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Harvesting energy from surrounding mechanical sources to power low-power portable electronics has
attracted worldwide attention during the last decade. Herein, we present a high-performance
piezoelectric energy generator (PEG) based on lead zirconate titanate (PbZrg 5,Tip 4803, PZT) microcubes
and poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)). The PZT microcubes with tetragonal
perovskite phase were prepared by one-step hydrothermal method. It is demonstrated that cube-shaped
piezoelectric particles are advantageous over traditional spherical particles because external force can be
readily concentrated on the edges of cubes to generate higher piezoelectric potential. Moreover,
different from most of the previous flexible piezoelectric generators, the utilization of high elastic

modulus, piezoelectric-active matrix P(VDF-TrFE) in our piezocomposites benefits power generations.
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~16 V under bending motions. A maximum instantaneous power density of ~50 pW cm~> has been

DOI: 10.1039/c7ra05605b obtained at a load resistance of 160 MQ. This work provides a facile approach to enhanced piezoelectric
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1. Introduction

The demand for energy to power the increasing amount of
portable electronics motivates researchers worldwide to develop
various high-performance flexible energy harvesters.'* A variety
of energy harvesting techniques to collect waste energy from the
ambient environment have been extensively studied, such as
solar cells for sunlight, thermoelectric devices for gradient heat,
and piezoelectric and triboelectric materials for mechanical
motion.”® Among them, mechanical sources (e.g. the vibrations
of machines, human activities, automobile movement, acoustic
waves, etc.;) are the most abundant and the most easily acces-
sible at any time and everywhere.”"*

It is thus highly desirable to develop piezoelectric materials
and devices for transducing mechanical energy into electricity
because of their direct conversion ability with mechanical
robustness.* Especially, perovskite materials such as ZnSnOj3,"*
BaTiO;," PbTiO;,> KNaNbO; ' have been introduced into
polymer matrix to form piezoelectric composites to harvest
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response in flexible composites via tailoring the geometry of ceramic fillers.

mechanical energy from ambient environment. The composite
structure combines the merits of high piezoelectric coupling
coefficient of inorganic fillers and mechanical flexibility and
scalability of polymer matrix."* Most of the previous studies
have focused on the dispersion of perovskite materials in pol-
ydimethylsiloxane (PDMS)."*"” However, PDMS elastomer is
often too soft to efficiently transfer external mechanical stim-
ulation to inorganic fillers and unable to induce high piezo-
electric response of composites.

In this work, we describe the hybrid piezoelectric energy
generator (PEG) using poly(vinylidenefluoride-co-trifluoro-
ethylene) (P(VDF-TrFE)) as matrix."® P(VDF-TrFE) has much
higher Young's modulus (>0.8 GPa) than PDMS (>0.3 MPa),
resulting in effectively transferring mechanical stress from
matrix to piezoelectric fillers. In addition, it is known that the
piezoelectric and dielectric responses are greatly affected by the
shape of fillers because mechanical force is highly related to
geometric aspects.”® PbZry 5,Tip4503 (PZT) microcubes are
thus utilized as piezoelectric fillers of the composites as they are
thought to be stronger stress concentrators than sphere parti-
cles due to the presence of edges and corners of cube.” The PZT
microcube particles were successfully fabricated by one-step
hydrothermal method. The flexible PEG based on PZT micro-
cubes and P(VDF-TrFE) was fabricated by scalable and low-cost
solution casting method.”* The PZT microcube/P(VDF-TTFE)
PEG was generated a voltage up to ~16 V on bending and
releasing, which is higher than that of PZT/PDMS or PZT
microsphere/P(VDF-TTFE) composites.'*** The dependences of

This journal is © The Royal Society of Chemistry 2017
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output signal on displacement, frequency and load resistances
were characterized and analyzed. A peak instantaneous power
density of up to ~50 uW cm~? indicates its promising for energy
harvesting application.

2. Experimental
2.1 Synthesis of PZT microcubes

PZT microcubes were fabricated by one-step hydrothermal
reaction. In a typical experiment, 0.4988 g of zirconium(iv)
butoxide solution [Zr(OC4H,),] (80 wt% in 1-butanol, Sigma-
Aldrich) and 0.2813 g of titanium(v) isopropoxide
[Ti(C3H,0)4] (97%, Sigma-Aldrich) were added into 19.5 mL of
isopropyl alcohol [(CH;),CHOH] (99.7%, Sinopharm Chemical
Reagent Co., Ltd) under vigorous stirring for half an hour. Then,
a mixture of 4.2 mL of isopropyl alcohol and 0.56 mL of
deionized water was added dropwise to initiate the hydrolytic
process. The obtained suspension was subsequently centri-
fuged to collect the precipitate. The precipitate was washed with
deionized water for five cycles in a centrifuge (5 min at 4000
rpm) and then transferred to a homemade 30 mL stainless
autoclave with Teflon lining. 7.1 mL of tetramethylammonium
hydroxide [(CH;3),N(OH)] (25 wt% aqueous solution, Sinopharm
Chemical Reagent Co., Ltd) and 0.7625 g of lead(u) acetate tri-
hydrate [Pb(CH3CO,),-3H,0] (99.5%, Sinopharm Chemical
Reagent Co., Ltd) were weighted and then introduced into the
Teflon lining. Deionized water was finally added until 65%
volume of the autoclave was occupied. After stirring for 10 min,
the autoclave was heated to 150-250 °C and maintained for
12 h. After cooling down to room temperature, the obtained
powders (PZT microcubes) were washed with deionized water
till the neutral and then dried overnight at 70 °C under vacuum.

2.2 Fabrication of piezoelectric composite generator

Piezoelectric P(VDF-TrFE) (70/30 mol%) was dissolved in N,N-
dimethylformamide (DMF) by stirring for 24 h to form
a homogeneous solution. The concentration of the solution was
set at 80 mg mL™'. Then, PZT microcubes (0, 10, 15, 20 wt%)
were added into the solution and stirred for another 24 h.
Thereafter, the composite was casted on a glass substrate and
baked at 60 °C overnight. The composite film was subsequently
peeled off from the substrate and thermally processed at 135 °C
under vacuum for 24 h. Finally, ~200 nm gold layer was sput-
tered on both sides of the composite films for electrical
measurement. The typical thickness of the composite films is
around 100 pm. In order to achieve a high piezoelectric
coupling coefficient, an appropriate poling procedure is
needed. The poling procedure adopted in this work is divided
into following four steps due to the piezoelectric discrepancy
between PZT and P(VDF-TrFE): (i) the composite film was firstly
heated to 120 °C and poled at ~4 kV for 2 h; (ii) the poling
electric field was maintained while gradually cooling the sample
down to room temperature; (iii) the composite film was rehea-
ted to 50 °C and then a poling electric field of ~1 kV was applied
in an opposite direction for 0.5 h; (iv) the composite film was
cooled down to room temperature with electric field kept on.

This journal is © The Royal Society of Chemistry 2017
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2.3 Measurements and characterization

The crystal structures of PZT microcubes and pure P(VDF-TTFE)
films were characterized by X-ray diffraction (PANalytical, X'Pert
Pro MPD theta-theta Diffractometer, Holland) with Cu Ko
radiation operating at 40 kV and 20 mA. A field-emission
scanning electron microscope (FE-SEM, Hitachi S-4800, Japan)
was used to characterize the surface and cross-sectional
morphologies. Transmission electron microscopy (TEM, FEI
Tecnai G2, USA) images were taken using an acceleration
voltage of 200 kV. The electrical signal that generated from PEG
under repeated bending and releasing was collected by use of
a digital Oscilloscope (Wavesurfer 3022, Teledyne LeCroy, USA).
A customized bending machine was used to control the
frequency and displacement.

3. Results and discussion

Fig. 1a shows the overall schematic of the PZT microcube/
P(VDF-TTFE) piezocomposites. The one-step hydrothermally
synthesized PZT microcube particles were dispersed in P(VDF-
TrFE) solutions, and the mixtures were solidified on a glass
substrate. The PZT near morphotropic phase boundary (MPB),

. Intensity (a.u.)

Intensity (a.u.)

P(VDF-TrFE) + PZT microcubesff
Piezocomposite

30 um

Fig. 1 (a) Overall schematic of PZT microcubes/P(VDF-TrFE) piezo-
composite-based flexible PEG device, the inset is the digital image of
actual flexible piezocomposite with and without MIM type electrodes.
(b) Scanning electron microscopy (SEM) images of PZT microcubes. (c)
High-resolution transmission electron microscopy (HRTEM) image of
a single PZT microcube. (d) XRD pattern of PZT microcubes, the inset is
the XRD pattern of P(VDF-TrFE) matrix film. (e) Cross-sectional SEM
image of PZT microcubes/P(VDF-TrFE).
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which has been widely used in actuators and transducers,* is
designed herein as a high-performance piezoelectric material.**
The microcube-type piezoelectric particle is highly desirable for
piezocomposite-based generators. This is because that the
regular cube-type particle has clear geometric stress concen-
trators such as edges and corners, which are more readily
subject to applied mechanical force than sphere particles.
Micrometer-scale particles are selected to maintain the piezo-
electricity of PZT. It is known that the ferroelectric phase
(P4mm) of PZT is reduced in nanoscale particles, causing the
relative increment of the paraelectric phase (Pm3m) on particle
surfaces.” P(VDF-TrFE) copolymer is advantageous as the
matrix of piezoelectric composite due to not only its own
piezoelectric activity but also high elastic modulus, leading to
efficient transfer of mechanical stress to piezoelectric filler
particles. Therefore, the PZT microcube particles and P(VDF-
TrFE) matrix are chosen herein for composite-based piezoelec-
tric applications. After being detached from the glass substrate,
metal electrodes were deposited onto both sides of piezo-
composite for a metal-insulator-metal (MIM) structure. The
inset of Fig. 1a shows the actual flexible PZT microcube/P(VDF-
TrFE) piezocomposite with and without MIM type electrodes,
respectively. The casted P(VDF-TrFE) matrix has another merit
that metal electrodes can be directly deposited on the surface
without any delamination, in contrast to PDMS matrix. This
aspect can exclude the triboelectric artifact induced by the
separately attached electrode sheets.

As presented in the scanning electron microscopy (SEM)
images (Fig. 1b), the size of the PZT microcubes is around 1-2
pm with regular cubical edges and corners. Fig. 1c shows the
high-resolution transmission electron microscopy (HRTEM)
image of a single PZT microcube with a lattice spacing of
0.238 nm, which corresponds to the (111) lattice planes of
tetragonal PZT. The (001), (101) and (111) diffracted planes of
tetragonal PZT were clearly presented in the selected area
electron diffraction (SAED) pattern, indicative of the single
crystal nature of the microcube. Pure tetragonal perovskite
phase of PZT microcubes has been obtained in the one-step
hydrothermal process, and no obvious impurity phase has
been detected in the X-ray diffraction (XRD) patterns (Fig. 1d).
To evaluate the influence of hydrothermal reaction temperature
on the crystal structures, the XRD patterns of the PZT prepared
under various hydrothermal reaction temperatures are pre-
sented in Fig. S1, (ESIT). The inset of Fig. 1d is the XRD pattern
of P(VDF-TrFE) film annealed at 135 °C for 24 h. The single peak
at 20° clearly indicates that the copolymer presents the crys-
talline configuration with piezoelectric B phase without other
paraelectric configurations.>® The chemical composition was
also well maintained during the synthesis, as shown in the
energy dispersive spectroscopy (EDS) mappings (Fig. S2, ESIt).

Fig. 1e is the cross-sectional SEM image of PZT microcube/
P(VDF-TrFE) showing the thickness of the composite film is
around 100 pm (the left image). There exists different distri-
bution of PZT microcubes from top to bottom along the P(VDF-
TrFE) matrix (the right images), indicating the presence of the
off-centered mechanical neutral plane through the composite
thickness.”” Note that off-centered mechanical neutral plane is
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highly important in flexible piezoelectric energy harvesters for
applying net stress to the whole device by bending."*™” If the
particle distribution is same and device structure is symmetric
from top to bottom, the mechanical neutral plane is centered
and the net stress becomes zero despite bending deformation,>®
resulting in no extracted piezoelectric signal. Therefore, the
particle distribution difference in our device can guarantee the
effective net stress and the piezoelectric response.

Using the finite element analyses (FEA), we simulated the
piezopotential generated by PZT microsphere- and microcube-
based composites to evaluate the effect of particle geometry
on the piezoelectric performance of the composites, as
described in Fig. 2a and b. When the same mechanical stress is
applied, the microcube-based piezocomposite induces much
higher piezoelectric potential throughout the thickness of
composite than the corresponding microsphere-based piezo-
composite. It is because the geometrically angular and sharp
aspects of microcubes can collect large mechanical stress from
external force, while the smooth surface of microspheres
releases the mechanical stimulation into the matrix disper-
sively. In order to investigate the influence of PZT content in the
matrix on the output response of flexible PEG, a series of PEGs
have been fabricated by introducing different mass fraction (10,
15 and 20 wt%) of PZT microcube particles into P(VDF-TtFE)
matrix. As expected by theoretical simulation, the output
voltage generated by bending motion was increased steadily
with increasing PZT concentration, as shown in Fig. 2c.
However, the PZT microcubes could not be mixed above the
fraction of 20 wt% because it became too viscous to be well
casted.

To indicate the advantages of P(VDF-TTFE) as the matrix, we
also evaluated the stress-strain curves of P(VDF-TrFE) films
with various PZT fractions (the inset of Fig. 2c). Even in the
pristine P(VDF-TrFE) film, the Young's modulus is about
800 MPa which is ~1000 times higher than that of PDMS elas-
tomer.” After mixing with 20 wt% of PZT microcubes, the
elastic modulus of the composite increases over 1 GPa. This
result indicates that P(VDF-TrFE) is highly suitable for matrix in
piezocomposite owing to not only its piezoelectric properties
but also the excellent ability to stress-transferring medium. The
voltage generated by the PEG can be calculated as:

Voc = Jg33€(l)Epdl (1)

where g33 is the piezoelectric voltage constant (g33 = dsale;, in
which d3; is the piezoelectric coefficient, and ¢, is the relative
dielectric permittivity), ¢(/) represents the strain, E, is Young's
modulus.*** Thus, the high Young's modulus of P(VDF-TtFE) is
advantageous for the improvement of output voltage.

Fig. 3a shows the generated voltage signals from the flexible
PZT microcube/P(VDF-TrFE) composite PEG upon repeated
bending and releasing. Apparently, signals appear successively
and persistently. To confirm that the detected electrical signal is
indeed from the piezoelectric effect of the PEG device,
a switching polarity test was successfully conducted, as pre-
sented in Fig. 3b."*"” Note that the semi-asymmetry of voltage
peaks (Fig. 3a and b) is due to the distribution difference of

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) and (b) Finite element analyses (FEA) of the piezopotential
generated by PZT microsphere-based and PZT microcube-based
composites. (c) Output voltage generated by bending motion as
a function of PZT concentration. Inset: the stress—strain curves of pure
P(VDF-TrFE) film (black line), 10 wt% PZT composite (red dots), and 20
wt% PZT composite (blue dash).

PZT microcube particles along the composite thickness. The
PEG device with an effective area of 1.8 cm x 0.6 cm produces
an open-circuit output voltage of ~16 V when the bending
frequency is 2 Hz. This output is higher than those of not only
PZT spherical particles/PVDF composites but also even PZT
particles/carbon nanotubes-reinforced PDMS composites.'®*
Therefore, the results further prove that the material selec-
tion takes a critical role in the piezocomposite-type
generators.

The principle of flexible energy harvester is well known.*™"”
The unidirectional pre-orientation of electric dipoles in PEG is
obtained by the proper poling processes to overcome the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) and (b) Generated voltage signals from the flexible PZT
microcubes/P(VDF-TrFE) composite under forward and reverse
connection. (c) Output voltage values under different deformation
frequencies (1-5 Hz). (d) Relationship between various deformation
displacements (from 5 to 15 mm) and output voltage.

discrepancy of piezoelectric coefficients between PZT fillers and
P(VDF-TTFE) matrix.*> The PEG maintains electrical equilibrium
state without any external force, thus there is no potential fluc-
tuation in external load. On bending, the deviation of built-in
potential is generated within the piezoelectric composite, fol-
lowed by the potential difference throughout the external load to
screen the electrical non-equilibrium of stressed PEG. When PEG
recovers to the original shape, the potential difference in the
opposite direction occurs in the same manner. This process of
potential generation of PEG is illustrated in Fig. S3 (ESI{).

In many cases, the piezoelectric generators to scavenge
mechanical energy (e.g. ocean waves, human activities,
mechanical vibration, acoustic wave, etc.) from ambient envi-
ronment need to be operated under the relatively low frequency
range (<5 Hz)."* In this work, the output voltage values under
different deformation frequencies (1-5 Hz) were measured, as
shown in Fig. 3c. The output voltage increases steadily from
~12 V at 1 Hz to ~16 V at 2 Hz, and then saturates after 3 Hz.
The relatively smaller output voltage under 1 Hz is presumably
due to the slow charge extraction toward the measurement
equipment.®® This finding is different from the previous result
based on the PZT microparticles and CNTs as a charge extrac-
tion component in the composite, which exhibits the almost
constant voltage signals with variation of frequency.'® The
mechanical motions in ambient environment are usually
irregular,® which means that the PEG should be effective
toward different degrees of deformation. Fig. 3d presents the
relationship between various deformation displacements (from
5 to 15 mm) and output voltage. As expected, the output voltage
value increases with increasing displacement because the
increasing bending displacement induces the higher applied
stress to piezoelectric composites, resulting in larger output
voltage signals. These output characteristics of our flexible PEG
show that it can be operated in ambient surroundings.

RSC Adv., 2017, 7, 32502-32507 | 32505
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Fig. 4 (a) Durability test of PZT microcubes/P(VDF-TrFE) flexible

composite PEG after 1, 3, 5 and 7 days (the test frequency is 5 Hz) with
thousands of bending cycles. (b) Output voltage and power density as
a function of load resistances.

Moreover, the mechanical durability test was conducted to
verify the stability of the PZT microcube/P(VDF-TrFE) composite
PEG, as presented in Fig. 4a. The bending test was carried out at
5 Hz after aging for 1, 3, 5 and 7 days, respectively. There is
rarely degradation of signal amplitude even after thousands of
cycles, which guarantees the steady output performance of our
flexible hybrid PEG. Fig. 4b is the plots of voltage and instan-
taneous power density as a function of load resistances ranging
from 1 MQ to 1.3 GQ. The voltage increases steadily with
increasing load resistances, and reaches a peak value of ~16 V
around 1 GQ similar to open-circuit. The maximum instanta-
neous power density of ~50 uW cm * was obtained at a resis-
tance of 160 MQ.

4. Conclusions

In summary, we have developed the flexible composite-type PEG
using PZT microcube/P(VDF-TrFE) as optimized materials for
the scalable and low-cost technology of composite-based
piezoelectric energy harvesting. The piezoelectric PZT micro-
cube particles were synthesized by the facile one-step hydro-
thermal process, and properly blended with P(VDF-TTFE)
piezoelectric polymer matrix. The maximum output voltage and
the instantaneous power density reach up to ~16 V and ~50 uW
ecm ™’ under bending stimulation, respectively, which are
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greater than those of PZT spherical particles/PVDF and PZT/
CNT-enhanced PDMS composites.””** The selection of the
microcube has been theoretically verified by the FEA simula-
tions. The flexible PZT microcube/P(VDF-TrFE) PEGs exhibit
typical voltage harvesting characteristics and remarkable
mechanical durability. Our result clearly shows that microcube-
type particles and P(VDF-TrFE) are highly desirable for flexible
composite-type energy harvesters due to their geometric and
elastic properties as well as excellent piezoelectric activity. This
work indicates the promise of the polymer composite utilizing
the fillers with rationally designed morphology to high piezo-
electric performance for energy harvesting.'**>-”
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