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Abstract: The annealing effects on Pbgg7Lag ¢35cg 45Tag 45Tip1O3 (PLSTT) ceramics prepared by
the solid-state reaction method are systemically investigated using experimental and theoretical
techniques. Comprehensive studies are performed on the PLSTT samples by varying annealing time
(AT) from t (=0, 10, 20, 30, 40, 50 and 60) h. The properties involving ferroelectric polarization (FP),
electrocaloric (EC) effect, energy harvesting performance (EHP) and energy storage performance
(ESP) are reported, compared and contrasted. All these features are seen to gradually improve with
the increase in AT, and they all reach the climaxed-shaped values and then decrease by further
increasing the AT. For f = 40 h, the maximum FP (23.2 uC/ cm?) is attained at an electric field of
50 kV/cm, while the high EHP effects (0.297 ]/ cm?) and positive EC are achieved (for AT~0.92 K and
AS~0.92]/(K-kg)) at 45 kV/cm. The EHP value of the PLSTT ceramics increased by 21.7% while the
polarization value was enhanced by 33.3%. At t = 30 h, the ceramics have attained the best ESP value
of 0.468 J/cm3 with an energy loss of 0.05 J/cm3. We strongly believe that the AT plays a crucial role
in the optimization of different traits of the PLSTT ceramics.

Keywords: ferroelectric ceramic; performance optimization; the annealing process

1. Introduction

Ferroelectric materials have recently attracted a great deal of attention due to their
growing scientific interests and technological abilities to engineer/design practical de-
vices including energy storage devices, ultrasound transducers, acoustic sensing, mod-
ulators, [1-9], etc. Among others, Pb-based Pb(Scy5Tag5)O3-PbTiO3 (PST-PT) ceramics
as relaxor ferroelectrics have exhibited many unique properties such as high dielectric
permittivity over a wide range of temperatures, large electrostrictive strain and ultrahigh
piezoelectric coefficients [10-14]. These fundamental traits have clearly distinguished the
relaxor ferroelectrics from the so-called diffuse phase transition ferroelectrics where the
diffuseness is largely related to the macroscale inhomogeneity and other macroscopic quan-
tities [15]. The basis of typical behavior for relaxor ferroelectrics lies in the interactions of
the polarized entities on a nanoscale regime. The materials exhibiting relaxor behavior are
typically of a class of oxides commonly known as the “oxygen-octahedra compounds” [16].

For relaxor ferroelectrics, doping has played an important role in effectively improving
the performances of different device structures [17-20]. The effects of lanthanum (La)
doping on the microstructure and ferroelectric properties have been extensively studied
both in the PST-PT bulk and thin film ceramics. The distribution of La-doping content has
exhibited a stronger influence at the microstructure level to modulate the performance
of ferroelectric ceramic-based capacitors and piezoelectric devices [21-23]. The radius of
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La®* (1.36 A) is smaller than that of Pb%* (1.49 A), and the lattice parameters decrease
slightly with the increase in lanthanum content [24]. Appropriate La-doping is known for
promoting not only grain growth but also helping to improve the density of the sample and
stability of the ferroelectric system. Moreover, it has reduced the coercive field and assisted
in achieving outstanding dielectric properties [24-26]. As a donor, the substitution of La®*
on Pb2* can cause vacancies at the A site of the Pb(Sco5Tag5)O3 (or ABO3) structure. This
destroys the transition to a long-range ferroelectric state and forms a new polar cluster so
that the ceramics can attain greater energy storage density and efficiency [24,26-30]. Earlier,
by doping La into 0.55Pb(Scg 5Tag 5)O3-0.45PbTiO3 ceramics, Liu et al. [6] studied the major
changes in the piezoelectric properties. Maier et al. [31] have also improved the energy
storage density by incorporating a small amount of La to affect the structural changes in
the ferroelectrics. However, with an additional increase in the La contents, the appearance
of pores caused lattice distortions which not only resulted in a substantial increase in the
defects but also caused further complications [32-35]. Moreover, the excess doping of La
prevented long-range order of ferroelectricity [36]. The La-doped PST system inhibits the
dynamic coupling between eccentric Pb and B-site cations, which is certainly not conducive
to further improvement in the performance of their different traits [31]. The development
of other technical methods is certainly needed for achieving the optimal performances of
ceramic-based device structures.

Many studies [37,38] have demonstrated that the performance of PST-PT material
systems for device applications is related not only to the doping but also to the annealing
process. For instance, Osbond et al. [37] have examined the (1-x)PST-(x)PT ceramics with
different x and compared the changes observed in their dielectric properties after annealing
at different temperatures. The authors of Ref. [37] reported that the annealing temperature
(AT) plays an important role in the phase transition temperature, dielectric loss, and
dielectric constant. Perumal et al. [38] have also studied the energy storage behavior of
PZN-PT, PMN-PT, and PZN-PMN-PT (PZN-PbZn; /3Nb; 303, PMN-PbMg; ;3Nb; /303 and
PT-PbTiO3) materials and revealed their maximum energy storage efficiencies as 45%, 22%,
and 71%, respectively. By doping with the La, we have noticed changes in the relaxation
properties of PST-PT ceramics to cause a reduction in the coercive field and improve
energy storage.

The purpose of this work is to report the results of systematic annealing processes
on the Pbg g7Lag 03(Sco.45Tag 45 Tip.1)O3 (PLSTT) ceramics prepared by using a conventional
solid-state reaction methodology. The microstructure, composition and electrocaloric (EC)
properties of the PLSTT ceramics are characterized by exploiting X-ray diffraction (XRD),
scanning electron microscopy (SEM), Raman scattering spectroscopy, Energy Dispersive
X-ray Spectroscopy (EDS), X-ray Photoelectron Spectroscopy (XPS) and ferroelectric instru-
ments. The effects of annealing time (AT) in hours ranging from ¢ (=0, 10, 20, 30, 40, 50, 60 h)
are meticulously studied to comprehend the microstructure and macroscopic properties
of the PLSTT ceramics. Our systematic and comparative analysis has revealed that AT
plays a significant role in the structural characteristics and in effectively improving the
polarization performance of the PLSTT ceramics. For an annealing time of 40 h, the study
achieved a larger ferroelectric polarization (FP) value of ~23.2 pC/cm? with an electric field
of 50 kV/cm, and a higher positive thermoelectric effect (for AT~0.92 K, AS~0.92 J/(K-kg))
at 45 kV/cm. Moreover, the energy harvesting performance (EHP) also reached a maxi-
mum value of ~0.297 ] /cm?>. At the annealing time of 30 h, the ceramic achieves the best
energy storage performance (ESP) (0.468 J/ cm?) with an energy loss of 0.039 J/ cm3. These
outcomes have provided important references for the performance and optimization of
PLSTT ceramics.

2. Experimental Process
2.1. Fabrication

The PLSTT ceramics used in this study were prepared by exploiting a conventional
solid-state reaction method considering pure reagents of PbO, (purity > 97%), Ta;Os
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(purity > 99.99%), ScoO3 (purity > 99.99%), LayO3 (purity > 99.9%) and TiO, (purity > 99%)
purchased from the Shanghai Aladdin Biochemical Technology Ltd. Co. (Shanghai, China).
During the growth process, we added 5% extra of PbO, due to its volatility. The raw
materials were ball-milled with zirconia balls in an anhydrous ethanol medium for 12 h.
After that, the materials were dried in a ventilated oven set at 120 °C. Subsequent ceramic
powders were die-casted and calcined at 900 °C for 2 h and further milled for an additional
12 h. After drying and sieving, the powders were pressed into pellets by using a cold
isostatic press at 30 MPa for 7 min. The pellets were first sintered between 1240 °C and
1260 °C for 9 h with a heating rate set at 3 °C/min and subsequently cooled to 700 °C at a
cooling rate of 5 °C/min, and finally to room temperature. The sintered samples were then
annealed at the rate of 3 °C/min to 1100 °C for ¢ (=10, 20, 30, 40, 50, and 60) h.

2.2. Characterization

The densities of PLSTT ceramic samples were obtained by Archimedes” drainage
method. The XRD patterns on the ceramics were determined by a PANalytical X'Pert PRO
(Almelo, The Netherlands) with Cu K« radiation (A = 15.406 nm). The microstructures
of PLSTT ceramics were assessed by field emission scanning electron microscopy (SEM,
5U8020, Hitachi High-Technologies, Tokyo, Japan). To analyze the ferroelectric properties,
the sintered samples were polished down to a thickness of 0.5 mm, then coated with
silver paste and calcined for 30 min at 600 °C to fix the Ag electrodes for studying their
electrical properties. The hysteresis loops between the polarization value and the electric
field strength were tested by using a TF Analyzer 3000, AixACCT, Aachen, Germany.

3. Results and Discussion
3.1. Structure

For the PLSTT ceramics, we have displayed in Figure 1 the measured XRD diffraction
patterns of unannealed and annealed samples with different annealing times t. All the
diffraction peaks observed in our XRD measurements are indexed by using a cubic per-
ovskite structure with space group Fm3m according to JCPDS 43-0134. While our samples
exhibited perovskite structures at T > 1100 °C for different AT, the 60 h AT sample showed
the coexistence of perovskite and pyrochlore phase. This observation is consistent with
the conclusion drawn in the phase diagram of the lead scandium tantalate-lead titanate
(see: Supplementary Figure S1) [39]. Again, our results, when compared with those of
Yue et al. [13] find no obvious deviations in the peak positions of the (111), (200), (220),
(311), (222), (400), (420), (422), (440) and (620) orientations. It indicated that the annealing
process did not cause significant changes in the crystal structure of the PLSTT ceramics.
Through the refinement and further analysis of the XRD data, the lattice size, microstrain,
dislocation density and lattice parameters of the ceramics are obtained from unannealed
and different annealing ATs (see: Supplementary Table S1). This has clearly shown that the
unit cell size increases with the increase in AT.

Moreover, our Raman spectroscopic analysis revealed (see: Supplementary Figure S2)
that neither new bands appeared nor the old bands disappeared. This study has indicated
that consistent with the conclusions drawn by XRD measurements, the phase structure of
PLSTT ceramics remained relatively stable. In Figure 2, we have displayed the SEM images
of the non-gold-sprayed surface of PLSTT ceramic samples with unannealed and ATs.
While the EDS measurements of unannealed PLSTT samples (Supplementary Figure S3)
showed a uniform distribution of the elements, the XPS measurements have revealed,
however, their exact composition (Supplementary Figure S4). According to the statistical
distribution chart (see: Figure 2a—f and Supplementary Figure S5), the average grain sizes
in the PLSTT ceramics are 630 nm for unannealed and 740 nm, 880 nm, 950 nm, 1010 nm,
1030 nm, 1170 nm at different ATs (=10, 20, 30, 40, 50, 60) h, respectively. The results
have indicated that the grain size of the ceramics increased with annealing times (see:
Supplementary Figure S6). As a result, the microstructure of all ceramics is uniformly
compact. This is not only beneficial for improving the insulation performance of ceramics
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by reducing leakage current but also for lowering the energy loss to enhance the ESP
capability.

Intensity (a.u)

10 20 30 40 50 60 70 80
20 (deg.)

Figure 1. XRD patterns of the PLSTT ceramics with different annealing times under a log
(intensity) scale.

Figure 2. Surface SEM images of PLSTT ceramics after annealing for t hours. (a) t =0h; (b) t =10 h;
(c)t=20h;(d)t=30h;(e)t=40hand (f) t =50 h.

3.2. Ferroelectric Properties

The P-E hysteresis loops of PLSTT ceramic prepared by the conventional solid-state
reaction method without annealing at 1 Hz are shown in Figure 3a. The remnant polariza-
tion of the hysteresis loop of the sample and the value of the coercive electric field does not
change significantly under the electric field from 10 kV/cm to 50 kV/cm, which implied
that not only the internal structure of the ceramics is stable and saturated but also consistent
with the conclusions drawn by SEM. The sharp edges of the hysteresis loop further indicate
that there is no leakage of the electricity. It is worth noting that the FP strength reaches the
maximum value of 17.4 uC/cm?. The hysteresis loops of PLSTT ceramics under different
electric fields (with test condition of room temperature at 1 Hz) and AT between 10 h and
60 h are shown in Figure 3b—f and in the Supplementary Figure S7.
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Figure 3. P-E hysteresis loops of PLSTT ceramics with annealing for (a) t =0h; (b) t =10h; (¢) t =20 h;
(d) t=30h; (e) t =40 h and (f) t = 50 h; insets: partial enlarged detail of P-E hysteresis loops (left
upper corner) at selected electric fields.

It can be noticed (cf. Figure 3) that ceramics with different ATs are typically ferro-
electrics exhibiting no leakage phenomenon and this is consistent with our analysis by SEM.
More interestingly, the maximum FP strength is 17.7, 20.8, 22.5, 23.2, 22.4 and 22.3 nC/ cm?
for ATs from 10 h to 60 h, respectively. To better compare and further explore the ob-
served phenomena, the maximum polarization values of the unannealed and annealed
materials with different ATs (under maximum electric field) are drawn and compared (see:
Supplementary Figure S8). It can be noticed that the maximum FP value increases with
the increase in AT, and reaches a maximum value when the AT is 40 h. Moreover, the
maximum FP value decreases as AT is further increased which fully proved that the rela-
tionship between the maximum polarization value of ceramics showed a peak distribution
and attained the peak value at about 40 h of annealing time. A further comparison of the
maximum FP strength for unannealed and annealed ceramics has revealed that as AT falls
between 30 h and 40 h, the polarization strength becomes higher than the unannealed
ceramics. This observation fully confirmed the fact that the annealing treatment has the po-
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tential to effectively improve the polarization performance of ceramics from the perspective
of attaining maximum polarization performance.

3.3. Electrocaloric Effect (EC)

In Figure 4, we have displayed the P-E hysteresis loops of the PLSTT ceramics from T
between 303 K and 423 K at 1 Hz and at 45 kV/cm under different annealing times. The
perusal of Figure 4 has clearly revealed that the maximum FP value of ceramic materials
for selected electric fields with unannealed and annealed time decreased with increasing
temperature. This means that the samples are sensitive to the AT which suggests that they
exhibit a positive electrocaloric effect. From Figure 4a, it can be seen that the maximum
polarization strength of the unannealed ceramic material reaches the value of 19.1 and
8.2 uC/cm? when the temperature is at T 303 k and 423 K, respectively. Moreover, its
variation reaches the value of 10.9 pC/cm?, proving that it possesses a certain degree of
electrocaloric effect. From Figure 4b—f and Supplementary Figure S9, it is not difficult
to find out that the change in the maximum polarization values of ceramic materials
annealed for 10h to 60 h are 9.9, 8.5, 11, 12, 9.3, 8.4 uC/cm?, respectively, which also
revealed the possibility of attaining an excellent thermoelectric effect. From the above
analysis, we have noticed that with the increase in AT, the change in maximum FP increased
continuously, reaching a maximum value of 12 uC/cm? at the annealing time of 40 h and
with further increasing AT the polarization change gradually decreased. To some extent,
this observation has indicated that there is also a peak distribution relationship between the
thermoelectric effect and AT. Additionally, by comparing Figure 5b—f and Supplementary
Figure S10, we have noticed that the change of polarization value of the ceramics annealed
between 30 h and 40 h is better than that of the unannealed ceramics, indicating that the
appropriate AT can improve the sensitivity of the samples which is beneficial for expanding
the thermoelectric effect.

More importantly, under different electric fields, the relationship curve between the
maximum polarization value and temperature is shown in the lower right-hand side
of Figure 4. It is easy to find that the maximum FP values increased with the increase
in electric field strength and decreased with the increase in temperature. It is worth
noting that when AT reaches 40 h and the temperature is 320 K, the relationship curve
between the reaction polarization value and the temperature attains a very steep slope.
This means that there might be a large thermoelectric effect in its vicinity. For T temperature
between 303 K and 343 K the maximum FP value decreased rapidly while decreasing
slowly in the temperature range of 343 K to 423 K which indicates that the thermoelectric
properties mainly appeared in the temperature range of 303 K to 343 K. The change of
oP /0T at selected electric fields is plotted in the upper left insets of Figure 4. Clearly, in
the temperature range between 303 K and 343 K, the absolute value of dP /0T is relatively
large, and for T between 343 K and 423 K, the absolute value of 0P/9dT is small, which
confirms the above inference. The maximum 0P /dT values of PLSTT ceramics under
unannealed and different annealing times are —1100, —940, —920, —1040, —1220, —960, and
—880 uCm 2K !, respectively. Earlier, Crossley et al. [40—42] had applied PbScy5Tag 503
in multilayer capacitors to achieve the high thermoelectric effect and electrocaloric cooling
cycles with true regeneration and measured thermoelectric temperature change by quasi-
indirect methods [40—42]. Here, we changed the relaxation properties by doping to optimize
the material characteristics by annealing and compared the effects of AT on thermoelectric
behavior. This study not only proved the correct relationship between dP /9T to achieve
peak-shaped distribution but has also fully demonstrated that proper AT can increase the
temperature sensitivity of the material, which is conducive to a better electrocaloric effect.
All the tests are completed at 1 HZ.
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Figure 4. P-E hysteresis loops of PSTT ceramics with annealing for (a) t =0h; (b) t =10 h; (c) t =20 h;
(d)t=30h; (e) t =40 h and (f) t = 50 h; insets: P(T) (right lower corner) and 0P /9T (left upper corner)
at selected electric fields.

The perusal of Figure 4 has revealed that the maximum FP value decreased with
the increase in T, indicating good thermoelectricity. With the increase in AT in PLSTT
ceramics, the maximum FP increased gradually, and when the annealing time is 40 h at
45 kV /cm, the maximum polarization value reached a value of 20.6 uC/ cm? at T 303 K.
The polarization with the greatest variation at 40 h of AT illustrated its relatively excellent
performance. This indicated that the appropriate AT improved the EC performance of the
samples. The maximum FP value decreased by further increasing the AT. As shown in the
lower righthand side of Figure 4, the maximum FP increases with the increase in electric
field strength and decreases with the increase in temperature. In a 40 h AT (see: the lower
righthand side inset of Figure 4e) the FP changed significantly with T, and there could be a
large EC effect in its vicinity. The polarization value decreased sharply with the increase
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Figure 5. Adiabatic temperature changes AT (K) of PLSTT ceramics with annealing for (a) t =0 h;
(b)t=10h; ()t =20 h; (d) t =30 h; (e) t =40 h and (f) t = 50 h; insets: entropy change AS with
temperature T at different electrical fields.

Under the condition of reversible adiabatic approximation, the Maxwell relationship
(0P/dT)g = (dS/0E)7 is assumed to be valid. Thus, the EC effect in PLSTT ceramics is

obtained [43,44] by using:
1 (B2 /T (9P
AT = _B/El (C> <8T> EdE (1)
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1 [E2 /9P
AS:—f/ °C) EdE 2
pJE1 (E)T) @)

In Equations (1) and (2), P signifies the maximum polarization at an applied electric
field E; T represents the operating temperature and E; and E; stand for the initial and final
applied electric field, respectively. In Figure 5 we have displayed the variations of AT and
AS as a function of T for a test frequency of 1 HZ with different electric fields.

From the simulated features, we have noticed that the values of AT and AS increased
with the increase in E and decreased by increasing T; however, they are all positive > 0.
This proved that all ceramic samples exhibited a positive EC effect. Not only the maximum
AT of each ceramic appeared in the low-temperature region but also the results have
illustrated that the materials exhibited a good thermoelectric effect at low T. This proved
that ceramics have great prospects for commercial applications. More interestingly, under
the selected values of E, the PLSTT ceramics for ATs (=10, 20, 30, 40, 50 and 60) h have
provided maximum AT values to be 0.77, 0.65, 0.83, 0.92, 0.68 and 0.62 K, respectively
(see: Supplementary Figure S510). The thermoelectric effect gradually increased with the
increase in the AT for PLSTT ceramic samples. For AT 40 h, the thermoelectric effect
reaches the maximum value (AT = 0.92 K, AS = 0.92 J/((K)-kg)). By further increasing AT
the thermoelectric effect becomes weaker. This shows that the relationship between the
thermoelectric effect and AT still shows a peak distribution, while the maximum value
of performance occurs between 30 h and 40 h of annealing. At the same time, AT values
of unannealed and annealed ceramics at different times compared/contrasted very well.
When the annealing time is 30 h and 40 h, the AT value is greater than that of unannealed
ceramics which means that the proper choice of AT can improve the thermoelectric effects
of the PLSTT ceramics.

3.4. Energy Harvesting Performance

The Olsen cycle diagram of the PLSTT ceramics is plotted in Figure 6. The process
(cf. Figure 6) of 1-2 represents the isothermal increase in the electric field from Ep, to
Ey at low temperatures. Process 2-3 means that the PLSTT ceramics are heated from
low-temperature P; to high-temperature Py, under high electric field E}, while process 3—4
signifies the isothermal decrease in the electric field of the ceramic at high-temperature
Py,. The last 4-1 process stands for the cooling of the ceramic under the electric field of
Ep. The energy density captured in the closed loop is equal to the area under the loop of
1234 [45-47]. While the area can be calculated using Equation (3).

W= 7{ EdP 3)

Here, the terms E and P represent the electric field intensity and the polarization
intensity, respectively. As a result, the energy capture of PLSTT ceramic without annealing
is 0.244 ] /cm?®, while it is 0.222 ] /cm® when the AT is 10 h, this shows that the appropriate
annealing time can help to improve the performance, and the insufficient annealing time
will lead to the decrease in the performance. With the increase in annealing time, the
captured energy increases and reaches the maximum of 0.297 J/cm® under an annealing
time of 40 h, shown in Figure 6a—f and Supplementary Figure S11. However, the captured
energy goes down with further increasing of the AT. Overall, it presents a peak distribution
with the increase in annealing time. The best energy capture performance occurs during the
annealing time between 30 h and 40 h. The energy capture values (0.269 ] /cm?, 0.297 ] /cm?)
of PLSTT ceramics with an annealing time of 30 h and 40 h are greater than that of the
unannealed ceramic, which also implies that proper annealing can enhance the energy
capture performance of the ceramic.
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Figure 6. Olsen cycle diagram of pyroelectric energy harvesting of the PLSTT ceramics with annealing
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3.5. Energy Storage Performance

The relationship between the energy storage density Wenergy, energy loss Wi, storage
efficiency 1 and electric field intensity of PLSTT ceramics are displayed in Figure 7. The
values of Wenergy and 1 can be calculated by using Equations (4) and (5), respectively.

n

W =

o Wenergy
Wenergy + Wloss

Pmax

EdP
Py

x 100%

4)

©)
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Figure 7. Wenergy, Wigss, and m of PLSTT ceramics under different annealing time at selected
electric fields.

In Equations (4) and (5), E is the electric field to cause the change of polarization
intensity P, Pmax is the maximum polarization, and P; is the remnant polarization under
the applied electric field. The integration of Equation (4) with a smaller lower limit than the
upper limit provides higher energy storage. For material applications, not only large energy
storage but also high storage efficiency is required. As can be easily seen from Figure 7, the
energy storage density and energy storage loss of PLSTT ceramics increased with the aug-
mentation of the electric field intensity. With the increase in AT, the energy storage density
increases and then declines, reaching the maximum value of Wenergy (= 0.481 ]/ cm?) for
40 h of AT with an electric field of 50 kV/cm. For the AT of 30 h and 40 h, the efficiency
change under the selected electric field is not obvious and but always remained above 90%.
Under the applied electric field, the energy storage density for 30 h AT becomes lower than
that of 40 h AT and the energy storage loss is lower. From the comprehensive view of the
three pictures in Figure 7, the energy storage performance is the best when the annealing
time is 30 h.

4. Conclusions

In summary, the electrocaloric effect, energy capture performance and energy stor-
age efficiency of PLSTT materials prepared by traditional solid-state reaction methods
are significantly improved to varying degrees by annealing treatments. It is found that
the comprehensive performance of PLSTT first gradually improves with the increase in
annealing time. After reaching a threshold, the performance decreases with the further
increase in AT showing a peak shape feature. In particular, after 40 h of annealing, the
ceramic material attains a huge thermoelectric performance (AT = 0.92 K) and can capture
a value of 0.297 J/cm? of ceramic material; when annealed for 30 h, the energy storage
performance of the ceramic material is the best, reaching 0.468 J/ cm?. In addition, the
annealing process leads to the formation of larger grains and effectively proves that the
grain size of the ceramic material attains an optimal ratio to achieve the best performance
of the materials. The annealing process plays an important role in the performance and
optimization of ceramic materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma16124479/s1, Figure S1: The phase diagram for the sys-
tem Pb(Scy 5Tag 5)O3-PbTiO3(PST-PT); Figure S2: Raman spectra of PLSTT ceramics with different
durations [19,48]; Figure S3: Energy dispersive spectroscopy systems (EDS) of the unannealed
PLSTT ceramic; Figure S4: X-ray Photoelectron Spectroscopy(XPS) of the unannealed PLSTT ceramic;
Figure S5: Surface SEM images of PLSTT ceramics after annealed for 60 h; Figure S6: Grain size
variation with annealing time; Figure S7: P-E hysteresis loops of PLSTT ceramics with annealing for
60 h; Figure S8: The contrast of the maximum polarization value of each material under different
annealing time; Figure S9: P-E hysteresis loops of PSTT ceramics with annealing for 60 h; insets: P(T)
(right lower corner) and dP /0T (left upper corner) at selected electric fields; Figure S10: Adiabatic
temperature changes AT (K) of PLSTT ceramics with annealing for 60 h; insets: entropy change AS(T)
with temperature (T) at different electrical fields; Figure S11: Olsen cycle diagram of pyroelectric
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energy harvesting of the PLSTT ceramics with annealing for 60 h; Table S1: Lattice sizes, dislocation
densities, micro strain and lattice parameters of PLSTT ceramics.
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