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The lead-free Bag g5Cap 15Zr010Tin.0003 (BCZT) relaxor ferroelectric ceramic has aroused much attention
due to its enhanced piezoelectric, energy storage and electrocaloric properties. In this study, the BCZT
ceramic was elaborated by the solid-state reaction route, and the temperature-dependence of the
structural, electrical, piezoelectric, energy storage and electrocaloric properties was investigated. X-ray
diffraction analysis revealed a pure perovskite phase, and the temperature-dependence of Raman
spectroscopy, dielectric and ferroelectric measurements revealed the phase transitions in the BCZT
ceramic. At room temperature, the strain and the large-signal piezoelectric coefficient (d;3) reached
a maximum of 0.062% and 234 pm V%, respectively. Furthermore, enhanced recovered energy density
(Wree = 62 mJ cm™) and high-energy storage efficiency (n) of 72.9% at 130 °C were found. The BCZT
ceramic demonstrated excellent thermal stability of the energy storage variation (ESV), less than +5.5% in
the temperature range of 30-100 °C compared to other lead-free ceramics. The electrocaloric response

R 415t N ber 2020 in the BCZT ceramic was explored via the indirect approach by using the Maxwell relation. Significant
eceive th November . o
Accepted 22nd February 2021 electrocaloric temperature change (AT) of 0.57 K over a broad temperature span (Tspan = 70 °C) and

enhanced coefficient of performance (COP = 11) were obtained under 25 kV cm™. The obtained results
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1. Introduction

Lead-based piezoceramics such as lead zirconium titanate
(PbZr,Ti;_,O3, PZT) systems have aroused substantial interest
due to their outstanding piezoelectric, electrocaloric and energy
storage performances.' However, due to the environmental
and human concerns caused by their toxicity, the integration of
lead-based materials in future applications will be restricted.*>°
In 2009, Liu and Ren reported a Bay g5Cag. 15210 10Ti0.0003 (BCZT)
material with excellent electrical and piezoelectric properties as
a revolutionary discovery in the field of ferroelectrics, which can
substitute the Pb-based materials.” The high piezoelectricity
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make the BCZT ceramic a suitable eco-friendly material for energy storage and solid-state electrocaloric

observed in BCZT was ascribed to the low energy barrier for
polarisation rotation, ie., energy landscape flattening at the
morphotropic phase boundary.”®

The assessment of various application-relevant properties
like the cost, reproducibility, electrical conductivity, and life-
time is required to transfer the lead-free piezoceramics into
products.* More important, the thermal-stability of the elec-
trical properties over a broad operating temperature is a crucial
requirement for the actual integration of the lead-free mate-
rials.**® For this purpose, BCZT ferroelectric relaxor can fulfil
this necessity due to its diffuse ferroelectric transition."***
Hanani et al.** reported the thermal-stability of the energy
storage and electrocaloric properties of BCZT ceramic elabo-
rated by low-temperature hydrothermal processing, and found
a small energy storage variation (ESV) of 12.7% between 27 and
127 °C, alongside with enhanced recovered energy storage (Wyec)
of 414.1 mJ cm " at 107 °C. In addition, Puli et al.** investigated
the energy storage performances in (1 — x)BZT-xBCT (x = 0.10,
0.15, 0.20) system and observed improved W, and high energy
storage efficiency (1) of 680 mJ cm > and 72.8%, respectively, at
x = 0.15 under 170 kV ecm ™. Besides, Cai et al.*® studied the
effect of grain size on the dielectric, ferroelectric, piezoelectric
and energy storage performances, and observed that the
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piezoelectric coefficient (ds3) gradually increases with the grain
size increasing, however, despite the enhanced 7, low W;.. and
modest ESV were reported.

For eco-friendly solid-state refrigeration, BCZT ceramic
demonstrated enhanced electrocaloric properties.">'*** Zhou
et al."® investigated the electrocaloric effect (ECE) in lead-free (1
— x)BZT-xBCT system under a moderate electric field of 28
kV em ™" and reported high ECE response of 0.56 K at x = 0.6. In
addition, Ben Abdessalem et al.?* studied the electrocaloric
effect (ECE) in BCZT indirectly using Maxwell relation under 30
kv em™ and obtained AT = 0.565 K around T = 119 °C.
Besides, Hanani et al™ reported a significant electrocaloric
temperature change (A7) of 1.479 K with remarkable refrigerant
capacity (RC) of 140.33 J kg™', and a high coefficient of perfor-
mance (COP = input power/output cooling power)** of 6.29
under 55 kv cm ™",

Recently, miniaturised devices required materials with
multifunctional properties, e.g., piezoelectric, electrocaloric and
energy storage.”* In this study, we report, simultaneously, the
thermal-stability of the piezoelectric, energy storage and elec-
trocaloric properties of lead-free BCZT ceramic between 30 and
150 °C under 25 kV em ™. The temperature-dependence of the
structural properties in BCZT ceramic are investigated by in situ
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Raman spectroscopy. The electrocaloric effect in BCZT ceramic
is revealed by an indirect approach through Maxwell relation.

2. Experimental section

Lead-free Bay g5Cag 15Z10.1Tip.003 (BCZT) ceramic was prepared
by the conventional solid-state reaction route. The detailed
experimental procedure and samples' characterisations are
provided in Section S1 in the ESL

3. Results and discussions
3.1 Structural properties

The room-temperature XRD pattern obtained for BCZT sample
is displayed in Fig. 1a. The BCZT ceramic was crystallised in
a pure perovskite structure without any secondary phase or
impurities. The reflection peaks can be indexed according to
standard BaTiO; perovskite structures with orthorhombic (O,
space group: Ammz2) (PDF #75-1608) as well as tetragonal (T,
space group: P4mm). The amplified XRD fitting pattern around
20 = 45° using Lorentz fitting method is plotted in the inset of
the Fig. 1a. This inset clearly illustrates that BCZT sample
exhibits a triplet around 45° which is attributed to (022)/(200)y/
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(a) XRD pattern at room temperature (in the inset the enlarged peaks splitting around 26 = 45°), (b) thermal-evolution of the Raman

spectra, (c) SEM micrograph and (d) grain size distribution of BCZT ceramic.
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(200)o characterising the formation of BCZT sample at the
Morphotropic Phase Boundary (MPB) with the coexistence of O
and T-phases.>*?¢

The dynamic properties of BCZT sample were thoroughly
investigated by Raman spectroscopy within the temperature
range 0-150 °C. The results of the measurements are depicted
in Fig. 1b. Below room temperature, we observe the most
intensive Raman peaks at frequencies of ~164, 210, 261, 294,
520, 724 and 800 cm ', which correspond to the E(TO,),
A(TO,), A{(TO,), E(TO,), A4(TO;3), A;(LO,)/E(LO) and A;, modes
respectively. The E(TO, LO)- and A;(TO, LO)-type modes are
polar and associated with the ferroelectric phase in perovskite
oxides.”” On heating, their intensities steadily decrease, indi-
cating the approach to the ferroelectric-to-paraelectric phase
transition.”'*'” Above the Curie temperature, in the cubic
paraelectric phase, they disappear and only two disorder-
activated broad peaks centred at 260 and 514 cm ' are
observed. It is worth noting that the A;, octahedral breathing
mode at ~800 cm™ ' persisting in the whole range of the
temperatures is not related with the structural distortion of the
ferroelectric phase but results instead from the local distor-
tions, caused either by the presence of B-sites occupied by
cations of different sizes (Zr*"/Ti'") or from donor A-site
substitutions.****

The surface morphology and the grain size (GS) distribution
of BCZT ceramic examined by SEM analysis are depicted in
Fig. 1c and d, respectively. It is observed that the BCZT sample
exhibits a compact and dense microstructure (bulk density of
5.25 g cm™°) with a non-uniform shape and dimensional grain
distribution with an average grain size of 6.1 + 3.0 pm. Also,
clear grain boundaries with no porous microstructure were
observed.

3.2 Dielectric properties

The thermal-evolution of the dielectric constant (¢,) and the
dielectric loss (tan 6) registered in the selected frequency
window from 1 kHz to 1 MHz in the temperature range of —50 to
200 °C of BCZT ceramic are plotted in Fig. 2a. The broad
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anomaly corresponds to the tetragonal-cubic (T-C) phase
transition around the Curie point (7 = 93 °C), where ¢, and
tan d reached 5400 and 0.019 at 1 kHz, respectively. The broad
bump around room temperature was fitted using Lorentz fitting
method to reveal the inherent O-T transition in BCZT
ceramic®>*” and a broad peak at 35 °C was found as depicted in
the inset of Fig. 2a. In a nutshell, the detailed analysis of
temperature-dependence Raman spectroscopy can provide the
evidence of the O-T and T-C phase transitions.*"** Fig. 2b
presents the thermal-evolution of the dielectric constant at 1
kHz with the peak positions of the E(TO,) Raman mode. The
three apparent Raman shift plateaus correspond to the O, T and
C phases, respectively, and the two drops match the O-T (<40
°C) and T-C (<100 °C) phase transitions. A typical relaxor
behaviour is revealed by increasing the frequency due to the
shift of the To_r and T peaks to the high temperatures (remi-
niscent of relaxor behaviour).”® The detailed discussion of the
relaxor properties of BCZT ceramic is provided in Section S2 in
the ESI.T Hence, BCZT ceramic exhibits a y value of 1.74 and
a degree of deviation (ATy,) of the ¢, from the Curie-Weiss law
above T¢ of 32 °C. These values indicate a strong diffused phase
transition. Hanani et al.* reported comparable values of 1.75
and 37 °C for v and ATy, respectively, for the same BCZT
composition.

3.3 Ferroelectric properties

The thermal-evolution of the polarisation-electric field hyster-
esis loops (P-E) obtained under 25 kV ecm ™" and at 10 Hz for
BCZT ceramic are plotted in Fig. 3a. The coercive field (E.), the
remnant polarisation (P;) and the maximum polarisation (Py,ax)
obtained at room temperature are 4.65 kV cm™ ', 6.33 and 15.31
uC cm™?, respectively. With rising the temperature, the P-E
loops turn out to be slimmer, and the ferroelectric parameters
decline gradually due to the disappearance of ferroelectric
domains. Below the Curie temperature (T¢ = 93 °C), the P-E
curves are slim but not linear, which is the paraelectric state's
characteristic. This nature can be related to the ferroelectric
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Fig.2 Temperature-dependence of (a) ¢ and tan ¢ at different frequencies (in the inset the deconvolution of the peak temperatures (Tc and To-
1) of the ¢, at 1 kHz). (b) Thermal-evolution of ¢, at 1 kHz and E(TO,) mode peak position of BCZT sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 9459-9468 | 9461


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09707a

Open Access Article. Published on 02 March 2021. Downloaded on 1/24/2026 1:51:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

16 J—30°C
——50 °C
124——70°C
——90 °C
8 l—110°C
——130 °C
T 4f—150°C
2 /!
g0 >
o 4 =g
—
84 =
-12— %
-16 1 I
T L T
-30 -20 -10 0 10 20 30
E (kV/icm)
(a)
——30°C
g —o
—90 °C
—110°C
0.04
9
(2]
0.02 4
0.00
T T T T
-30 -20 -10 0 10 20 30
E (kV/cm)

(c)

View Article Online

Paper

0.003

0.002 4

0.001 4

0.000

J (Alcm?)

-0.001

-0.002

-0.003

-10 0 10 20 30
E (kV/cm)

(b)

-30 -20

240

210+ e
180 N,
150 - Ne,

120 N

d33,aver* (pmN)

90 - \

60

30

30 40 50 60 70 80 90 100 110 120 130 140 150
T(°C)

(d)

Fig. 3 Temperature-dependence of (a) P—E, (b) J—E, (c) S—E loops measured at 25 kV cm™ and 10 Hz and (d) the large-signal piezoelectric

coefficient (d;,) determined in BCZT ceramic.

clusters or residual polar nanoregions (PNR), which can be
attributed to relaxor behaviour.™

Correspondingly, the temperature-dependence of the
current density-electric field (J-E) curves of BCZT ceramic are
displayed in Fig. 3b. It is worthy to note that when an electric
field is applied to ferroelectric materials, two types of current
density signals are detected, leakage current and current due to
domain switching phenomena. Therefore, the electric peak
appeared around the coercive field is mostly attributed to the
ferroelectric domain switching.® Meanwhile, the E. value ob-
tained in the P-E and J-E curves is almost the same.** The
domain switching current density peak around the E. confirms
the domain structure and long-range ferroelectric order of BCZT
ceramic. As increasing the applied electric field to reach 25
kV cm ™', the magnitude of leakage current becomes very low.*
However, as increasing the temperature, the domain switching
current peaks practically disappear, demonstrating long-range
ferroelectric order disruption.****

3.4 Piezoelectric properties

The piezoelectric effect is a unique property of certain crystals
that generate an electric field or a current if subjected to phys-
ical constraints and vice versa.** When an electric field is

9462 | RSC Adv, 2021, 11, 9459-9468

imposed on the crystal, stress on its structure is induced
(indirect piezoelectric effect), this property is mostly used in
actuators.”’” To evaluate the indirect piezoelectric effect's
thermal-stability, the temperature-dependence of the strain-
electric field (S-E) hysteresis loops of BCZT ceramic at 25
kv ecm ! is presented in Fig. 3c. A butterfly-like shape was
observed at temperatures below T due to the lattice distortion
and the switching and movement of domain walls by the elec-
tric field.*>*** Consequently, the maximal average strain (Syax)
was found to be 0.062%. However, a sprout-like shape was
noticed at higher temperatures due to the ferroelectricity's
gradual disruption.” The corresponding large-signal piezo-
electric coefficient (d;3 = Smax/Emax), where, Sma is the
maximum strain measured at the maximum electric field E .
The thermal-evolution of the average value of dy; (dy, ) at the
positive and the negative electric field is depicted in Fig. 3d. A
small variation of d;syave was observed below 50 °C, nevertheless,
as increasing the temperature, a gradual decrease of dy; ... was
detected letting a maximal dj, . value of 234 pm V! at 30 °C.

Praveen et al.* stated that BZT-52BCT ceramic exhibits
a comparable strain and d,, values of 0.076% and 250 pm V™,
respectively, under 30 kV cm™* and at 40 °C, this value is
comparable to that obtained in our BCZT ceramic. Moreover,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Merselmiz et al® reported that BaggoCag.20Zr0.02Ti.0803
ceramic displays a maximum value of strain and dj; of 0.078%
and 310 pm V', respectively, under 25 kV cm ™" and at 110 °C.
Besides, Chaiyo et al.** stated that BaggoCag.20Zr0.05Ti0.0503
ceramic exhibits d;; of 284 pm V" under 30 kV cm ™. However,
at the similar electric field, Pisitpipathsin et al.** reported high
strain and d;; of 0.15% and 513 pm V', respectively, in
Bag.91Cag.09Zrg.04Tip.0605 ceramic around 123 °C. Moreover, at
70 kV em ™, Bag g5Cag. 15Zr0.00Tio 1005 ceramic shows a similar
strain (0.066%) and high d;, value of 942 pm V' at room
temperature, as reported by Praveen et al.** Besides, Cai et al.*®
observed that as increasing the grain size (from 8.25 pm to 44.37
pm), the strain increases (0.086% to 0.115%) and correspond-
ingly, d;, values enhanced (from 427.7 to 574.25 pm V™ '). It
should be mentioned that the piezoelectric parameters depend
strongly on the extrinsic contribution, which occurs principally
from the motion of the domain walls owing to the grain size
effect.* In other words, the domain in the coarse and large
grain is easier to switch than in small grain, leading to an
improved piezoelectric response.*® Furthermore, the differences
in the results could be likewise ascribed to the chemical
compositions, the sintering temperature, the applied electric
field, the poling effect and the measurement conditions.*

3.5 Energy storage performances

BCZT ferroelectric relaxor materials draw much attention for
energy applications due to their excellent dielectric and

Polarization

Electric field

(a)
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ferroelectric properties.***® The energy storage density can be
easily obtained from the polarisation versus electric field (P-E)
curves by integrating the area between the polarisation axis and
the P-E curve."* As shown in Fig. 4a, the green area is equal to
the recoverable energy density (Wre.), which corresponds to the
released energy density in the discharging process. Meanwhile,
the red area is equivalent to the dissipated energy density (Wiss)
due to the dielectric material's losses. The overall area of the two
parts equals the total energy density stored in the charging
process. It is also required to estimate energy efficiency (n) for
evaluating the energy storage performances. Thus, W, and
Whee, including 7, could be estimated by employing eqn (1)—(3),
where P, P, Py, E, denote polarisation, remnant polarisation,
maximum polarisation, and electric field, respectively.

Prax

Wit = J EdP, (1)
0

Prnax

Wiee = J EdP, (2)
Wrec I/Vre(;

%) = x 100 = ————— x 100. 3
K ( 0) I/Vtm Wrec + I/Vloss [ )

It is worth recalling that optimising the electrical breakdown
strength, maximal polarisation, dielectric constant and dielec-
tric loss of relaxor ferroelectric based-ceramics is the main
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(@) A schematic representation of the relevant energy storage parameters determined via P—E hysteresis loops. (b) Temperature-

dependence of Wi, Wiec and 7. (c) Thermal-stability of the recovered energy density (AW ec 7/Wyec30-c) of the BCZT ceramic at 25 kV cm™t.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 1, 9459-9468 | 9463


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09707a

Open Access Article. Published on 02 March 2021. Downloaded on 1/24/2026 1:51:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Table 1 Comparison of the energy storage properties of BCZT ceramic with other lead-free ceramics reported in the literature

E
Ceramic Wiot (m] cm ™) Wree (m] em™?) n (%) (kv em™) T(°C) Ref.
BCZT 202 75 37 25 30 This work
BCZT 85 62 72.9 25 130 This work
Bay.g5Ca0.15Z70.00T10.1003 136.7 97.4 71.3 20 27 11
Bay.g5Ca0.15ZT0.00Ti0.1003 113.8 38.6 33.9 20 25 15
Bay.g5C20.15ZT0.00Ti0.1003 90.2 71.2 78.9 20 100 15
Bay.g5Ca0.15ZT0.00Ti0.1003 526.6 4141 78.6 60 107 11
Bay.g5Ca9.15Z70.00T10.1003 480.3 280 58.3 60 RT 48
BaTig goSNo 1103 85.1 72.4 85.07 25 30 53
BaZry o5Tig 0503 302 218 72 50 RT 54
Big 45La0.02N29.40K0.10Ti0.08ZT0.00Ti0.1003 1033 630 61 60 25 55
0.8[0.9(Biy sNa, 5)TiO5-0.1BiScO;]-0.2BaTiO; 893.65 563 63 70 RT 24
0.525Bi sNa, sTiO3-0.475Bag g5Cag 15Tio.0ZI0.103 990 640 62.81 77.2 RT 5
Bay.95Ca0.05Z10.30T10.7003 810.4 590 72.8 160 RT 50
0.85(Big.47La0.03N20 5)0.04Ba.06 Ti03-0.1581(Sco sNbg 5)O3 2230 1830 82.32 185 RT 56

avenue to realise extremely high energy storage densities and
efficiencies.* The thermal-evolution of the energy storage
parameters of BCZT sample at 25 kv cm ™" is displayed in
Fig. 4b. At room temperature, Wy, Wy and n were found to be
202, 75 mJ ecm > and 37%, respectively. However, as increasing
the temperature, W, declines continuously, and W,.. remains
steady then decreases gradually above 90 °C. Correspondingly, »
drops to reach 72.9% at 130 °C (W = 85 m] cm ™! and Wie. = 62
m]J cm?), then decreases. It should be noted that P-E loops
were not fully saturated; thus, by further increasing the applied
electric field, the energy density could be enhanced even more.
However, the electric field was kept at 25 kV cm™ " to avoid the
electric breakdown at high temperatures.

To compare the energy storage performances of BCZT
sample with other lead-free ferroelectric ceramics, Table 1
summarises the Wy, W;ec and n of bulk ceramics that have been
recently reported at different applied electric fields. In the first
five comparisons reported in Table 1, the energy storage
performances of BCZT ceramic with the composition Bag gs-
Cay 1521 1Tip 903 under different applied electric fields, at room
temperature and the temperature corresponding to the
maximal energy storage efficiency (n), are presented. For
instance, at room temperature and relatively the same electric
field (20 kv em™'), our sample shows enhanced results
compared to those reported by Cai et al.’> Meanwhile, at room
temperature, Hanani et al.** stated a Wy, of 97.4 mJ cm > and 7
of 71.3% in Bay gsCag 15210 1Tip O3 ceramic under 20 kV ecm ™.
Increasing the applied electric field to 60 kV em ™" gives higher
Wiee Of 367.2 mJ cm° with n of 67.2%. However, under 60
kv em ™! and at 107 °C, W, reached 414.1 mJ cm > with 5 of
78.6%."" Besides, in the same BCZT composition, Puli et al.*®
achieved a high W, of 280 mJ cm > and a moderate efficiency
of 58.3% at room temperature and under 60 kV cm™". At room
temperature, Zhan et al.>® stated high W,.. of 590 mJ cm ™ and
an efficiency of 72.8% under a high applied electric field of 160
kv em ™! in Bag 95Cag.05Zr0.30Tig.7005 ceramic.

Besides, it is necessary to investigate the thermal-stability of
energy storage capabilities as a crucial factor for electric devices

9464 | RSC Adv, 2021, 11, 9459-9468

in practical applications.®* For this purpose, the temperature-
dependence of the energy-storage variation (ESV) was assessed
by employing the eqn (4),

A Wrec.T
Wrec.30°C

Wieer — Whiee 300
_ rec,T' rec,30°C 7 (4)

Wrec.30°C

Here Wi, ris the W, value at a given temperature, and AW, r
is the difference of Wiee,r and Wrec 30°c-

The thermal-evolution of the ESV values in BCZT ceramic is
plotted in Fig. 4c. It can be seen that the ESV value of BCZT
ceramic process excellent stability less than +5.5% (Wyee =
75.8-77.2 mJ cm °) in the temperature range of 30-100 °C.
Nevertheless, above 100 °C, the ESV value reached 36.9% due to
the ferroelectric-paraelectric phase transition. The obtained
results are very promising in comparison to other ferroelectric
materials. Xu et al.>* reported that the ESV value of BCZT-
0.5 wt% MgO ceramic was +14.18% despite the high recover-
able energy storage Wy, of 93.2 mJ cm™* in a broad temperature
range of 20-120 °C under 35 kV cm™". Besides, Hanani et al.*!
claimed a remarkable ESV value (fluctuation less than +12.7%)
over a temperature range of 27-127 °C under 60 kv cm .
Besides, Jayakrishnan et al.** reported that 0.6BaZr 50Tig goO3~
0.4Ba, 70Cay 30Ti0; ceramic exhibits a high variation rate of
46.3%, where W, dropped from 121 to 65 mJ cm > at 30 °C and
90 °C, respectively, under 25 kV ecm™". Hence, BCZT ceramic
presents an excellent thermal-stability over a wide temperature
range related to the strengthened diffuse phase transition (DPT)
behaviour of BCZT ceramic.

3.6 Electrocaloric effect

In order to assess the capabilities of BCZT ceramic for eco-
friendly solid-state cooling devices, the ECE was investigated
by the indirect measurements based on the recorded ferro-
electric order parameter P (E, T) determined from the P-E
hysteresis loops (see Fig. 3a). At every fixed applied electric field,
a fifth-order polynomial fitting of the upper polarisation
branches was performed.*® Then, the evolution of the polar-
isation as a function of the temperature was deduced (see

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Thermal-evolution of (a) Pand (b) AT at different applied electric fields. Electric field-dependence of (c) AT and { near the Tc. (d) Thermal-

evolution of COP and ¢ in BCZT ceramic under 25 kV cm™™.

Fig. 5a). Obviously, with increasing the temperature, the
polarisation declines gradually then drops at higher tempera-
tures. The isothermal entropy change (AS) and the electro-
caloric temperature change (A7) were estimated by employing
the Maxwell relation (eqn (5) and (6)), where, p and Cp denote
the mass density and the specific heat of the sample, respec-
tively. The value of Cp was obtained from ref. 20.

E)
ss— [ (20 ae
g \OT /) ¢
BT /0P
AT =—-| —|(—) dE.
JEl pCp (aT)E

Fig. 5b displays the temperature-dependence of the revers-
ible electrocaloric temperature change (A7) under several
applied electric fields in BCZT ceramic. The maximum of ECE is
closely related to the ferroelectric-paraelectric phase transition
resulting in a broad ECE peak exhibiting a maximum around
Tc. As increasing the applied electric fields, AT increases and its
maximum shifts toward higher temperatures, indicating that T¢
shifts up to higher temperatures. At 25 kV cm ™', AT achieves
a maximum of 0.57 K locates at T = 100 °C and the

(5)

(6)

© 2021 The Author(s). Published by the Royal Society of Chemistry

corresponding AS was found to be 0.61 J kg~ K. Afterwards,
AT diminishes gradually with increasing the temperature,
owing to the disruption of the polarisation (i.e., the extracted
polarization gradient (0P/dT)g above Tc). This finding is in
accordance with the dielectric properties data. Fig. 5¢c shows the
plots of AT versus the applied electric fields, and the corre-
sponding EC responsivity defined as { = AT/AE at the peak
temperature. AT increases with increasing the applied electric
field; in contrast, { increases rapidly at low electric fields, then
starts to saturate to reach a maximum of 0.23 K mm kv " at 25
kv em ™,

Table 2 compares the EC response of BCZT ceramic with
other lead-free ceramics. At 14 kV cm ™, Merselmiz et al.®® re-
ported that Bag goCag 15Zr0.02Tip.0s0; sample exhibits high AT
and ¢ of 0.668 K and 0.477 around T¢ = 112 °C under 14
kv cm ' determined by the direct method. Moreover,
a comparable result of AT = 0.565 K and { = 0.188 K mm kv?
was found in Bay 30Cag.10Zr0.05Ti0.9505 ceramic around T =
119 °C as reported by Ben Abdessalem et al.?® At 60 kV cm ™,
Hanani et al.™ stated high AT = 1.479 K and { = 0.246 K mm
kv~ around T = 94 °C in Bag g5sCag 152l 10Ti0.0005 ceramic.
Wang et al> reported comparable AT of 0.6 K in

RSC Adv, 2021, 11, 9459-9468 | 9465
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Table 2 Comparison of the EC response of BCZT sample with other lead-free ceramics reported in the literature

AE 4
Ceramic T (°C) AT (K) (kv em™) (K mm kv Ref.
BCZT 100 0.57 25 0.23 This work
Bag g5Ca9.15Z70.10T10.0003 100 0.152 8 0.19 19
Bay.g5Ca0.15Z70.10T10.0003 74 0.155 8 0.194 11
Bag 55Cag.15Z70.10T10.0003 82 0.459 20 0.229 11
Bag 55Ca0.15Zr0.10Ti0.9003 87 0.492 17 0.289 16
Bag g5Ca9.15Z10.10T10.0003 97 0.4 21.5 0.186 73
Bay g5Ca0.15Z70.10T10.0003 94 1.479 60 0.246 11
Bag 50Cag.15Z0.02Ti0.0503 112 0.668 14 0.477 38
Bay.50Ca0.20Z0.02Ti0.0803 112 0.68 24 0.283 38
Bay 30Ca0.10Z0.05Ti0.0503 119 0.565 30 0.188 22
Bag.95Ca0.02Zr0.085Ti0.91503 85 0.6 40 0.15 57
BZT-30BCT 60 0.30 20 0.15 74
BZT-32BCT 64 0.33 20 0.165 75
BaTig goSNg 1103 52 0.71 25 0.284 53

Bay 95Ca 0220085 Ti0.01503 ceramic but under a higher electric
field of 40 kv em ™.

Moreover, Fig. 5d depicts the thermal-evolution of { at 25
kv ecm™?, showing a broad peak around 100 °C. It should be
mentioned that the electrocaloric effects preserve significant
values over a broad temperature span (Tspan). This temperature
span represents a crucial parameter for practical cooling
applications in which a large ECE can be maintained and is
usually given as the full width at half maximum (FWHM) of the
ECE peak. It was reported that the diffuse phase transition is
directly related to broadened EC peaks under the low electric
field.”® The obtained Tgp,, value is 70 K, which indicates that
a large ECE can be maintained over a broad temperature range
of 70 K. This can be explained by the diffuse phase transition
contribution (y = 1.74) in diffuse ferroelectrics, where the PNRs
are very sensitive to frequency and magnitude of external elec-
tric field and can occur in a broad temperature range around
TC-59

Another essential parameter to evaluate the ECE materials’
ability for application in the solid-state cooling devices is the
refrigerant capacity RC = ASTyp,,.'* The obtained value of RC
was found to be 42.7 J kg™ " at 25 kv ecm . The coefficient of
performance (COP) is considered an essential parameter to
estimate the cooling cycle performance and assess the mate-
rial's efficiency.***> The COP is estimated by the eqn (7),** where
Q refers to the isothermal heat,

O _ |TAS]

COP = = .
Wil [ Wil

?)

Fig. 5d illustrates the thermal-evolution of the COP from 30
to 150 °C in BCZT ceramic under 25 kV cm ™. The COP is evi-
denced by a broad peak in the whole temperature range, with
a maximum value of 11 at 110 °C, then slightly decreases. The
obtained value is comparable to some previous works of Pb-
free®** and Pb-based®®* 7> materials. For example, Kumar
et al.® presented that 0.97K,sNa,sNbO3;-0.03LiSbO; nano-
crystalline ceramic demonstrated a COP value of 8.14 under an
electric field of 40 kV em ™. Peng et al.”® obtained a COP value of

9466 | RSC Adv, 2021, 1, 9459-9468

3.37 in Nb-doped Pby go(Zr 655N 5Ti0.05)0.0803 antiferroelectric
thin film by using a sol-gel route. In addition, Hanani et al.**
stated a COP value of 6.29 at 92 °C under 55 kV cm™* in
Bay g5Cag.15Zr0.10Tip 0005 ceramic prepared by hydrothermal
method. We conclude that BCZT ceramic is a favourable
material for ECE cooling system applications, owing to its
enhanced values of AT, {, Tgpan, RC and COP at a moderate

applied electric field.

4. Conclusions

The structure, electric, piezoelectric, energy storage and elec-
trocaloric properties of lead-free BCZT ceramic prepared by
solid-state reaction route were investigated. The phase transi-
tions in BCZT ceramic were demonstrated through Raman
spectroscopy's temperature-dependence, dielectric and ferro-
electric measurements. Besides, enhanced piezoelectric prop-
erties (dj; = 234 pm V' at 30 °C) and energy storage
performances (W = 62 mJ cm > and n = 72.9% at 130 °C) were
obtained. The recovered energy density’'s thermal-stability
shows an excellent ESV value less than +5.5% in the tempera-
ture range of 30-100 °C, at 25 kV ecm™". Furthermore, enhanced
electrocaloric values of AT = 0.57 K, AS = 0.61 J kg ' K ', { =
0.23 Kmm kV ', Typan = 70 °C, RC = 42.7 J kg~ and COP = 11
in BCZT ceramic were determined by using the Maxwell relation
as an indirect method. Hence, the eco-friendly BCZT ceramic
results are enhanced and make it a potential candidate for
energy storage density capacitors and solid-state electrocaloric
cooling technologies.
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