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1 Introduction

Ferroelectric materials can be defined as dielectric
materials in which permanent polarization exists
even after removing the applied electric field. For
most applications of ferroelectric materials, the
dielectric constant and loss are essential practical
parameters. These applications include non-volatile
memories, pyroelectric detectors, sensors, actuators,
transducers, capacitors, generators, optical memories,
and energy harvesting devices [1].

The most used ferroelectric materials are oxides
with a perovskite structure of ABO;. A cubic lattice of
space group (Pm-3m) describes this high symmetry
structure [2]. Where A is an alkali cation, alkaline
earth, or rare-earth, B is a transition cation of atomic
radius smaller than that of site A. The structure is a
network of corner-linked oxygen octahedral, with the
smaller cation filling the octahedral holes and the
large cation filling the dodecahedral holes.

Among perovskite ferroelectric materials, the most
studied are lead titanate (PbTiOs) [3], lead zirconate
titanate (PZT) [4], lanthanum zirconate titanate
(PLZT) [5]. However, lead is recognized as toxic,
dangerous to humans and the environment. There-
fore, it is necessary to develop environmentally
friendly materials with no lead [6]. Thus, several
scientific works have focused mainly on BaTiO; (BT)
perovskite because it has interesting advantages such
as low dielectric loss and stable electrical properties
for long-term operations [7]. However, their use is
limited due to their relatively high curie temperature
T. (~ 390 K) [8]. Therefore, adequate atomic substi-
tutions are expected to modify the chemical bonds of
the structure and, thus, the mobility of the ions and
the resulting polarizability. A series of studies have
been initiated to modify the dielectric and ferroelec-
tric properties of BaTiO; systems, including
(Ba,Ca)TiO5 [9], Ba(Ti,Zr)Os [10], (Ba,Ca)(Ti,Sn)O5
[11],etc. In these doped (BT) matrix systems, the
dielectric loss of Ba(Ti,Zr)O3(BZT) ceramics is very
low, which can be attributed to the increased sub-
stitution rate of zirconium [12]. In addition, the good
temperature stability of (Ba, Ca) TiO; (BCT) ceramics
is due to the introduction of Ca at site A of the BT
system, which leads to the diffuse phase transition
[13].

More recently, (Ba,Ca)(Zr,Ti)O3 (BCZT) materials
with Ca®t and Zr*" at site A and site B of the BaTiO;
perovskite structure have been widely studied for
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their excellent dielectric, ferroelectric and piezoelec-
tric properties, and their composition closed to the
morphotropic phase boundary MPB [14]. Among
these ceramics, xBa (Zrg»Tigg) O3~ (1 — x) (Bag,Cags)
TiO3 ceramics with (0.48 < x < 0.52) were largely
studied, and the results showed that the composition
Bagp gsCag.15Zr91TipoOs has considerable dielectric,
ferroelectric and piezoelectric properties compared to
other components [15]. In this regard, Wang et al.
reported that Bag gsCag 15210, 1Tig9O3 ceramics exhibit
a high spontaneous polarization (P, = 9.69 uC/cm?),
a low coercive field (E. = 1.89 kV/cm) and a high-
dielectric permittivity (¢, = 16,310) [16]. In addition,
due to low-remnant polarization, high-maximal
polarization, and adjustable breakdown strength
(BDS), relaxor ferroelectrics (RFEs), including BCZT,
have a promising future in the field of dielectric
energy, and their electric polarization response can
be converted into recoverable electrostatic energy.
One of the crucial aspects of functional
microstructure is the synthesis method. Many papers
have reported that the sol-gel process should be a
rather promising approach as it offers the possibility
of mixing metal ions at the atomic level [17, 18].
Besides, this method also has several potential
advantages of better homogeneity, chemical purity,
and stoichiometric composition, which can be diffi-
cult to achieve by the solid-state method [19]. With a
variation of the sintering temperature, various BCZT
properties can be extracted. Ji et al. reported that
BCZT sintered at 1400 °C had a uniform microstruc-
ture with a density of 5.56 g/cm® and had excellent
electrical properties (¢! = 8808, P, = 12.24 uC/cm?,
dsz = 485 pC/N) [20]. Moreover, BCZT ceramics
obtained by sol-gel method and sintered at 1420 °C
have outstanding electrical and energy storage
properties (d3; = 558 pC/N, ¢, = 3375, tgé = 0.02, and
W = 0.52 J/cm®) as evaluated by Zhong Ming Wang
et al. [17]. The energy density can also be demon-
strated by exploiting the Landau-Ginzburg-Devon-
shire (LGD) phenomenological theory. The modelling
result supports the experimental findings as reported
for BaTiO3-BaSnO; by Yonggang et al. [21].
Moreover, the electrocaloric effect could be inves-
tigated by indirect EC effect calculation through
Maxwell relation and theoretical investigations based
on the phenomenological approach via Landau-
Ginzburg-Devonshire (LGD) theory. Meanwhile, a
large electrocaloric responsivity (¢ = AT/AE) was
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found (¢ =0.19 K mm/kV) for BCZT ceramic sin-
tered at 1420° C, as reported by Kaddoussi et al. [22].
Additional estimations of the EC effect in ferroelectric
materials can be obtained by theoretical investiga-
tions exploiting the LGD phenomenological
approach.

A different approach has been used to improve the
electrocaloric efficiency (1) by monitoring the per-
ovskite composition, (2) by combining ferroelectric,
relaxor ferroelectric, and antiferroelectric materials,
(3) using composites (ceramics/polymers), and (4) by
reducing the ceramic thickness. On the other hand,
according to previous studies on the energy storage
density of material dielectrics, a higher breakdown
strength is responsible for a larger energy storage
density [23]. In this regard, the breakdown strength
of dielectrics increases exponentially with decreasing
ceramic thickness [24]. Thus, reducing thickness is a
practical method to enhance dielectrics’ breakdown
strength and energy density. As a result, the dielec-
tric thin films exhibit high breakdown strength, large
energy storage density and giant electrocaloric effect
compared to bulk ceramics. However, their energy
capacities are low because of the low thickness or
volume of thin films, making them unsuitable for
cooling applications where a high level of energy is
needed. This indicates that thin bulk ceramics should
be more appropriate for practical energy storage
density and electrocaloric effect. Thus, to achieve
higher energy storage properties and a giant elec-
trocaloric effect in bulk ceramics, enhancing the
breakdown strength is necessary to tolerate strong
electric fields while keeping a large dielectric volume.
This can be accomplished by decreasing the ceramic’s
thickness.

This work aims to improve the energy storage and
electrocaloric properties of BCZT ceramic prepared
by the sol-gel method while reducing its thickness.
The energy storage properties were determined from
the P-E hysteresis and the experimental findings
were compared with the theoretical results derived
from the phenomenological approach through the
LGD theory. Furthermore, the electrocaloric effect
was investigated by two methods: the indirect
approach following Maxwell’s relation and the phe-
nomenological approach through the LGD theory.
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2 Experimental

The BaggsCag.15Zr0.1Tip 905 ceramic was synthesized
by the sol-gel route. Stoichiometric amounts of bar-
ium acetate Ba(CH;COQO), (99%), calcium nitrate
tetrahydrate Ca(NO3),-4H,0 (99%), zirconyl chloride
octahydrate ZrOCl,.8H,O (98%), and titanium iso-
propylate C;,H504Ti (97%) were used as precursors.
As solvents, acetic acid (100%) and 2-methoxyethanol
(99%) were chosen. Ba(CH3;COQO), and Ca(NOs),.
4H,0 were initially dissolved in acetic acid, while
[ZrOCl,-8H,0] was dissolved in 2-Methoxyethanol,
then an appropriate amount of C;,Hps04Ti was
added. The precursor solution of (Zr,Ti) was added
to that of (Ba,Ca) and stirred for 1 h at room tem-
perature to give a BCZT solution, and then the pH
was adjusted with ammonia to 7. The sol obtained
was dried in air for 48 h to remove the solvents and
then ground into a fine powder in a mortar. The
powder was calcined for 4 h at 1000° C in the air to
form a pure crystalline phase. The calcined powder
was then pressed into cylindrical discs by uniaxial
pressing to prepare pellets sintered at a high tem-
perature of 1420° C for 4 h to improve the ceramic’s
density. The pellets were polished to adjust the
ceramic thickness at 400 um.

The sintered ceramic’s phase structure was deter-
mined by X-ray diffraction (XRD, Panalytical X-Pert
Pro) analysis using the Cu-Ko radiation with
) ~ 1540598 A. The measurements were performed
at room temperature in a range of 20 from 20° to 80°
with a step size of 0.02°. Rietveld refinement analysis
was realized using FullProf software. A Scanning
Electron Microscope (SEM, VEGA 3-Tscan) revealed
the surface’s morphologies. The density of the pellet
was measured using Archimedes’” method. The
dielectric measurements were examined using an HP
4284A precision impedance meter, controlled by a
computer in the 20 Hz to 1 MHz frequency range.
Differential scanning calorimetry (Perkin-Elmer Jade
DSC) with a heating rate of 5 °C/min was utilized to
highlight the various phase transitions. The surfaces
of the sintered sample were covered with a conduc-
tive silver paste serving as electrodes for electrical
measurements. The polarization—electric field (P-
E) hysteresis loops were collected using CPE1701,
PolyK, USA, with a high-voltage power supply (Trek
609-6, USA). The electrocaloric study was achieved
by the indirect method from recorded (P-E) hystere-
sis loops at 10 Hz as a function of temperature.
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3 Results and discussion

3.1 Structural and microstructural
properties

Figure 1 presents the X-ray diffraction pattern of
BCZT ceramic sintered at 1420 °C for 4 h. The for-
mation of a complete single-phase perovskite struc-
ture, with any impurity phase, is evident in the room
temperature XRD data, suggesting that Ca®* and
Zr** have been diffused into the BaTiO; lattice to
form a solid solution [25]. The peak between 20 ~ 45°
was split into two peaks corresponding to (002) and
(200) planes, as represented in Fig. 1b. This could be
the reflection of a tetragonal structure [26]. The
splitting peaks of (022) and (200) around 20 ~ 45°
imply the existence of an orthorhombic phase which
can also be confirmed by the formation of the triplet
around 20 ~ 66° [27], as displayed in Fig. 1c. The
coexistence of orthorhombic and tetragonal phases
indicates the formation of BCZT ceramic at the mor-
photropic phase boundary (MPB). The coexistence of
tetragonal and orthorhombic phases at room tem-
perature was also reported in many reports [16, 28].
The data of XRD was analyzed by Rietveld refine-
ment [29, 30], which was achieved using a
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combination of tetragonal symmetry with space
group P4mm and orthorhombic symmetry with space
group Pmm2 (5> = 1.86, R, =17.1 and R, = 13.5).
Structural information and phase composition are
regrouped in Table 1.

Figure 2 shows the surface morphology of the
sample of the BCZT ceramic sintered at 1420 °C. The
grains of the ceramic show an irregular morphology
and a uniform distribution. The average grain size is
45 pm. The SEM shows that the ceramic displays a
dense morphology due to the high-sintering tem-
perature. The latter facilitates the mass transfer and
pore removal resulting in tightly packed grains and a
high density of 5.70 g/cm?, which is ~ 95% of the
theoretical density.

3.2 Dielectric properties

Figure 3a shows the thermal variations of the real
part of the dielectric permittivity (¢) as a function of
the frequency for BCZT ceramic; the inset shows the
dielectric losses (tgd). The results show that e
increases rapidly and then decreases with increasing
measurement temperature. This behavior is the same
as a conventional ferroelectric material [31]. Two
dielectric anomalies, To_t and Tc, were observed
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Fig. 1 a XRD patterns and Rietveld refinement of BCZT sample sintered at 1420 °C for 4 h, b XRD patterns for 20 between [45° and

46°], ¢ XRD patterns for 20 between [65° and 67°]
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Table 1 Structural parameters, average crystalline size, and relative density of BCZT ceramic
Structure Tetragonal Orthorhombic
Space group P4mm Pmm?2
Unit cell parameters a (A) 3.999900 4.001126
b (A) 3.999900 4.016704
c(A) 4.022146 4.011608
a=pf=0 90° 90°
Volume (A%) 64.35 64.47
(c/a) 1.005
Phase composition (wt%) 66.51 33.49
Reliability factors (%) b 1.86
R, 17.1
Rup 13.5
x y z x y z
Atomic position Ba/Ca 0.00000 0.00000 — 0.01573 0.00000 0.00000 0.03760
Ti/Zr 0.50000 0.50000 0.46531 0.50000 0.50000 0.46350
(@] 0.50000 0.00000 0.41492 0.50000 0.00000 0.84859
02 0.50000 0.50000 0.06960 0.50000 0.05000 0.61207
03 - - - 0.00000 0.50000 0.64283
Average grain size (um) by SEM 45
Relative density (%) 95
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Fig. 2 The SEM image of sintered BCZT ceramic sintered at
1420 °C

around 300 and 352 K, corresponding to the phase
transitions from orthorhombic to tetragonal and
tetragonal to cubic, respectively. This result agrees
well with DSC data, revealing two endothermic
peaks at the same transition temperature (To_r and
Tc) (Fig. 3b). The response of space charge polariza-
tion induced by the creation of lattice vacancies, such
as cation or oxygen vacancies, could cause a high ¢/ at
a low frequency [26]. However, as frequency

increases, space charge polarization become more
limited, resulting in a decrease in ¢ [26]. At 1 kHz,
the maximum of ¢ was 17,841 around 352 K. The
dielectric loss tgd was less than 0.06, which may be
attributed to the dense microstructure and the lower
electron diffusion in the grain boundaries [33].
Compared to BCZT synthesis by solid-state and sin-
tered at 1350 °C, the maximum of ¢, was 6330 around
388 K [32], which is lower than our results. The
increase in ¢, could be caused by increasing density,
which is essential for the electrocaloric effect.

3.3 Ferroelectric properties

Figure 4 show the hysteresis loops at different tem-
peratures at an electric field of 55 kV/cm for BCZT
ceramic. The measurements were carried out at dif-
ferent temperatures and at a constant frequency of
10 Hz. At 303 K, the P-E loop reveals a closed and
saturated loop similar to a conventional ferroelectric
behavior [33]. The maximal polarization (Pp,,,) was
25.75 uC/ cm?, the remnant polarization (P,) was
15.15 pC/cm?, and the coercive field (E.) was found
to be 6.41 kV/cm. It is also observed that the hys-
teresis loops showed typical characteristics of ferro-
electric to paraelectric phase transition with nonlinear
to linear behavior [34]. As the temperature increases,
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Fig. 3 a Temperature
variation of dielectric
properties at different
frequencies of BCZT sample;
inset: dielectric loss at
different frequencies, b DSC
heat flow of BCZT with a
heating rate of 5 °C/min
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the hysteresis loops narrow until linear behavior is
achieved, and there is a continuous decrease of P,, E,
and Pp.x due to the thermal agitation [35]. This
behavior is a typical feature of paraelectric ferro-
electric phase transitions. P, and Pp,y's value is
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higher than that of BCZT ceramic prepared by solid-
state reaction (Pmay = 16.01 pC/cm®~P, = 10.98 pC/
cm?) [32] due to a good homogeneity in grain size
and uniform grain microstructure of the samples
prepared by sol-gel. Indeed, the proportion (f) of
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Fig. 4 The hysteresis loops at different temperatures at an electric
field of 55 kV/cm for BCZT ceramic

grains’ contribution to polarization for ferroelectric
materials can be described by [36]:

=1 e (20| 1)

where d is the grain size and G, is a constant repre-
senting the grain anisotropy energy density. There-
fore, the ferroelectric properties were proportional to
grain size. Thus, with the increasing grain size, the
contribution of grain to polarization increases, giving
rise to the enhancement of ferroelectricity [36].
Besides, a relatively lower E. was found compared to
ceramic prepared by solid-state (E. = 9.30 kV/cm)
[32]. The large grain of ferroelectric ceramics is ben-
eficial to a fast ferroelectric domain switching
resulting in a reduced coercive electric field.

3.4 Energy storage performances

The energy storage properties of BCZT ceramic were
deduced from the P-E hysteresis loops as a function
of temperature. Nonlinear dielectrics possess some
energy dissipation. Therefore, the total energy den-
sity (Wiota1), Tecoverable energy density (W), and
energy storage efficiency () could be calculated
using the equations [37]:

Prnax
W[O[al == / EdP (2)
0
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Fig. 5 P-E curve with a schematic for calculating energy storage
performance

Pmax
Wi, — / EdP 3)

n= e x 100 4)
total

P-E loops’ upper and lower branches represent the
discharge and charge process, respectively. Wiec
could be determined by integrating the area between
the polarization axis and the upper branch curve of
the unipolar P-E hysteresis loop, W, represents the
energy released during the discharging process. In
contrast, Wj,ss produced by the domain reorientation
is determined by integrating the P-E loop area and
corresponds to the dissipation in dielectrics. Wiotar
can be calculated by adding Wi and W as
schematically presented in Fig. 5, and it corresponds
to the total energy density during the charging
process.

3.5 Electric-field-dependent energy storage
properties at room temperature

Using Eqgs. (2-4), the obtained values of total energy
density Wiotal, €nergy storage density Wieo, €nergy
loss density Wiess, and energy storage efficiency 4 as a
function of electric field have been illustrated in
Fig. 6. Wiotal, Wree, and Wiges display a sharp linear
rise with the increasing applied electric field at room
temperature. Wiota, Wree, and Wi increased from
0.10 to 0.55J/cm?® 0.01 to 0.12 J/cm® and 0.08 to
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0.43 J/cm® respectively, with the increasing applied
electric field from 5 to 55 kV/cm. However, the value
of n increases steadily with increasing the electric
field. From 5 to 55 kV/cm, 5 increased from 15.10 to
24.12%. These results indicate that higher applied
electric fields can induce more polarization, enhanc-
ing the energy storage properties [38].
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3.6 Temperature-dependent energy storage
properties

Another essential aspect of energy storage applica-
tions is the high-temperature stability of dielectric
ceramics. To gain insight, the temperature depen-
dence of energy storage properties of BCZT ceramic
has been studied. Figure 7 shows the variation of



Table 2 Comparison of energy storage properties of BCZT ceramic with other lead-free materials from the literature

Sample Method T of sintering ¢ Wiee Jlem®) 5 (%) E (kV/em) T (K) References
Bag gsCag 15219 1 TigoO3  Sol—gel 1420 17,658 0.07 2743 27 RT This work
Bag g5Cag 15219 1 Tip 003  Sol—gel 1420 17,658 0.12 24.12 55 RT This work
Bag g5Cag 152101 TipoO3  Sol-gel 1420 17,658 0.24 88.05 55 324 This work
Bay g5Cag 152101 Tip9O3  Sol—gel 1420 16,310 0.01 63.65 7.77 413 [16]

Bay g5Cag.15Zro.1 Tip9O3  Solid-state 1500 19,277 0.06 874 20 373 [40]

Bay g5Cag.15Zr0.1 Tip9O3  Solid-state 1350 16,200 0.12 513 60 303 [42]

Bag 35Cag 152101 Tip9O3  Hydrothermal 1250 5000 0.41 78.6 60 380 [41]

Bag g5Cag 152191 Tig9O3  Coprecipitation 1440 - 0.54 71 150 - [43]
BTSng 13 Solid-state 1350 17,390 0.08 91.04 25 333 [44]
BaZr( 5Tip.9505 High energy ball milling 1200 1300 0.10 56 30 RT [10]
BaZrg ¢5Tip 9503 High energy ball milling 1200 1300 0.218 72 50 RT [10]

¢,: Dielectric constant, W,,.: recoverable energy density, #: efficiency coefficient, E: electric field

0.60
1 n an by LGD
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Fig. 8 Comparison of the thermal evolution of W, obtained
experimentally and using Landau—Ginzburg—Devonshire (LGD)
theory at 55 kV/cm for BCZT ceramic

Wiotaly Wreer Wioss, ad 1 for BCZT ceramic as a func-
tion of temperature. On the one hand, Wi, increase
with the increase in temperature. This behavior may
be due to the enhancement in the mobility of domain
walls with a rise in temperature [38]. On the other
hand, a decrease in W, values with increased
temperature is observed. This behavior can be
attributed to ease in the reorientation of domains
with rising temperature [39]. As a result, energy
storage efficiency is enhanced. At the maximum
electric field of 55 kV/cm, the maximum efficiency
value is = 88.05% at 324 K with Wiee = 0.24 J/cm®.
These results are comparable to others reported in the

literature under a different electric field (Table 2).
Using the same synthesis method and the tempera-
ture of synthesis, Mezzourh et al. [16] found a
recovered energy density Wy of 0.02]/ cm® and
storage efficiency n of 63.65% under 7.7 kV/cm in
BCZT ceramic. On the other hand, by using an elec-
tric field of 20 kV/cm, Cai et al. [40] reported a
recovered energy density of 0.06 J/cm® and storage
efficiency of 85.8% in BCZT ceramic elaborated by the
solid-state method with almost the same grain size
(44.37 um) as our samples, which is lower than our
results. For BCZT synthesis by sol-gel hydrothermal
and at 60 kV/cm, the obtained Wi was 0.36 J/cm®
and n = 67.25% with the grain size of 22.1 pm, as
stated by Hanani et al. [41].

In comparison, BCZT ceramic under 55 kV/cm
exhibited lower energy storage performances.
Therefore, it is important to note that the energy-
storage properties depend on the method of synthesis
as well as the grain size. The better energy density
may be due to smaller grain sizes and more uniform
grain microstructure.

3.7 Temperature-dependent energy storage
density using landau
phenomenological approach

More insight into calculations of the total energy
density Wiota can be obtained based on the Landau-
Ginzburg-Devonshire (LGD) phenomenological the-
ory, describing the macroscopic phenomena in
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ferroelectric materials near the phase transition. The
total energy density Wiy can be calculated by con-
sidering the simple Landau-type free energy model
[48]:

F = Fy +aP? + bP* + cP°~EP (5)
where a, b and ¢ are the temperature-dependent
coefficients. In ferroelectrics, a(T) = a;(T—T.) where
T. is the curie temperature. At equilibrium, the first

deviation of free energy should equal zero
(OF /0P = 0) [45], which thus leads to:

E = aP + bP*cP° (6)

The electric field versus polarization (E-P) data for
all considered temperatures can be fitted by Eq. (6),
which allows the extraction of the a, b and ¢ param-
eters for each temperature. These coefficients are
important for energy storage because they express
the energy density, according to the Landau model
[45], where P,y is the polarization at Ep,x.

Prnax
W[O[a] = / (IZP + bPS + CPS)dP
0

1

= E upilax

+%benax +%canax (7)

Figure 8 compare the temperature-dependence of
the estimated Wiota Obtained via LGD theory with
that deduced from the experimental results under
55 kV/cm in BCZT ceramic. Both methods show the
same trend, Wio, decreases with increasing temper-
ature. At room temperature, the Wi, obtained by
LGD was 0.51 J/cm®, which is lower than that found
experimentally (0.55 J/cm?®). However, both methods
lead to the same values at the paraelectric phase
transition. Note, the coefficients 4, b and ¢ are tem-
perature-dependent in relaxor ferroelectrics, which
could be the main reason for the difference between
the results obtained by the theoretical calculation and
the experimental result [46].

3.8 Indirect electrocaloric measurements

The electrocaloric effect (ECE) is universally known
as the reversible entropy and temperature change
when an electric field is applied or removed [47]. An
indirect method based on Maxwell’s relation between
the entropy (S) and the dielectric polarization (P) is
used to estimate the adiabatic temperature change AT
[48]:
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AT under an applied electric field is calculated by
the following equation:

Ep

1 T (oP

Eq

where P is polarization, p is the density of the sample,
and C, denotes the specific heat capacity of the
material. E; and E; are initial and final applied elec-
tric fields, respectively. E; is taken as zero in the
present case and E, corresponds to the saturation
field value. The value of polarization gradient
(0P/0T); was found from the derivation of P versus
T data [39].

Temperature change alone does not provide suffi-
cient data to determine the global EC performance.
Thus, the isothermal entropy change (AS) is an
important parameter to evaluate the relative heat
extraction capacity of the material. AS is calculated by
the following equation:

E;

AS:—%/ (%)EdE (10)

1

Figure 9a, b shows the variation of AT and AS as a
function of temperature at different applied electric
fields for BCZT ceramic. It has been observed that
AT and AS increase with the increase in the electric
field. This behavior is as per Egs. (9) and (10). AT and
AS curves, which correspond to a fixed applied
electric field, exhibit a maximum around T, due to
the diffusion behavior of our sample near the ferro-
electric-to-paraelectric phase transition and multi-
phase coexistence [49]. From Egs. (9) and (10), it is
evident that materials having a more significant
polarization gradient as well as a higher saturation
field (E,) will show larger AT. At AE,.x of 55 kV/cm,
AT pax was 2.32 K, and AS,.« was 1.98 J/Kg/K for
BCZT ceramic with a thickness of 400 pm. The max-
imum peak is near transition temperature for lower
electric fields. However, the peak position of A Tyyax
and A S, moves gradually toward the higher tem-
perature with increasing the intensity of the applied
electric field. This peak shift relates to the diffused
nature of phase transition, which might be due to a
change in domain configuration or field-induced
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transition on the application of higher electric fields
[38].

However, comprehensive conclusions cannot be
drawn alone with adiabatic temperature change (AT)
values about the overall caloric performance of a
ferroelectric material. Thus, the electrocaloric
responsivity (AT/AE), ie., the ratio of adiabatic
temperature change and the field change, is an
important parameter to evaluate the ECE behavior of
the material [50]. At 384 K, the maximum elec-
trocaloric responsivity (max is 042 Kmm/kV at
55 kV/cm for BCZT ceramic. The EC effect compared
for different materials, electric fields, and thickness
are gathered in (Table 3). We can observe that the
same material with the same composition shows
different ECE. Certainly, for the BCZT with 1 mm of
thickness and synthesized by solid-state, (max
reached 0.23 K mm/kV at 25 kV/cm [32], which is
lower than our results. On the other hand, with the
same ceramic thickness of 1 mm, the ECE of BCZT at
27 kV/cm was higher than many other lead-free
ceramics. Indeed, Patel et al. [34] elaborated the
(Bag.g5Cap.15)(Zro1Tip.gsSN0.02)O5 ceramics by solid
oxide reaction, revealing that the ECE response
reached high values of 0.84 K and 0.26 K mm/kV for
A Tax and (max, respectively, under 32 kV/cm at
347 K. As well as (BaggsSrg 15)(Zrg1Tig9)O3 ceramics
fabricated by conventional solid-state reaction route,
which A Tp. = 0.5 K and (o = 0.16 K mm/kV at
347 K at 30 kV/cm, as stated by Patel et al. [51]. Atan
electric field of 55 kV/cm, BCZT exhibited better ECE
properties compared to those found in 0.98(BaTiOs)-

Table 3 Comparison of the ECE properties of BCZT ceramic with other lead-free materials from the literature

Materials T (K) AT (K) AE (kV/  {pax K mm/  Thickness RC (J/ COP References
cm) kV) (mm) kg)
Bay g5Cag 152191 Tig 905 384 2.32 55 0.42 0.4 4.59 12.38 This work
Bag gsCag 15721 1 Tig 003 367 1.47 60 0.24 0.34 2.38 - [41]
(Bag gsCag.15)(Zrg. 1 Tig.ggSng 02)O3 353 0.84 32 0.26 1 - - [34]
(Bag g5Cag.075S10.075)(Zro.1 Tip.88SN0.02)03 305 1.5 33 0.455 1 2.75 - [35]
(Bag 5S10.15)(Zr0.1Tig.0)O3 347 05 30 0.16 1 - - [51]
0.98(BaTi05)-0.02 Bi(Mgg s Tip5)O3 416 1.21 55 0.22 2 1.47 - [52]
Bag gsCag 1521 1 Tig 003 373 0.57 25 0.23 1 0.35 11 [53]
0.45(Bag ,Tig.803)0.55(Bag 7Cag3TiO3) 404  0.46 12 0.38 0.75 - - [57]
Bag 4819 ¢Nb,Og 407 0.32 60 0.05 0.6 — — [58]
0.9(K.5N40.5)NbO3—0.1(SrZrO3) 367 1.19 35 0.34 1 - 0.62 [59]
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Fig. 10 Temperature profiles of refrigeration capacity (RC) and
the coefficient of performance (COP) at 55 kV/ecm for BCZT
ceramic

0.02 Bi(Mgps Tip5)O3 ceramics with 2 mm of a
thickness (A Thax = 1.21 K and (. = 0.22 K mm/
kV at 416 K) by Li et al. [52]. The synthesis conditions
(such as calcination and sintering), chemical doping,
grain form, the number of coexisting phases, the
ceramic thickness, and the applied external electric
field are all factors that contribute to these
differences.

It is crucial to remember that measurements’ fre-
quency and temperature interval can affect the ECE
values derived from indirect measurements utilizing
PE hysteresis loops. It can also be affected by C,,
which is, in approximation, held constant. For that
reason, refrigeration capacity (RC) is evaluated to
look at the overall material’s performance. RC is
calculated by the following equation:

RC = AT x AS (11)

Figure 10 shows the variation of RC as a function of
temperature at 55 kV/cm for BCZT ceramic. RC
increases with increasing electric field. RC shows a
maximum around T, due to phase transition, as dis-
cussed before. At 55 kV/cm, RC,,,, was estimated to
be 4.59 J/kg for BCZT with a thickness of 400 pm.
The obtained value was higher than many other lead-
free ceramics [35, 52].

Another important measure in evaluating the EC
performance is the coefficient of performance (COP)
as calculated by the following equation, where Q is
the isothermal heat.
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Q
Vvtotal

| TAS
Wlotal

COP = ’ (12)

Figure 10 displays the variation of COP as a func-
tion of temperature at 55 kV/cm for BCZT ceramic.
The COP reveals the same behaviors as AT, AS and
RC. Around T., COP exhibits a maximum. At 55 kV/
cm, COP,.x was 1238 for BCZT ceramic. The
obtained value is higher than that obtained by other
literature [41, 53]. Nanocrystalline ceramics of [(ko 5.
nag 5)nbozly o7-[lisbosly o3 show a COP of 8.14 under
an electric field of 40kV/cm as reported by
Kumar et al. [54]. Whereas Hao et al. [55] report a
COP of 2.9 in PbggyLag pZrgg75ng 08 Tig. 0703 antifer-
roelectric thick film. Attending a strong electric field
by reducing the thickness of ceramics can improve
the EC parameters. The high values of AT, AS, {, RC
and COP make BCZT ceramic with low thickness a
promising candidate for eco-friendly electrocaloric
applications.

The temperature change, AT, can also be calculated
using Landau-Ginzburg-Devonshire phenomeno-
logical theory. The free energy can be definite as
Eq. (5) in terms of electric polarization. The entropy
change is obtained from Eq. (13) [56].

oF
AS = — (=
s=-(57),

=— Gal (T 4+ AT)P?(E,T + AT) — %al(T)Pz(O, T)
(13)

The EC response can be given using AT =
—(TAS/C,) [56] as follows:

AT = — (L‘S)
CP
__ L (a1(T + AT)P*(E,T + AT)
2C,

—ay(T)P%(0,T)) (14)

where C,, is the specific heat capacity of the material
at given field E. Since AT < T, Eq. 14 can be sim-
plified to:

T

AT = — — (@ (T)P*(E,T) —ay(T)PX(0, 7)) (15)
2G,

Figure 11 compare the temperature-dependence of
the estimated AT obtained via LGD theory with that

deduced from the experimental results under 55 kV/
cm in BCZT ceramic. Both methods show the same
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Fig. 11 Comparison of the thermal evolution of AT obtained by
Landau—Ginzburg—Devonshire (LGD) theory and experimentally
at 55 kV/em for BCZT ceramic

behavior, AT increase with temperature increasing,
reach a maximum around T., and then decrease. This
comportment is due to the diffusion behavior of our
sample near the ferroelectric-to-paraelectric phase
transition [49], as discussed before. At room tem-
perature, the AT obtained by LGD was 2.33 K, which
is lower than that found experimentally (2.11 K).
However, the same values at the paraelectric phase
transition were observed for both methods. The dif-
ference between the results obtained by the theoret-
ical calculation and the experimental result may be
due to the coefficients 4, b and c, which are temper-
ature-dependent in relaxor ferroelectrics [56].

4 Conclusion

Bag g5Cag.15Zrg 1 Tip 903 ceramic sintered at 1420 °C for
4 h was successfully prepared by the sol-gel method.
The XRD showed the coexistence of two tetragonal
and orthorhombic phases at room temperature. The
SEM revealed a large grain size of ~ 45 um. The
ceramic thickness was reduced to achieve high-en-
ergy storage and a large electrocaloric effect in bulk
ceramics. The BCZT ceramic with a thickness of
400 um showed both interesting energy storage
properties and a significant electrocaloric effect. The
recoverable energy density Wi, was 0.24 J/cm®, and
Wiotar Was 0.27 J/cm?® with an efficiency coefficient
of ~ 88% at 423 K under a 55 kV/cm electric field.
On the other hand, BCZT show an outstanding
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temperature change AT =2.32K and significant
electrocaloric responsivity { = 0.421 K mm/kV, high
refrigeration capacity RC = 4.59 J/kg and interesting
coefficient of performance COP = 12.38. The total
energy density Wio, and the temperature change
AT were also calculated by exploiting the Landau-
Ginzburg-Devonshire (LGD) theory. The theoretical
result matched the experimental findings. These
characteristics suggest that this eco-friendly BCZT
ceramic could be a prospective candidate for dielec-
tric energy storage and electrocaloric applications.
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