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Abstract: Recently, recycling energy from wasted heat with pyroelectric materials has
received significant attention. However, pyroelectric energy harvesters generally suffer
from a low energy efficiency due to the low rates of heat transfer. Here, we report high-
performance thermal energy harvesting using novel hybrid pyroelectric ceramics with
greatly improved heat transfer and rate of temperature changes. This is achieved by
evenly dispersing 0.1 wt.% hexagonal boron nitride (hBN) nanosheets into a
Pb[(Mn13Nb23)12(Mni3Sba/3)1/2]0.04(Zr0.95Ti0.05)0.9603 (lead magnesium niobate-lead
antimony-manganese-lead zirconate titanate: PMN-PMS-PZT) ceramic matrix. Due to
the vibrations of whole chain and phonon scattering, heat transfer through the hybrid
crystalline chain is more efficient than that of unfilled PMN-PMS-PZT. It is
demonstrated that the harvested power was increased by up to 65.6%. This work paved
an efficient and cost-effective way to largely improve the traditional pyroelectric
ceramic for thermal energy harvesting.
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1. Introduction

With the threat of global warming and energy crisis, the search for renewable energy
resources with reduced carbon emissions is one of the most urgent challenges to the
sustainable development of human civilization [1-6]. Thermal energy is a form of clean
energy form with a collection of compelling features: indispensability, ubiquity,
abundantly available and delivering highest available work. Thermal energy can be
generated in a wide variety of energy conversion processes [7-13]. The ability to use
the pyroelectric effect to generate electricity from wasted thermal energy and
temperature fluctuations and transients has attracted a wide-range of interest in both the
scientific community and industry [14-22].

To improve the performance of pyroelectric generators, firstly, much effort has been
committed to enhance the materials pyroelectric coefficient [23-26] to improve the
charge generated for a given temperature change. Secondly, partial efforts from the
community have been made in an attempt to increase the rate of temperature change
dT/dt and thereby increase the generated current. This approach was usually realized
by fabricating a meshed or partially covered electrodes on pyroelectric materials, such
as PZT [27-30], PVDF [31] and ZnO [32]. Thirdly, the ability to simultaneously
enhance both the pyroelectric coefficient and the rate of temperature change of a
material is an effective approach to improve the energy harvesting performance [23].
However, the output power of the pyroelectric devices is still relatively low for practical
applications. Recently, the development of fillers with high thermal conductivity and

electrical resistivity was reported as an efficient approach to enhance the thermal



transfer of ceramics [33, 34], and thereby achieved greatly improved the thermal energy
harvesting performance. Typical high thermal conductivity fillers include diamond,
beryllium oxide (BeO), aluminum nitride (AIN), aluminum oxide (Al>O3), and boron
nitride (BN) [35, 36]. However, a number of these fillers have challenges associated
with their high cost [23], material toxicity [33] and instability in ambient environment
[34]. In addition, for Al based fillers, such as AIN, the atoms can stack at the grain
boundaries of the ceramic matrix due to the relatively higher atomic mass, which in
turn can restrict the thermal transfer as a result of the limited thermal conduction of the
interfaces between grain boundaries compared to the grain interior.

Bearing these points in mind, we have selected BN as a dopant which is low-cost,
non-toxic, and chemically stable together with lower atomic mass [37] and designed a
high-performance pyroelectric hybrid ceramic by utilizing two-step sintering method.
Initially, we  utilized a  solid-state  reaction method to  prepare
Pb[(Mn13Nb2/3)12(Mni/3Sb2/3)1/2]0.04(Z10.95Ti0.05)0.9603 (PMN-PMS-PZT) ceramics. The
prepared PMN-PMS-PZT powders and commercial hBN nanosheets were then mixed
to fabricate hybrid pyroelectric ceramics by the same reaction technique. Furthermore,
compared to the pristine sample, the sample with 0.1 wt.% hBN exhibited an enhanced
performance, including an improved pyroelectric coefficient by 16.2%, an enhanced
thermal conductivity by 12.5% and a higher rate of temperature change, d7/dt, by 8.2%.
Finally, an energy harvesting system subjected to temperature cycling was designed to
assess the output voltage of the energy harvester and was demonstrated to achieve a

65.6% increase in harvesting power compared to that of the device with the unfilled



PMN-PMS-PZT ceramic. Our work represents a new approach in designing strategies
and experimental methods to achieve high heat transfer for pyroelectric energy
harvesting applications.

2. Experimental section

2.1. Sample preparation

The PMN-PMS-PZT powders were initially prepared by a method described in our
earlier work [24]. Based on the different ratios of oxides, PbO (99.0%), ZrO2 (99.5%),
TiO2 (99.8%), Nb2Os (99.5%), Sb203 (99.0%), and Mn(NO3)2 (50%, all from
Sinopharm Chemical Reagent Co., Ltd, China), were stoichiometrically weighed and
ball milled in deionized (DI) water for 4 h. After heating in a furnace at 100 °C for 1 h,
the dry slurries were calcined at 900 °C for 3 h with a ramp rate of 5 °C/min, and then
ground by hand and ball milled again in DI water for 4 h, followed by drying. The
powders were sintered in covered alumina crucibles at 1230 °C for 4 h and cooled in
air. The resulting PMN-PMS-PZT powders exhibited a high degree of crystallinity and
pure perovskite phase, as observed in Fig. Sla and Fig. S1b.

Subsequently, the PMN-PMS-PZT powders and the commercial hBN nanosheets
(99%, from Aladdin) were mixed according to the formula of PMN-PMS-PZT: xhBN
with x=0, 0.1, 0.2, and 0.3 wt.%. The hBN nanosheets had a hexagonal crystal structure
[33] with a plate-like morphology, as shown in Fig. S1c and Fig. S1d. After ball milling
in DI water for 4 h, each mixture was pressed into a disk with a diameter of 10 mm
under 8 MPa using 6 wt.% polyvinyl acetate (PVA) as a binder. Sintering was carried

out in covered alumina crucibles at 1070~1170 °C for 2 h in air with a rapid ramping



rate of 8 °C/min, followed by the natural cooling.
2.2. Crystal structure analysis and morphology characterization

The crystal structure of the resulting samples was characterized by using a X’ Pert-
PRO diffractometer with Cu Ka radiation (PANalytical, Holland). The surface
morphology and element analysis were obtained by field-emission scanning electron
microscopy (FE-SEM Sirion200, FEI, USA) and energy-dispersive X-ray spectroscopy
(EDS) respectively. The elemental distribution was examined with an electron probe
micro analyzer (EPMA-8050G, SHIMADZU, Japan). The Raman spectra of the
samples were recorded with a Vertex spectrometer from Bruker Co. (Bremen,
Germany).
2.3. Electrical property measurements

For electrical property characterization, samples with a diameter of ~ 8.5 mm were
mechanically polished to ~ 0.31 mm in thickness. Subsequently, each sample was
printed with Ag electrodes on both sides by silk-screen printing and treated with a
600 °C heating process for 25 min. The relative permittivity (&) and loss tangent (tan
d) of each sample were measured using an impedance analyzer (HP4294A, Agilent
Technologies, USA) at several frequencies in a temperature range from 30 to 300 °C.
The ferroelectric properties were measured at 10 Hz by a polarization and ferroelectric
test system (CPE1601, PolyK Technologies, and USA). Prior to assessing the
pyroelectric properties, samples were poled under an applied electric field at elevated
temperature (3 kV/mm, 25 min, 120 °C). The pyroelectric short circuit current was

measured by an electrometer (Picoammeter 6485, Keithley Instruments, Cleveland,



OH), and the pyroelectric coefficient was evaluated using a standard Byer-Roundy
method via an in-house pyroelectric parameter tracer.
2.4. Measurement of thermal conductivity

The thermal diffusivity (o) and specific heat capacity (Cp) of the samples were
measured by a graphite-coated cylindrical specimen with an average thickness of 1 mm
and a diameter of 12.7 mm from 20 to 60 °C by laser flash analysis using a LFA427
Microflash (NETZSCH-Gerédtebau GmbH, Germany). The density of the samples (p)
were characterized by the Archimedes method [38]. The thermal conductivity (K) was
calculated from K = apCjp [39].
2.5. Measurement of pyroelectric energy harvester

Two Peltier cells were employed to provide a temperature variation (d7/dt) for the
harvester. The temperature of the hot/cold flow was simultaneously monitored with two
K-type thermocouples, and adjusted with a heat sink and fan. The pyroelectric signals
from the harvester were recorded with a data acquisition system set up based on

LABVIEW.

3. Results and Discussion

The evolution of the crystal structures and surface morphologies of the PMN-PMS-
PZT samples with a variation of hBN content were shown in Fig. S2 and Fig. 1. X-ray
diffraction (XRD) patterns of each sample is shown in Fig. S2a, and the enlarged XRD
patterns in the 260 angle of 28.0-28.8° is presented in Fig. S2b. The surface

morphologies of the samples are shown in Fig. 1a, b and Fig. S2c, d, and the average



grain size and density are summarized in Fig. S2e, f. Generally, the existence of high
thermal conductivity hBN can promote the formation of a hybrid pyroelectric ceramic,
resulting in a noticeable morphological evolution of PMN-PMS-PZT ceramics as a
function of hBN content. In particular, as observed via the X-ray diffraction (XRD)
patterns in Figure S2a, the presence of (001), (100), (110), (111), (200), (210), (211),
(220), (300), and (310) peaks suggests that the crystallization of a pure perovskite phase
[24] without any formation of the pyrochlore phase. In particular, a peak at 28.15° was
observed in samples with 0 wt.% and 0.1 wt.% hBN, as shown in Figure S2b, which is
a result of the existence of the PbO secondary phase. With a further increase in hBN
content, the PbO peak disappeared, indicating that hBN can promote the formation of
a hybrid pyroelectric ceramic and inhibit the formation of a PbO phase. In addition, as
shown in Fig. la, b, the quality of the ceramics was improved with less defects
compared to the pristine PMN-PMS-PZT with no added hBN filler in the composite
sample, which can be ascribed to enhanced crystallization when B and N ions entered
into the lattice [40]. However, with a further increase in hBN addition, the grain
boundaries were less defined with the appearance of micropores and cracks, as shown
in Fig. S2¢, d, which can because that the excessive hBN tend to accelerate the thermal
energy transfer, leading to the partial melting of the grains. As a result, as plotted in Fig.
S2e, f, the mean grain diameters and the densities of the samples initially increased with
increasing hBN additions owing to the improved grain growth, and then decreased with
the increased contents above 0.2 wt.% of the hBN due to the partial melting of the

grains, as can be seen in Fig. Slg, h.



Fig. S3 shows the Raman spectra of the resulting samples with various content of hBN,
for all samples peaks at 75, 129, 239, and 446 cm' that belong to the excited bands of
the PMN-PMS-PZT matrix were observed throughout the whole range of the
wavenumbers, as shown in Fig. S3a. As shown in Fig. S3b, the Raman peaks at 75 cm’
! appeared without any shift, suggesting that addition of hBN did not affect the crystal
structure of the PMN-PMS-PZT matrix. Meanwhile, the broadening of the full width at
half maximum (FWHM) of the peak at 75 cm™! was initially observed with an increased
hBN content due to grain growth [23], as shown in Fig. S3c. However, the FWHM
decreased when the hBN content was beyond 0.2 wt.%, which can be ascribed to the
increased micropores and cracks in the sample and the intensity of the peak continued
to decrease as a function of hBN content, as shown in Fig. S2c¢, d.

The elemental distribution of the PMN-PMS-PZT: xhBN sample with x=0.1 is shown
in Fig. lc-f. The backscattered SEM images are presented in Fig. lc, and the
corresponding two-dimensional element maps are shown in Fig.1d-f and Fig. S3e, f.
Fig. 1g shows the EDS spectrum of the PMN-PMS-PZT with 0.1 wt.% hBN. As clearly
shown in Fig. 1d, the Pb distributed in the main area the sample while the Zr (Fig. S3e)
appeared at the boundaries of the grains. For the other elements with lower atomic
weight, such as B, N, and O, were uniformly dispersed in the ceramic matrix without
any agglomeration as shown in Fig. le, fand Fig. S3f. Noticeably, the element B, unlike
Al as discussed in our previous work [23], was homogenously distributed in the sample,
which suggested the hBN filler was evenly distributed into the ceramic matrix of the

PMN-PMS-PZT matrix, rather than being concentrated at the grain boundaries. As seen



in the EDS spectrum of Fig. 1g, all elements of the sample were detected, and the peaks
of B and N were observed at 0.18 and 0.39 keV, indicating the existence of BN.

The temperature behavior of the relative permittivity (e;) and dielectric loss (tand)
measured at 1 kHz over the temperature range between 25 and 300 °C with various
hBN contents are illustrated in Fig. 2a, b, and the temperature behavior of the & and
tand of the sample with 0.1 wt.% hBN measured at various frequencies from 1 kHz to
1 MHz are shown in Fig. 2c, d. In general, the &; for each sample increased until 213 °C,
and then decreased with an increase in temperature, suggesting a comparable Curie
temperature (7¢) associated with a phase transition. As shown in Fig. 2a, the smallest &,
was obtained by the sample with 0.1 wt.% hBN when the temperature was below 95 °C,
which was possibly ascribed to the maximum density caused by the enhanced
crystallinity of this composite. Since the figure of merit (FoM) for pyroelectric energy
harvesting is F, = p%)g [41], a relatively lower permittivity is beneficial for
enhancing the performance of pyroelectric energy harvester. In contrast to the &, the
tan 6 for each sample was generally less than 0.02 when the temperatures were below
100 °C, as shown in the inset of Fig. 2b, indicating a relatively low leakage current. In
addition, with an increase in frequency, the & was gradually decreased at each
temperature (Fig. 2c), which can be induced by the presence of dominant frequency-
dependent dielectric relaxation polarization [42]. At a relatively high frequency, the
contribution from the relaxation polarization to the & gradually became minor due to
slower response times for the change at a frequency point under the ac field, resulting

in the decrease in & with the increased frequency [43]. Similarly, a decrease in tand was



observed with an increase in frequency from 1 kHz to 1 MHz, as shown in Fig. 2d,
since tand is inversely proportional to the frequency according to Debye relaxations
[42].

The polarization-electric field (P-E) hysteresis loops of PMN-PMS-PZT: xhBN
samples measured at room temperature, and the corresponding saturation polarization
(Ps) and remnant polarization (P;) are summarized in Fig. 3. Table S1 lists the specific
values of the Ps and of P; at each hBN concentration. Each sample similarly exhibits
ferroelectric properties, which gradually varied with hBN contents. The peak value of
the Ps of the samples initially increased from 23.9 to 36.4 pC/cm? with 0.1 wt.% hBN,
as shown in Fig. 3b and Table S1. The number of grain boundaries of lower permittivity
was reduced and domain motion was less restricted as a result of an increased grain size
[23, 44], this resulted in an enhanced polarization under an identical electric field for
large grained materials. However, given that the presence of defects and the non-
ferroelecric filler gradually increased with a further increase in hBN content, domain
switching became more difficult [45], leading to a slight decrease in Ps, as shown in
Fig. 3b. Similarily, for the 0.1 wt.% hBN composite, the P; increased from 13.1 to 17.7
nC/cm? owing to the enhanced polarization, and then gradually decreased when the
hBN content increased beyond 0.1 wt.% (Fig. 3b). In particular, as shown in Table S1,
only a minor decrease in the P; was observed from 17.7 to 17.2 uC/cm? when the content
of hBN increased to 0.2 wt.%, which can be attributed to the effect of pinning forces
on domains switching due to defects in the sample [23, 45]. Therefore, the addition of

a small amount of hBN can effectively enhance the ferroelectric properties, and the



optimum Ps and Prwas achieved for a 0.1 wt.% hBN content. The coercive field (E¢)
was also sensitive to the hBN content, as shown in inset of Fig. 3a. When the hBN
content increased from 0 to 0.2 wt.%, the E. increased from 12.2 to 15.6 kV/cm, which
can be due to the increased electic field for the Pr domains to reverse owing to the
domain walls pinned by the hBN additions [46]. The E. decreased to 14.6 kV/cm at 0.3
wt.%, possibly due to the increased defects (Fig. S2d).

The mechanism of pyroelectric effect is illustrated in Fig. 3c. At a steady state
(dT/dt=0), the Ps remains constant and therefore no current is observed, however, as
temperature increases (d7/dt>0), the ferroelectric dipoles move from their equilibrium
position, leading to a decrease in Ps, Therefore, the current flows through the ammeter
as shown in Fig. 3c. The pyroelectric coefficient (p) in a temperature range between 28
and 65 °C and the peak values of p as a function of hBN content are presented in Fig.
3d and Fig. 3e, respectively. The p increased in accordance with the Ps as a function of
the hBN content, where p intiailly increased from 2947 to 3423 uC/m? -K for 0.1 wt.%
hBN, and then decreased to 2190 uC/m?-K when the hBN content was 0.3 wt.%, as
shown in Fig. 3e and Table S1. In addition, as shown in the inset of Fig. 3d, the peak
positions of the p for the sample with 0.1 wt.% was similar (~ 33.3 °C) with that of the
pristine PMN-PMS-PZT sample, and the peak position of p gradually shifted to higher
temperatures with an increased hBN content, which can be due to changes in the
microstructures of the samples as can be seen in Fig. 1a, b and Fig. S2c, d.

The simulation model of the pristine and the sample with addition of 0.1 wt.% hBN

is shown in Fig. 4a. According to this hypothesis and Maxwell theoretical model [47],



the thermal conductivity can be calculated from the Equation (1):

© :KC[Kd+2KC+2¢(Kd—KC)} 0

¢ K,+2K, -¢(K,-K.)

Where K, , K, and K, are the thermal conductivities of the composite, the
continuous phase (the pure ceramic) and the discrete phase (the hBN), respectively. ¢
is the volume fraction of discrete phase. According to equation (1), the theoretical
thermal conductivities are shown in Fig. S4a. In order to evaluate the real thermal
conductivity (K), a laser flash analysis (LFA427) was used to measure the a. Fig. 4b
shows the real K of all samples with various hBN contents from 25 to 60 °C, and the
values of K for the samples at a temperature of 30.3 °C are shown in Fig. 4c. As seen
in Fig. 4b, a slight decrease in the K was observed for each sample with an increase in
temperature. With an elevated temperature, the thermal resistance [35] gradually
increases due to the enhanced phonon scattering, resulting in the decrease of the K.
Meanwhile, the addition of a hBN filler with a relatively faster thermal response can be
an effective approach to enhance the thermal conduction of the ceramic matrix, which
resulted in an increase of the K from 0.795 to 1.038 W/m-K at 30.3 °C when the hBN
content increased from 0 to 0.3 wt.%, as shown in Fig. 4c. Namely, the formation of the
PMN-PMS-PZT: xhBN hybrid ceramics can be a promising approach to achieve a
higher thermal conductivity compared to the pristine ceramic.

Comparing the simulated result and the real data, it can be seen that the former is
slightly less than the latter, since in the real materials the addition of hBN not only
increased the effective K, but also changed the density and microstructure of the

samples. Therefore, the measured K was used in the following simulation model. To



predict the thermal response of the proposed pyroelectric energy harvesters, we
simulated a simplified heat transfer model with a 310 pm pyroelectric layer initially at
20 °C and a thermal boundary condition of 50 °C applied to opposing surfaces, while
the resulting temperature change with time was monitored in the material. A heat
capacity of C,=290 J/kg°C was used, with a thermal conductivity of K = 0.795, 0.895,
and 1.038 W/m-K for the samples with 0, 0.1 and 0.3 wt.% hBN at 30.3 °C, respectively.
In addition, a mass density of p = 7350, 7550 and 7050 kg/m? for the samples with 0,
0.1 and 0.3 wt.% hBN in the finite element analysis. The temperature distribution of
the pure and the samples with 0.1 and 0.3 wt.% hBN calculated by Multiphysics
ANSYS software at the same time interval are illustrated in Fig. 4d and Fig. S4b,
respectively. It can be clearly seen that as more hBN is added to the samples, the higher
the temperature increase. Fig. S4c shows the temperature in the sample center with time
for the three materials for the boundary conditional and materials properties described
above, where the sample with 0.3 wt.% hBN has the highest heating rate for a given
thermal input compared with the other two materials. This can be explained that, with
an identical thermal condition, the sample with 0.3 wt.% hBN will heat up more rapidly
since it has the lowest density and thermal mass.

Fig. 5 shows the energy harvesting of the PMN-PMS-PZT: xhBN ceramics subjected
to periodic temperature variations between 20 and 50 °C. The data was acquired from
measurement system and the corresponding equivalent harvesting circuit (Fig. S5). Fig.
5 shows the rate of temperature change and the output voltage of all devices, and the

corresponding values for the devices with various hBN contents are summarized in



Table S2. The cyclic changes in temperature and the rate of temperature change (d7/dr)
of the pyroelectric energy harvester for the sample with 0.1 wt.% hBN content are
shown in Fig. 5a and Fig. 5b, respectively. Under the forward connection, a positive
output voltage pulse with 9.2 V was obtained, and the current was 0.92 pA with a load
resistor of 10 MQ (Fig. 5c, d). Under the reversed connection, the corresponding signals
were inverted with the identical absolute value of that under forward connection as
shown in Fig. Se, f. A similar trend was also observed for each sample with cyclic
temperature variations from 20 to 50 °C, as shown in Fig. S7. In order to have a better
comparison for energy harvesting, each sample was fabricated with an identical
thickness of 310 um and a diameter of 8.5 mm (Fig. S6). With a 0.1 wt.% hBN addition,
the peak value of the d77/dt increased by 8.15% from 3.19 to 3.45 °C/s (Table S2),
indicating a more sensitive pyroelectric response. Correspondingly, the output voltage
and current increased by 28.7% to 9.20 V and 0.92 pA when the hBN content was 0.1
wt.% compared to that of the device with the pristine ceramic. Subsequently, with a
further increase in hBN content, the d7/dt gradually decreased. The d7/d¢ finally
declined to 3.13 °C/s, which can be a result of the excessive defects in the ceramics.
The variation of the peak output voltage (U) and the d7/dt for all devices are shown in
Fig. 5g. Accordingly, a similar decrease trend in the output current (/) was observed
with a further increase in hBN content (Table S2). As a result, based on the power,
Pe=UlI, the maximum output power can be obtained with the 0.1 wt.% hBN sample,
which is an increase of 65.6% compared to the device from the pristine PMN-PMS-

PZT ceramic. The trend can be seen in Fig. 5h, suggesting that the addition of hBN



nanosheets can effectively enhance the heat transfer for pyroelectric energy harvesting

applications.

4. Conclusion

In summary, we have designed and prepared new hybrid pyroelectric ceramics with
high thermal conductivity hBN filler additions to a PMN-PMS-PZT ferroelectric
ceramic to create PMN-PMS-PZT: xhBN composites. Detailed microstructural analysis
substantiates that the hBN nanosheets were evenly distributed in the PMN-PMS-PZT
matrix. The hybrid ceramic with 0.1 wt.% hBN exhibited improved ferroelectric and
pyroelectric properties, and enhanced thermal conductivity compared to the PMN-
PMS-PZT, which revealed the advantages of hBN additions in heat transfer and energy
harvesting applications. Finally, we successfully harvested the heat energy from the
pyroelectric energy harvesters with all the ceramics at forward and reversed connection
to the measurement system. Compared to the pyroelectric energy harvester with 0 wt.%
hBN nanosheets, the composite device based on a 0.1 wt.% hBN content produced 8.46
uW, which was a 65.6% increase in contrast to that of the device with 0 wt.% hBN
content. The results confirmed the benefits of the designed hybrid pyroelectric ceramics,
as predicted by theoretical derivations. This approach to the design of pyroelectric
ceramics provides a route to enhance the heat transfer, microstructure and electrical
properties to improve energy harvesting performance of pyroelectric harvesters, and
represents a progress towards effectively utilizing ambient thermal energy as a source

for self-powered devices and wireless sensor networks.
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Fig. 1. SEM microstructures of samples, (a) x=0, (b) x=0.1, Microstructure image and

corresponding elemental distribution including, (¢) Composite (d) Pb, (e) B, and (f) N, (g) Energy-

dispersive spectrum pattern recorded from the local area.
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Fig. 2. Temperature dependent dielectric constant (a) and dielectric loss (b) of all samples.

Temperature dependent dielectric constant (c) and dielectric loss (d) of sample with x=0.1 wt.% at

different frequencies.
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Fig. 3. (a) P-E loops and (b) Ps and P; of samples with x=0~0.3, (c) Mechanism of pyroelectric
effect, (d) Temperature dependent pyroelectric coefficient and (e) pyroelectric values of the

corresponding samples.



(a) 'HW? nm: l"’.
— - —
Gtonantrs AN ﬂ“‘“"‘i

PMN-PMS-PZT ceramic

e e RTe

ﬁv ﬂ—*u"""-‘"— RN

SO ket A

1.0

1/

K (W/m-K)
-
b=
1
®

| 1 1 1
0.0 0.1 0.2 0.3
hBN Content (wt%)

50 (C) T 50 (C)

PMN-PMS-PZT “PMN-PMS-PZT: 0.1BN

A —— 139 Eassssssssssssssssssssess 133.09

Fig. 4. (a) Simulation model of the pristine and the samples with addition of hBN, (b)
Measured K as a function of temperature and BN content, (¢) Detailed values of K with various BN
contents, (d) Temperature distribution in the pristine and the sample with 0.1 wt.% hBN obtained

from the ANSYS simulation.
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5. (a) Cyclic changes in temperature and (b) the rate of temperature change, (c, d, e, f)

Fig.

Measured output voltage and current of the pyroelectric devices with the sample with 0.1 wt.% BN

at forward connection and reversed connection to the measurement system, (g) Peak voltage, d7/dt

and (h) power of all samples.



