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ABSTRACT: In this study, lead zirconate titanate (PZT) ceramic ' | T — —
particles were added for further improvement. PZT belongs to the ¢ : R
perovskite family and exhibits good piezoelectricity. Thus, it was
added in this experiment to enhance the piezoelectric response of
the poly(vinylidenefluoride-co-trifluoroethylene) (PVDE-TrFE)
copolymer, which produced a voltage output of 1.958 V under a
cyclic pressure of 290 N. In addition, to further disperse the PZT
particles in the PVDF-TrFE matrix, tetradecylphosphonic acid
(TDPA) was synthesized and employed to modify the PZT
surface, after which the surface-modified PZT (m-PZT) particles
were added to the PVDF-TrFE matrix. The TDPA on the PZT
surface made it difficult for the particles to aggregate, allowing
them to disperse in the polymer solution more stably. In this way, the PZT particles with piezoelectric responses could be uniformly
dispersed in the PVDFE-TrFE film, thereby further enhancing its overall piezoelectric response. The test results showed that upon the
addition of 10 wt % m-PZT, the piezoelectric coeflicient of m-PZT/PVDEF-TrFE 10 wt % was 27 pC/N; and under a cyclic pressure
of 290 N, the output voltage reached 3.426 V, which demonstrated a better piezoelectric response than the polymer film with the
original PZT particles. Furthermore, the piezoelectric coefficient of m-PZT/PVDF-TrFE 10 wt % was 27.1 pC/N. This was
exhibited by maintaining a piezoelectric coefficient of 26.8 pC/N after 2000 cycles. Overall, a flexible piezoelectric film with a high
piezoelectric coeflicient was prepared by following a simple fabrication process, which showed that this film possesses great
commercial potential.
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1. INTRODUCTION Examples include solar energy, thermal energy, vibration energy,
potential energy, kinetic energy, and other forms of mechanical
energy.'' ~'* Among these, vibration energy is less affected by
environmental factors and has garnered widespread attention.
This form of energy can be obtained from various sources,
including the human body, machinery, and vehicles, as well as
wind and hydropower. Piezoelectric materials can be used to
capture vibration energy. These can be divided into piezoelectric
single crystals, polycrystals, polymers, and composites. Among
these, piezoelectric polycrystals are also referred to as piezo-
electric ceramics and are known for their high dielectric and
piezoelectric coefficients, high thermoelectric constants, and
strong electromechanical coupling properties. However, ce-
ramic materials also have numerous shortcomings. Compared
with piezoelectric polymers, ceramics have poor mechanical

With the exhaustion of fossil fuels and associated environmental
issues in recent decades, energy harvesting systems have become
one of the key technologies to address the energy imbalance
problem.” At the same time, with the rapid development of
portable devices, their sizes are continuously decreasing, their
performances are constantly improving, and the demands for
additional energy for electronic devices are also increasing.”
Furthermore, because of the limited service life of batteries in
traditional power supply devices, the need to recharge or replace
the battery on a regular basis contributes to environmental
pollution. Thus, alternative energy sources and the renewable
energy produced by energy harvesters have received consid-
erable attention in the scientific community.”* In 1999 and
2000, researchers used polarization to improve lead zirconate
titanate/vinylidenefluoride-trifluoroethylene composite,” and
used polarization to increase the piezoelectric properties of
ceramic and polymer composites.’ ~ Energy harvesters can
reduce the planet’s consumption of nonrenewable energy and
alleviate the pollution caused by traditional batteries. Energy
harvesters can capture energy from many different environ-
mental sources and convert it into the required form.'’
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Figure 1. Design concept of PZT/PVDF-TrFE composite film and schematic diagram of the piezoelectric shoe application process.

properties, inflexibility, processing difficulty, brittleness, and
nonconformity.

On the other hand, although piezoelectric polymers have
relatively low dielectric and piezoelectric coefficients, they
exhibit certain advantages over polycrystals, such as easy
processing, flexibility, a high breakdown strength, a low density,
good mechanical properties, pliability, and easy formation on
different surfaces.””~"’ Because of the excellent piezoelectric
response of poly(vinylidenefluoride) (PVDF) and its copolymer
(poly(vinylidenefluoride-co-trifluoroethylene), PVDE-TrFE),
PVDF piezoelectric films have been widely reported as
piezoelectric materials. PVDF is a semi-crystalline polymer
with properties that are directly influenced by its phase structure.
There are five distinct phases in PVDF, namely, a, f, y, 6, and
&' and its piezoelectricity is determined by the formation of
either the f§ or y phase. Increases in the f- or y-phase contents
can therefore improve its piezoelectric effect, not only as a result
of its piezoelectric and crystal structure but also because of the
ease of processing the solution, low processing temperature,
high sensitivity, low density, and flexibility."”~>" Furthermore,
PVDF-TtFE copolymers grafted with trifluoroethylene (TrFE)
can produce the spontaneously polarized  phase. A significant
number of scholars have published papers on composite
piezoelectric materials in international journals in recent years.
Additionally, with the rapid development of the electronics
industry, piezoelectric materials are gradually being used for
composites, function specialization, performance maximization,
and structural miniaturization. Piezoelectric materials will be
among the most important new materials in this century because
of their excellent performances. The future market for electronic
devices will focus on miniaturized flexible electronic devices
with low power consumption. The development of piezoelectric
films with excellent piezoelectric responses and low coercive
voltages would therefore be advantageous. To date, however,
there has been no report of successful research conducted using
simple processing conditions. According to recent studies,
different nanoparticles or metal halides can be added to the
PVDF matrix as fillers to facilitate the formation of the f phase.
These nanofillers include ZnO,”*** graphene oxide (GO),***
carbon nanotubes (CNTs),” barium titanate,”” and clay.”**’
For instance, Liu et al. utilized multiwalled carbon nanotubes
(MWCNTs) to increase the -phase content of PVDE.>® Chen
etal.’! incorporated BiCl; into PVDF to destroy its surrounding
lattice structure with Bi* and Cl~ ionic states, thereby inducing
the formation of the § phase. Lead zirconate titanate (PZT) is
considered to be one of the most promising candidate materials
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because of its excellent piezoelectric and dielectric properties.””
It has been widely reported that the piezoelectric effect can be
significantly enhanced by mixing PZT particles with PVDF and
electrospinning the mixture into flexible nanocomposite piezo-
electric materials.*>™>° A review article on PZT and PVDF by
Jain et al.*® indicated that PZT/PVDF composites are one of the
new candidate materials for energy harvesting devices, but the
inhomogeneity of PZT in PVDF needs to be resolved. A
comparison of the two piezoelectric polymers (i.e,, PVDF vs
PVDE-TrFE) showed that the dispersion of the nanomaterials
could be improved more effectively when using the PVDE-TrFE
copolymer, thereby promoting the formation of the f phase in
PVDF (or its copolymer).””** One of the effective methods for
improving the dispersion of PZT in a PVDF solution is the
modification of the PZT surface.””** Liu et al.*' modified PZT
with 1-tetradecylphosphonic acid (TDPA) and then added the
modified particles to PVDF-TrFE. Following that, they
employed electrospinning to prepare a highly efficient energy
harvester. To summarize, most studies have utilized electro-
spinning to fabricate nanocomposite piezoelectric materials.
However, this fabrication approach has some drawbacks,
notably needle clogging,42 poor yield,43 and high technical
fabrication requirements.** As far as we know, the performance
of the piezoelectric film prepared by simple blade coating has
rarely been reported. Besides, the piezoelectric performance of a
simple PZT modification technology in PVDF-TrFE-based
composites for application in piezoelectric shoes has not been
studied.

Therefore, this study utilized a simple doctor blade coating
method to prepare flexible piezoelectric composites. PZT was
added to PVDFE-TTFE to explore the effects of different PZT
contents on its piezoelectric response. Following the verification
of the optimal conditions, the surface of the PZT was modified
with TDPA to promote its dispersion in PVDE-TrFE.
Additionally, the synergy between PZT and PVDF was utilized
to enhance the piezoelectric response of PVDF-TrFE. Finally,
the prepared piezoelectric composite film was packaged and
applied to an energy harvesting device.

2. RESULTS AND DISCUSSION

2.1. Poly(vinylidenefluoride-co-trifluoroethylene)
(PVDF-TrFE) Annealing Process and Polarization Treat-
ment. In this study, the main objective was to induce the
crystalline phase in the PVDE-TrFE film to form a f-phase
structure through annealing and polarization treatment.
Furthermore, by adding piezoelectric PZT, its synergy with

https://doi.org/10.1021/acsomega.1c05451
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Table 1. Influence of the PVDF-TrFE Preparation Conditions on Crystallinity, -Phase Percentage, and Piezoelectric Coefficient

sample name applied voltage (V)

PVDE-TrFE 0 0
PVDE-TrFE 120 °C 0 0
PVDEF-TrFE 130 °C 0 0
PVDEF-TrFE 140 °C 0 0
1000 120
2000 120
3000 120
4000 10
4000 30
4000 60
4000 120
5000 120
PVDEF-TrEE 150 °C 0 0

polarization time (min)

crystallinity (%) F(B) (%) dy; (pC/N)

57.5 81.29 1.8 +0.5
60.1 84.30
74.4 85.02

78.5 87.15 20+08

78.12 21+03

85.24 42 +0.5

87.03 12.6 + 0.3

45+0.5

8.6 £0.5

16.8 +£ 0.5

87.50 193 +0.5

87.50 2.0+ 0.8
76.4 79.36

PVDE-TTFE was utilized to improve the piezoelectric response
of the final product, which was then applied to piezoelectric
shoes to prepare energy harvesting components, as illustrated in
Figure 1. As a result of this process, the PVDF-TrFE
piezoelectric film containing m-PZT exhibited better piezo-
electric properties than the original film. It was therefore
necessary to determine the optimal processing conditions for the
PVDE-TTFE piezoelectric film. To achieve a higher crystallinity,
the PVDF-TrFE film had to be annealed, and the selected
annealing temperature was above its recrystallization temper-
ature (T.) and below its melting temperature (T,). In this
experiment, five different annealing temperatures were used to
treat the PVDF-T1FE film: no annealing, 120, 130, 140, and 150
°C. Because the paraelectric phase has higher chain mobility
than the ferroelectric phase, the chain fluidity increased with
temperature. The higher chain mobility favored the formation of
the 3 phase (all-trans), which in turn enhanced the ferroelectric
properties. DSC curves of PVDF-TrFE films annealed at various
temperatures are shown in Figure S1. It can be observed that the
melting temperature of the PVDF-TrFE film increased with the
annealing temperature. When annealed at 140 °C for 1 h and
then furnace-cooled to room temperature, the film’s melting
temperature reached 148.65 °C. On the other hand, if annealing
was conducted above the melting temperature, the melting
temperature of the film would decrease. Experiments showed
that a higher melting temperature could be obtained when
annealing at 140 °C. This was because after the annealing
treatment, the molecular chains were arranged regularly. The
crystallinity was enhanced, thereby leading to a higher melting
temperature. Therefore, the crystallinity of PVDF-TrFE could
be enhanced by the annealing treatment,*** the temperature of
which could also affect the phase transition of the crystal
structure, and the crystallization of the ferroelectric phase in
PVDEF-TrFE could be improved. PVDF-TrFE should therefore
be annealed at a temperature higher than the crystallization
temperature (T.). A temperature above T, allows the molecular
chains in the amorphous phase to move and rearrange into an
electrically active crystalline phase, whereas when using a
temperature below the melting temperature (T,,), the
reorientation of lamellar chains would lead to the irreversible
elimination of the ferroelectric polarization. The XRD patterns
of PVDFE-TrFE films annealed at various temperatures are
shown in Figure S2. The experimental results demonstrated that
as the annealing temperature approached the melting point
(147.83 °C), the crystallinity of the PVDF-TrFE film exhibited a
gradual increase. The characteristic peak of the f phase at 20 =
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20.57° gradually increased as the annealing temperature
approached the melting temperature. This peak presents the
reflection of the (110) and (200) planes of the crystal in the
ferroelectric phase. On the other hand, the characteristic peak of
the o phase at 20 = 17.6° gradually diminished with an increase
in the annealing temperature. As the annealing temperature
increased above the melting temperature (T,), the crystallinity
of the PVDF-TTFE film decreased significantly. The correspond-
ing crystallinity values are listed in Table 1. The results showed
that the crystallinity of the unannealed PVDE-TrFE film was
57.5%, which increased to 78.5% after annealing at 140 °C,
exhibiting an increase of 136.52%. When annealed at a
temperature slightly higher than T, however, the crystallinity
reduced. The transparency of the film gradually decreased as the
annealing temperature approached the melting temperature,
indicating an increase in its crystallinity (Figure S3). This
phenomenon resulted from the formation of grain boundaries in
the film, which scattered light, causing the film to appear foggy.
the results have shown that an annealing temperature that is
closer to the melting temperature causes the annealing
treatment to be more effective at increasing the crystallinity of
the film, this phenomenon is similar to other literature
studies.”’ ™" The f-phase content is the key influencing factor
in a film’s piezoelectric response. Therefore, this experiment
used FT-IR spectroscopy for quantitative analysis. The following
Lambert—Beer formula was used to calculate the f-phase
contents in PVDF-TrFE films under different annealing
temperatures

Xy Ap Ap

X, + X, (%)Aa +4, (1264, + Ap)

F(p) =

where Aj and A, are the areas of the characteristic peaks at 840
and 763 cm ™}, respectively; and K, and Ky are the corresponding
molar area coefficients, which were 6.1 X 10* and 7.7 X 10* cm?/
mol, respectively.

Figure S4 shows the FT-IR spectra of PVDF-TrFE films
annealed at different temperatures. The characteristic peaks of
the @ phase are found at 763 and 976 cm™, and those of the /3
phase are found at 840 and 1401 cm™. The calculated
crystallinity values are listed in Table 1. From the experimental
results, it can be seen that annealing at 140 °C could increase the
crystallinity of the § phase from 81.29 to 87.15%; however,
annealing at 150 °C reduced the crystallinity of the f phase. This
result was consistent with XRD analysis. Thus, in this study 140
°C was selected for the subsequent annealing process.
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Figure 2. (a) XRD patterns of PZT and sintered PZT, (b) XRD patterns of PVDF-TrFE with different PZT contents, (c) FT-IR spectra of PVDF-
TrFE with different PZT contents, and (d) open circuit output voltages of PVDF-TrFE with different PZT contents.

To further increase the f-phase content in the PVDF-TrFE
film, the PVDF-TTFE film was polarized using the hot-electrode
method. The hot-electrode method involves coating both the
upper and lower surfaces of the film with conductive electrode
materials, where the electrodes on the two sides of the film are
not connected. One side of the film is connected to a positive
voltage and the other side is placed on a conductive platform
connected to a negative voltage to apply a high voltage to the
film. In the experimental design, the film was subjected to high
voltages of 1000, 2000, 3000, 4000, and 5000 V to polarize at 80
°C in silicone oil. Figure S5 shows the P—E curve of the PVDF-
TrFE film annealed at 140 °C. The curve converges to reach the
saturation polarization voltage at ~50 V/um. The film thickness
is ~80 pym. Thus, it can be calculated that a voltage of ~4000 V
(50 V/um) was required to reach saturation polarization. In
addition, it can also be found that the polarization of the
annealed PVDF-TrFE film has not been completed, the required
polarization (P,) value in the P—E curve is relatively small.’>>
Following this, FT-IR was used to observe the influences of
different polarization voltages on the PVDF-TFE film, as shown
in Figure S6, and the corresponding f-phase contents were
calculated and are presented in Table 1. According to the results,
as the voltage increased, the f-phase crystallinity percentage of
the PVDF-TrFE film also gradually increased. As the voltage
increased to 4000 V, the -phase crystallinity percentage was as
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high as 87.50%.>* However, when the voltage was further
increased to 5000 V, the f-phase crystallinity content exhibited
no significant improvement compared with that at 4000 V. This
was because when the applied voltage was too high, the film was
susceptible to electrical breakdown, and defects would likely be
formed on the material surface, thereby affecting the overall
piezoelectric response of the PVDF-TTFE film. Therefore, 4000
V (a voltage below S000 V) was selected for the subsequent
polarization process in this study. The piezoelectric coefficients
of PVDF-TrFE films treated under different conditions were
measured using a dj; meter and are listed in Table 1. The dj;
value was the number of coulombs that were generated when 1
N force was applied in the direction of the Z-axis. Thus, a larger
dy; value indicated a better piezoelectric response. The ds; value
is usually used as a reference for testing the piezoelectric effects
of piezoelectric materials. According to the experimental results,
the d;; value of the PVDF-TrFE film was only 1.8 &+ 0.5 pC/N
before annealing and increased to 2.0 + 0.8 pC/N after
annealing at 140 °C. This result showed that the annealing
treatment did not significantly increase the piezoelectric
coeflicient. According to the experimental results, the piezo-
electric coefficient increased significantly with the polarization
voltage. However, polarization at 5000 V, as compared to that at
4000 V, did not significantly enhance the piezoelectric
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coeflicient. This observation was consistent with the saturation
polarization inferred from the P—E curve.

2.2, Effects of Adding Different PZT Contents to PVDF-
TrFE. To increase the overall piezoelectricity of the pure PVDF-
TrFE, piezoelectric ceramics were added in this study. Sintering
at 1125 °C produced a better perovskite structure for the PZT
piezoelectric ceramic, as shown in Figure 2a. It can be seen that
after sintering, the 26 peaks of the sintered PZT at 31° (110),
38° (111), 43° (200), and 52° (211) corresponded to the
perovskite phase of PZT. The results indicated that after PZT
was sintered at a high temperature, only the crystalline phase of
the perovskite was present, and the characteristic peak became
stronger, while no pyrochlore phase could be observed.
Therefore, the annealed PZT was added to PVDF-TrFE at
weight percentages of 10, 20, 30, and 40 wt %. The crystalline
phase changes were examined using XRD, as shown in Figure 2b.
From the results, it can be seen that the 26 peaks at 31° (110),
38° (111), 43° (200), and 52° (211) corresponded to the
perovskite phase of PZT. With an increase of the PZT content,
the peak intensity of the perovskite phase gradually increased,
and the peak intensity at 20.57° (200,110) corresponding to the
B phase of PVDF-TrFE gradually decreased. Thus, the addition
of PZT could have destroyed the 8 phase of PVDF-TrFE. The
Lambert—Beer formula in the FT-IR method was then
employed to further verify the crystalline phase changes (Figure
2¢) and conduct a quantitative analysis; the results are listed in
Table 2. The results confirmed that the f-phase content of the

Table 2. f-Phase Content and Short-Circuit Current of the
Piezoelectric Composite Film

PZT content F(B) current voltage
sample (wt %) (%) (uA) (mV
PZT/PVDE-TrFE 0 87.50 22 88

S 83.71 2.6 510

10 80.70 9.9 1372

20 80.04 7.4 1060

30 79.99 6.4 955

40 78.24 2.7 670

NV 74.93

PVDE-TrFE composite film decreased with an increase in the
PZT content. After annealing and polarizing pure PVDF-TrFE,
its #-phase content increased to 87.5%; but with the addition of
50 wt % PZT, the f-phase content decreased to 74.93%. This
may have been because the micrometer-scale PZT particles
could not induce the formation of the f phase in the PVDEF-
TrFE composite film and might have even destroyed the S-phase
structure. Figure 2d shows the output voltage signals of PVDF-
TrFE with different PZT contents, and the maximum voltages
are listed in Table 2. To generate the voltage signal, periodic
mechanical forces were applied to the mixture, which caused a
net dipole moment in the thin film element. Through this
induced polarization, a potential was generated on the material,
which resulted in charge carriers (electrons) flowing through an
external circuit with a load to balance the electric field generated
in the material. Therefore, electrical signals were generated by
the piezoelectric material. Upon releasing the mechanical force,
electrons gathered at the electrode and flowed back to produce a
reverse signal, which immediately resulted in a decrease in
potential. The results showed that the addition of PZT could
increase the output voltage. The highest output voltage was
reached when PZT ceramic particles were added at 10 wt %, but
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the voltage gradually decreased when the PZT content exceeded
10 wt %. This phenomenon could have been due to excessive
aggregation during blending, which produced uneven polar-
ization and poor dispersion of excessive PZT, ultimately
resulting in poor piezoelectric responses.

2.3. m-PZT/PVDF-TrFE Piezoelectric Composite Film.
To effectively disperse ceramic particles, the ceramics are
functionalized first. Figure S7 shows a schematic diagram of how
TDPA was used to modify the surface of PZT. This process
mainly involved using P-OH at the end of TDPA to form a bond
with the positively charged metal ion on the surface of PZT,
thereby connecting the TDPA to the PZT surface. To evaluate
the reaction between the TDPA and PZT, Figure S8 shows the
FT-IR spectra of the PZT particles and TDPA after TDPA
treatment. The absorption peak at 1630 cm™ (C=0 bending
vibration) may represent the inorganic hydrated carbonic acid
phase. The presence of bound water or absorbed water could
also induce peaks. There is a peak at 1040 cm™" corresponding
to the P—O—M (M = surface metal) stretching vibration, which
implies that TDPA was attached to the PZT surface to form a P—
O bond. Figure S9 shows the XRD pattern of PZT after the
surface modification with TDPA. Based on the results, it appears
that m-PZT exhibited more characteristic peaks at a few angles,
including peaks at 27.4 and 36.0. These two characteristic peaks
indicate the presence of phosphoric acid. The XRD intensity of
the PZT ceramic particles was reduced after surface
modification, and a broad peak appeared. Once TDPA was
combined with the PZT surface, the modified ceramic particles
became loose, which could facilitate entangled interactions
between random macromolecular chains. To investigate the
TDPA and PZT ceramic particle surfaces, XPS was used to
examine the elements present in the sample and their valence
states, as shown in Figure S10a. According to the results, there
was a strong peak before the modification of the PZT powder,
where the binding energy corresponded to 138.23 eV of Pb 4f.
However, this peak was reduced after modification with TDPA,
which was caused by the grafting of phosphoric acid on the
surface of the Pb element. This observation is consistent with the
FT-IR result. In addition, there was little change in Zr 3d at
458.1 eV and Ti 2p at 182.46 eV after modification. A high-
resolution image of the P 2p region is shown in Figure S10b. It
can be seen that there was no P element peak before the
modification. After the modification, the P 2p peak could be
observed at 134.08 eV. A high-resolution image of the O 1s
region is shown in Figure S10c. The PZT before modification
showed a peak value of O 1 at 530.81 eV. Upon modification,
phosphoric acid groups were introduced on the surface of the
PZT ceramic particles, resulting in the presence of more oxygen
elements in the m-PZT ceramic particles. These results proved
that there was a strong n—x interaction between adjacent
molecules, and that TDPA was successfully chemically grafted
onto the surface of the PZT ceramic particles.

To prepare the piezoelectric composite film (m-PZT/PVDEF-
TrFE), m-PZT particles were added to the PVDF-TrFE
solution, as illustrated in Figure 3a. Upon TDPA modification
of PZT, long alkane chains were introduced on the surface,
leading to the hydrophobicity of the nanoparticles. Therefore,
the particles could be dispersed more effectively in DMF in the
PVDE-TTFE solution to achieve the desired dispersion effect.
Furthermore, when the nanocomposite solution was coated
using a doctor blade to form a film, the PZT piezoelectric
ceramics exhibited a synergy effect in the PVDF-TrFE matrix,
thereby increasing the overall piezoelectric response. To
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Figure 3. (a) Schematic diagram of dispersion and synergy between PZT and PVDF-TrFE; (b) cross-sectional surface morphologies of PZT/PVDF-
TrFE and m-PZT/PVDF-TFE, (1, 3) PZT/PVDF-TtFE 10 wt % and (2, 4) m-PZT/PVDF-TrFE 10 wt %; (c) output voltage of (1) pure PVDF-
TrFE, (2) PZT/PVDF-TrFE, and (3) m-PZT/PVDE-TrFE; and (d) line graphs of output voltages under different cyclic pressures.

evaluate the dispersibility of the m-PZT particles in the PVDF-
TrFE solution, the cross-sectional surface morphologies are
shown in Figure 3b. As can be observed from the images, the
agglomeration phenomenon was evident in PZT/PVDE-TrFE
with the addition of 10 wt % PZT, where relatively large particles
were encapsulated in the PVDF-TrFE matrix. Upon modifica-
tion, the PZT particles showed significant reductions in size.
This could have been because the modified PZT particles could
be dispersed more effectively in the PVDF-TrFE solution and
thus reduced the agglomeration effect. Figure 3¢ and Table 3
show the output voltages of the PVDF-TrFE, 10 wt % PZT/
PVDF-TrFE, and m-PZT/PVDF-TrFE when subjected to
different pressures. In all of the samples, it was observed that a
higher input pressure resulted in a higher output voltage. With
the addition of 10 wt % PZT and m-PZT, the piezoelectric
response was significantly enhanced. The maximum output
voltages of all of the samples are plotted in Figure 3d. The results
show that under 290 N the maximum output voltage of pure
PVDE-TrFE was 1.958 V; when 10 wt % PZT was added, the
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Table 3. Maximum Output Voltages Under Different Cyclic
Pressures

sample pressure (N) voltage (V)
PVDE-TrFE 150 0.997
240 1.435
290 1.958
PZT/PVDE-TrFE 10 wt % 150 1.158
240 1.624
290 1.994
m-PZT/PVDF-TrFE 10 wt % 150 2.342
240 2.878
290 3.426

maximum output voltage increased to 1.994 V. After adding m-
PZT, the film exhibited a maximum output voltage of 3.426 V
under the same pressure. This was because when the original
PZT was added, a synergy occurred between PVDF-TTFE and
PZT, thereby improving the piezoelectric response. When PZT
was modified by TDPA, its dispersion was significantly
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improved, allowing a greater number of tiny PZT particles to be
dispersed into PVDF-TTFE, resulting in a higher synergy, and
thus producing the highest output voltage under all pressure
conditions. The piezoelectric coefficient (d;;) before flexing and
after 2000 cycles of flexure were compared. Table 4 and Video

Table 4. Comparison of Piezoelectric Coefficients of PZT/
PVDEF-TrFE Hybrids Before and After Flexing

before flexing ds; after flexing ds;
(pC/N) (pC/N
PVDF-TrFE 19.8 18.6
PZT/PVDE-TrFE 10 wt % 22.1 219
PZT/PVDEF-TrFE 20 wt % 21.8 21.5
PZT/PVDEFE-TrFE 30 wt % 20.9 20.4
PZT/PVDEF-TrFE 40 wt % 20.2 19.8
m-PZT/PVDE-TrFE 10 wt % 27.1 26.8

S1 show that the piezoelectric coefficient decreases slightly after
flexure. The piezoelectric coefficient of PVDF-TrFE before
flexing is 19.8 pC/N. After 2000 cycles of the flexural test, the
piezoelectric coefficient dropped to 18.6 pC/N, and the
piezoelectric coefficient with 10 wt % PZT was the highest.
Before flexing, the piezoelectric coefficient was 22.1 pC/N, after
2000 deflection the reduction is 21.9 pC/N, the piezoelectric
coefficient of the PZT modified by TDPA is 27.1 pC/N before
flexing and 26.8 pC/N after flexing.

2.4, Piezoelectric Shoe Applications. PET films were
utilized for the element assembly of the piezoelectric composite
film. Both the upper and lower layers of the piezoelectric
composite film were coated with electrodes, and wires were
extended, but the two layers were not interconnected. The upper
and lower layers were then packaged with a PET film to enhance
the mechanical properties; and hence, improve its fatigue life. To
prepare piezoelectric shoes, packaged components were inserted
into the insoles. By connecting the electrodes on the upper and
lower layers to an oscilloscope, the voltage generated by the

piezoelectric component could be recorded after being
subjected to the weight of the human body. In this study,
three types of films (the pure PVDF-TrFE, PZT/PVDF-TtFE,
and m-PZT/PVDF-TrFE) were embedded in the insoles for
jumping, walking, and jogging tests, as shown in Figure 4 and
Video S1. When PVDF-TFE was annealed and polarized, the
maximum output voltages generated from jumping, walking, and
jogging were 0.180, 0.09, and 0.148 V, respectively; for the
PVDE-TrFE composite film with 10 wt % original PZT, the
values are 0.404, 0.106, and 0.482 V, respectively; whereas the
values for the PVDF-TrFE composite film with 10 wt % m-PZT
were 0.575, 0.533, and 0.842 V, respectively. Based on these
results, it could be concluded that the output voltage in the
walking state was the lowest among all of the samples, whereas
the jumping state demonstrated the highest output voltage. This
result was similar to that shown in Figure 3d. This means that if
the piezoelectric shoe was subjected to more pressure, it could
generate a higher voltage; also, the pressure exerted on the
piezoelectric shoe was the greatest when in the jumping state
and the smallest in the walking state. The results also indicated
that when 10 wt % of the original PZT was added to PVDF-
TrFE, the maximum output voltages generated from all actions
increased as a result of the synergy between the PZT and PVDF-
TrFE. However, after PZT underwent surface modification it
was then added to PVDF-TrFE at 10 wt %, its dispersion in
PVDEF-TrFE was greatly improved, generating greater synergy,
and thereby increasing the maximum output voltage generated
by various actions. The applicable temperature-dependent range
of m-PZT/PVDE-TrFE was explored and is shown in Figure
S11. When the temperature increases, the piezoelectric
coefficient of the piezoelectric composite film gradually
decreases. It shows a rapid decrease after 90 °C, it is completely
depolarized at 150 °C, and the piezoelectric material has no
piezoelectricity. Subsequently, we compared other relevant
literature reports on PVDF-TrFE and sorted them in Table 5.
The results show that we have used a simple process to prepare
piezoelectric hybrid films with excellent piezoelectric properties.
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Figure 4. (a) Schematic diagram of preparation of the piezoelectric composite film element and (b) piezoelectric shoes and output voltages of (1—3)

PVDE-TrFE, (4—6) PZT/PVDE-T1FE, and (7—9) m-PZT/PVDF-TrFE.
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Table 5. Comparing the Performance of PVDF-TrFE-Based Generators With Those Reported in the Literature

piezoelectric materials
PVDE-TrFE
CNT-COOH/PVDF-TrFE
CaZ/PVDF-TrFE
P(VDE-TtFE)
P(VDE-TrFE)/MWCNT
m-PZT/PVDT-TrFE 10 wt %

preparation methods
solution casting
solution casting
solution casting
electrospinning
electrospinning

solution casting

sample size (cm?) voltage (V) reference
1.10 5SS
2.72 56
0.09 0.289 S7
7 58
1.8 59
1 3.426 our work

The results showed that the final product obtained using the
simple doctor blade coating method in this study had a
significantly improved piezoelectric response for PVDF-TrFE;
thus, m-PZT/PVDE-TrFE 10 wt % could serve as a promising
material for piezoelectric shoes in the future.

3. CONCLUSIONS

In this study, a PVDF-TrFE film was first annealed to increase its
crystallinity and then polarized to align the microscopic dipole
moments within the film, enabling it to produce a higher
piezoelectric response. Experiments demonstrated that an
annealing temperature of 140 °C, coupled with polarization at
a voltage of 4000 V, could yield the highest f-phase content. In
compression tests performed on a universal tensile testing
machine, the measured output voltage of the film was 1.958 V at
290 N cyclic pressure. After that, PZT ceramic particles were
added at different percentages to further enhance the film’s
piezoelectric response. The results demonstrated that adding
PZT ceramic particles at 10 wt % could produce the best
piezoelectric response, and an output voltage of 1.994 V was
measured under 290 N cyclic pressure. However, because of the
low dispersibility of the PZT ceramic particles, the PZT surface
was modified to improve the dispersibility and stability, after
which a voltage of 3.426 V was obtained under 290 N cyclic
pressure. Finally, the piezoelectric film was applied to piezo-
electric shoes, and good output voltages were collected,
indicating that this film has great commercial potential.

4. EXPERIMENTAL SECTION

4.1. Materials. Poly(vinylidenefluoride-co-trifluoroethy-
lene) copolymer (65/35 mole ratio) (PVDE-TtFE, M, =
400000, T. = 127.4 °C, T,, = 148.8 °C) was purchased from
Piezotech, Pierre-Benite, France. Lead zirconate titanate (PZT,
model TPS56) was purchased from Tcera Co., Ltd., Kaohsiung
City, Taiwan. The morphologies of the powder forms of PZT
were characterized by field-emission scanning electron micros-
copy (FE-SEM) (Figure S12) and the average particle size in
DLS was 800 nm (Figure S13). Chlorotrimethylsilane (98%
purity) was purchased from ACROS, NJ. Triethyl phosphate
(99% purity) and 1-bromotetradecane (98% purity) were
purchased from ALFA, MA.

4.2. Synthesis of Tetradecylphosphonic Acid (TDPA)
and Functionalization of PZT Particles. The functional PZT
ceramic particles were synthesized using the method reported in
previous studies.”””®> The commercial PZT powder was
calcined at 1150 °C for 36 h to remove the polar groups and
moisture absorbed on the surface of the PZT particles, as well as
to induce phase formation and particle size growth. After that,
the interconnected calcined PZT was ground for 4 h in a ball mill
to prepare pure PZT powder. 1-TDPA was synthesized
according to the Arbuzov reaction. In this reaction, 12.8 g of
triethyl phosphate and 7.5 g of 1-bromotetradecane were stirred
in an oil bath at 150 °C for 16 h. Then, 5 mL of distilled water, 15
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mL of methanol, and 7.8 g of trimethylchlorosilane were added
to the reacted solution, and the mixture was stirred in an oil bath
at 60 °C for 6 h. After that, the solution was dried at 80 °C
overnight to prepare TDPA. The PZT particles were added to
10 mL of ethanol, followed by the TDPA solution, which was
then ultrasonically mixed for 30 min. The mixture was further
stirred at 80 °C for 3 days. Next, ceramic particles were separated
by centrifugation and repeatedly washed with ethanol. Finally,
the washed particles were dried in an oven at 80 °C.

4.3. Preparation of the Piezoelectric Composite Film.
Dimethylformamide (DMF) and methyl ethyl ketone (MEK)
were mixed at a ratio of 7:3 as the solvent. The purpose of adding
MEK was to reduce the boiling point of the solvent, so that the
solvent could be completely volatilized below the melting point
of PVDF-TrFE. After that, 20 wt % of PVDF-TrFE was added
and stirred at 60 °C for 3 h with a heated stirrer to ensure
dissolution and obtain the PVDE-TrFE solution. Then, the PZT
powder (at weight percentages of S, 10, 20, 30, 40, and S50 wt %)
or 10 wt % surface-modified PZT (m-PZT) was added to the
DMF/MEK (7:3) mixed solvent. An ultrasonic cleaner was used
to physically disperse the PZT (m-PZT) particles for 30 min.
The dispersed PZT (m-PZT) particles were then added to the
prepared PVDE-TTFE solution to obtain the PZT/PVDF-TrFE
(m-PZT/PVDE-TrFE) solution. The prepared PZT/PVDEF-
TrFE solution was applied to a high-temperature resistant glass
by wet coating, and then placed in a vacuum oven to defoam and
dry at 80 °C for 3 h to completely volatilize the solvent. The
obtained PZT /PVDE-TrFE composite film had a film thickness
of ~80 um. At this point, the crystal phase of the film was mostly
the a phase without piezoelectric properties. Thus, the film
exhibited no piezoelectric effect. It had to be treated with
subsequent annealing and polarization processes to transform
the a phase into the f phase with piezoelectric properties. The
PZT/PVDE-TrFE composite film was thus placed in an oven to
anneal at 140 °C for 1 h. A silver paste conductive layer was then
brushed onto both sides of the annealed PZT/PVDE-TrFE film.
Following this, the film was taken out and subjected to a high-
voltage electric field of 4000 kV (50 V/um) at 50 °C for 2 h of
polarization to complete the preparation of PZT/PVDF-TrFE
composite piezoelectric film.

4.4. Characterization and Instruments. A differential
scanning calorimetry (DSC) device (model DSC 6000, Perkin
Elmer) was used for DSC analysis. First, the test sample was
packaged in an aluminum tray with a lid and heated at a rate of
10 °C/min to 180 °C; then, the sample was cooled at a rate of
—10 °C/min to 50 °C to record the DSC curve. X-ray
diffractometry (Rigaku diffractometer, BRUKER, model D2
Phaser XRD) was used to analyze the crystallinity of
piezoelectric films produced under different fabrication
conditions. The sample was cut into 3 X 3 cm® sections and
then placed in a vacuum oven to dry completely. Then, the XRD
test was performed in the 6 range of 10—50° at a dwell time of
0.5 s per scan point. The crystallinity calculation is to integrate
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the curves of the crystalline region and amorphous regions using
DIFFRAC PLUS Evaluation software, and calculate the
percentage of the PVDF-TrFE crystalline region. A Fourier
transform infrared spectrometer (FT-IR, Digilab, Hopkinton,
MA) (model (FTS-1000)) was used to identify the functional
groups of the carbon material before and after modification and
calculate the percentage of the f phase in the composite
piezoelectric film. The nanocarbon powder and piezoelectric
composite material were placed on a contact stage and scanned
in a range of 400—4000 cm™" at a resolution of 2 cm™". The
piezoelectric coefficient (d;;) of the piezoelectric composite
material was measured using a d;; meter (YE2730A, American
Piezo). The polarization—electric field (P—E) curve was
obtained using a TF2000 from aixACCT, (Precision LC II,
Radiant Technologies, Inc.). The voltage test was performed by
first cutting the sample into a voltage test pressure sheet with a
diameter of 30 mm, and then tapping or testing it using a
universal tensile machine (MTS-370, MTS Systems Corp.) with
a compression clamp. The sample was placed between the upper
and lower clamps; the loading force was configured to 150, 240,
or 290 N; and the loading frequency was set to once per second.
An oscilloscope (PicoScope 4224, Pico Technology Ltd., UK.)
was used to measure the voltage value generated by the
composite piezoelectric film after the sample was pressed. An X-
ray photoelectron spectroscopy (XPS) measurement was
conducted using a Thermo Fisher Scientific (VGS) spectrom-
eter (Waltham, MA). The Al Ka anode was used as the X-ray
source (1486.6 eV), and the binding energy range of 0—1400 eV
was selected for analysis. The binding energy was calibrated to
the C 1s internal standard with a peak at 284.8 eV. The high-
resolution C 1s spectrum was decomposed by fitting a Gaussian
function to the experimental curve using nonlinear regression. A
cross-section of the piezoelectric composite was frozen in liquid
nitrogen to fix its structure. After that, the sample was cut and
sputtered with platinum, and then observed under a high-
resolution field-emission scanning electron microscope (FE-
SEM), model JSM-6500F (JEOL, Tokyo, Japan).
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m-PZT (Figure S9); (a) XPS diagrams of PZT and m-
PZT, (b) high-resolution image of the P 2p region, and
(c) high-resolution image of the O 1s region (Figure
S10); piezoelectric composite film of d;; measured at
different ambient temperatures (Figure S11); FE-SEM
micrographs of the powder form of PZT (Figure S12);
and particle size of PZT determination by dynamic light
scattering (Figure S13) (PDF)
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Demonstration of m-PZT/PVDE-TrFE hybrid films were
embedded in the insoles for jumping, walking, and jogging
tests (Video S1) (MP4)
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