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Abstract

In the current work, the structural, dielectric, and electrocaloric performance of Ba,, ;Ca ;TiO; ceramic synthesized by solid-
state reaction route is presented. The structural analysis was examined by X-ray diffraction and Rietveld refinement, which
confirms the existence of a combined phase of tetragonal structure with PAmm symmetry and orthorhombic structure with
Amm?2 symmetry. The scanning electron micrograph shows well-defined and pore-free grains. The temperature-dependent
dielectric performance shows diffuse phase transition behavior. The temperature-dependent ferroelectric hysteresis behavior
was examined under the application of various amplitudes of an applied electric field. The energy storage density, energy
loss density, and energy storage efficiency of the composition at different temperature were calculated using the standard
formula. The thermal energy potential has been calculated by employing the Olsen cycle. Also, pyroelectric figures of merit
(FOMs) for voltage responsivity (F,), current responsivity (F}), energy harvesting (F,), new energy harvesting (F7), and
detective (F;) were calculated. Adiabatic temperature change, isothermal entropy change, and electrocaloric strength are

evaluated using an indirect technique based on the thermodynamic Maxwell's relation.
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1 Introduction

The demand for cooling and air-conditioning equipment is
driving up global power consumption. The issues of envi-
ronmental concern and poor cooling efficiency plague the
cooling technology that is now in use, such as semiconductor
refrigeration and vapor compression. As a result, research-
ers are putting a lot of effort into creating new eco-friendly
refrigeration technologies. An inventive and promising
method to realize high efficiency and environment friendly
cooling in the future is provided by the thermal change in
ferroic materials that is caused by external stimuli, such as
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magnetic, electric, pressure, and mechanical fields, which
correspond to the magnetocaloric (MC), electrocaloric
(EC), barocaloric (BC), and mechanocaloric (mC) effects,
respectively [1-9]. Compact device designs, lightweight, and
relatively easy creation and control of electric fields are the
appealing characteristics of EC cooling as compared to the
MC, BC, and mC effects [10, 11]. A cutting-edge alternative
technology known as the electrocaloric effect (ECE) changes
the entropy (AS) and temperature (AT) of polar materials in
the presence of an external electric field (E).

The EC effect is a relatively recent and challeng-
ing research topic in the study of ferroelectric materials.
Recently, the use of ferroelectric materials for EC refrigera-
tion has attracted a lot of attention for solid-state cooling
applications. Because of the relative mobility of the ions
in the structure under the applied electric field, the change
in entropy (S), which is controlled by the change of fer-
roelectric dipolar, is the basic mechanism underlying the
ECE in ferroelectric materials. Among lead-free ceram-
ics, BT is one of the potential competitors in this market.
The three distinct phase transitions that are evident are
the tetragonal-cubic phase transition (To=120 °C), the
orthorhombic—tetragonal phase transition (T =0 °C),
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and the rhombohedral-orthorhombic phase transition
(Tr.o=90 °C) [12, 13]. It exhibits a low dielectric constant,
and moderate energy storage capabilities. Therefore, several
site engineering procedures including the substitution of dif-
ferent dopants in the Ba site and/or Ti site have been used to
improve these features [14—16]. The discovery of morpho-
tropic phase boundary (MPB) and multi-phase coexistence,
which can considerably improve the characteristics of BT-
based ceramics, was the most significant advancement in
BT-based systems over the decades [17, 18]. The extension
process and polarization rotation are made simpler by the
low energy barriers in the MPB area, which improves the
ferroelectric and piezoelectric capabilities.

Cais discovered to be one of the most suitable dopants for
enhancing the dielectric performance of the BT-based sys-
tem. Due to the larger ionic radius of the barium ion in the
BTO ceramic, the addition of the Ca>* ion produces several
impacts on the compound structure. This could enlarge the
octahedral site and demonstrate the removal of the Ti** ion
from its original location. Much attention is being drawn to
the use of Ca" instead of Ba>* in the BT lattice as a superior
ceramic capacitor material that improves the temperature
dependence and dependability of the dielectric character-
istic of BT-based materials for electronic applications. The
Curie temperature is barely affected by the partial replace-
ment of Ca>* for Ba’*; however, the temperature at which
the tetragonal to orthorhombic phase transition occurs is
significantly lowered, improving the thermal stability of
the tetragonal phase. Additionally, Ba, ;Ca,;TiO; (BCT)
exhibits an intriguing biphasic presence of tetragonal and
orthorhombic crystal forms in the BaTiO;-CaTiO; binary
phase diagram, giving the materials strong dielectric permit-
tivity and good piezoelectric characteristics [19]. The analy-
sis of the structural, dielectric, and ferroelectric properties of
BCT ceramics has been covered in several studies [20-26].
However, there are not many reports available on the thermal
energy storage and electrocaloric performance of the BCT
ceramic. Here, we report temperature-dependent hysteresis
at various electric fields as well as structural, microstruc-
tural, and dielectric behavior. The Olsen cycle was employed
to examine the thermal energy storage, and Maxwell’s equa-
tions were used to determine the electrocaloric performance.

2 Experimental details

The Ba,, ;Ca, ;TiO; composition was fabricated through
a solid-state reaction route using precursors like BaO,
(99.9%), CaCO; (99.9%), and TiO, (99.9%). A stoichio-
metric mixture of the raw materials was weighed and ball-
milled in a water medium for 24 h. After that, the mixture
was calcination at 1100 °C for 12 h. The phase purity
of the prepared sample was examined using the X-ray
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diffraction measurement (XRD) (Rigaku, Ultima IV, Cu Ka,
A=1.5418 A). A scanning electron microscope was used to
analyze the surface morphology (EVO-18, ZEISS-Japan).
The circular pellets of diameter 10 mm and thickness 1 mm
were made using PVA as a binder. The pellets were sintered
at 1350 °C for 12 h in the presence of air at a slow heating
rate (2 °C/min). The density of the samples was calculated
using Archimedes' principle and found to be 5.60 g/cm?.
For collecting dielectric and ferroelectric measurements,
electrodes with silver paste were painted on both sides of
sintered ceramic pellet. The temperature variant dielectric
measurement was carried out using an LCR meter (HIOKI
IM 3570) at different frequencies starting from 100 Hz to
1Mz. The temperature and electric field-dependent polariza-
tion—electric (PE) field loops were measured using a modi-
fied Sawyer—Tower circuit-based ferroelectric hysteresis
loop tracer system (Marine India Pvt. Ltd.).

3 Result and discussion
3.1 Structural and microstructural analysis

The XRD pattern of the BCT ceramic is presented in
Fig. 1a. All the observed peaks suggest the formation of
a perovskite crystalline structure, signifying the complete
incorporation of Ca*" ion into the BT lattice. For further
structural analysis, Rietveld refinement of the XRD pattern
has been carried out by using “FULLPROF” software and
presented in Fig. 1b. The pattern is best fitted to a com-
bined phase of a tetragonal structure with PAmm symmetry
(JCPDS 81-2205) [27] and an orthorhombic structure with
Amm?2 symmetry (JCPDS 75-2100 [28]). For the refine-
ment process, atomic positions and lattice parameters of
BaTiO; (for both tetragonal and orthorhombic symmetry)
are chosen as the reference model. The peak profile has
been fitted using the Pseudo-Voight function. The 6-coef-
ficient polynomial function has been selected to refine the
background. The scale factors, instrumental parameters,
cell parameters, FWHM parameters (U, V, W), Wyckoff
positions, isotropic parameters, and asymmetric param-
eters have been refined and the occupancy of the atoms
kept fixed throughout the refinement process. In Fig. 1b
black solid line represents the fitted curve over the open
red circles symbolizing observed data. Olive vertical lines
indicate the possible Bragg positions and the blue solid
line is the differential line indicating the miss matching of
observed and refined values. The flat blue line is the indi-
cation of well-fitted data. The values of fitting parameters
such as R-factors (Rp,e,, R, Ry Rey) and goodness of
fit (4°) are obtained from the refinement process and listed
in Table 1 along with unit cell parameters. These various
refined parameters reveal the existence of mixed-phase
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Fig. 1 a X-ray diffraction pattern, b Rietveld refinement, and ¢ Unit
cell structure of BCT ceramics

of tetragonal and orthorhombic symmetry with 78.73%
and 21.23%, respectively. Figure 1c shows the unit cell
structure that has been obtained with the help of VESTA
software. Figure 2 depicts the SEM micrographs of the
Ba, ;Ca, ;TiO; ceramic having inhomogeneous grains size
distribution. Well, dense microstructure without much
porosity and co-existence of large and smaller grains was
observed. The larger grains are formed due to the agglom-
eration of smaller grains.

Table 1 Structural parameters obtained from the Rietveld refinement

Structure Tetragonal (78.73%) Orthorhom-
bic
(21.27%)
Space group P4mm Amm?2
a (A% 3.96868 3.96232
b (A% 3.96868 5.63468
c(AY 4.00346 5.65328
Ba(x) 0 0
Ba(y) 0 0
Ba(z) —0.00876 0.01315
Ca(x) 0 0
Ca(y) 0 0
Ca(z) —0.00876 0.01315
Ti(x) 0.5 0.5
Ti(y) 0.5 0
Ti(z) 0.47712 0.57523
Oo®x)
0O, 0.5 0
0, 0.5 0.5
O(y)
0, 0.5 0
0, 0 0.23380
O(z)
0O, 0.18806 0.81077
0, 0.58085 0.59715
Rp a0 5.872 6.884
R, 13.1
Ry, 224
Rexp 11.49
¥ 3.81

e
. 0 e C 1‘. S

10 um EHT=10.00 kV Signal A= SE1 Date: 28 Sep 2021

H WD=11.61mm Mag= 200KX Time: 15:06:13

Fig.2 Scanning electron microscopy image of BCT
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3.2 Dielectric analysis

The temperature-dependent dielectric permittivity (e,) of
Ba, ;Ca, ;TiO; ceramic at different frequencies is shown in
Fig. 3a. The dielectric permittivity initially increases with
temperature up to 84 °C and then reduces with an increase
in temperature indicating the phase transition temperature.
It is also observed that the dielectric peaks decrease with
an increase in frequency. The diffuse nature of phase tran-
sitions was studied using a modified Curie—Weiss relation-
ship as given below [29, 30].

1 1

i (T-1,)"/C )
where y and C, were assumed to be constants. The value of
y signifies the behavior of the phase transition. When the y
value is close to 1, it shows normal ferroelectric behavior
and when y is close to 2 it shows a diffuse phase transition

4500 4 (@) —— 100 Hz
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1 2 3
In (T-Tm)

Fig.3 a Dielectric constant as a function of temperature and b plot of
In(1/e,—1/¢,,) as a function of In(T—T,,) at 1 kHz for BCT ceramics

m
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behavior [29]. The plot ofln[f-— i} vs In[T =T, ] at

m

100 Hz is shown in Fig. 3b and the value of y = 1.69 was
obtained by fitting the experimental data according to
Eq. (1). The obtained value of y indicates a diffused phase
transition in the composition that can be derived due to the
presence of a polar cluster (orthorhombic phase) [31]. Fur-
ther, the diffuse nature may be originated due to the develop-
ment of the structural disorder in the composition [32].

3.3 Ferroelectric properties

3.3.1 Effect of electric field and temperature
on the polarization

The field-dependent hysteresis loops of Ba,,Ca;;TiO;
ceramic at 30 °C are presented in Fig. 4a. It is found that the
maximum (P_,,,) and remnant polarization (P,) increase as
the electric field increases. The increase in polarization with
an increasing electric field is because a larger electric field
provides more driving force for ferroelectric domain switch-
ing [33]. The domain volume increases as the driving force
increases. Consequently, an applied electric field causes an
increase in the total polarization, which further increases the
hysteresis parameters. A representative plot of temperature-
dependent hysteresis loops at an electric field of 40 kV/cm is
shown in Fig. 4b. Well-defined hysteresis loops were observed
up to the transition temperature and the loop starts vanishing
beyond the transition temperature. However, the P-E loops did
not vanish at T due to the diffuse phase transition behavior.
It is also found that as the temperature increases, P, and P,
gradually decrease and this may be because the thermal agita-
tion gradually destroys the order of arrangement of dipoles
[27]. The loop becomes thinner as the temperature rises, which
increases its energy storage capacity.

3.4 Pyroelectric properties

The pyroelectric coefficient was measured using the equation
given below:

p=-— (2)

dt
where p, P, and T are the pyroelectric coefficient, rema-
nent polarization, and temperature, respectively. Figure 5
shows the variation of pyroelectric coefficient as a function
of temperature. The significant figure of merit (FOM) asso-
ciated with the pyroelectric performance has been calculated
using the following equations [34—36]

14
Fi=e 3)
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where C,, F, F,, F,,F,” and F, are the volume-specific
heat capacity which is a product of p density and C,, pres-
sure-specific heat capacity taken from the literature [37],
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Fig.5 Variation of Pyroelectric coefficient with temperature

the potential current responsivity performance, the volt-
age responsivity, pyroelectric energy harvesting figure of
merit, the modified figure of merit and the detection capa-
bility, respectively. The FOMs at 373 K are found to be
F=043x10"m V™, F,=02m>C™, F,=522T m> K™,
F,* = 0.08x 107""'m? J=! and F,=14.7 Pa’? for BCT
ceramic.

3.5 Thermal energy storage

The hysteresis is a measure of the difference in energy,
expressed as heat, needed to polarise and depolarize the
ferroelectric material. Heat absorbing ability makes the
material competent to generate electricity. The Olsen cycle
is a reversible polarization that is meant to follow a clock-
wise loop between two distinct ranges of temperature and is
mostly used to convert thermal energy into electricity. Two
isothermal and two isoelectric field processes constitute this
cycle [38]. Figure 6 represents the thermal energy conver-
sion using the Olsen cycle. The area encompassed between
A, B, C, D, and A represents the amount of electricity gener-
ated per unit volume per cycle [39]. Process A-B represents
one of the two isothermal processes at a lower temperature
(T,) with an increasing low electric field limit (E;) to a
higher electric field limit (Ey) for which the corresponding
polarization also increases. In the following process B-C,
there is a production of lattice vibration and a rise in tem-
perature due to the supply of heat (Q,) to the material. Depo-
larization takes place while the electric field is constant, Ey,
which generates a larger depolarization current that might
be utilized for powering electronic equipment. The mate-
rial's temperature then rises from its starting low tempera-
ture (T)) to its final high temperature (T};). Now, in process
C-D, at constant temperature Ty, the electric field is reduced

@ Springer
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Fig.6 Thermal energy conservation of Ba, ;Ca, ;TiO; ceramic using
Olsen Cycle

from Ey to E;, which generates a weak polarization current.
Lastly, in process D-A, heat is extracted from the system at
a constant electric field (E; ) for the material to return to its
starting state and finish the cycle. Several articles provide an
in-depth analysis of the Olsen cycle [39-41]. The following
equation can be used to evaluate the material's isoelectric
heat rejection energy density (Np) per unit volume:

%=f3@ ®)

where E and P denote the electric field and polarization,
respectively. The Olsen cycle is used to calculate the thermal
energy conversion density as shown in Fig. 6. A maximum
thermal energy conversion density of 132 kJ/cm? is obtained
per cycle for the present composition which is comparable
with the energy conversion density of 150 kJ/m? per cycle
for PZN-5.5PT based on the pyroelectric effect [42].

A temperature-dependent P-E hysteresis loop can be used
to determine a dielectric material's ability to store electri-
cal energy. The recoverable energy density (W,,.) and total
energy density (W,,) can be evaluated by integrating the
region between the polarization axis and the upper and lower
branches of the P-E hysteresis loop, respectively. The fol-
lowing equations are used to find the W, W, and energy
storage efficiency # [43].

max

Wior = / Edp 9

(=)
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Temperature (°C)

Fig.7 Energy storage efficiency of BCT ceramic as a function of
temperature

max

Wie = / EdP (10)
P,
w w
n=—=X100 = —=——X100 (11
tot Wrec loss

Figure 7 represents the trend of energy efficiency of
BCT ceramics as a function of temperature. In the present
work, the maximum values of W, and W, are found to
be 177.5 mJ/cm? and 79.6 mJ/cm? at 100 °C, respectively,
with an energy storage efficiency of 46% for 40 kV/cm.
Additionally, energy storage efficiency rises with tempera-
tures up to 120 °C, reaching a maximum of 49%.

Besides the high energy density, another factor that is
crucial for practical application is thermal stability, which
is given by the following equation [44].

AW

rec,T Wrec,T - Wrec,300K

12)

Wrec,SOOK Wrec,3OOK

where W, 1 is the value of W, at temperature T and AW . 1
is the difference between W,,,. r and W, 350x- The thermal
stability is found to be 6.59% in a temperature range of
40-110 °C which is an indication of good thermal stability
in the composition.

3.6 Electrocaloric properties

The electrocaloric effect has been studied for the
Ba, ;,Ca, ;TiO5 ceramic using an indirect method. For this
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method, a graph is plotted between polarization vs tempera-
ture for an increasing electric field. Considering the upper
branches of the temperature-dependent P-E loop, the polari-
zation values for various electric fields were determined.
Boltzmann non-linear curve fitting is used to obtain the
polarization versus temperature (P-T) curve as shown in
Fig. 8a. It is observed that the polarization increases with
an increase in the electric field. Also, as the temperature
increases, saturation polarization decreases accordingly to
Curie-Weiss Law [45].

Now assuming the Maxwell relation ( 3—; >E = (% ) ” the
isothermal temperature change (A7) and adiabatic entropy
change (AS) can be calculated to study the EC behavior,
using the following equation [46].
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Fig.9 Temperature dependent a entropy change (AS) and b adiabatic
temperature change (AT) at different electric fields for BCT ceramics

E,
| [ T /0P
AT =-1 —(— dE
p/C aT> (13)
)4
El
E,
1 [ /0P
AS=-1 (-)dE
p/ oT (14
El

where (p) is the density of BCT ceramics found to be 5.60 g/
cm® by Archimedes method. (C,) is the specific heat capac-
ity which is 434 J.kg™' K~! obtained from the literature [46].
E, is the final applied electric field and E, is the lowest elec-
tric field which is set to zero.

Figure 8b represents the pyroelectric response (S—;)
E

as a function of temperature at different electric fields. It
is seen from the graph that the appearance of peaks for an
electric field may contribute to the ferroelectric to parae-
lectric phase change [47]. Figure 9a, b denotes the

@ Springer



788 Journal of the Korean Ceramic Society (2023) 60:781-789
4 Conclusion
0.20 - — 5KV/em
aaxyem The traditional solid-state reaction technique was used to
0.15 4 :;g mzm synthesize the BCT ceramic. XRD revealed the development
30 KV/em of the phase structure, and Rietveld refinement verified it.
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Fig. 10 The temperature dependence of the electrocaloric strength
AT/AE at different electric fields

temperature-dependent AT and AS under different electric
fields, respectively. It is observed that AT and AS
increases with an increase in electric fields. The maxi-
mum AS (0.44 J/K. kg) is obtained at an applied electric
field of 30 kV/cm at around 400 K. Similarly, a maximum
AT of 0.419 K is observed at an applied field of 30 kV/
cm. The EC field strength (&) can be calculated for maxi-
mum AT per change in the applied field, i.e., (AT/AE)
and is found to be 0.013 K.cm/kV [48]. Figure 10 shows
the temperature dependence of the electrocaloric strength
AT/AE at different electric fields of Bag,Caj;TiO;
ceramic. Also, a material possessing high saturation elec-
tric field E can be expected to have high adiabatic tem-
perature change as high energy is needed for back-switch-
ing. So, there can be two ways to improve the ECE of
ferroelectric ceramics, i.e., either by raising the electric
field's strength or the polarization gradient [49]. An
essential factor for figuring out the effectiveness of the
material and estimating the performance of the refrigera-
tion cycle is the coefficient of performance (COP), which
is obtained by the following equation [50].

Q
Wrec

_|ASXT|
= |W— (15)

rec |

COP:‘

where Q and W, are the isothermal heat and recovered
density. In our work the COP of BCT ceramics is found to
be 5.69 at around 393 K. Good COP value indicates good
cooling performance, indicating BCT with a considerable
amount of AT, AS, and COP has the potential for future
application in electrocaloric solid-state cooling devices.
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Images from the SEM showed a rich microstructure. The
dielectric performance as a function of temperature showed
a diffuse phase transition. The temperature dependence of
ferroelectric characteristics at different fields revealed that
polarization increases with field and decreases with tem-
perature. The pyroelectric coefficient and the figure of merits
(FOMs) for detectivity (F,), energy harvesting (F, and F?),
voltage responsivity (F,), and current responsivity (F;) were
also estimated. The results indicated that the ceramic might
be a great candidate for pyroelectric device. Under operat-
ing conditions of 30 °C to 140 °C and an electric field of O
to 3 MV/m, the highest thermal energy densities of 132 kJ/
cm? per cycle were noted. Additionally, the Maxwell relation
was used as an indirect way to obtain increased electroca-
loric values as isothermal entropy change AS= 0.44 J/K.
Kg, adiabatic temperature change AT=0.419 K, electro-
caloric strength AT/AE=0.013 K.cm/kV, and COP=5.69
in BCT ceramic. As a result, the environmentally friendly
BCT ceramic performance is improved, making it a suitable
choice for solid-state electrocaloric cooling and energy stor-
age density capacitors.
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