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Recently, considerable focus has been on exploring the electrocaloric effect in environmentally friendly,
lead-free ferroelectric materials. In this study, lead-free (Bag.95Cao.0s)(Tio.95Zr0.05)1—x(ZN1/3Nb2/3) O3
(BCTZ-xZN) ceramics were investigated. X-ray diffraction (XRD) analysis confirmed the formation of
a pure perovskite structure with a structural phase transition depending on ZN substitution. Dielectric
measurements revealed a diffuse phase transition and a shift in Curie temperature with increasing x. The
electrical energy storage density (W,ec) was found to be 150 mJ cm™ with an efficiency of n = 83% for
BCTZ-2.5ZN. At an electric field strength of 25 kV cm™?, a peak electrocaloric response of 0.68 K at 340
K was attained, with a corresponding electrocaloric responsivity of 0.27 K mm kV ™! observed at 340 K
for BCTZ-2.5ZN. The electrocaloric effect, combined with a calculated coefficient of performance (COP)

Received 21st December 2024 of 2, demonstrates the material's potential for both cooling and energy storage. These findings
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underscore BCTZ-xZN as a promising material for applications in cooling systems and energy storage for

DOI: 10.1039/d4ra08946d electronic devices, offering versatile properties conducive to cooling operations via an external electric
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1. Introduction

Electrocaloric refrigeration, renowned for its cost-effectiveness,
high efficiency, and eco-friendly nature, has gained notable
attention as an emerging alternative technology for refrigera-
tion and power generation for micro-electromechanical and
micro-electronic systems.' The electrocaloric effect (ECE) is
defined as the adiabatic temperature/entropy change (AT/AS) of
a ferroelectric material under an external electric field.** ECE
characterizes the correlation between electrical and thermal
attributes within ferroelectric materials. It peaks at the critical
point, where the compound undergoes a structural transition,
primarily caused by compositional irregularities leading to
structural instability and external factors such as the electric
field and temperature.® Extensive research has been conducted
on thin films of lead zirconate titanate (PbZrTiO;)” and ferro-
electric polymers,® showing an increase in ECE since the finding
of a great ECE of AT = 12 K. P(VDF-TrFE) polymers exhibit an
electrocaloric response at temperatures above 70 °C, and
PbZr0 ¢sTip 0505 thin films operate at temperatures close to
222 °C, which limits their practical cooling applications.
Various categories of ferroelectric materials, including
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field across various operating temperatures.

ceramics, thin or thick films, single crystals, and polymers, were
investigated for ECE research.” The most significant ECE was
noted in thin film samples,'®" although they exhibit restricted
heat extraction capability." Due to the greater cooling capacity
of bulk ceramics compared to thin films, bulk materials repre-
sent a notable advancement over thin films for functional
cooling applications.”'* Furthermore, bulk ceramics have
a higher electrocaloric responsivity (§ = AT/AE) than polymers,
thin films, and single crystals.” Since in the ABO; structure,
hybridization between the B-site atom and the oxygen atom is
one of the reasons for exhibiting a favorable electrocaloric
effect, a compound with a smaller ion and greater charge
exhibits a good ECE.'* Within the domain of ferroelectric
materials, lead-based ceramics exhibit significant electrocaloric
responsivity and an extensive temperature range for AT owing
to the existence of the morphotropic phase region.'”*®* None-
theless, the utilization of lead-containing electrocaloric mate-
rials is limited due to concerns about lead toxicity. Thus,
numerous lead-free ferroelectric ceramics based on BaTiOs3, (Ba,
Ca)TiO;," Ba(Ti, Zr)03,*° and (Ba, Ca)(Ti, Sn)O3,>* have been
studied to examine their electrocaloric response. Recently,
Hana et al. investigated the incorporation of Sn ceramics and
reported an electrocaloric responsivity of AT = 0.36 K, which
was the highest value among all the studied compositions.>*
Among all, lead-free ceramics such as (Ba; ,Ca,)(Zr¢.05Ti.05)03
have exhibited the best electrocaloric effects, demonstrating
remarkable energy storage properties, excellent piezoelectric
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characteristics, and higher polarization values compared to
ceramics such as BaTiO;.>*2*

H. Kaddoussi*® showed that increasing the Ca substitution
reduces the electrocaloric effect, which highlights the advan-
tage of a low Ca doping level (x = 0.05). More precisely, Bag o5
Cay.05Tip.05210.0503 (BCTZ) is a potential ferroelectric material
with high remanent polarization and a low coercive field. In this
regard, Tossaporn et al. documented that Bayos5Cag.05Zr¢.05
Tip.0503 ceramics demonstrate significant spontaneous polari-
zation (P, = 6.25 pC cm ™) and minimal coercive strength (E. =
2.6 kV cm™1).?¢ Singh et al.”” reported a AT of 0.31 K under a 15
kV ecm ! electric field in BCTZ ceramics. Furthermore, owing to
adjustable breakdown strength and their low remnant polari-
zation diminished coercive field, relaxor ferroelectrics
(RFEs)*®**® hold considerable potential in the realm of dielectric
energy. Their electric polarization response can also be trans-
formed into recoverable electrostatic energy. Moreover, by
varying the applied electric field, various properties of BCTZ can
be elicited. K. Xu et al. reported that BCTZ had a uniform
microstructure and energy storage properties at 20 kV cm™*
(Wree = 0.06 ] cm ™ and 1 = 87.4%).>° Moreover, BCTZ ceramics
possess significant electrical and energy storage properties at 60
kV em ™ (Weee = 0.12 ] em > and 5 = 51.3%) as evaluated by W.
Cai et al®*' To improve ferroelectric and electrocaloric charac-
teristics, the introduction of dopants into the atomic positions
of the ABO; framework is a potent method, enhancing chemical
stability by alleviating localized strain and adjusting oxygen
valence concentration through the balance of ionic charges.
Additionally, dopants are added to improve the energy storage
capabilities of ferroelectric materials. Recently, materials with
remarkable thermal, frequency, and cycling stabilities such as
BNT-25BT-Zn,,3Nb,/; have shown promise as high-performance
energy storage options.**

In this study, we have empirically investigated the electro-
caloric reaction in eco-friendly (Bag.05Cao.05)(Tio.05Z%0.05)1—x(Z01/
3Nb,/3),03 (BCTZ-XZN) (x = 0%, x = 2.5% and x = 5%) ceramics
employing Maxwell's equations. Notably, values of positive
electrocaloric effects, elevated electrocaloric sensitivity, coeffi-
cient of performance (COP), and energy retention were noted,
underscoring its suitability for solid-state cooling and high-
capacity energy retention storage.

2. Experimental details

Ceramic samples of BCTZ-xZN with x values of 0%, 2.5% and
5% were synthesized through the conventional solid-state
reaction method. High-purity precursors, namely BaCO;
(99.99%; Alpha aesar), CaCO;z; (99.99%; Alpha aesar), TiO,
(99.99%; Alpha aesar), ZrO, (99.99%; Alpha aesar), ZnO
(99.99%; Alpha aesar), and Nb,O5 (99.99%; Alpha aesar), were
selected and weighed based on the specified formula. Subse-
quently, the materials were ground using ethanol (Merck, India)
in an agate mortar, followed by calcination at 1100 °C for 10
hours. Further, 1 wt% polyvinyl alcohol (PVA) was introduced as
a binder into the homogenized powder, which was then moul-
ded into circular discs measuring approximately 8 mm in
diameter and 1 mm in thickness. The compressed pellets were
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sintered in a furnace at a temperature of 1400 °C for 3 hours.
The two sides of the pellets were covered with material con-
taining silver and then dried at a temperature of 200 °C for 2
hours. The samples were designated with the labels BCTZ,
BCTZ-2.5ZN and BCTZ-5ZN, which stand for x values of 0%,
2.5%, and 5%, respectively. The hysteresis loops (P-E) were
obtained utilizing a Keithley 428 current amplifier coupled with
a high-voltage power source (TREK Model 20/20C). The elec-
trocaloric investigation was conducted through an indirect
approach, utilizing the temperature-dependent (P-E) hysteresis
loops recorded at a frequency of 10 Hz.

3. Results and discussion

3.1. X-ray diffraction analysis

Fig. 1 displays the room temperature X-ray diffraction pattern of
BCTZ-xZN (x = 0%, x = 2.5% and x = 5%) for 26 of 20-80°. It is
evident from Fig. 1 that all specimens exhibit a perovskite
structure of the ABO; type. The diffraction peaks exhibit high
intensity, reflecting the excellent crystallinity of the samples,
which is compared with the standard reference patterns from
PDF#81-2200 ** and PDF# 05-062.** The composition with x =
0% corresponds to the mixed phase of orthorhombic and
tetragonal structures, while the composition with x = 2.5%
retains the mixed phase with peak broadening around 44-46°.
As the ZN concentration increases further, the doublet peak
near 45° transforms into a single peak, indicating a transition to
a purely tetragonal structure at x = 5%, as illustrated in the
inset of Fig. 1. As x increases, there is a tendency for the
diffraction peaks to shift towards larger angles, possibly indi-
cating lattice contraction. In our previous study,*® we thor-
oughly examined the crystal structures of the x = 2.5% and x =
5% compositions. We performed refinement using the FullProf
program on the XRD patterns of the different BCTZ-XZN
ceramics. The two samples, x = 0% and x = 2.5%, exhibit the
coexistence of both the orthorhombic Pmm2 and tetragonal
P4amm phases, with the orthorhombic phase being dominant
(62.92% for x = 0 and 67.90% for x = 2.5%). In contrast, for x =
5%, only the tetragonal phase is present (see Fig. 2). Table 1 lists
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Fig. 1 X-ray diffraction (XRD) patterns of BCTZ-xZN ceramics. The
inset shows the peak located at 45°.
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Fig. 2 Rietveld refinement of BCTZxZN ceramic.>®

the atomic positions, bond angles, and bond distances for the
BCTZ-xZN ceramics.

BCTZ ceramics exhibit a perovskite structure with ABO;
composition. The A site is typically occupied by Ba** ions (1.61
A) and Ca®" ions (1.34 A) in BCTZ-xZN based materials, while
Nb°" ions (0.64 A) and Zn*" ions (0.74 A) occupy the B site in the
perovskite structure.*® The crystalline characteristics of the
ceramics can be confirmed using Scherrer's equation, where
d = 60%25}0 with (d), (A) and () representing the average
crystallite size, the wavelength, and the full width at half
maximum (FWHM) value, respectively. With a wavelength of
1.54 A for Cu K, radiation, the calculated average crystallite
sizes are approximately 22 nm, 20 nm, and 19 nm for BCTZ-xZN
with x = 0%, 2.5%, and 5%, respectively. The substitution of
Zn>" and Nb>* leads to a gradual decrease in the average crys-
tallite size, indicating that incorporating these elements affects
the crystal growth and structure of the material.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2. Dielectric study

Fig. 3 shows the temperature-dependent change in the real part
of the dielectric constant (¢,) and the loss tangent (tan ¢) for
BCTZ-xZN ceramics with x = 0%, 2.5%, and 5%, at a fixed
frequency of 1 kHz. In literature, the BCTZ ceramics are
recognized by the presence of three distinct dielectric peaks,
indicating phase transitions occurring approximately at 260 K,
290 K, and 381 K, corresponding to the transitions
rhombohedral-orthorhombic (Tg,0), orthorhombic-tetragonal
(To/r) and tetragonal-cubic (Trc), respectively, as previously
documented.** In the case of BCTZ-xZN ceramics, the phase
transitions occur at temperatures: 252 K, 302 K, and 393 K for x
= 0%; 245 K, 302 K, and 356 K for x = 2.5%, respectively, as
depicted in Fig. 3. For x = 5%, a single transition corresponding
to the tetragonal-cubic phase is observed at 302 K. The analysis
from XRD aligns well with these observations. As highlighted by
Kaddoussi and Djemel,*”** this kind of dielectric behavior
marked by frequency dependence and diffuse phase transition
is characteristic of classical ferroelectrics that exhibit diffuse

RSC Adv, 2025, 15, 24639-24647 | 24641


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08946d

Open Access Article. Published on 14 July 2025. Downloaded on 1/22/2026 3:47:43 PM.

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

(cc)

RSC Advances

Table 1 Rietveld refinement results BCTZ-xZN ceramics
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Samples Compositions BCTZ-xZN
Cell parameters X =0% X =2.5% X=5%
Orthorhombic (Pmm2) 62.92% 67.90%

a = 4.039(4), b = 4.012(0), ¢ = 4.014(2) a = 4.0208(5), b = 4.0015(3), ¢ = 4.0110(6)35

37.08%
a=b = 4.022(6), c = 4.060(0)

Tetragonal, (P4mm) 32.09%

a=b = 4.0214(3), c = 4.0442(8)>

a=Db = 4.0143(4), c = 4.0153(6)*®

Samples X=0% X =12.5% X=5%
Atomic positions (x; y; z)
Ba/Ca 0 0 0 0 0 0 0 0 0
Ti/Zr/Zn/Nb 0.5 0.5 0.479(0) 0.5 0.5 0.482(3) 0.5 0.5 0.533(7)
0, 0.5 0 0.461(0) 0.5 0 0.560(0) 0.5 0 0.476(2)
(023 0.5 0.5 —0.059(0) 0.5 0.5 —0.022(6) 0.5 0.5 0.012(3)
0; 0 0.5 0.536(0) 0 0.5 0.514(9)
Bond angles (°)
[04-Ti-0,] 87.930(4) 83.142(8) 83.454(1)
Bond distances (A)
0;-Ti 2.005(1) 2.024(1) 2.013(0)
Ti-0, 1.859(2) 1.985(6) 1.868(3)
0,;-Ti 2.0312(0) 2.014(1)
4000 08 dielectric (T. = 302 K, &, = 3380 and tan(é) = 0.006 at T),
x=0 % indicating excellent dielectric properties which may be attrib-
35004 ——x=25% e . .
uted to space charge polarization.*® The low dielectric losses are
3000 A attributed to the sample's high density and uniform micro-
structure, which minimize interfacial defects and leakage
2500 Q currents.”” Because of its 7., which is around ambient temper-
€, 2000 % ature, this ceramic is beneficial for room temperature applica-
§ tions. Moreover, the substitution of Zn** and Nb>* improves the
1500 dielectric properties compared to pure BCTZ. The similarity in
1000 4 ionic radii between the composite cationic group (an/sme)4+
and Ti'" facilitates their diffusion within the crystal lattice,
5001 /\/__j enabling substitution at Ti** sites. This substitution contributes
P — — 0.0 to the observed modifications in the material's properties.*
200 300 400 500 However, it's noteworthy that the loss values for all composi-

Temperature (K)

Fig. 3 Temperature dependence of the real part of the dielectric
constant (¢,) and the dielectric loss (tan 8) for BCTZ-xZN ceramics.

phase transition features.*>*® With the increased ZN concen-
tration, the transition temperature shifts towards the lower
temperature range and exhibits a broader profile. These alter-
ations may be attributed to local distortions within the crystal
structure, as suggested by previous studies.** However, since
Zn**, Nb>*, and Zr*" have larger ionic radii than Ti**, their
incorporation induces structural distortions, leading to local-
ized electric fields and charge imbalances. In Fig. 3, there is
a slight increase in loss as the percentage of Zn and Nb
increases, with the minimal value observed for x = 5% around
the tetragonal-cubic transition temperature. The BCTZ5ZN
composition exhibits the best permittivity and low-loss

24642 | RSC Adv, 2025, 15, 24639-24647

tions remain relatively low. It is evident from the data that the
loss tangent (tan ¢) increases notably above 500 K, particularly
in the high-temperature range, due to thermally activated
conductivity within the material. The rise in conductivity loss is
the cause of this phenomena.

3.3. Ferroelectric properties

The P-E hysteresis loops at ambient temperature with applied
electric fields ranging from 5 kV em ' to 30 kv ecm ™' are
depicted in Fig. 4a—c for varying compositions of x = 0%, 2.5%,
and 5%. In contrast, Fig. 4d-f illustrates the behavior at
different temperatures for fixed electric fields, focusing on the
BCTZ-xZN solid solution. All loops exhibit ferroelectric charac-
teristics within the studied temperature range. The P-E loops
symmetrical form indicates that there aren't any pinning defect
dipoles present. But if the composition changes, the loop's
structure can also vary, most likely as a result of shifting

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08946d

Open Access Article. Published on 14 July 2025. Downloaded on 1/22/2026 3:47:43 PM.

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

(cc)

View Article Online

Paper RSC Advances
20- 20-
=0 9 20 = 0 -
15] X 0% (a) . x=2.5 % (b) 15 ] x=5 % (C)
10 101 104
5 5. 54
N
a_ 04 0+ 0-
=) —— 5kV/cm ——5kV/cm —— 5kV/icm
© 51 ——10kV/cm -51 10kV/icm  -5- ——10kV/cm
D ——15KkV/em ;4] —— 15 kV/cm —— 15 kV/cm
3‘_10' 20 kV/cm 20 kv/icm -10- 20 kV/cm
~A15 —— 25 kV/cm -15+ —— 25 kV/cm 45 ——25kV/cm
c ——30kVicm ,, | —— 30 kV/ecm —— 30 kV/cm
Q20+ T T T y T T r . : . . . —20 +— r . . ' , ;
— -0 20 -0 0 10 20 30 30 20 10 0 10 20 30 30 20 10 0 10 20 30
(015 301 204
N -
= | x=0% (d) 151 x=5 % f
m10- 20
— 10 4
[e]
o 5+ 10 4 5]
° °] o 298 K
—— 295K
54 —— 303K
-5 — 308K 104 —— 313K
—318K -10 4 393K
46 339K 5] ——333K
—— 348K 154 356K
——396 K
15 ' . . r r -30 . . y y . 20 . . . .
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

Electric field ( kV/cm)

Fig. 4 Polarization—electric field (P—E) hysteresis loops of BCTZ-xZNNb ceramics: (a—c); (d—f) at different temperatures for BCTZ-xZN,

respectively.

internal field distributions and space-charge polarization.** An
increase in the electric field (E) results in a rise in the maximum
of the polarization (P,.x) because a stronger electric field
provides a greater driving force for ferroelectric domain
switching. Consequently, the domain volume and overall
polarization, including hysteresis characteristics, grow with the
amplified driving force. The unsaturated loop observed at lower
fields, which saturates at higher fields, indicates a higher energy
density, alongside the material's elevated dielectric constant.
For the composition with x = 0%, the maximum polarization (P)
rises from 1.5 to 11.7 pC cm ™2 whereas for x = 2.5%, it rises
from 5.1 to 17.6 uC cm 2. In the case of x = 5%, it is from 3.4 to
15.8 pC ecm > for the applied electric field range of 5 to 30
kv cm~'. The maximum polarization strongly depends on
ceramic densification, with higher density reducing defects and
enhancing dipole alignment. Doped samples (x = 2.5%, 5%)
show similar polarization enhancement versus (x = 0%), con-
firming improved ferroelectric performance. In the instances of
x = 0%, the P-E loops appear broader and shorter, attributed to
the induced depolarization fields and defects hindering domain
switching, thus diminishing the material's field. This increment
signifies a higher energy density, accompanied by an improve-
ment in the dielectric strength of the ceramic. The impact of
temperature on the P-E hysteresis curve is depicted in Fig. 4d-f.
The maximum polarization P decreases with increasing
temperature for x = 0%, x = 2.5%, and x = 5%, as observed in
the P-E loops. For x = 0%, the polarization decreases from 10
pC em ™2 to 8.05 uC cm™%; from 23.46 nC cm ™2 to 18.83 pC cm ™2

© 2025 The Author(s). Published by the Royal Society of Chemistry

for x = 2.5%; and from 14.96 uC cm™ 2 to 10.63 pC cm™ 2 for x =
5% as a function a temperature. Dielectric materials exhibit
electric energy storage characteristics and can be derived from
the P-E loops depicted in the inset of Fig. 5. Prior research has
connected this decrease in ferroelectric characteristics to
material losses brought on by random charge effects and local
compositional changes, which weaken ferroelectric order and
break tetragonal symmetry.*

100
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Fig. 5 Variation of the recoverable energy density (W,ec) (black) and
energy storage efficiency (n)(red). The inset method for calculating
energy storage efficiency from P—E loops.
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3.4. Energy storage performances

Ferroelectric materials exhibit stable charge responses under
varying electric fields, making them ideal for high-power energy
storage. Due to their temperature-dependent polarization, they
allow for efficient charge-discharge cycles and a high energy
density. Polarization is affected by several factors, including
doping, the crystal structure, domain configuration, and
dipolar interactions. Standard equations*®*” can be used to
estimate the total energy density (W), recoverable energy
(Wiee), and energy storage efficiency (7).

Prax
I/Vtolal - J EdP (1)
0
*Pmax
Wrec = ‘P EdP (2)
Wiee
= — x 1009 3
K Wioss + Wree ’ ( )

Fig. 5 illustrates the variation in W;.. and 7 (%) with diverse
compositions of BCTZ-xZN under 25 kV cm ™" at 353 K. These
parameters exhibit consistent characteristics across both field
and temperature variations, without significant impact. For x =
2.5%, the W reaches 150.17 mJ cm >, surpassing the values
observed for other compositions. The efficiency calculated for x
= 2.5% is n = 83%, while for x = 5% it is even higher, at n =
87%, due to the lower Wi, associated with this composition.
The achieved value surpasses that of other lead-free ceramics
under this low applied electric field; for instance, in Baggs-
Cag.15Z10 10Ti0.0003," it is below Wyee = 65 mJ cm >, BaTig go-
Sng.10;* exhibits less than W,.. = 75 mJ] cm >, in
BaCeg 15Tip4505° ceramics, it's approximately Wi = 120 m]J
em ™, and in Bag ooCag 10Zr0 15Ti0.5503 *° ceramics, it's Wiee =
92.8 mJ cm ™ and so forth. Recently, an energy storage capacity
for Pr doped BaggsCag.15Tio.0Zr010; has been documented,
reaching W;.. = 81.9 mJ cm > and energy storage efficiency of 7
= 76.4%,"" further demonstrating the improved energy storage
performance of the presently investigated materials. Moreover,
the compositions with x = 2.5% and x = 5% maintain an effi-
ciency of around 80%, highlighting their strong potential for
practical applications.

3.5. Electrocaloric investigations

The electrocaloric effect (ECE) refers to the reversible change in
both entropy and temperature when an electric field is applied
or removed. To measure this effect, the isothermal change in
entropy (AS) and the adiabatic change in temperature (AT) are
calculated using Maxwell's relations and are expressed as
follows:**

T (/0P
AT = —— — | dE 4
pCo JEI (aT)E @

1 (% /0P
AS = — — | dE 5
P JE] (6T>E ( )
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where P represents saturation polarization, T signifies temper-
ature, S denotes entropy, r stands for density, C, indicates
specific heat capacity, and E;, and E, denote initial and final
applied external electric fields, correspondingly. If E; is set to
zero, E, will represent the final applied field value.

The polarization decreases with temperature, which is
modeled using a first-order polynomial fit to estimate the
electrocaloric effect (ECE),”**** as shown in Fig. 6a-c. The
derivative dP/dT is calculated by first-order differentiating the
saturation polarization for temperature to determine A7. The
entropy change (AS), calculated using eqn (5), reaches peak
values of 0.12 J kg ' K™%, 1.14J kg 'K ', and 0.47 J kg ' K ' at
384 K, 340 K, and 309 K, respectively. The highest entropy
change of 1.14 J kg™' K~' was observed in the BCTZ-2.5ZN
sample at 340 K under an applied electric field of 25 kV cm ™.
This demonstrates that the substitution improves the electro-
caloric response by increasing the entropy change. This
enhancement in material performance is attributed to the
orthorhombic-tetragonal phase transition occurring at room
temperature.®® Using eqn (4), AT was calculated, giving a peak
value of 0.68 K for the BCTZ-2.5ZN material. This AT value
exceeds those of many other non-lead ceramics, as shown in
Table 2.

The increased electrocaloric temperature change (AT) occurs
near the phase transition temperature (7.), with several studies
confirming the electrocaloric effect (ECE) peak around this
temperature.”® Ponomareva and Lisenkov® suggested that this
peak is due to configuration disorder at the transition points. As
the applied field increases, the ECE also rises, reaching
a threshold due to the breakdown of the field in BCTZ-2.5ZN.
The peak corresponds to the full polarization state of the
material. In ferroelectric materials, the electric dipoles transi-
tion from disorder to order under an external electric field,
reducing the polarization entropy. This leads to an increase in
lattice entropy with temperature to balance the changes. The
conversion of lattice entropy into polar contributions during
structural shifts is key to enhancing the ECE. The improved AT
in BCTZ-2.5ZN ceramics results from better ferroelectric prop-
erties after Zn incorporation. Since entropy variation is
proportional to P*,* the increase in polarization has a signifi-
cant impact on the ECE. Additionally, the random orientation of
polar nano-domains and their multiple possible orientations
further contribute to the ECE peak near the phase transition.*
These findings suggest that ferroelectric materials, with their
higher polarization changes, are ideal candidates for the elec-
trocaloric effect.*® In particular, the highest electrocaloric
response is observed in the composition exhibiting an
orthorhombic-to-tetragonal phase transition at room tempera-
ture, highlighting the strong coupling between phase transition
and entropy variation.

Fig. 6d illustrates the electrocaloric responsivity (AT/AE)*
over the applied field for various compositions of BCTZ-xZN,
which explains AT change concerning the applied electric field.
The maximum value recorded was 0.27 K mm kv~ at 340 K with
an applied field of 25 kV em ™" for BCTZ-2.5ZN, surpassing that
of other lead-based or lead-free ceramic materials like for

Bay.075L20.017(ZT0.05Ti0.0)SNg.0503 ceramics it is 0.2 K mm kv~ ',*7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a—c) Polarization change (AP) and entropy change (AS) in BCTZ-xZN ceramics. (d) Maximum value of the coefficient of performance

(COP) and electrocaloric responsivity (AT/AE) for BCTZ-xZN ceramics.

Table 2 Comparison of ECE properties for BCTZ-xZN ceramic with ot

her lead-free ferroelectric ceramics

E £ Measurement

Composition T (K) AT (K) (kv em™) = AT/AE (K mm kv ™) method Ref.

BCTZ 384 0.13 26 0.05 Indirect This work
BCTZ-2.5ZN 340 0.68 25 0.272 Indirect This work
BCTZ-5ZN 309 0.25 25 0.1 Indirect This work
Bo.s5Ca0 15Zr0 1Tl 603 363 0.115 6.65 0.164 Indirect 56
BZT-30BCT 333 0.30 20 0.15 Indirect 57
Bo.oCay.1Z0 05Ti0.0503 392 0.465 25 0.186 Indirect 58
Ba(Zr.026Ti0.523)SN0.07503 303 0.19 8.7 0.22 Indirect 59

Bag 50Cag 20TiO5 398 0.12 7.95 0.15 Indirect 60

0.043 K mm KV~ for (Pby.g3STo.08)(Nbo.0g(Zr0.53Tio.47)0.92)03,"
0.21 K mm kV ™" for (Pbg.o,Lag.02) (Zro.66SN0.27Tig.07)O3 (ref. 69)
and 0.207 K mm kv~' for 0.05BCBT-7.5%.7° To assess the
cooling efficiency, the Coefficients of Performance (COP) for
BCTZ-2.5ZN were determined. COP is calculated as the absolute
value of Q divided by the absolute value of W.;,”*”> where W
represents the total electrical energy input and Q represents the
isothermal heat extracted. The computed COP values for BCTZ-
XZN with x = 0%, 2.5%, and 5% are 0.33, 2 and 1.03, respec-
tively. Notably, BCTZ-2.5ZN exhibits the highest COP, as
depicted in Fig. 6d. This value is higher than that of
Pby.g5Bag.05La0.10(Zr0-90Tio-10)O03 thick films (COP = 1.7, AE =
80 kv cm™),” as well as Bay.g5Cag.15Zr0.1 Tig.o ceramics (COP of
1.5 at 350 K under AE = 55 kV ¢cm™').* Additionally, our
ceramics outperformed 0.9 (Ko.5Nag.5)NbO3-0.1 (SrZrOj3)
ceramics, which reached a COP of 0.62 under 35 kV cm™*.7* The
results of BCTZ-2.5ZN show excellent electrocaloric perfor-
mance, with AS = 1.14 J kg™ ' K™, a responsivity of 0.27 K mm

© 2025 The Author(s). Published by the Royal Society of Chemistry

kv~', and a COP of 2, demonstrating its potential for energy-
efficient cooling applications.

4. Conclusion

In this study, lead-free BCTZ-xZN (x = 0%, 2.5%, 5%) ceramics
were investigated. X-ray diffraction (XRD) analysis confirmed
the formation of a pure perovskite structure. Dielectric
measurements revealed a diffuse phase transition. The elec-
trical energy storage (W..) was calculated to be 150 m] cm 3,
with an efficiency of n = 83% for BCTZ-2.5ZN. An extensive
examination of the electrocaloric properties was conducted
using Maxwell's approach (indirect thermodynamic method).
Among these compositions, BCTZ-2.5ZN exhibits an electro-
caloric effect of 0.68 K at 340 K under an applied electric field of
25 kV em™?, along with an electrocaloric responsivity (AT/AE) of
0.27 K mm kv~ ' at the same temperature. The coefficient of
performance (COP) is measured as 2. These findings underscore

RSC Adv, 2025, 15, 24639-24647 | 24645
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BCTZ-xZN as a promising material for applications in cooling
systems and energy storage for electronic devices, offering
versatile properties conducive to cooling operations via an
external electric field across various operating temperatures.
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