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Abstract: This article presents a high-performance lead-free piezoelectric energy harvester (LPEH)
system for magnetic field. It based on a Bag g5Cag 15Tip.99Zrg.1003 + CuO 0.3 wt% (BCTZCy 3) com-
posite was fabricated by sintering at 1450 °C. The BCTZC 3 composite, which has an enhanced high
energy conversion constant (dsz x g33), shows improved piezoelectric power-generation performance
when compared with conventional piezoelectric energy harvesters. The BCTZCy3-based LPEH
produces instantaneous maximum power of 8.2 mW and an energy density of 107.9 mW/cm3 in a
weak magnetic field of 250 uT. This system can be used to charge a capacitor and operate a wireless
sensor network (WSN) system to provide temperature sensing and radio-frequency (RF) transmission
in a 250 uT magnetic field. The proposed LPEH is a promising green-energy device for potentially
self-powering WSN systems when applied.

Keywords: piezoelectric energy harvester; AC magnetic field; lead-free material; sustainable energy;
high energy conversion

1. Introduction

Self-driven energy harvesting technology, which concerns the gathering of energy from
the environment, is attracting considerable research interest. Piezoelectric, electrothermal,
triboelectric, and electromagnetic induction technologies are the main research areas in this
field at present [1]. The power of energy harvesting technologies has been demonstrated by
their role in providing large amounts of energy for the operation of wireless sensor networks
(WSNs). Traditional use of commercial batteries has become unsuitable and impractical
for applications such as WSNSs, since their limited battery lifecycles and potential as
environmental hazards become problems [2]. In contrast, piezoelectric energy harvesting
offers high power-density levels and has a wide range of potential applications in the
field [3]. A magnetic field represents an energy source that can be used in energy harvesting,
with one example being that it can be used to generate vibrations. Electronic devices,
power cables, and the magnetic fields generated by them have a frequency of 60 Hz.
However, it is difficult to harvest an electrical source from weak magnetic fields [4-6].
Piezoelectric materials generate electricity when they are subjected to vibration stress [7].
A permanent magnet can be used as a tip mass at the end of a cantilever and vibrations
can be generated by a magnetic field, even in an energy harvester, in almost negligible
magnetic fields [8,9]. Under these conditions, it will be necessary to improve the efficiency
of piezoelectric materials to improve their energy-harvesting properties, particularly in
low magnetic fields. Piezoelectric energy harvesting technology development will require
material optimization efforts, including the development of high-quality piezoelectric
compositions, mechanical optimization to enable more efficient conversion of the energy
from the surrounding environment, and electrical optimization efforts to apply high-
efficiency electric circuit techniques to maximize the power transfer [10,11]. This will
require a technical field that has fusion research involving both the mechanical and electrical
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spheres. Xing et al., were first proposed a multimode harvesting device based on a
piezoelectric cantilever and a permanent magnet tip mass. At the time, this type of
design was proven to have good performance at low frequencies. After that, Liu et al.,
designed a bimorph piezoelectric cantilever structure with PZT and NdFeB magnets,
which obtained a maximum power density of 11.73 uW /cm? for resonance excitations
at 100 Hz and 100 uT [12-14]. However, this level of performance is still difficult to put
into commercial applications, faced with this challenge, this paper carried out a higher
performance energy harvester research. The aim of the study presented here is therefore to
develop a piezoelectric energy harvester that is capable of high power generation owing to
its enhanced energy conversion constant [15,16]. In general, cantilever-type piezoelectric
energy harvesters use bending vibration modes for electromechanical energy conversion.
To improve the performance of a piezoelectric harvester that gathers electrical energy from
ambient vibrations, it will be essential to improve the piezoelectric energy-conversion
constant (d33 % g33) through material optimization [17,18]. The high energy density of this
type of piezoelectric material can be expressed using Equation (1), as follows.

u= %(d33 X g33)(£)2 )

The performance of piezoelectric ceramics can be expressed using the energy con-
version coefficient (ds3 X g33), which is obtained by multiplying the piezoelectric charge
factor (dz3) by the piezoelectric voltage factor (g33) in a manner identical to that used
in energy-harvesting equations. This coefficient is an important performance index in
many applications. To improve the performance of the piezoelectric energy harvester, a
material composition with a high energy conversion constant (ds3 x g33) must be devel-
oped [19,20]. In a mechanical optimization process, we designed and manufactured a
piezoelectric harvester with a high-output structure that is suitable for specific applications
via multiphysics analysis [21,22]. In the electrical optimization process, we attempted to
maximize the power density of this harvester using an impedance-matching technique,
which is a type of maximum power transfer circuit technique [23,24]. To improve both the
piezoelectric and dielectric properties of the materials, solid solutions are used at both the
A and B sites of BaTiO;3 (in general, A = Ca, Sr, and La, and B = Nb, Ta, and Zr) [25,26]. In
particular, Ca®* and Zr** doping has reportedly provided high piezoelectric coefficients
(d33 = 620 pC/N) for Bag g5Cag15Tig.90Zr0.1003 (BCTZ) [27]. Most studies have focused
on control of the sintering temperature of the material and the roles of dopant and ion
substitution to produce increases in the piezoelectric charge coefficient (d) when using
the same composition, although this is accompanied by changes in the BCTZ microstruc-
ture [28,29]. To develop a lead-free piezoelectric composition, the acceptor dopant ion Cu?*
is typically used to improve the output characteristics of piezoelectric materials and to
reduce their sintering temperatures [30,31]. As a sintering aid, CuO can reduce sintering
temperatures effectively, and it is also well known to improve the dense microstructure of
these piezoelectric materials.

Thereout, we propose a high-performance lead-free piezoelectric energy harvester
(LPEH) device based on a lead-free Bag g5Cag 15Tig.90Zrp.1003 + CuO 0.3 wt% (BCTZCy3)
system. The LPEH fabricated in this work produces a high open-circuit voltage of approxi-
mately 104 V and instantaneous output power of 8.2 mW (power density: 107.9 mW/cm?)
with a load resistance of 10 k() during periodic motion changes that involve bending
and unbending in a 250 uT magnetic field. This LPEH device was connected to a capac-
itor to form power modules for use in self-powered systems under power-line cables.
Furthermore, the power generated by a 250 uT magnetic field is enough to operate a
commercial WSN system. This achievement is unprecedented with regards to optimization
of composite-based energy harvesters and represents an initial approach towards the use
of lead-free piezoelectric composites in these devices.
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2. Experimental

Fabrication of a lead-free piezoelectric ceramic material: the lead-free BCTZCy3
ceramic was produced using a conventional solid-state reaction method. The powders
used were weighed. BaCOj3 (99.0%, CAS No.513-77-9, Daejung, Korea), CaCOj3 (99.0%,
Lot No. 2018A1662, JUNSEL Japan), TiO; (99.0%, Lot No. 2018B1266, JUNSEI, Japan),
ZrO3 (99.0%, CAS No.1314-23-4, Daejung, Korea), and CuO (99.9%), were mixed via ball
milling in alcohol for 24 h. After drying, the mixture was calcined in an alumina crucible at
1250 °C for 2 h. The calcined powder was then milled for another 12 h. The dried powder
was subsequently mixed with 2% polyvinyl alcohol (PVA) and made into a bulk disk form
at a pressure of 100 MPa. The green disk was then sintered in air at 1300-1450 °C for 2 h
and the sintered bulk surface was subsequently polished before the measurements were
performed. The calcined powder was again mixed with a plasticizer (B-73225, FERRO,
USA) and polyvinyl butyral resin (PVB) as a polymer for 24 h to prepare a slurry with a
ceramic-to-polymer relative weight ratio of 2:1. The slurry was then deformed in a vacuum
for 30 min to remove any bubbles. A green sheet with a thickness of approximately 30 um
was prepared using the finished slurry via a tape casting process. A square sample with
dimensions of 30 x 40 mm? was prepared using a cutter (DC-5, DH) and the sheets were
laminated on a layer-by-layer basis. In total, ten green sheets were laminated for 10 min
at 60 °C under a pressure of 10 kg in each case. To remove the organic additives from the
laminated sheet, the specimens were heated slowly to 600 °C and held at that temperature
for 3 h in an electric furnace (A]-MLBF2, AJEON). To allow the film to undergo poling, an
electric field was applied to the sintered thick film for 2 h at 2 kV/mm.

Characterization of the lead-free piezoelectric ceramic material: field emission-
scanning electron microscope (FE-SEM) imaging and an energy dispersive spectroscopy
(EDS) mapping analysis were performed using a Verios 460L SEM. The crystalline phase
and orientation were analyzed via high-resolution X-ray diffraction (XRD) (HR-XRD;
ATX-G, Rigaku Co.) and X-ray photoelectron spectroscopy (XPS) spectroscopy (Invia
Raman Microscope, Renishaw) measurements. The piezoelectric charge constant (ds3)
was measured using a dsz meter (PM100, Piezotest), and the piezoelectric and dielectric
properties were determined using an impedance analyzer (HP4194A Hewlett Packard)
using IEEE standards.

Measurement of energy-harvesting properties: The BCTZCy 3 films were attached
to the top of a stainless-steel substrate (SUS304) and were tested using an oscilloscope
(Tektronix, DPO4054B) to evaluate their power-generation characteristics with a shaker
(Brtiel & Kjeer, 4809) and a high-speed bipolar amplifier (NF, HSA4014). The amplifier
was driven by a function generator (Agilent, 33220A) and the shaker provided periodic
excitation with a harmonic signal. To produce a magnetic field on the LPEH, an AC
magnetic field was applied to the harvesters using a Helmholtz coil. The harvesters in
the magnetic field were measured in a frequency range of 30 to 90 Hz using a function
generator (Agilent, 33220A). The samples were collected as a function of the applied DC
magnetic field from 0-250 pT using a high-speed bipolar amplifier (NF, HSA4014) in a fixed
AC magnetic field at 60 Hz (their resonance frequency). Energy harvesting through the
fabricated LPEH was demonstrated around the power-line cable of an automatic voltage
regulator (30 kV, 60 Hz), which was used as the magnetic field source.

3. Results and Discussion

To demonstrate a high energy conversion device, BCTZC 3-based lead-free piezoelec-
tric ceramic comparable to the PZT-based piezoelectric ceramic served as an active material.
For the magnetic field phase, a magnetic metal was used as the tip mass. A magnetic
tip mass is advantageous for promoting improved energy-harvesting performance in a
weak AC magnetic field, and the BCTZCy 3 film composite fabricated on a spring-metal
substrate had achieved a high output voltage coefficient in previous work. The LPEH
consisted of a high energy conversion material and a magnetic tip mass, as shown in
Figure 1a. The high energy conversion property of the LPEH in a weak magnetic field
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range contributed to improved energy harvesting performance by the composite. The mag-
netoelectric effect in the LPEH results in the conversion of the magnetic field to mechanical
strain, which is then converted to an electric charge through the lead-free BCTZCy 3. To
realize a magnetoelectric harvester operating at 60 Hz, the piezoelectric energy material
(1.9 x 1.6 x 0.25 cm?®) was attached to a spring-metal substrate (4.0 x 9.0 x 0.02 cm®) as
the LPEH, as shown in Figure 1b. The inset indicates the piezoelectric active material
when sintered at 1450 °C. The energy-harvesting performance contribution of the sintering
temperature on the LPEH is demonstrated in Figure 3i. In order to improve the lead-free
piezoelectric energy-harvesting performance in a weak magnetic field, the energy conver-
sion of the LPEH was increased by changing the sintering temperature. To design the
optimum piezoelectric energy-harvesting composition, BCTZC 3 ceramics with improved
power conversion constant (dsz x g33) values were fabricated. These BCTZC 3 samples
were sintered at various temperatures ranging from 1300 to 1450 °C. Figure 1c shows the re-
sults of an X-ray diffraction (XRD) analysis of the sintering temperatures that were utilized
to investigate the optimum composition of the BCTZC 3 samples. Rhombohedral crystals
with a perovskite structure and without a secondary phase were observed for the BCTZCj 3
depending on the sintering temperature. As the sintering temperature was increased from
1300 to 1450 °C, the (110) peak intensity also showed a comparative increase. This outcome
is closely related to the increase in grain size, as observed in the field emission-scanning
electron microscope (FE-SEM) images indicated in Figure 1d. For the BCTZC 3 sample that
was sintered at 1500 °C, even if the (200) intensity increased, the (110) intensity decreased.
This was observed as the melting phenomenon progressed. Figure 1d shows surface im-
ages of the BCTZCj 3 samples with changes in the sintering temperatures. The BCTZCy 3
samples that were sintered at 1350 °C show various grain sizes ranging from 5 to 10 um,
and these grains grew from 20 pm to more than 100 um. Hence, the grain size increased
considerably when the sintering temperature was increased to 1450 °C. With the sample
sintered at 1500 °C, the surfaces melted due to the high sintering temperature and the
piezoelectric and dielectric properties could not be measured (see Supporting Information
Figures S3-55). Figure 1e shows the results of an X-ray photoelectron spectroscopy (XPS)
analysis of the BCTZCy 3 sample sintered at 1450 °C. Ba, Ti, Ca, and Zr components were
detected, whereas no secondary phase corresponding to CuO was detected. Furthermore,
the Ba, Ca, Ti, Zr, and Cu atoms were homogeneously dispersed on the surface of the
BCTZC3 sample, as in the energy dispersive spectrometer (EDS) mapping images in
Figure 1f.

Figure 2 shows the piezoelectric and dielectric properties of the BCTZC( 3 samples
with respect to the sintering temperature used. As the sintering temperature was increased,
the material density generally increased in all BCTZCy 3 samples. The conversion efficiency
(17) exceeded 82% in all sintered samples. As the sintering temperature was increased, the
conversion constant (k,) also generally increased, but the value of the quality factor (Qy)
decreased. The piezoelectric voltage constant (g33) also showed an improvement, caused
by the increases in both the piezoelectric charge constant (d33) and the relative dielectric
constant. The piezoelectric voltage constant (g33) can be determined using the equation
(g33 = da3/dielectric constant). The dielectric constant tends to decrease as the sintering
temperature increases to more than 1400 °C, which then leads to an improvement in the
piezoelectric voltage constant. Because this piezoelectric voltage constant improved, the
BCTZCy 3 sample that was sintered at 1450 °C had a high power-conversion constant. This
phenomenon is related to both the grain growth and the increased intensity of the (110)-
oriented crystal. Table 1 presents the values of the piezoelectric and dielectric characteristics
of the samples based on various sintering temperatures. The BCTZCj 3 specimen sintered
at 1450 °C has a high piezoelectric charge constant (da3) of 526 pC/N, a conversion constant
(kp) of 49.3%, and a high power conversion constant (ds3 x g33) of 15,780 x 10~> m?/N.
Therefore, we used the BCTZC( 3 sample sintered at 1450 °C as the active material of
the LPEH.



Energies 2021, 14, 1346 5o0f 14

Wireless sensor network

(C) » . 200, . s ~ Basd| 5 Ti 2p
" L am A @ @ g | s
— Melting 1500 °C, 4h 2 \ ‘ 2
: 2 1 | L~ 8
S A A A gl )\~ E
L 1450 °C, 4h sl - £
b k 770 780 790 800 810 450 455 460 465 470
= A A A Binding energy (eV) Binding energy (eV)
» 1400 °C, 4h
c A -~ Ca 2p| ~ 1Zr 3p3
E S
2 ' A s s
[ 1350 *C, 4h e et
- 2 2 A
L A A A g g M\T\‘m‘k‘
o . Vi
' __1300°C, 4h = £ ward ¥\
20 30 40 50 60 345 350 355 360 320 330 340 350 360
29 Binding energy (eV) Binding energy (eV)

Bal, CaK, TiK, ZrL, CuL BaL CakK

Figure 1. (a) Schematic of magnetic field energy harvesting using a lead-free piezoelectric device for a wireless sensor
network. (b) Photograph of the lead-free piezoelectric energy harvester (LPEH) device, with the inset showing the
piezoelectric film of BCTZC 3 sintered at 1450 °C. (¢) XRD graphs of BCTZCj 3 ceramics sintered at various temperatures.
(d) Surface field emission-scanning electron microscope (FE-SEM) images of the BCTZC 3 ceramics sintered at different
temperatures. (e) X-ray photoelectron spectroscopy (XPS) component analysis graphs of the BCTZCy 3 ceramic sintered at
1450 °C. (f) Energy dispersive spectra (EDS) mapping analysis of the BCTZCy 3 composites.
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Figure 2. Piezoelectric and dielectric properties of the BCTZC 3 ceramics sintered at various temperatures.
Table 1. Piezoelectric and dielectric properties of BCTZC 3 samples according to their sintering temperatures.
Sintering Dielectric Density g dzz X g
33 ° 33 X £33 -
Temfoecr)ature Constant (g/cm®) ds3 (pC/N) (10-3 Vm/N) kp (%) (10-15 m2/N) Efficiency ()
1300 2500.4 1.37 265 10.6 46.8 2809 0.88
1350 3016.6 1.40 530 17.6 41.6 9322 0.89
1400 1734.3 1.54 456 26.3 44.6 11,990 0.85
1450 1976.2 1.48 526 30.0 49.3 15,780 0.84

Table 2 shows the output signals from the LPEH and other previously reported
piezoelectric energy harvesters, along with values pertaining to the acceleration (m/s?),
resonance frequencies (Hz), and energy-conversion constants of these harvesters. Among
the PZT series devices the energy-conversion constant is 9.3 k when using bulk PZT-5A,
and the corresponding output power and power density are 40 pW and 0.38 pW/mm?,
respectively. The maximum output power was observed when using the PZT-CN material,
which had a high piezoelectric conversion constant of 14 k, a maximum output power
of 17,300 uW, and power density of 2.08 phW/mm?3 at its resonance frequency of 20 Hz.
When using the lead-free piezoelectric materials of KNNS bulk, the output power was less
than 20 uW while the resonance frequency exceeded 70 Hz. The BCTZ bulk generated
output power of 70 uW at 90 Hz under acceleration of 10 m/s? [32-39]. The BCTZC0.3
shows a maximum output power of 8200 tW and an energy density of 107.9 uW /mm?.
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However, it was developed with reference to the vibration conditions, with a resonance
of 60 Hz and a low acceleration, 2.0 m/s?, when compared with many of the harvesters
in the other studies. The excellent output characteristics generated using the BCTZC0.3
materials were realized by the stable crystal formation of the highly (110)-oriented crystal.
This material can thus serve as the basis for a reliable and sustainable high-performance
energy harvester.

Table 2. The output signals from the LPEH and other previously reported piezoelectric energy harvesters.

. ds3 X Frequenc Acceleration Power Densi

Material (103315 n(lgz?’/zi\l) 8_12) y (m/s?) Power (mW) (mW/em?) ty Ref
PZT-5A bullk 9.3k 36 2 0.040 0.38 [30]
PZN-PZT + MnO, - 90 10 0.098 15 [31]
PZT-5H bulk 11.7k 40 - 0.11 3.82 [32]
PZT-CN 14 k 20 - 0.11 3.82 [32]

This work (BCTZ0.3C) 15.8 k 60 - 82 107.9 -
KNNS bulk - 70 7 0.008 0.01 [34]
BS-PT bulk - 41 10 0.013 0.08 [35]
CNKN bulk 49k 93 - - 12 [36]
BCTZ bulk - 90 10 0.07 14 [37]

The experimental setup that was used to measure the output power and the displace-
ment generated via piezoelectric energy harvesting driven by a Helmholtz coil is shown
in Figure 3a. The LPEH has a tip magnet that indicates the energy harvester response of
the designed cantilever structure. It has a permanent Nd magnet at its tip, which bends
when an external magnetic AC field at 60 Hz is applied. The field is generated using
the Helmholtz coils. Using a power amplifier and a function generator, the magnetic
field of the Helmholtz coil was adjusted over the range of 140-250 uT and the magnetic
field generated was measured using a tesla meter. In Figure 3b, these LPEHs were gener-
ated at various frequency conditions of the maximum power-generation characteristics
of the BCTZC 3 films at a sintering temperature of 1450 °C. To measure the resonance
frequencies (Hz) of the fabricated LPEHs, we used Equation (2) with the following terms:
E =Young’s modulus; L = beam length; I = moment of inertia; and m = tip mass. The
physical properties of the LPEH (e.g., its length, mass, area, thickness, and Young’s mod-
ulus) determine its operational performance. The LPEH was designed to be tuned for a
resonance frequency of 60 Hz. The calculated LPEH resonance frequency was about 60 Hz:
E=63GPa,L=9%x10"2m,[=11x10""m?* andm=20g.

1 /3EI

fr:E 3m 2)

The minimum output voltage (V) of the LPEH with the BCTZCj 3 film sintered at
1450 °C was 2.2 Vo at a frequency of 72 Hz, while the maximum output voltage was 6.3 V
at a frequency of 60 Hz. The maximum displacement of the tip mass of the LPEH was found
to be 2.4 cm at a frequency of 60 Hz. Figure 3d shows graphs of the LPEHs measured in
terms of the electrical energy according to different magnetic fields (140-250 uT). The peak
of the output voltage gradually improved as the magnetic field was increased to 250 uT.
The maximum output voltage value was 6.3 Voc at a magnetic field of 250 uT. Figure 3e
shows the results of simulations of the piezoelectric potential and voltage shapes during
bending and unbending trials of the piezoelectric energy harvester, as determined using
the ATILA software package. (Atila is a commercially available finite element analysis
(FEA) software package developed specifically for the modeling and analysis of devices
made of piezoelectric or magnetostrictive materials. The simulation study was conducted
using ATILA (version 6.0.0.6) finite element analysis (FEA) software with a pre and post-
GID (version 10.0.9) processor) [40,41]. A positive piezoelectric voltage is generated from
compressive stress between the two electrodes when downward mechanical stress is
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applied. Otherwise, upward stress would lead to the generation of negative voltage
from the tensile pressure. We can assume that the negative voltage and positive voltage
outputs generated in the energy harvester are related to the direction in which the stress
is applied. Figure 3f shows the open-circuit output voltage signals obtained from the
LPEHs with the BCTZCy 3 films when plotted according to their sintering temperatures.
The open-circuit output voltage also increases as the sintering temperature increases; the
instantaneous maximum output voltage is 6.3 Voc at 1450 °C and the minimum output
voltage is 2.65 Voc at 1300 °C. A mechanical durability experiment was performed to
evaluate the practical applicability of the proposed LPEH. Figure 3g shows the results of
output voltage measurements by the LPEH, demonstrating electromechanical stability for
over 216,000 cycles for 60 min with bending displacement of 2 cm. As an indicated in
Figure 3h, the instantaneous maximum output powers of the LPEHs with the BCTZC 3
films sintered at various temperatures are dependent on the load resistance over the range
of 100 Q2 to 100 k2. To measure the output power (P), the peak value of the output voltage
(V) applied to the load resistance (R) divided by this load resistance (R) is used in the
following equation: P = V2/R. The output power (mW) increases steadily with an increase
in the sintering temperature from 1300 to 1450 °C. The minimum output power of the
LPEH with the BCTZCy 3 sintered at 1300 °C is 4.0 mW, while the maximum output power
of the LPEH with the BCTZC 3 sintered at 1450 °C is 8.2 mW. To measure the power
density of each LPEH, the output power (P) and the volume (cm?) of the BCTZC 3 film
were used in the following equation: power density = P/volume. The minimum power
density (mW/ cm?) of the LPEH with the BCTZC 3 film that was sintered at 1300 °C was
52.63 mW /cm?, while the maximum power density of the LPEH with the BCTZCj 3 that
was sintered at 1450 °C was 107.9 mW/cm3. The energy-conversion constant (ds3 x ¢33)
values of the BCTZC 3 samples with their sintering temperatures are closely related to
the output power (mW) of the LPEH. Figure 3i presents graphs of the energy-conversion
constants (ds3 x g33) and the output power (mW) levels of BCTZC 3 films with respect
to the sintering temperature. The inset shows the lighting of 30 white light-emitting
diodes (LEDs). The graphs of the energy-conversion constant (dz3 x g33) and the output
power (mW), show similar trends. For LPEHs using the BCTZC 3 films, an increase in the
energy-conversion constant (ds3 x gz3) was found to factor into the improvement of the
LPEH output power (mW). The LPEH with the BCTZC 3 sintered at 1450 °C was selected
for use as a power source in self-powering WSNs. These results clearly indicate that an
energy harvester with a suitably high energy-conversion constant can convert energy in
environments characterized by weak magnetic fields into a usable form of electrical energy.
The output signals from the LPEH and other previously reported piezoelectric energy
harvesters are indicated in Table 2.

Figure 4a,b illustrates a promising application of the energy harvester, which is used
to operate a WSN using the output voltage generated by the LPEH. The WSN system
consists of a bridge rectifier, a capacitor, a step-down converter, a temperature sensor,
2.4 GHz wireless transmission, and a wireless receiver (with photographs of the WSN
system components). The AC voltage generated by the LPEH was converted into DC
voltage using the rectifier. To supply electric power stably, the capacitor was charged
to supply the required power using DC voltage. Using the step-down converter, the
supplied power is constantly reduced to enable the operation of both the temperature
sensor and the wireless transmitter, and the data pertaining to the ambient temperature
is transmitted to a computer. To verify the feasibility of the use of lead-free generators
in practical applications, it was also necessary to evaluate the operation of the WSN
system. Figure 4c presents the LPEH performance results after the successful charging
of the capacitor (capacitance: 150 uF) up to 6.5 V over 2.8 min in a field of 250 uT. The
energy generated by the harvester from the mechanical energy was used successfully
to drive both a temperature sensor and a radio frequency transmitter using electricity
that was first stored in a capacitor. The energy harvester generated the output voltage
required to operate the WSN system in a magnetic field of 250 uT. The capacitor was
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charged to 6.5 V in 2.8 min and was then able to supply sufficient energy to drive the
WSN system to measure the ambient temperature and transmit the measured data to a
computer every 0.8 min. The LPEH device could also be used in bending and unbending
applications with a magnetic field to operate the WSN system. The energy-harvesting
system is capable of real-time sensing, based on transmissions to the WSN system, of the
power generated from the AC magnetic field condition. This lead-free BCTZC 3 with a
high energy-conversion constant can transmit the temperature data wirelessly to a notebook
computer. Self-powered WSN technologies combined with a real-time monitoring and
management system require further investigation of lead-free piezoelectric energy device
systems in advanced electronics.
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Figure 3. (a) Photograph of the experimental environment used to observe the power-generation characteristics of the LPEH

Load resistance (Q) Sintering temperature (°C)

in various magnetic fields (1T). (b) Open-circuit output voltage (V) of the LPEH at various frequencies. (c) Displacement
of the LPEH at a resonance frequency of 60 Hz. (d) Open-circuit output voltage (V) of the LPEH in differential magnetic
fields (uT). (e) Simulated data of the piezoelectric potential (V) when stress is applied. (f) Open-circuit output voltage
(V) characteristics of LPEHs composed of BCTZC 3 films processed at various sintering temperatures (°C). (g) Open-
circuit output voltage of the LPEH for a durability test of over 216,000 cycles performed in a magnetic field of 250 uT.
(h) Instantaneous maximum output power (mW) values of LPEHs with BCTZC 3 films sintered at various temperatures (°C)
under specific load resistances (Q2) for impedance matching. (i) Power conversion constant (ds3 X g33) and instantaneous
maximum output power (mW) values of LPEHs with BCTZCj 3 films, depending on their sintering temperatures (°C). The
inset shows lighting when using 30 white light-emitting diodes.
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Figure 4. (a) Circuit diagram of self-powered wireless temperature monitoring system powered with the LPEH in a magnetic

field of 250 puT. (b) Photograph images of the self-powered wireless temperature monitoring system (see Supporting
Information Figures S1 and S2). (c) Characteristics of the self-charging voltage that drives the temperature sensor and
radio-frequency (RF) transmission using a capacitor of 150 pF with the LPEH in a magnetic field of 250 uT.

Figure 5a shows the experimental environment that was used to harvest electrical en-
ergy from the power-line cable of an automatic voltage regulator (30 kV). During operation
of the automatic voltage regulator, we measured the LPEH’s electrical output performance.
An energy-harvesting circuit diagram is presented in Figure 5b. For the automatic voltage
regulator operation period, the output voltages were fixed at approximately 1.36 Vmax
and 0.87 Vims, shown in Figure 5c. Vertical displacement was generated by the LPEH at
60 Hz in a weak magnetic field of 78 puT. Total displacement of 0.8 mm was generated
from the change in the magnetic force acting between the magnets of the LPEH. Figure
5d indicates that the LPEH generated an output voltage signal when the regulator was
turned on and off. With regard to the regulator’s turn on step, the voltage signal was
instantaneously increased to 1.8 V as overcurrent. When the regulator operated normally,
the output voltage was generated constantly. When the regulator was turned off, the
voltage signal level decreased abruptly. To demonstrate the durability of the proposed
LPEH, the output performance was tested over a period of 216,000 cycles, with the results
shown in Figure 5e. This verified that the magnetic-force-based power-generation mech-
anism of the LPEH offers high stability and an output voltage of approximately 1.32 V.
This phenomenon can be attributed to confirmation of the development of the proposed
BCTZCy 3-based LPEH as an energy source from weak magnetic fields. The output power
from this lead-free piezoelectric energy harvester was 1.52 mW at load resistance of 7 k()
in Figure 5f. These results fully demonstrate that the LPEH based on the BCTZC 3 film
could provide a reliable source of energy.
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Figure 5. (a) Experimental setup to test the energy-harvesting performance from the power-line cable of an automatic
voltage regulator (30 kV). (b) Diagram of the energy-harvesting circuit with the LPEH. (c) Open-circuit voltage of the LPEH
from the magnetic field of a power-line cable. (d) Open-circuit voltage of the LPEH under a regulated turn-on and -off
condition. (e) Open-circuit voltage of the LPEH for a durability test over 216,000 cycles performed in a weak magnetic field

of 78 uT. (f) Output power of the LPEH in the magnetic field of a power-line cable as a function of the load resistance (range
of 1 kQ) to 100 kQY).

4. Conclusions

We developed a LPEH based on BCTZCy 3 with a high energy-conversion constant.
With the lead-free BCTZCy 3 sintered at 1450 °C, we obtained both enhanced piezoelectric
properties and improved energy-harvesting characteristics. The LPEH generated maxi-
mum output power that reached 8.2 mW. Moreover, an energy density of 107.9 mW /cm?
was achieved in a magnetic field of 250 uT, which was sufficient to drive 30 commercial
LEDs. The BCTZCj 3-based LPEH demonstrated remarkable stability without performance
degradation over 126,000 cycles. The module successfully overcame earlier restrictions
on power generation when using a lead-free piezoelectric energy harvester, thus enabling
its operation as a self-charging energy harvester in a WSN system. The LPEH supplied
electrical energy (output power: 1.52 mW) constantly under a power-line cable with a weak
78 uT magnetic field. The proposed approach represents a significant advance in LPEHs
based on BCTZC 3 film research for self-powering sensors in magnetic fields that could
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be used in ubiquitous wireless communication systems and also demonstrates that the
technology has great commercialization potential.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-1
073/14/5/1346/s1, Figure S1: Rectifier of Self-powered wireless temperature monitoring system,
Figure S2: Signal microcontroller of self-powered wireless temperature monitoring system, Figure S3:
Surface FE-SEM images of the BCTZC 3 ceramics sintered at different temperatures, Figure S4:
Energy dispersive spectra (EDS) mapping analysis of the 1500 °C BCTZCy 3 composites, Figure S5:
surface images of the BCTZC 3 sample sintered at 1500 °C. Self-powered wireless temperature
monitoring system and More material information can be found in the Supplementary Materials.
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