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Abstract

Relaxer ferroelectrics are highly attractive in electrocaloric due to large breakdown electric field and wide
phase transition temperatures, which has great potential applications in solid-state cooling. In this work,
relaxer ferroelectrics are synthesized by a traditional solid state reaction method. Phase transition and
relaxer characteristics are studied by temperature dependent dielectric spectrums. Temperature
dependent ferroelectric properties are also studied to calculate electrocaloric effect. Maximum value of
refrigeration efficiency n ( AT/AE ) is about 0.079 K-cm/kV, our result lays a foundation and provides a
reference for studying high efficiency solid-state electrocaloric refrigeration. Pyroelectric energy
harvesting are studied, maximum pyroelectric energy harvesting is 279 kd/cm 3 .

Introduction

Refrigeration is indispensable in our daily life, such as: food preservation, air conditioning, medical
aspects (organ refrigeration, organ transplantation), microelectronic refrigeration, and etc[1, 2]. The
refrigeration method of the common compressor has almost reached its limit, the organic gas it
discharged directly destroys the olfactory oxygen layer causing the global greenhouse effect,
environmental damage appeals more and more attention recently. As a result, finding a new way of
cooling method becomes an urgent task.

The unique properties and great variety of relaxer ferroelectrics make them highly attractive [3]. During the
past decades, intensive research efforts have been conducted to develop solid-state cooling technologies
[4, 5]. Electrocaloric effect (ECE) is the isothermal entropy change (4S) and adiabatic temperature change
(AT) of polar materials during application and removal of electric field, which is more environmental
friendly and satisfies the demand of realizing next-generation solid-state cooling devices for various
applications [4], the operation schematics of electrocaloric cooling technology is shown in Figure 1.
Recently, relaxer ferroelectrics for future solid-state refrigeration technologies become very hot [6, 7], high
energy conversion efficiency, easy miniaturization, wide temperature region of phase transitions and large
breakdown electric field indicate the potential applications in solid-state refrigeration technologies.

It is a well-known fact that thin films have advantages in small solid state cooling devices, but bulk
materials play an important role on larger scale devices [8]. As a result, ECE of bulk materials are desired,
we should pay more attentions to ECE of bulk materials. Bulk materials including multilayer capacitors,
ceramics and single crystals have been reported a lot, such as: PMN-PT single crystal [9], PLZT multilayer
capacitors [10], Ba(Ti,Ce)03-(Ba,Ca) TiO5 ceramics [11], PLZT ceramics [12], and etc. Compared to

multilayer capacitors and single crystals, ceramics have the advantages of low-cost and easier
fabrications [13]. As a result, ECE of ceramics are important.

(Pbg.g1Lag 09) (Hfo 65Ti0.35)0.977503 (PLHT) and (Pbg g1Lag 09)(Zrg 65Tig 35)0.977503 (PLZT) ceramics are
prepared and studied. Frequencies and temperatures dependent dielectric permittivity 7, and loss tané are
also investigated to study the relaxer phase transitions and defects related relaxations. Great ECE results
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are achieved, maximum value of AT is about 1.96 K, maximum value of refrigeration efficiency is  (AT/
AE) is about 0.079 K-cm/kV, the huge refrigeration efficiency i and large reversible adiabatic temperature
change AT indicate that applications in future solid-state refrigeration devices.

Experimental

Ceramic samples of PLHT and PLZT were prepared by a conventional solid state reaction method using
high-purity raw materials Pb30,, La,03, ZrO,, HfO,, and TiO, (AR, Macklin Biochemical Co., Ltd., China).

The powders were weighed based on nominal composition and mixed in ethanol using zirconia balls for
12 h. The mixture was ball-milled for 24 h after calcination at 900 °C for 3 h, the green body was sintered
at 1300 °C for 5 h. The sintered sample discs were polished into a thickness of 0.5 mm, and then the two
parallel surfaces were covered with silver paste and finally fired at 600 °C for 30 min as electrodes.

Dielectric characteristic was conducted by an impedance analyzer (VDMS-2000H, Partulab, Wuhan,

China) with the heating rate of 3°C/min. Ferroelectric hysteresis loops (P-E) and current density-electric
field (/-E) curves were tested by using a ferroelectric tester (TZFE-300, Harbin Julang Technology Co.,
Ltd., Harbin, China) with a frequency of 10 Hz. Structure of PLHT and PLZT ceramics was analyzed by X-
ray diffraction (XRD; Bruker D2 PHASER, Germany). The surface morphologies of PLHT and PLZT were
determined by field-emission scanning electron microscope (FE-SEM; S 4800, Hitachi, Japan).

Results And Discussions

Figure 2 shows XRD patterns of PLHT and PLZT ceramics. Several obvious diffraction peaks are
observed from XRD patterns, namely (100), (110), (111), (200), (210), (211) and (220), indicating that all
sintered ceramics exhibit stable perovskite structures. The inset of Fig. 2 displays SEM images of PLHT
and PLZT bulk ceramics. The samples possess dense and homogeneous microstructures with only few
visible pores.

Temperature dependent dielectric permittivity 7, and loss tané of PLHT and PLZT ceramics are shown in

Figs. 3a-b. In lower temperature region ({150 °C), both loss tané and permittivity 7, exhibit single
independent peak clearly for PLZT and PLHT ceramics, which are due to the phase transition of
ferroelectric—paraelectric phase, similar results are also reported [14]. Maximum permittivity [, appears
around 405.15 K, and 355.15 K respectively for PLZT and PLHT ceramics. From Fig. 3, T,,, (temperature
of maximum 7,) shift to higher temperatures with increasing frequencies, but maximum values of
dielectric permittivity /, decrease with increasing frequencies, this phenomenon indicates typical relaxer
behaviors.

Dielectric relaxation usually denotes reorientational processes in condensed matter that can be detected
by dielectric spectroscopy [15]. Generally speaking, while temperature is above Curie temperature, then
permittivity [, of a normal ferroelectric usually is suitable for the Curie-Weiss law, and dielectric
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characteristics can be described by equation [16]: 1/4,7(7-T,)/ C, (T>T), where T, and C are Curie-Weiss
temperature and Curie-Weiss constant, respectively. Permittivity 7, of PLHT and PLZT ceramics are
studied by the Curie-Weiss law, plots of temperature dependent inverse 10000/7, (at 10 kHz) are shown in
Figs. 3c-d (Black quadrate, the solid black lines are used to fit the Curie-Weiss law). Clearly, T, are about
483.15 K and 421.15 K respectively for PLZT and PLHT ceramics. Besides dielectric behaviors of relaxer
ferroelectrics usually deviate from the typical Curie-Weiss behavior, as a result, dielectric relaxer
characteristics can be described by a modified Curie-Weiss relationship [17, 18]: 1/0,-1/[,,=(T-T))"/ C,,
(1=y=<2), where yand C; are constant. The character of phase transitions can be revealed by parameter
y. The plots of In(1/0,1/0,,) versus In(7-T,,) with (at 10 kHz) (Blue quadrate, the solid blue lines are used
to fit the modified Curie-Weiss law) are shown in Fig. 3. Values of parameter y=1.92 and 1.79
respectively for PLZT and PLHT ceramics obtained by by modified Curie-Weiss relationship. Fitting
values of yalso support relaxer characteristics in PLHT and PLZT ceramics.

In order to calculate ECE of PBLZST ceramics, P-Eloops and /-E curves of PLZT and PLHT ceramics
under various temperatures are shown in Figs. 4a-b, with increasing measured temperatures, P-E loops
appear to be typical relaxer ferroelectric loops, which indicates the relaxer nature, saturation polarization
decreases sharply with increasing temperatures. /-E curves provide detailed picture of phase switching
process, a single sharp current peak is observed in the /-E curves, which can be attributed to the domain
switching. Flat /-E curves with two split current peaks can be observed in PLHT ceramics, indicating the
higher composition of nonpolar phase. The transition from short-range nonergodic relaxer ferroelectric to
long-range metastable ferroelectric phase can be disassembled by two parts: the generation of micro-
sized domains from PNRs that embedded in the easily polarized matrix, and the alignment of the micro-
sized domains driven by high electric field. As a result, the two current peaks in the /-E curves can be
ascribed to the formation of micro-sized domains and the domain switching under further applied electric
field [19].

According to the principle of ECE, when electric field increases from E; to E,, the isothermal entropy
change ASof an ECE material should be: AS=S(E;, T)-S(E,, T). Therefore, initial conditions of ECE
materials at £, (in most cases, £;=0) will affect ECE directly. Assuming the Maxwell relation: (aP/aT) =
(8S/3E) 7. The corresponding isothermal entropy change ASand the reversible adiabatic temperature
change AT are calculated by following relations [20]: AS=-1/p-[(aP/aT)cdE, AT=-T/Cp-l(oP/aT)dE, where
p, C, E; and E, are mass density, mass heat capacity, initial and final applied electric fields, respectively.
Values of (aP/aT) g is the pyroelectric coefficient at the applied electric field and can be obtained from the
numerical differentiation of polarization-temperature data, which are extracted from upper branches of P-
Eloops (E >0) measured at various temperatures. ASand AT calculated at different electric fields are
presented in Figs. 4c-d. Both ASand AT show humps near phase transition temperatures. On the other
hand, AT increase continuously with increasing measured electric fields. Maximum positive ECE are 1.96
K and 1.24 K respectively for PLZT and PLHT ceramics. For solid-state refrigeration technologies
applications, the quantitative effect of electric field AE on ECE of dielectrics is also desired, refrigeration

Page 4/12



efficiency is n=AT/AE[21]. Maximum values of refrigeration efficiency is n (AT/AE) is about 0.079
K-cm/kV for PLZT ceramics, which is much higher than previous reports in BaHfTiO5 ceramic [6], NBBST
thin film [22], BNBT/BCZT bilayer [23], BaTiO3-based ceramics [24], PbSrTiO5 ceramics [25], PBLZT anti-
ferroelectric thick film [26].

Ferroelectrics have been widely studied in energy harvesting applications due to the outstanding
pyroelectric characteristics which are promising to convert heat fluctuations into electrical energy.
Pyroelectric effect reflects the variation of spontaneous polarization in pyroelectric material with
changing temperatures [27]. Significant variations of polarization under different temperatures induce
giant pyroelectric energy harvesting density (Np), which can be estimated by using Olsen cycle between
two hysteresis loops [28]. A complete Olsen cycle (A—~B—C—D—A) consists of two isothermal (A—B and
C—D) and two isoelectric (B—C and D—A) process in Fig.5a. Energy conversion in these processes have
been described in elsewhere [29]. The output electrical energy density N, per cycle in Fig.5a is calculated
by the following formula [27]:, where E and P are electric field and polarization respectively, it is
numerically equal to green shaded area in Fig.5a. In this work, the maximum pyroelectric energy
harvesting are 279 and 234 kJ/cm? respectively for PLZT and PLHT ceramic with AT = 90°C (shown in
Fig. 5b). Our results shows higher values than previous reports in PZT ceramic [30], BZT-50BCT ceramic
[31], SrBaNb, O ferroelectric ceramics [32], and etc.

Conclusion

In this work, PLZT and PLHT ceramics are synthesized by a traditional solid state reaction method, and
pure phase is obtained from XRD spectrum of all sintered samples. Phase transition behaviors and
relaxer characteristics are studied. Maximum reversible adiabatic temperature change AT are 1.96 K and
1.24 K respectively for PLZT and PLHT ceramics, maximum value of refrigeration efficiency is n (AT/AE)
is about 0.079 K-cm/kV, the current progresses achieved in this work show potential applications for

solid-state refrigeration devices. Maximum pyroelectric energy harvesting values are 279 and 234 kJ/cm?®
respectively for PLZT and PLHT ceramic.
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Figure 1

Operation schematics of electrocaloric cooling technology.
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Figure 3

Permittivity lly and loss tan6 as a function of temperature for PLZT (a) and PLHT (b) ceramics measured
at different frequencies (1, 10, and 100 kHz), the inverse dielectric permittivity (10000/ly) as a function of
temperature (The solid lines are used to fit by the Curie-Weiss law) and plots of In(1/0y-1/Em) as a
function of In(T-Tm) for PLZT (c) and PLHT (d) ceramics.
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Figure 4

P-E loops and I-E curves of PLZT (a) and PLHT (b) ceramics measured at 10 Hz under various
temperatures, reversible adiabatic temperature change AT of PLZT (c) and PLHT (d), refrigeration
efficiency n of PLZT (e) and PLHT (f).
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Figure 5

The principle of pyroelectric energy harvesting using the Olsen cycle (a) and pyroelectric energy
harvesting density per cycle as a function of AT (b).
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