (J), total energy density (Jiot), and
energy density efficiency () for both composites at 135 kV/cm.

Samples Jioss (J/em3) J (J/cm?®) Jeot (J/em3) 7 (%)
PVDEF 0.001 0.06 0.061 98.4
BZT-PVDF (30-70) 0.0148 0.0371 0.0519 71.5
BZT-PVDF (40-60) 0.0214 0.0572 0.0786 72.7
BZT-PVDF (50-50) 0.0502 0.103 0.1532 67.2
PZT-PVDF (30-70) 0.0078 0.0176 0.0254 69.2
PZT-PVDF (40-60) 0.0147 0.0245 0.0392 62.5
PZT-PVDF (50-50) 0.0465 0.0411 0.0876 46.9

Generally, it was found that the composites had increased permittivity in contrast to
their polymer host matrix, but in some cases, they also displayed decreased breakdown
strength and raised energy loss. Large differences in the relative permittivity between
the active phase particles and polymer matrix leads to an inhomogeneous electric field
distribution, since electric fields tend to concentrate in the interfacial region (around the
filler particles) [51]. This occurred in the investigated composite films, in which the neat
PVDF film endured the maximum electric field (that our voltage source allows—4000 V),
while in the composite films, the breakdown process occurred at lower fields. When an
electric field is applied, a local electric field is formed in the interface region, increasing the
possibility of the electrical breakdown. As the concentration of the filler particles increases,
the direct contact between the particles is more pronounced which can also lead to the
decrease of breakdown strength. Additionally, the agglomeration and phase separation
from the matrix due to the high surface energy of the dielectric ceramic result in a high
defect density in the composite, which leads to a breakdown.

Nevertheless, the obtained results point to the potential of the investigated materi-
als for energy-storage applications. Besides their high energy density, for the practical
application in energy-storage devices, it is important that the material possesses high
efficiency. The percentage of energy-storage efficiency () is calculated by dividing the
energy-storage density (J) by the total energy density (Jiot) and multiplying by 100. The
energy density efficiencies obtained from the D-E loops for the investigated materials
are presented in Table 2 and show a decreasing trend with the increasing amount of the
BZT/PZT active phase (from 72.7 down to 47.1%). Even though these are relatively low
values of energy-storage densities, they are comparable with values of complex flexible
films, such as 0.5(Bag 7Cag 3)TiO3-0.5Ba(Zr > Tip )O3 /PVDF obtained by a solution casting
method, where the maximum breakdown strength is 1340 kV/cm and the corresponding
energy-storage density is 0.72 J/cm? obtained from the filler content of 10 wt% [21]. Dash
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et al. found that the energy-storage density (0.73 J/cm? at an electric field of 750 kV/cm)
of the composite films with 15 wt% of hydroxylated BZT-BCT particles is much higher
than those of the unhydroxylated BZT-BCT sample, pure PVDF-HFP copolymer, and their
composites [20]. An extremely high energy-storage density of the dopamine-modified
BZT nanofibers and PVDF composite of 13.0 ] /cm?® was obtained with 5 vol% BZT filler at
5219 kV/cm [51]. An energy-storage density of 6.3 J/cm3 was obtained at 3800 kV /cm for
2.5 vol% PVP-modified BZT nanofibers [50].

Obviously, an effective approach to overcome the low energy density of simple-
structured BZT and PZT composite films is the addition of the surface modifier of the
filler particles with a variety of organic modifiers in order to enhance the dispersion of
the nanofillers in the polymer matrix and to enhance the breakdown strength. Another
method is the preparation of sandwich/multi-layer-structured nanocomposites, which
already have shown their potential through the improved breakdown strength and high
energy density [52,53]; this will be the main topic of future research.

The voltage generation of the polymer/ceramic composites BZT and PZT /PVDEF while
applying the impact force of 500 N are presented in Figure 9. The output voltage of the
BZT/PVDF composite film was 3V, 6 V, and 7 V for BZT-PVDF (30-70), BZT-PVDF (40-60),
and BZT-PVDF (50-50), respectively. For the same impact force, the output voltage of the
PZT/PVDF films was 6 V, 8 V, and 10 V for compositions PZT-PVDF (30-70), PZT-PVDF
(40-60), and PZT-PVDF (50-50), respectively. The PZT-based composite films had slightly
higher output voltage than that achieved in the BZT-based films. In both types of films,
with the increase of the BZT /PZT nanoparticles content, the output voltage increased.
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Figure 9. Oscilloscopic records of the voltage output obtained by applying 500 N of the impact force
for all the composite films.

The energy-harvesting performance was characterized by many authors in different
composites systems (Table 3). Biomechanical foot-tapping of BCZT/PVDF-HFP achieved a
maximum output voltage of 4.55 V [54], while the maximum open-circuit voltage of 8.11 V
was obtained with 30 wt% content of the BZT-BCT/P(VDF-TrFE) polymer film [55]. Liu
et al. found an excellent output performance of 40% content of the BZT-BCT flexible film,
which produced an output voltage as high as 13.0 V under cyclic tapping under 6 N and
10 Hz [56]. Shin et al. found that the output voltage of the flexible piezoelectric energy
harvesters based on the BT /PVDF composite film was 15.7 V when applying 500 N forces,
while those of the FPEHs based on the BZT and Cu-BZT NPs/PVDF composite films were
16.3 and 17.4 V, respectively [19]. A PZT/PVDF piezoelectric nanogenerator produced an
output voltage of 2 V by human motion [13].
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Table 3. Literature overview of energy-harvesting performance in different composites systems.

Sample Preparation Method F (N) u () Ref.
BCZT/PVDF-HFP Solution-casting technique Foot-tapping 4.55 [54]
BZT-BCT/P(VDE-TrFE) Spin-coating onto substrate 10N 8.11 [55]
BZT-BCT/ P(VDF-TrFE) Spin-coating onto substrate 6N 13.0 [56]
BT/PVDF Dropped onto a substrate 500 N 15.7 [19]
BZT/PVDF Hot-pressing method 500 N 8.0 this work [25]
PZT/PVDF Coated film on mica substrate Body motion 2 [13]

Considering all the different conditions of energy harvesting testing and setups that
are being used in the abovementioned studies, the output voltage of our FPEH was lower
in comparison with some literature data of similar or more complex systems. However, it is
high enough to be a potential candidate for some self-powered devices. The highest values
of the output current in our samples were found for the PZT-PVDF (50-50) composition
(~10 pA) and the maximum of the generated power was up to 100 uW. This power is
enough for many sensing (humidity, temperature sensors) and computing jobs. Our
research findings suggest that these simple heterostructures might be adequate to harvest
electrical energy from the surroundings, but additional modification of the material will be
needed for enhanced energy storage.

4. Conclusions

Single phases of lead-free (BaZr(;Tip sO3) and lead-based (PbZr 5,Tig 4803) flexible
composite thick films were successfully obtained by the hot-press method in different
volume percentages XBZT/PZT—(1-x)PVDE, where x = 30, 40, 50. Quite homogeneous
distribution of a piezo-active filler was confirmed by SEM in the BZT-PVDF samples,
while the PZT-PVDF samples showed higher agglomeration of the PZT particles and,
consequently, less homogeneous distribution of the active filler in the polymer matrix. The
total amount of the electroactive phase (% Fga) of PVDF was higher in the PZT-based
films in comparison with the BZT-based ones, but the contribution of the more desirable
B-phase was higher in the BZT-PVDF films. In both composite systems, the dielectric
permittivities were increased in contrast to their polymer PVDF host matrix, but they also
displayed decreased breakdown strength and raised energy loss. The difference in the
relative permittivity of the PVDF matrix and filler, as well as the agglomeration and phase
separation of both ceramics leads to low energy-storage densities values. The samples that
reached the highest breakdown field were BZT-PVDF (40-60) (220 kV/cm) and PZT-PVDF
(40-60) (390 kV/cm), and the corresponding energy densities at those fields were 0.21 ] /cm?
and 0.42 ] /cm?3, respectively. The samples with the highest amount of active phase for both
types of the films showed the largest output voltage (for PZT/PVDF (50-50) around 10 V
that generates power up to 100 uW).
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