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This work harmonizes the experimental and theoretical study of electrocaloric effect (ECE) in (Pb,¢Bi,,)(Zr, 5,Ti, 43)O5 solid
solution by optimizing sintering temperature. Bi**-doped PbZr,, 5,Ti, 4505 solid solutions were synthesized by the conventional
solid-state reaction method. Different samples were prepared by varying the sintering temperature. X-ray diffraction study con-
firms the crystalline nature of all the samples. An immense value of polarization has been acquired in the optimized sample. The
maximum adiabatic temperature change of order 2.53 K with electrocaloric strength of 1.26 K mm kV-! has been achieved exper-
imentally. Whereas a comparatively close value of ECE has been acquired from the theoretical calculations using a phenomeno-
logical approach. Furthermore, a large value (218 mJ cm=3) of thermal energy conversion has been obtained using the Olsen cycle.
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1. Introduction

Over the past decade, the ferroelectric materials have been
utilized extensively for technological and scientific applica-
tions. Due to their adaptable properties such as ferroelectric,
piezoelectric and pyroelectric effects, these materials are
used in numerous progressive applications including sen-
sors, transducers and actuators.'™ In addition to this, these
materials have earned much concern due to the increasing
demand of cooling technologies and energy conversion
applications. %40

Owing to the search of efficient solid-state cooling tech-
nology and to diminish the expenditure of greenhouse gases
which are laboriously used in conventional chilling processes,
research in the field of electrocaloric effect (ECE) has expe-
rienced quick evolution. The ECE is defined as a mercurial
variation in material’s temperature under adiabatic conditions
upon the application and evacuation of an external electric field.
This effect gave rise to great interest in the 1960s onwards,”
but has not been utilized commercially due to small values of
reported electrocaloric strength.” Ferroelectrics by having net
dipole moment exhibits an increase in polarization with the
electric field. Moreover, the application of an electric field
causes a reduction in entropy leading to an adiabatic increase
in temperature in these materials. By considering these con-
cepts, many ferroelectric materials particularly relaxor ferro-
electrics have been inquired.”#19-14 Additionally, the dipolar
entropy change in ferroelectrics can be calculated by using a
standard phenomenological approach.'>:10

#Corresponding author.

Lead oxide-based materials usually lead zirconate titanate
(PZT) have shown the strong experimental, practical and tech-
nological significance. Due to high dielectric properties, PZT
materials can be employed in various electronic instruments
such as nonvolatile memories, modulators, optical shutters,
and infrared sensors.!”~1° PZT could be paraelectric, ferroelec-
tric and antiferroelectric depending upon the concentration of
Zr.20 Zr rich PZT ceramics give encouraging ECE due to the
pronounced converse effect of pyroelectricity.?! With the help
of appropriate doping at A/B-site, a myriad of compounds
have been synthesized.?? These compounds have been proven
to be quite essential for several industrial applications. For
specimen, bulk Pb goNby 4,(Zr 7591 5 Tij 05)9 9303 has exhib-
ited ECE with a peak value of 2.5 K in 750 V.” Mischenko et al.
have reported a temperature change of 0.02°C with 1 kV mm-!
at room temperature in PbZr 45Ti, 1sO5 thin films.!! Recently,
alarge ECE has been reported in Pby, g,La, o3(Zr( 65 i) 35)0 9503
relaxor ferroelectric ceramic by Selvamani et al.>3 They have
observed a temperature change of 0.06 K with 1 kV mm™" at
room temperature. The morphotropic phase boundary (MPB)
composition PbZr, s, Ti,,50+2° as well is used as capacitors
due to their high dielectric constants.>* However, applications
of PbZr 5,Ti, 4405-based ceramics in cooling purposes have
not been contemplated.

The modern refrigeration demands those materials which
show ECE at easily achievable temperatures, particularly
near room temperature. The reason behind choosing the dop-
ing of Bi** at Pb?* is, it lowers the transition temperature of
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PZT from 450°C to 395°C.25:26 Moreover, the substitution of
Bismuth in PZT at MPB enhances the ferroelectric proper-
ties, diffuses the phase transition and hence provides wide
industrial applications.?>?® So, we have planned to study the
ECE in Bi-doped PZT at MPB composition by optimizing
the sintering temperature. Henceforth, an organized inquiry
on structural, microstructure, ferroelectric and electrocaloric
properties of (Pb sBi,,)(Zr, 5,Ti( 45)O5 have been carried out.
Moreover, the thermal energy conversion using Olsen cycle
has been investigated.

2. Materials and Methods
2.1. Materials

The (Pb, ¢Bij,)(Zr, 5,Tij 44)O5 powder was synthesized from
metal oxide using conventional solid-state reaction tech-
nique. The PbO, Bi,0;, ZrO,, TiO, (99.9%) from Sigma
Aldrich were used as resources. All the raw metal oxides were
weighed accordingly and blended using mortar and pestle.
The powder was then ball milled uninterruptedly in a bottle
comprising propanol and zirconia balls for 24 h. Afterward,
the mixed powder was heat treated at 900°C for 4 h followed
by mixing of PVA (2 weight %) binder. After this, cylindri-
cal-shaped discs of 10 mm diameter and 1 mm thickness
were made with the help of a hydraulic press. These pellets
were sintered at 1000°C, 1050°C, 1100°C and 1150°C for
2 h in lead environs to lessen the emaciation due to the elu-
siveness of lead. This temperature range and sintering time
have been decided by the initial trial study. The samples sin-
tered at 1000°C, 1050°C, 1100°C and 1150°C have repre-
sented as S1-S4, respectively, throughout.

2.2. Methods

The X-Ray diffraction (XRD) data of all the sintered sam-
ples were taken from 10° to 70° at a scan speed of 2°/min
with CuKa (A = 1.54 A) anode. The Rietveld refinement
of the experimental data has been done using FULLPROF
SUITE SOFTWARE. The parameters which were taken for
the refinement purpose are lattice parameters, zero displace-
ments, scale factors, atomic position of Zr/Ti, O (OI and
OII). The peak profile of data was modeled with the use of
the Pseudo—Voigt function with axial divergence symmetry.
The background was fitted with the help of sixth-order poly-
nomial. The surface morphology was inquired using Field
Emission Scanning Electron Microscope (FE-SEM), Supra
55 from Carl Zeiss. All the micrographs were set down at
the same magnification of 15KX using In-Lens detector. The
grain size was calculated using ‘Image J’ software. The total
of 100 grains is taken for the calculation of grain size for each
sample. The density of all the sintered samples was mea-
sured with the help of lab made setup based on Archimedes
Principle. The automatic PE loop tracer from Marine India
was used to measure the ferroelectric properties. The size and
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thickness of the electrode are maintained the same for each
sample for the accurate comparison of polarization.

The primary investigation of ECE was done by using the
direct method with the help of an IR thermometer. The exact
value of ECE was calculated by an indirect method based on
Maxwell’s relation of entropy (S) and Polarization (P) given
in the following equation:

oP aS
= =|=]- (1)
oTr ). \9E),

The adiabatic reversible temperature change (A7) of a

material having density (p) and heat capacity (C) can be cal-
culated by using Eq. (2),

1 (2T (0P
AT =—— —| — | dE. 2
ﬂ'[El C(aT)E @
P

Values of - were obtained from the third or fourth-or-
der polynomial which best fits to Polarization (P) versus
Temperature (7) profile. The heat capacity C = 0.32194 Jg!
K-! remains sensibly constant for Zr rich ceramics in the tem-
perature range of interest.!” The lower and higher integration
limit (E, and E,, respectively) and temperature regions for
all the samples have been deliberately chosen to obtain the
consistent data set. When an electric field is directly applied
at the two poles of the sample; the dipolar entropy of the
sample decreases. This is due to the reason that the electric
dipoles rearrange themselves in the direction of the applied
field and hence the degree of ordering increases. This leads to
the overall rise in the temperature of the sample. Though, the
excess amount of heat is observed and controlled by the tem-
perature controller to sustain the temperature of the sample.
On the other hand, when the external field is detached from
the system, the dipoles re-attain their original positions and
the overall dipolar entropy increases along with the instanta-
neous decrease in net temperature.?’ For the theoretical calcu-
lations, Landau’s phenomenological approach has been used.

The high-field thermal energy conversion was calculated
from ferroelectric loops using the Olsen cycle. The Olsen cycle
suggested by Olsen et al. resembles to Ericson cycle, which
can be used to generate electricity with the help of high-field
pyroelectric effect.>6282% The high-conversion efficiency (upto
37.5%) of the Carnot cycle permits by the Olsen cycle which
consists of 2 isothermal and 2 isoelectric field operations.?
The area swept by the Olsen cycle gives the value of the energy
conversion density of the material. A more intense discussion
about the Olsen cycle is available in many articles.®*- The
energy conversion density has been calculated by

Pmax

W= EdP, 3)

2

where W represents the energy conversion density in the
material; E is the applied electric field; P, and P, are rem-
nant and maximum polarization, respectively.

max
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3. Results
3.1. XRD analysis

The XRD data for all the samples have been recorded and
analyzed. The X-Ray diffractograms of S1-S4 (names as
given in Sec. 2.1) are shown in Fig. 1. The visual analysis of
diffractograms reveals variation in reflections present near
38.3° and 44.5° (shown in Fig. 2). In samples S1 and S2,
the reflection peak at 38.3° is singlet whereas the peak at
44.5° shows doublet behavior which give indication toward
the distorted perovskite structure like tetragonal (as the base
material PZT has a tetragonal structure). Further splitting
in these peaks in samples S3 and S4 designate a change in
structure than tetragonal. For the conclusive analysis, the
Rietveld refinement has been done using various structure
models.
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Fig. 1. X-Ray diffractograms of S1-S4.
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Fig. 2. Variation in the diffraction peaks at 38.3° and 44.5°.
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For samples S1 and S2, the initial tetragonal structural
model was supposed to be very comparable to crystallogra-
phy open database (COD) ID 1526147.3! In this phase, Pb/
Bi were placed at Wyckoff’s site 1a (0, 0, 0), Zr/Ti at 1b (0.5,
0.5, z), Ol at 1b (0.5, 0.5, z) and OII at 2¢ (0.5, 0, z), where z
represents the refineable parameter. For samples S3 and S4,
additional phases along with the tetragonal phase have been
intensively investigated. It has been found that the mono-
clinic phase in addition to the tetragonal phase shows the best
fit with experimental data. The monoclinic phase has been
assumed to be close to COD ID 1526149.3! In this phase, the
Pb/Bi ion was placed at Wyckoft’s site 2a (0, 0, 0), Zr/Ti at 2a
(x,0,z), Ol at 2a (x, 0, z) and OII at 4b (x, y, z), where x, y and
z represents the refineable parameters. The refined XRD pat-
terns for all the samples are shown in Fig. 3. It can be clearly
seen from the refined data that the samples S1 and S2 show a
good fit with tetragonal phase having P4Amm symmetry along
with some pyrochlore as impurity phase. Whereas the refine-
ment of samples S3 and S4 show very good agreement with
mixed phase (tetragonal and monoclinic). In addition to this,
an impure phase of unreacted ZrO, is present in S4 which
may be due to the volatilization of lead at higher temperature.
It has been found that goodness of fitting (GOF) for all the
samples lies under five which proves a very good hormonal
between experimental and theoretical data.

The refined parameters for all the samples are listed in
Table 1. It is very interesting to observe that the different
sintering temperatures significantly affect the same compo-
sition. Hence, from the XRD analysis, sintering temperature
1100°C (sample S3) seems to be the optimum temperature to
get MPB with no considerable traces of impurity phase.

3.2. Microstructure analysis and density measurement

The scanning electron micrographs of all the samples from
S1 to S4 are shown in Fig. 4. A gradual increase in grain
size from samples S1 to S3 followed by a decrease for S4
is clearly seen from the images. The average grain size val-
ues for samples S1-S4 are 0.75, 1.05, 2.70 and 1.70 pm,
respectively. Comparatively high grain size, opaque surface
structure along with clear boundary limits suggests the good
quality of S3 sample.

The density of all the samples is in increasing order
from S1 to S3 then decreases for S4. The values of exper-
imentally measured density are 5.49, 6.14, 7.06 and 6.25
g cm™3, respectively, for samples S1-S4. Thus, the data
collected from density measurements also matches quite
well with the FE-SEM records. With the rise in sintering
temperature, the grain size increases due to which grains
become tightly packed leading to an increase in density
value. The reason behind the decrease in grain size and
density for S4 is the volatility of lead which has been con-
firmed in XRD analysis. Due to the loss of lead at high
temperature that is for sample S4, an un-reacted ZrO,
impurity phase appears (as shown in Fig. 1). This causes
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Table 1. Refined parameters of XRD data for samples S1-S4.

Sample S1 S2 S3 S4
Space group P4mm (tetragonal) P4mm (tetragonal) P4mm (tetragonal) Clml (monoclinic) P4mm (tetragonal) Clml (monoclinic)
a(A) 4.03 4.03 4.0558 5.7695 4.0609 5.7058
b (A) 4.03 4.03 4.0558 5.7687 4.0609 5.7585
cA) 4.12 4.09 4.0895 4.0502 4.0828 4.1027
3 (deg) 90 90 90 90.388 90 90.381
Zr/Ti 0.5/0.5/0.44 0.5/0.5/0.45 0.5/0.5/0.42 0.523/0/0.44 0.5/0.5/0.4515 0.5330/0/0.42
(0 0.5/0.5/0.68 0.5/0.5/0.65 0.5/0.5/-1.91 0.5515/0/0.028 0.5/0.5/1.0211 0.5412/0/0.01
oll 0.5/0/0.068 0.5/0/0.08 0.5/0/0.68 0.2880/0.2434/0.03 0.5/0/0.3927 0.2692/0.2314/0.04
Phase 100 100 68 32 69 31
fraction
V (A% 67.098 66.60 67.27 134.79 67.32 134.80
R,, 5.0 5.43 6.11 5.89
X2 4.1 4.09 1.61 2.83
e YObS > YObS
? Ycal ? Ycal
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Z . Bragg position z . Bragg position
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Fig. 3. Refined XRD pattern for (a) S1, (b) S2, (¢) S3 and (d) S4 samples.

strain in the system and may lead to a decrease in the grain
size. The calculated value of experimental density, theoret-
ical density, grain size and standard deviation in grain size
for all the samples are given in Table 2. Also, the trend of
calculated value of grain size and experimental density is
shown in Fig. 5.

3.3. Ferroelectric properties

Figure 6(a) shows room temperature hysteresis loops for all
the samples. The ferroelectric polarization in all the samples
is apparently due to the hybridization in 3d and 2p states of
titanium and oxygen ion.>?> A gradual increase in remnant
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Fig. 4. Scanning electron micrographs of (a) S1, (b) S2, (c) S3 and (d) S4 samples.
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Fig. 5. The trend of the calculated value of grain size and experi-
mental density.

Table 2. Calculated value of grain size and experimental density
of all the samples.

Experimental Theoretical ~ Grain size Standard

Sample density (g cm™) density (g cm™) (pm) deviation
S1 5.49 5.55 0.75 0.21
S2 6.14 6.23 1.05 0.19
S3 7.06 7.19 2.72 0.11
S4 6.25 6.60 1.70 0.26

polarization (P,) upto S3 and a decrease afterward can be
easily seen from Fig. 6(b). Also, the values of the coercive
field for all the samples are different. There are two main rea-
sons behind significant high values of P, in samples S3 and

S4. First is the increase in grain size leading to a decrease
in grain boundaries which results in enhanced ferroelectric
properties of these samples.?® Other is the presence of MPB
in these samples as ferroelectric polarization changes crystal-
lography directions from one phase to another at MPB.3!:34
Furthermore, this strong ferroelectric behavior can also be
justified by the presence of Bi** ions in PZT.?> Henceforth,
the samples S3 and S4 by having maximum values of P,
are prioritized for the next step to examine the ferroelectric
behavior at higher temperature. In both the S3 and S4 sam-
ples, due to the presence of double phase, the polarization
increases, however, due to the loss of lead at a higher tem-
perature, its value decreases in S4 than S3 but still greater
than all other samples. Besides, due to the contribution of
both the phases that are tetragonal and rhombohedral, less
energy is required to polarize the material, hence softening of
the material has been take place.

The polarization (P) versus electric field (E) profile at
different temperatures has been recorded and examined.
Figure 7 shows P versus E loops of samples S3 and S4 at
frequency 50 Hz and at field 35 kV/cm. A back switching has
been observed with an increase in temperature. The reduction
in internal stress with rise in temperature is responsible for
this back switching in ferroelectric material.36-38

3.4. Experimental measurements of ECE

The polarization versus temperature profiles at four different
electric field values (5, 10, 15 and 20 kV c¢cm™) is shown in
Fig. 8. These polarization values have been calculated from
the upper branches of P versus E loops using the method
offered in the literature.!® The trends of AT versus T for
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Fig. 9. EC temperature change for (a) S3 and (b) S4 samples.

samples S3 and S4 which obtained with the help of Eq. (2) are
given in Fig. 9. An increase in AT with the increase in electric
field is clearly visible for both the samples. Moreover, Fig. 9
reveals that external temperature has a great influence on the
temperature change of the sample itself.**#! The peak values
of AT at 20 kV cm~' have been observed to be 2.53 K and
2.04 K for samples S3 and S4, respectively. The value of AT,
electrocaloric strength (¢), and the temperature at which the
maximum AT occurs (7, for both the samples are listed in
Table 3. Besides, the large change in the temperature values
(AT) appears due to the large entropy change (as shown in
Fig. 10) that comes from the induced ordering of random
domains on the application of the electric field. A comparison

Table 3. Value of temperature change (A7), EC strength (¢), and
the temperature at which the maximum AT occurs (7,,,,) for (a) S3
and (b) S4 samples.

Sample AT (K) ¢ (K mm/kV) T, (K)
S3 2.53 1.26 335
S4 2.04 1.02 325

! = 5kViem 24 = 5kViem
o 10kViem s 10kV/em
4 15KViem 4 15kViem
v 20kViem 14 v 20kV/em
04
™ 0

AS JK' Kg")

AS JK'Kg")

'
o
!

-3

305 310 315 320 325 330 335 340 345
Temperature (K)

310 315 320 325 330 335 340 345
Temperature (K)

(@ (b)
Fig. 10.  AS versus temperature profile for samples (a) S3 and (b) S4.

of ¢ in bulk ferroelectrics is given in Table 4. Comparatively,
a high value of strength is validated by the strong ferroelec-
tric properties of the prepared sample. However, the micro-
scopic mechanism behind the ECE has not been established
yet. At this stage, sample S3 has been chosen for further cal-
culations as it has shown the highest electrocaloric strength.

3.5. Theoretical calculation for ECE

The authenticity of experimentally obtained results has been
inspected by applying the phenomenological approach of
ECE on sample S3. According to this theory, the entropy
of a system S(E, T) can be represented as a sum of two
components:

S(E’ T) = Slan(T) + Sdip(E’ T)’ (4)

where S,,,(7) is the entropy of weakly polarizable lattice and
Sqip(E, T) is the contribution of the dipolar part. The dipolar
degree of freedom in ferroelectrics is associated with individ-
ual dipolar moments. Since a system investigated for ECE
involves adiabatic changes which imply that total change of
entropy AS(E, T) must be zero, Eq. (4) becomes

0=AS8,(T) + ASi,(E, T). Q)

An adiabatically application of electric field results in an
increase in temperature of material due to an increase in lat-
tice vibration. In order to maintain Eq. (4), compensational
reduction in dipolar entropy occurs. On the other hand, adia-
batically removal of the electric field leads to decrease in tem-
perature of material as lattice vibration decreases and hence
dipolar entropy increases. The Change in dipolar entropy is
responsible for the ECE in a material, as the adiabatic tem-
perature change AT is calculated from ASy;(E, T),

TAS, (E,T
ATz—““’C( ), (6)
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Table 4. Comparison of electrocaloric strength in bulk ferroelectrics.

Material AT (K) E (kV/cm) ¢ (K ecm/kV) Reference
Pb(Zry 75510 50 Tig.05)0;3 2.5 30 0.08 7
(PbZrO5)o7(BaTig3)g 29 0.15 20 0.008 9
Pb(Zr( 4555100 455 Ti9,00) O3 0.6 30 0.02 9
0.92(Na,, sBi, 5)TiO5—0.08BaTiO; 0.2 40 0.005 20
PLZT (8/65/35) 0.26 10 0.026 23
0.70PMN-0.30PT 2.7 12 0.225 42
PMN-PT 90/10 single crystal 1 40 0.025 43
Bay 455135 TiO5 0.23 10 0.023 44
BZT-BCT 0.04 12 0.003 45
BaSn ,Ti( 4303 0.27 10 0.027 46
GdNBT 0.75 90 0.008 47
PLZT 0.26 30 0.086 48
Pby g7Lag 00(Zry 95T 05)1.0.0103 —-12.45 50 0.249 49
Pby g7Lag 0o(Zry 95Tl o5) O -7.47 50 0.149 50
Pb,Sr,_ TiO;, x = 0.35 2.05 40 0.051 51
Ba,Sr,_,TiO5, x =0.35 0.49 50 0.009 52
BNT-6BT 1.1 25.24 0.043 53
BaTi 451,05 0.71 25 0.0284 54
(Pb,_Bi)(Zr,5,Tij43)03, x =0.2 2.536 20 0.1268 This work

where C is the heat capacity. ASy,(E, T) can be calculated

using the relation ASdip (E,T)= _(g_(T;)E’ where G is the Gibbs
free energy. According to the phenomenological theory of
ECE, the free energy of ferroelectric material can be derived

in terms of electric polarization
1 1
G=G0+Eﬂ(T—TC)P2+ZfP4—EP, @)

where G, is the free energy of paraelectric phase, 4(s,c)7!,
where ¢ = curie constant) and ¢ are temperature independent
phenomenological coefficients and 7, is curie temperature.
By differentiating Eq. (7), dipolar entropy change is obtained
as AS, (E,T) = —5 #P? which is used in Eq. (6) to get AT,
T 3P?
AT = - s . (8)
2C
By differentiating G (Eq. (7)) with respect to P and apply-
ing dG/dP = 0, we get

E= T ~T,)P+&P°. ©)
At zero field that is £ =0,
P2 = (T, ~T)e. (10)
Further differentiation of Eq. (9) with respect to P results in
reciprocal permittivity,

l—/J(T—TC)+34CP2,

£

an

with the use of Egs. (10) and (11), permittivity versus tem-
perature profile (given in Fig. 11) and P versus E loops at
different temperatures, 5 and ¢ can be easily evaluated.

From Egs. (8) to (10), after using obtained values of 5 and
& we get that

Tﬂ E 2/3
T=—-——+|— . (12)
2c | 2¢
830
14000
T 12000 A
820 510000 F Y
1 £ 800 i

8104 £ 6000 i
~ E 4000 J
B, 1 2000
2800 ol—
= 1 300 400 s00 600 700
= 790 - Temperature(K)
E ]
= 780 -
A ] ——

770 /

760 T T T T T

320 325 330 335 340
Temperature(K)

Fig. 11. Permittivity versus temperature profile (dielectric proper-
ties for sample S3).
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Fig. 12. Temperature change under an electric field 20 kV/cm for
sample S3.

70

=)
=
1

« 303K

Polaization (uC/cmz)
o

« 313K
40 .+ 323K
+ 333K
+ 343K
Y 4 )
30 T T T T T T T 323K
10 20 30 40
Field (kV/cm)
Fig. 13. Olsen cycle applied on sample S3.

Based upon the above equation the temperature change
under an electric field 20 kV/cm for sample S3 is shown in
Fig. 12. The calculated value of temperature change at 335 K
is approximately 2.92 K which is very close to the experi-
mentally obtained value (2.53 K).

3.6. Thermal energy conversion

Olsen cycle has been applied on the sample S3 as shown in
Fig. 13. With the help of Eq. (3), the value of energy conver-
sion density has been calculated successfully. The lower value
of the applied field and external temperature are kept constant
at 0 kV/cm and 30°C, respectively. Figure 14 gives the energy
conversion density as a function of the applied field. It has
been analyzed from results that the value of energy density

J. Adv. Dielect. 12, 2250003 (2022)

(]
h
=

—=— 303K
—o— 313K

(o]

=

=
1

—

h

=
1

100 -

n
(=]
1

=

Energy conversion density (mJ/cm3)

Electric Field (kV/cm)

Fig. 14. Energy conversion density as a function of higher applied
field at different temperatures.

increases with an increase in both temperature and applied
field. This is due to the fact that with the increase in electric
field, polarization increases. Likewise, decrease in the max-
imum polarization with increase in temperature of material
(i.e., ECE) also governs this response of energy density. The
maximum value of energy conversion acquired for the Olsen
cycle having parameters 30-70°C and 0-35 kV cm™! is 218
mJ cm=. A comparison of energy conversion density based
upon the Olsen cycle in bulk ferroelectric materials is given
in Table 5. For the comparison purpose, we have chosen only
those materials which can be used for practical applications.
Obviously, it is clear from the table that the prepared sample
has relatively large energy conversion potential in small elec-
tric field and temperature ranges and hence exhibits promis-
ing thermal energy harvesting value.

4. Discussion

Bi** by having a similar electronic configuration and compat-
ible ionic radii as Pb** has exhibited an enormous high value
of polarization. Due to tremendous ferroelectric properties of
Bi** doped PbZr,, 5, Ti, 4503, it has been predicted that it would
possess an enhanced ECE. Although the sample has shown
ferroelectric transition quite far from room temperature, we
have successfully established the relationship of processing
parameters such as sintering temperature to obtain the MPB
of two phases at room temperature. The presence of MPB is
accountable for the improved ferroelectric properties as well
as enhanced ECE. The analogy of theoretically obtained value
of ECE with one which has obtained from the experimental
method gives the validation of achieved results. Additionally,
a significant high value of thermal energy conversion has pro-
cured from conveniently attained working parameters which
make this material available for practical applications.
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Table5. Comparison of Olsen cycle-based energy conversion density in bulk ferroelectric materials.
Energy Operating Operating
conversion  temperature applied field

Materials (kJ/m?) range (°C) range (kV/cm) Reference
PZST 100 146-159 0-29 27
PZST 131 157-177 4-32 55
PMN-10PT 186 30-80 0-35 2
PMN-32PT 100 80-170 2-9 56
Hard PZT 189 25-160 1-20 57
PZN-4.5PT 217 100-160 0-20 5
Soft PZT 92 25-160 1-20 57
PZN-5.5PT 150 100-190 0-12 6
KI(Nby 99 Ta,10)0.99Mn 0,105 629 120-160 1-50 58

Bay 4551 15TigoZr O3 200 30-90 0-20 30
0.5Ba(Zr,,Ti4)05.0.5(Ba,;,Cay ;) TiO; 87 20-120 1-10 58
BNT-BZT 100 30-70 0-80 59
BaTij goSng ;103 84.4 30-140 0-25 54
(Pb,_,Bi,)(Zr; 5,Tij 45)05, x = 0.2 218 30-70 0-35 This work

5. Conclusions

The ECE was explored for (Pb ¢Bi,)(Zr, 5,Ti, 45)O05 by opti-
mizing the sintering temperature. Based upon XRD analysis,
density and grain size measurements and ferroelectric perfor-
mance, the sample sintered at 1100°C has chosen for the cal-
culations of ECE and thermal energy conversion. This sample
has experimentally exhibited the maximum adiabatic tempera-
ture change of 2.53 K with EC strength of 1.26 K mm kV-'.
Whereas an electrocaloric temperature change of 2.92 K has
derived from phenomenological approach which is in close
agreement with experimentally attained results. Furthermore,
the energy conversion density of 218 mJ cm™ has obtained
from the Olsen cycle having parameters 30-70°C and 0-35
kV cm~!. Eventually, this study promotes the solid-state elec-
trocaloric refrigeration and is helpful in the fabrication of
micro-devices based upon the thermal energy conversion.
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