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high energy storage
performances and large electrocaloric effect over
a broad temperature span in lead-free BCZT
ceramic
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M'barek Amjoud, a Andraž Bradeško,c Brigita Rožič, c Mohammed Lahcini, ad

Mimoun El Marssi,e Andrey V. Ragulya,f Igor A. Luk'yanchuk,eg Zdravko Kutnjakc

and Mohamed Gounéb

Ba0.85Ca0.15Zr0.10Ti0.90O3 (BCZT) relaxor ferroelectric ceramics exhibit enhanced energy storage and

electrocaloric performances due to their excellent dielectric and ferroelectric properties. In this study,

the temperature-dependence of the structural and dielectric properties, as well as the field and

temperature-dependence of the energy storage and the electrocaloric properties in BCZT ceramics

elaborated at low-temperature hydrothermal processing are investigated. X-ray diffraction and Raman

spectroscopy results confirmed the ferroelectric–paraelectric phase transition in the BCZT ceramic. At

room temperature and 1 kHz, the dielectric constant and dielectric loss reached 5000 and 0.029,

respectively. The BCZT ceramic showed a large recovered energy density (Wrec) of 414.1 mJ cm�3 at

380 K, with an energy efficiency of 78.6%, and high thermal-stability of Wrec of 3.9% in the temperature

range of 340–400 K. The electrocaloric effect in BCZT was explored via an indirect approach following

the Maxwell relation at 60 kV cm�1. The significant electrocaloric temperature change of 1.479 K at 367

K, a broad temperature span of 87 K, an enhanced refrigerant capacity of 140.33 J kg�1, and a high

coefficient of performance of 6.12 obtained at 60 kV cm�1 make BCZT ceramics potentially useful

coolant materials in the development of future eco-friendly solid-state refrigeration technology.
1 Introduction

Barium titanate (BaTiO3 denoted as BT) is a bioceramic material
without any toxic or volatile elements as compared to lead-
based materials like PbZrxTi1�xO3 (PZT), and its properties
can be easily tailored by diverse engineering.1–3 However, its
high dielectric constant decreases sharply around the Curie
temperature (TC) because of the tetragonal-cubic phase transi-
tion.4 Hence, the substantial dielectric, energy storage, and
electrocaloric properties can only be observed in a narrow
temperature range.5,6 To overcome this drawback, researchers
have focused on systems with a diffuse ferroelectric transition
like ferroelectric relaxors due to the broad operating tempera-
ture.7 The doping of BaTiO3 with Ca and Zr demonstrated
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notable improvements in the electrical and electrocaloric
properties due to the enhanced relaxor behavior of BT-based
ceramics.8–12

In 2009, Liu and Ren13 reported a Pb-free ceramic with
composition Ba0.85Ca0.15Zr0.10Ti0.90O3 (BCZT), having extremely
high dielectric constant and piezoelectric properties at the
Morphotropic Phase Boundary (MPB). This lead-free ceramic
possesses a broad frequency-dependent peak corresponding to
the temperature-dependent dielectric susceptibility, lower
remnant polarization, and slimmer hysteresis loops due to the
relaxor ferroelectric nanodomains, which are essential for
realizing extremely high energy densities and efficiencies.14–17

Moreover, it was reported that BCZT ceramics possess low
dielectric loss (tan d) (1–3%), which is encouraging for obtain-
ing high-efficiency energy storage density.10,18–21

BCZT relaxor ferroelectric ceramics have been attracting
much attention for energy storage applications and electro-
caloric cooling devices owing to their outstanding dielectric and
ferroelectric properties.22,23 Zhan et al.24 achieved an energy
storage density of 590 mJ cm�3 and storage efficiency (h) of
72.8% in Ba0.95Ca0.05Zr0.30Ti0.70O3 ceramics at 160 kV cm�1. Puli
et al.25 examined the energy density properties in the (1 � x)
This journal is © The Royal Society of Chemistry 2020
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BaZr0.20Ti0.80O3–xBa0.70Ca0.30TiO3 (x ¼ 0.10, 0.15, 0.20) system,
and observed enhanced energy storage density and high energy
storage efficiency of 680 mJ cm�3 and 72.8%, respectively, at x¼
0.15, by using an electric eld of 170 kV cm�1. The thermal-
stability of the recovered energy density plays a crucial role in
energy storage technologies. Hence, a wide operating temper-
ature and stable Wrec are essential in this type of application.26

The electrocaloric effect (ECE) in BCZT relaxor ferroelectric
ceramics has been widely investigated.15,27–31 Kaddoussi et al.12

studied the ECE in Ba0.85Ca0.15Zr0.10Ti0.90O3 indirectly using the
Maxwell relation at 8 kV cm�1, and found a low electrocaloric
temperature change (DT) of 0.152 K. Using the same approach,
Ben Abdessalem et al.28 obtained DT ¼ 0.565 K at 30 kV cm�1.
Zhou et al.32 studied the compositional dependence of the
electrocaloric effect in lead-free (1 � x)Ba(Zr0.20Ti0.80)O3–

x(Ba0.70Ca0.30)TiO3 ceramics under a moderate electric eld of
28 kV cm�1, and reported a high ECE response of 0.56 K at x ¼
0.6. For the advanced evaluation of the electrocaloric efficiency,
it was highly recommended that the obtained EC properties like
DT, DS (entropy change) be linked to the total energy density
(Wtot) of the EC material in question to access the coefficient of
performance (COP ¼ input power/output cooling power).33

Nevertheless, few works have simultaneously studied the energy
storage performances and electrocaloric effect (ECE) in BT-
based ferroelectric materials. Srikanth et al.34 investigated the
electrocaloric effect in BaxSr1�xTiO3 ferroelectric ceramics using
an indirect approach. DT were found to be 0.67, 0.83, and 0.61 K
and DS was 0.9, 1, and 0.7 J kg�1 K�1 for x ¼ 0.7, 0.8, and 0.9,
respectively, under an electric eld of 33 kV cm�1. Besides,
energy-storage densities of 90, 142, 144 mJ cm�3 were observed
for x ¼ 0.7, 0.8, and 0.9, respectively, which correspond to the
estimated COP of 17, 5.47, and 5.68 for x ¼ 0.7, 0.8, and 0.9,
respectively.34 We previously reported the synthesis of the BCZT
ceramic by surfactant-assisted solvothermal processing.15

However, only a small total and recovered energy density and
electrocaloric response were obtained due to the low applied
electric eld of 6.6 kV cm�1. It was stated before that the low-
temperature hydrothermal processing allowed the possibility
to synthesize BCZT ceramics with enhanced dielectric and
ferroelectric properties.35 In this work, the ferroelectric-
paraelectric phase transition in the BCZT ceramic was investi-
gated via temperature-dependent X-ray diffraction, Raman
spectroscopy and dielectric measurements. Field-dependence
and the temperature stability of the energy storage perfor-
mances of the BCZT ceramic were also investigated at 60
kV cm�1. Moreover, the electrocaloric effect in BCZT ceramic
was explored via an indirect approach following the Maxwell
relation, and the ECE performances like the refrigerant capacity
(RC)33 and COP of the BCZT ceramic were examined and
compared to lead-free and lead-based materials.

2 Experimental section

Ba0.85Ca0.15Zr0.10Ti0.90O3 (BCZT) powder was elaborated by low-
temperature hydrothermal processing at 160 �C for 24 h, fol-
lowed by sintering at 1250 �C for 10 h. Details about the elab-
oration and additional characterization of BCZT powder and
This journal is © The Royal Society of Chemistry 2020
ceramic can be found in previous reports.35,36 A transmission
electron microscope (TEM, JEOL – ARM 200F Cold FEG TEM/
STEM) operating at 200 kV, equipped with a spherical aberra-
tion (Cs) probe and image correctors with point resolution
0.12 nm, was used to observe the morphology of the BCZT
powder. Thermogravimetric analysis (TGA, Discovery Series
TGA 55, TA instruments) was used to characterize the trans-
formations occurring in the BCZT powder from 300 to 1100 K at
a heating rate of 10 �C min�1 and a nitrogen ow of 40
ml min�1. The crystalline structure and structural change in the
BCZT ceramic were examined by X-ray diffraction (XRD, Rigaku
SmartLab). The measurements were done in the temperature
range 300–400 K at a step angle of 0.02� in the 2q range from 10
to 80� using Cu-Ka radiation (l � 1.540593 �A). Raman spec-
troscopy was also employed to determine the structural prop-
erty changes in the BCZT ceramic from 300 to 400 K. For this
purpose, the BCZT sample was excited using the polarized
radiation of an argon laser (l ¼ 514.5 nm) and the Raman
spectra were recorded using a Renishaw inVia Reex spec-
trometer. A well-calibrated Linkam heating–cooling stage with
temperature stability of 0.1 K was utilized to control the sample
temperature. To compare the spectra obtained at various
temperatures, a Bose–Einstein correction was performed. The
surface morphology was analyzed using a scanning electron
microscope (SEM, Tescan VEGA-3) at a voltage of 10 kV. The
dielectric properties of gold-sputtered BCZT pellets in the
frequency range of 20 Hz to 1 MHz were measured using
a precision LCR meter (HP 4284A, 20 Hz to 1 MHz). The ferro-
electric hysteresis loops of the BCZT sample, with a thickness of
340 mm, were measured using a ferroelectric test system (AiX-
ACCT, TF Analyzer 2000) equipped with a high-voltage amplier
(TREK model 609E-6) in a silicone oil bath. The hysteresis loops
were obtained by using triangular voltage waveforms at
a frequency of 10 Hz at room temperature in different electric
elds (10–60 kV cm�1), and in the temperature range of 300–400
K with a 5 K step for heating cycles at 60 kV cm�1. The ECE
response was calculated from the recorded P–E hysteresis loops
at 10 Hz by using the indirect Maxwell approach.

3 Results and discussion
3.1. Structural properties

A TEM image of the BCZT powder and the particle size distri-
bution are depicted in Fig. 1a and b, respectively. Near-spherical
BCZT nanoparticles with an average particle size of 94 nm were
formed, as seen in the inset of Fig. 1b. The growth mechanism
of the BCZT powder was reported in ref. 37 The thermal
evolution of the as-prepared BCZT powder via low-temperature
hydrothermal processing is shown in Fig. 1c. Two consecutive
weight losses at temperatures in the 300–520 K range are due to
dehydration and dehydroxylation phenomena. The weight loss
in the range 520–770 K is associated with the thermal decom-
position of different organic compounds, and aer 770 K, the
weight loss remained constant. More interestingly, the absence
of weight loss above 770 K was attributed to the formation and
crystallization of BCZT perovskite phase, as reported previ-
ously,27,38–42 and the low total weight loss (6.12%) in the BCZT
RSC Adv., 2020, 10, 30746–30755 | 30747
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Fig. 1 (a) TEM image, (b) grain size distribution (a single BCZT nano-
particle is shown in the inset), (c) TGA curve of the BCZT powder, and
(d) SEM micrograph of the BCZT sintered ceramic.

Fig. 2 (a) Temperature-dependence of the XRD pattern, (b) enlarged
peak splitting around 2q of� 45�, (c) temperature-dependence and (d)
2D colour map of the Raman spectra, and (e) 2D colour map of the
E(TO2) Raman mode of the BCZT ceramic.
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powder indicates that the BCZT perovskite phase was formed at
low-temperature (160 �C).37 Therefore, the synthesis tempera-
ture of BCZT powders can be decreased to a low temperature of
160 �C, which is about 1200 �C lower when compared with the
solid-state reaction, and 840 �C lower when compared with sol–
gel methods.35 This temperature decrease is important in the
large-scale industrial production of ferroelectric materials.
Fig. 1d provides a typical SEM image of the microstructure of
BCZT sintered ceramic at 1250 �C for 10 h. Coarse and attened
grains with an average grain size of 22.1 mm (determined by the
intercept method) and well-dened grain boundaries, were
observed in the BCZT ceramic. Interestingly, as highlighted
with dashed circles, the domain patterns of parallel stripes with
average domain sizes (150–600 nm) were seen inside the grains.

The structural changes in the BCZT sintered ceramic were
examined via the temperature dependence of XRD and Raman
spectroscopy. Fig. 2a displays the temperature-dependent XRD
patterns of the BCZT ceramic in the temperature range between
300 and 400 K. Pure perovskite structures were formed without
any secondary phases, and all peaks were indexed based on the
standard BaTiO3 pattern (JCPDS card no. 96-901-4669). At 300 K,
the BCZT ceramic exhibited tetragonal symmetry with space
group P4mm, due to the peak splitting at around 2q � 45�

(Fig. 2b).13,43

To gain insight into the structural changes in the BCZT
ceramic with increasing temperature, the thermal evolution of
the peak around 2q � 45� was followed by in situ XRD (Fig. 2b).
On increasing the temperature, the peak at around 2q � 45�

tends to merge into a single peak between 340 and 360 K due to
the tetragonal-cubic phase transition,43 and with a further
increase in temperature, this peak became sharper. It is worth
mentioning that with increasing temperature, all peaks shied
toward lower 2q, due to the unit cell expansion and the
decreasing of the tetragonal phase.12 Besides, Raman
30748 | RSC Adv., 2020, 10, 30746–30755
spectroscopy is used to have an idea about this structural
change in BCZT sintered ceramic in the temperature range 300–
400 K (Fig. 2c). The observed Raman peaks around 115, 180,
245, 294, 517, and 716 cm�1 correspond to E(TO1), A1(TO1),
A1(TO2), E(TO2), A1(TO3), and A1(LO2)/E(LO), respectively. These
peaks are characteristics of perovskite oxides.44,45 With
increasing temperature, the peak position and the intensity of
the Raman modes present a decreasing trend, alongside with
Raman modes broadening, which is similar to other ferroelec-
tric materials.44,46 A 2D colour map of Raman spectra of BCZT
ceramic is illustrated in Fig. 2d.

It was observed that the low-temperature data had a much
greater signal and lower background as compared to the high-
temperature data. Note that the changes in the contour plots
between 349 and 361 K (marked by the dashed rectangles) can
be attributed to structural changes in the BCZT ceramic. It was
stated that the E(TO2) mode is associated with the tetragonal
phase transition.47 In order to reveal the origin of the detected
structural change in the BCZT ceramic, the wavenumbers
around 292–296 cm�1 and temperature between 300 and 400 K
were plotted using a 2D colour map as shown in Fig. 2e. It was
observed that the intensity of the E(TO2) mode decreased with
increasing temperature, and an abrupt intensity change in this
mode occurred at 355 K due to the structural change from
ferroelectric (tetragonal) to paraelectric (cubic).15,48
3.2. Dielectric properties

The room-temperature dielectric properties of the BCZT
ceramic sintered at 1250 �C for 10 h are depicted in Fig. 3a. The
dielectric constant (3r) and the dielectric loss (tan d) of the BCZT
ceramic decreased with the increasing frequency. At 1 kHz, 3r
and tan d were found to be 5000 and 0.029, respectively, these
properties were enhanced as compared to some reported works
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Room-temperature frequency dependence and (b)
temperature-dependence of the dielectric properties of the BCZT
ceramic.
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in the literature using BCZT ceramics with the same composi-
tion.49–52 Fig. 3b displays the temperature dependence of 3r and
tan d of the BCZT ceramic at different frequencies in the
temperature range of 300–400 K. The broad peak at around 340
K is associated with the tetragonal-cubic phase transition.10,53,54

The low TC observed in the BCZT ceramic is related to the
elaboration method, calcination, sintering temperature and
dwell time.55 Hunpratub et al.56 elaborated a BCZT ceramic with
the same composition using the hydrothermal reaction at
different sintering temperatures and found TC ranging between
333 and 343 K. These results corroborate those obtained by XRD
and Raman analyses, assuming the structural change from
ferroelectric (tetragonal) to paraelectric (cubic) in the BCZT
ceramic.

3.3. Energy storage in the BCZT ceramic

3.3.1. Room-temperature energy storage. Fig. 4 schema-
tizes the areas of the recovered energy (Wrec, green area) and loss
energy (Wloss, red area) in a P–E hysteresis loop. These,
including the Wtot, and h, can be estimated using eqn (1)–(3):

Wtot ¼
ðPmax

0

EdP; (1)

Wrec ¼
ðPmax

Pr

EdP; (2)
Fig. 4 Schematic illustration of the calculation of Wrec and Wloss

parameters.

This journal is © The Royal Society of Chemistry 2020
h ð%Þ ¼ Wrec

Wtot

� 100 ¼ Wrec

Wrec þWloss

� 100; (3)

where Wtot, Wrec, Wloss, and h are the total, recoverable and loss
energy densities as well as energy efficiency, respectively, while
P, Pr, Pmax, E, represent the polarization, remnant polarization,
maximum polarization, and electric eld, respectively.

Room-temperature P–E hysteresis loops of the BCZT ceramic
at various electric elds from 10 to 60 kV cm�1 are shown in
Fig. 5a. It was observed that the BCZT ceramic exhibited
enhanced ferroelectric properties. The maximal polarization
(Pmax), remnant polarization (Pr), and coercive eld (Ec)
increased on increasing the applied electric eld. At 60 kV cm�1,
the values of Pmax, Pr, and Ec reached 27.21 mC cm�2, 8.59 mC
cm�2 and 4.10 kV cm�1, respectively. It should be noted that the
hysteresis loops were not fully saturated at 60 kV cm�1;
however, the thickness of the sample prevented us from further
increasing the electric eld.

From the rst two equations, the increasing applied electric
eld boosted the obtained energy storage density. The room-
temperature electric eld-dependence of the energy storage
properties of the BCZT ceramic is shown in Fig. 5b. As desired,
aer increasing the applied electric eld from 10 to 60 kV cm�1,
the linear behavior of the Wtot and Wrec was observed, where,
Wtot and Wrec increased from 44.1 and 31.4 mJ cm�3 to 546.1
and 367.2 mJ cm�3, respectively. However, h dropped from
71.2% to 67.2%, respectively. At 60 kV cm�1, Xu et al.26 and Puli
et al.57 obtained Wrec of 121.6 mJ cm�3 (h ¼ 51.3%) and 280 mJ
cm�3 (h ¼ 58.3%), respectively. These values are lower than
those obtained in the BCZT ceramic (Wrec ¼ 367.2 mJ cm�3, h ¼
67.2%).

Table 1 compares the energy storage properties of the BCZT
ceramic with other lead-free ceramics reported in the literature.
Under the high electric eld of 160 kV cm�1, Zhan et al.24 ach-
ieved a recovered energy density of 590 mJ cm�3 and storage
efficiency of 72.8% in the Ba0.95Ca0.05Zr0.3Ti0.7O3 ceramic.
Meanwhile, using an electric eld of 170 kV cm�1, Puli et al.25

observed a recovered energy density and energy storage effi-
ciency of 680 mJ cm�3 and 72%, respectively, in the
0.85BaZr0.2Ti0.8O3–0.15Ba0.7Ca0.3TiO3 system. In a recent study,
Puli et al.57 observed an energy storage density of 1.33 J cm�3 at
106 kV cm�1 but with a reduced energy efficiency of 52.3% in
the Ba0.85Ca0.15Zr0.10Ti0.90O3 ceramic. It was stated before that
the non-saturated P–E loops in the BCZT ceramic could help to
Fig. 5 (a) Room-temperature electric field-dependence of P–E loops;
(b) energy storage performances in the BCZT ceramic.

RSC Adv., 2020, 10, 30746–30755 | 30749
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Table 1 Comparison of the energy storage properties of BCZT ceramics with other lead-free ceramics reported in the literature

Ceramic Wtot (mJ cm�3) Wrec (mJ cm�3) h (%) E (kV cm�1) T (K) Ref.

Ba0.85Ca0.15Zr0.10Ti0.90O3 546.1 367.2 67.2 60 300 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 535.3 398.5 74.4 60 340 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 526.6 414.1 78.6 60 380 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 436.3 302.4 69.3 50 300 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 278.3 197.3 70.9 35 300 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 136.7 97.4 71.3 20 300 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 44.1 31.4 71.2 10 300 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 236.4 121.6 51.3 60 RT 26
Ba0.85Ca0.15Zr0.10Ti0.90O3 480.3 280 58.3 60 RT 57
Ba0.85Ca0.15Zr0.10Ti0.90O3 1330 695.6 52.3 106 RT 57
0.6BaZr0.20Ti0.80O3–0.4Ba0.70Ca0.30TiO3 207 149 72 35 303 63
Ba0.85Ca0.15Zr0.10Ti0.90O3 (32.84 mm) 113.8 38.6 33.9 20 298 64
Ba0.85Ca0.15Zr0.10Ti0.90O3 (32.84 mm) 90.2 71.2 78.9 20 373 64
Ba0.85Ca0.15Zr0.10Ti0.90O3 (44.37 mm) 98.1 36.4 37.1 20 298 64
Ba0.85Ca0.15Zr0.10Ti0.90O3 (44.37 mm) 81.1 69.6 85.8 20 373 64
Ba0.95Ca0.05Zr0.30Ti0.70O3 810.4 590 72.8 160 RT 24
Ba0.95Ca0.05Zr0.20Ti0.80O3 569.4 410 72 120 RT 65
0.85BaZr0.20Ti0.80O3–0.15Ba0.70Ca0.30TiO3 940 680 72 170 RT 25
Ba0.975La0.017(Zr0.05Ti0.90)Sn0.05O3 108.3 65 60 12 300 66
BaTi0.89Sn0.11O3 92.7 84.4 91.04 25 333 67
BaTiO3 1594 450 28.23 110 RT 68
BaZr0.05Ti0.95O3 302 218 72 50 RT 69
0.90(0.92Bi0.50Na0.50TiO3–0.08BaTiO3)–0.10NaNbO3 1082 710 65.6 70 298 61
0.90(0.92Bi0.50Na0.50TiO3–0.08BaTiO3)–0.10NaNbO3 954.1 790 82.8 70 373 61
Bi0.48La0.02Na0.40K0.10Ti0.98Zr0.02O3 1033 630 61 60 298 62
Bi0.48La0.02Na0.40K0.10Ti0.98Zr0.02O3 783.1 650 83 60 348 62
Bi0.48La0.02Na0.40K0.10Ti0.98Zr0.02O3 755.5 680 90 60 298 62
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further increase the applied electric eld, hence, enhancing the
energy density. However, to avoid the electric breakdown at
high temperature, the electric eld was kept at 60 kV cm�1.

3.3.2. Temperature-dependence of the energy storage. It is
well-known that excellent temperature stability in a wide oper-
ating temperature is a vital factor for the practical application of
energy storage capacitors. Therefore, the enhancement of
dielectric and ferroelectric properties over a wide operating
temperature is the priority research consideration.26 For this
purpose, P–E hysteresis loops of the BCZT ceramic were ob-
tained from 300 to 400 K and plotted in Fig. 6a. As the
temperature increased, the P–E loops became slimmer,
accompanied by the continuous decrease in Pr and Pmax, due to
the shi in the ferroelectric domain direction. Above TC, the P–E
loops do not show strictly linear behavior, which is
Fig. 6 Temperature-dependence of (a) P–E loops; (b) energy storage
performances of the BCZT ceramic at 60 kV cm�1.

30750 | RSC Adv., 2020, 10, 30746–30755
characteristic of the pure paraelectric phase. In contrast, very
slim loops appeared, corresponding to the existence of ferro-
electric clusters or residual polar nanoregions (PNR),58–60 oen
attributed to the relaxor behavior.29 The temperature-
dependence of the energy storage performances of the BCZT
ceramic at 60 kV cm�1 is presented in Fig. 6b. It was observed
that Wrec and h increased gradually with temperature to reach
a maximum of 414.1 mJ cm�3 and 78.6%, respectively, at 380 K,
then decreased. Furthermore, the variation rate of Wrec or
energy-storage variation (ESV) in the temperature range of 300–
400 K was calculated by the following equation:61,62

DWrec;T

Wrec;300 K

¼
����Wrec;T �Wrec;300 K

Wrec;300 K

����; (4)

where Wrec,T is the Wrec value at a given temperature, and
DWrec,T is the difference of Wrec,T and Wrec,300 K.

The temperature-dependence of DWrec,T/Wrec,300 K values in
BCZT ceramics is depicted in Fig. 7. It was observed that
DWrec,T/Wrec,300 K of BCZT ceramics is always less than 12.7%
(Wrec � 367.2–414.1 mJ cm�3) in the temperature range from
300 to 400 K, indicating the excellent energy storage capabilities
in a wide temperature range. The energy-storage variation in
BCZT ceramics is lower than that reported by Jayakrishnan
et al.63 in 0.6BaZr0.20Ti0.80O3–0.4Ba0.70Ca0.30TiO3, where Wrec at
25 kV cm�1 dropped from 121, 115 to 65 mJ cm�3, at 303, 323
and 363 K, respectively, corresponding to DWrec,T/Wrec,300 K of
46.3%. Furthermore, the obtained value of the variation in the
recovered energy density was also lower than that found by Xu
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The thermal stability of DWrec,T/Wrec,300 K and DWrec,T/Wrec,340 K

(inset) of the BCZT ceramic at 60 kV cm�1.

Fig. 8 Temperature-dependence of (a) P, (b) DS, (c) DT and (d) z at
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et al.26 in the BCZT–0.5 wt%MgO ceramic (14.18%). Despite the
enhanced energy efficiency in BCZT ceramics with different
grain sizes found by Cai et al.64 at 20 kV cm�1, the high variation
in the recovered energy density was observed in the temperature
range of 298 to 393 K (84.4% and 91.2 for BCZT with grain sizes
of 32.84 and 44.37 mm, respectively). Besides, Liu et al.70 ob-
tained an ESV value of 15% in the temperature range of 298–373
K in the lead-based Pb0.97La0.02(Zr0.58Sn0.335Ti0.085)O3 ceramic,
which is higher than that obtained in the BCZT ceramic. A
similar energy-storage variation was obtained by Xu et al.61 in
the 0.90(0.92Bi0.50Na0.50TiO3–0.08BaTiO3)–0.10NaNbO3

ceramic at 70 kV cm�1 in the temperature range of 298–423 K.
In the case of a high-temperature range, the temperature

variation in Wrec values was estimated within the temperature
range of 340–400 K by eqn (5), according to Malik et al.,71

DWrec;T

Wrec;340 K

¼
����Wrec;T �Wrec;340 K

Wrec;340 K

����; (5)

where DWrec,T is the difference of Wrec,T (T above 340 K) and
Wrec,340 K.

A plot of DWrec,T/Wrec,340 K values as a function of tempera-
ture in the BCZT ceramic is displayed in the inset of Fig. 7. The
temperature variation in the energy storage density values of the
BCZT ceramic was estimated to be 3.9% (398.5–414.1 mJ cm�3).
These values are considered to be excellent as compared with
many lead-free ferroelectric ceramics.26,62,63,71,72

For instance, Butnoi et al.62 found an ESV ratio of 4.6% in
Bi0.48La0.02Na0.40K0.10Ti0.98Zr0.02O3 ceramics in the temperature
range of 348–423 K. The high energy storage density in relaxor
ferroelectric ceramics is due to the diffuse phase transition.73

Consequently, ferroelectricity can be detected in a wide
temperature range in relaxor ferroelectrics, which signicantly
reduces ESV, thus keeping energy storage enhanced in a wide
temperature range.15 It is worth recalling that the BCZT powder
was elaborated at 160 �C for 24 h in contrast to other lead-free-
based powders reported in the literature, including BCZT,
which request an inevitable calcination step at high tempera-
ture.25,26,57,61–65,69 Hence, the hydrothermal method has better
This journal is © The Royal Society of Chemistry 2020
advantages in the elaboration of BCZT ceramics at lower sin-
tering temperatures and with outstanding and thermally-stable
energy storage performances.
3.4. The electrocaloric effect in BCZT ceramics

The electrocaloric effect (ECE) under higher electric elds in BCZT
relaxor ferroelectric ceramics was evaluated by using the indirect
approach based on the Maxwell relation.33 The indirect method is
based on calculating the ECE from the measured ferroelectric
order parameter P (T, E) obtained from the temperature-
dependence of the P–E hysteresis loops, as shown in Fig. 8a. A
h-order polynomial tting of the upper polarization branches
was performed at every xed applied electric eld. It can be seen
that P gradually diminished with increasing the temperature. The
isothermal entropy change (DS) and the electrocaloric temperature
change (DT) were calculated from eqn (7) and (8),

DS ¼
ðE2

E1

�
vP

vT

�
E

dE; (6)

DT ¼ �
ðE2

E1

T

rCp

�
vP

vT

�
E

dE: (7)

Here, r and Cp are the mass density and the specic heat of the
sample, respectively. E1 and E2 denote the initial and the nal
electric elds, respectively. The value of Cp (0.4 J g�1 K�1) was
taken from ref. 32.

The thermal evolution of the reversible electrocaloric
temperature change (DT) and the corresponding entropy change
(DS) under different applied electric elds in the BCZT ceramic
are shown in Fig. 8b and c, respectively.DT andDS increased with
increasing the applied electric eld, and the temperature at
which the maximum was obtained shied toward higher
temperatures. This indicates that the TC of BCZT ceramic shied
to higher temperatures under a higher electric eld.74 At 60
kV cm�1, a large DT and DS of 1.479 K and 1.613 J kg�1 K�1 were
various applied electric fields in the BCZT ceramic.

RSC Adv., 2020, 10, 30746–30755 | 30751
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found in the BCZT ceramic in the vicinity of the tetragonal-cubic
phase transition at 367 K, respectively. Comparable values of DS
¼ 1.78 and 1.53 J kg�1 K�1 were reported by Xin et al.6 at 70
kV cm�1 in Ba0.9Ca0.1Zr0.05Ti0.95O3 and Ba0.9Ca0.1Zr0.1Ti0.9O3

ceramics, respectively. Fig. 8d plots the electrocaloric responsivity
z¼ DT/DE as a function of temperature and applied electric eld.
It was observed that the temperature of the ECE responsivity peak
and its magnitude initially increased with increasing the applied
electric eld then gradually became stable at higher elds. The
ECE responsivity saturation could be ascribed to the diffused
phase transition and the relaxor behavior in the BCZT ceramic, as
observed by Xin et al.6

Table 2 compares the EC responses (DT and z) in BCZT
ceramics with previously published results on lead-free ceramics
obtained via the indirect approach under different applied elec-
tric elds. At a low electric eld of 8 kV cm�1, our ceramics
exhibited comparable ECE properties (DT ¼ 0.155 K and z ¼
0.194 K mm kV�1 at 347 K) to those found in Ba0.85Ca0.15Zr0.10-
Ti0.90O3 ceramics synthesized via the solid-state method (DT ¼
0.152 K and z ¼ 0.19 K mm kV�1 at 343 K) by Kaddoussi et al.12

Hanani et al.27 reported ECE properties (DT ¼ 0.492 K and z ¼
0.289 K mm kV�1 at 360 K) at a low electric eld of 17 kV cm�1 in
the rod-like Ba0.85Ca0.15Zr0.10Ti0.90O3 ceramic, elaborated by
a surfactant-assisted solvothermal route, which are just slightly
higher than the present results (DT¼ 0.38 K and z¼ 0.223 Kmm
kV�1 at 353 K). Nevertheless, the ECE of our sample at 40 kV cm�1

(DT ¼ 0.986 K and z ¼ 0.245 K mm kV�1 at 363 K) is larger than
that obtained for the Ba0.65Sr0.35TiO3 ceramic by a spark plasma
sintering process (DT ¼ 0.328 K and z ¼ 0.164 K mm kV�1 at 303
K) as stated by Liu et al.75 Furthermore, Patel et al.76 elaborated
the Ba0.85Ca0.075Sr0.075Ti0.90Zr0.10O3 ceramic by the conventional
solid-statemethod, revealing that the ECE response reached high
values of 1.6 K and 0.405 K mm kV�1 for DT and z, respectively,
under 39.5 kV cm�1 at room temperature. Smail et al.66 reported
Table 2 Comparison of the electrocaloric properties of BCZT ceramics w
method

Ceramic DT (K) DE (kV cm

Ba0.85Ca0.15Zr0.10Ti0.90O3 1.479 60
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.986 40
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.459 20
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.380 17
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.328 15
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.155 8
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.492 17
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.4 21.5
Ba0.85Ca0.15Zr0.10Ti0.90O3 0.152 8
Ba0.90Ca0.10Zr0.05Ti0.95O3 0.465 25
Ba0.91Ca0.09Zr0.14Ti0.86O3 0.3 20
Ba0.92Ca0.08Zr0.05Ti0.95O3 0.38 15
0.6BZT–0.4BCT 0.58 28
BZT–30BCT 0.30 20
Ba0.975La0.017(Zr0.05Ti0.90)Sn0.05O3 0.24 12
BaTi0.89Sn0.11O3 0.71 25
Ba0.65Sr0.35TiO3 0.83 40
Ba0.85Sr0.15Ti0.9Zr0.1O3 2.4 37
Ba0.85Ca0.075Sr0.075Ti0.90Zr0.10O3 1.60 39.5

30752 | RSC Adv., 2020, 10, 30746–30755
ECE properties (DT¼ 0.24 K and z¼ 0.20 KmmkV�1 at 338 K) at
a low electric eld of 12 kV cm�1 in Ba0.975La0.017(Zr0.05Ti0.90)
Sn0.05O3 ceramics synthesized by solid-state reaction. These
differences can be attributed to the synthesis conditions (such as
calcination and sintering), chemical doping, grain shape, the
number of the coexisting phases as well as the applied external
electric eld.

The applied electric eld-dependence of DT and the EC
responsivity z at the peak temperature are presented in Fig. 9a.
DT increased with the increasing electric eld. In contrast, z
increased rapidly at low electric elds, then became nearly
saturated above 40 kV cm�1, and nally started decreasing
above 55 kV cm�1. The EC responsivity z, therefore, exhibited
a maximum as predicted by theory and conrmed by experi-
mental results in relaxor ferroelectrics.77,78

For practical applications, the temperature range (Tspan) in
which a large ECE can be maintained is also critical. Here, Tspan
was introduced as the full width at half maximum (FWHM) of
the ECE peak at 60 kV cm�1.82,83 The Tspan value of 87 K was
found in the BCZT ceramic, indicating that the BCZT ceramic
can maintain a high EC response over a relatively broad
temperature range as compared to other materials.82,84–86 The
suitability of the electrocaloric material for application in new
cooling technologies is typically evaluated by a parameter
similar to refrigerant capacity, RC ¼ DS � dTFWHM ¼ DS �
Tspan.33,83,87,88 This parameter was estimated to be 140.33 J kg�1

at 60 kV cm�1 in the BCZT ceramic. The obtained value is higher
as compared to many other lead-free ceramics.74,84 Another
important criterion in evaluating the efficiency of an electro-
caloric material is the coefficient of performance (COP) as
dened by eqn (8),89,90 where Q is the isothermal heat.

COP ¼ |Q|

|Wtot|
¼ |TDS|

|Wtot|
; (8)
ith other lead-free ceramics reported in the literature using the indirect

�1) T (K) z (K mm kV�1) Ref.

367 0.246 This study
363 0.246 This study
355 0.229 This study
353 0.223 This study
353 0.218 This study
347 0.194 This study
360 0.289 27
370 0.186 3
373 0.19 12
392 0.186 28
328 0.150 79
410 0.253 80
398 0.21 32
333 0.15 79
338 0.20 66
325 0.284 67
303 0.21 75
303 0.65 81
303 0.405 76

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Electric field-dependence of DT and z at the temperature of
peak response; (b) thermal evolution of the COP and z in the BCZT
ceramic at 55 kV cm�1.
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It was established before that z exhibited a maximum at 55
kV cm�1 (Fig. 9a); hence, the COP value was determined at 55
kV cm�1. The COP of the BCZT ceramic reached amaximumof 6.29
at 365 K and 55 kV cm�1 as shown in Fig. 9b. The obtained value is
higher than those reported in several works in lead-free mate-
rials89,91–94 and some lead-based materials.90,95–98 For instance, Hao
et al.97 found a COP value of 2.9 in Pb0.97La0.02Zr0.87Sn0.08Ti0.07O3

thicklm.97The obtained high values ofDT,DS, z, RC andCOP, and
the wide operating temperature range make BCZT ceramics, elab-
orated by the low-temperature hydrothermal method, a promising
candidate for eco-friendly electrocaloric cooling technologies.

4 Conclusions

In conclusion, the temperature-dependent structural, dielectric,
energy storage and EC properties in the lead-free BCZT ceramic
were elaborated by low-temperature hydrothermal processing and
systematically studied. Enhanced dielectric properties were found
(at room temperature, 3r ¼ 5000 and tan d ¼ 0.029). The BCZT
ceramic exhibited a large Wrec of 414.1 mJ cm�3 at 380 K, with an
energy efficiency of 78.6%. In contrast to other BaTiO3-based lead-
free ceramics, the BCZT ceramic exhibits the lower temperature
variation of the recovered energy density of 12.7% and 3.9% in the
temperature ranges of 300–400 K and 340–400 K, respectively.
Besides, the existence of the large electrocaloric effect in the BCZT
ceramic was demonstrated. At 60 kV cm�1, amaximumDT andDS
of 1.479 K and 1.613 J kg�1 K�1 were observed at 367 K, whereas,
the maximum value of the EC responsivity z ¼ 0.25 K mm kV�1

was found at 55 kV cm�1. The corresponding COPmaximum value
of 6.29 was calculated at 55 kV cm�1. The temperature range
(Tspan) in which a large ECE was maintained, and refrigerant
capacity RC, were estimated to be 87 K and 140.33 J kg�1,
respectively, at 60 kV cm�1. Therefore, the obtained excellent
electrocaloric properties make the BCZT ceramic a potential
candidate for solid-state electrocaloric cooling technologies.
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Superlattices Microstruct., 2019, 127, 109–117.

11 H. Kaddoussi, A. Lahmar, Y. Gagou, B. Asbani, J. L. Dellis,
G. Cordoyiannis, B. Allouche, H. Khemakhem, Z. Kutnjak
and M. El Marssi, J. Alloys Compd., 2016, 667, 198–203.

12 H. Kaddoussi, A. Lahmar, Y. Gagou, B. Manoun,
J. N. Chotard, J. L. Dellis, Z. Kutnjak, H. Khemakhem,
B. Elouadi and M. El Marssi, J. Alloys Compd., 2017, 713,
164–179.

13 W. Liu and X. Ren, Phys. Rev. Lett., 2009, 103, 257602.
14 M. D. Nguyen, E. P. Houwman, M. Dekkers, C. T. Q. Nguyen,

H. N. Vu and G. Rijnders, APL Mater., 2016, 4, 080701.
15 Z. Hanani, D. Mezzane, M. Amjoud, A. G. Razumnaya,

S. Fourcade, Y. Gagou, K. Hoummada, M. El Marssi and
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