

View

Online


Export
Citation

RESEARCH ARTICLE |  SEPTEMBER 23 2025

Boosting the electrocaloric effect with broad working
temperature span in lead-free relaxor ferroelectrics through
disorder modulation
Zixuan Wu  ; Wanting Hu  ; Krishnarjun Banerjee  ; Vladimir Koval  ; Haixue Yan  ; Man Zhang  

Appl. Phys. Lett. 127, 122903 (2025)
https://doi.org/10.1063/5.0289139

Articles You May Be Interested In

Enhanced electrocaloric effect in lead-free relaxor ferroelectrics via point defect engineering

Appl. Phys. Lett. (June 2025)

A thermodynamic potential, energy storage performances, and electrocaloric effects of Ba1-xSrxTiO3 single
crystals

Appl. Phys. Lett. (March 2018)

Electrocaloric enhancement near the morphotropic phase boundary in lead-free NBT-KBT ceramics

Appl. Phys. Lett. (October 2015)

 21 N
ovem

ber 2025 14:47:25

https://pubs.aip.org/aip/apl/article/127/12/122903/3364348/Boosting-the-electrocaloric-effect-with-broad
https://pubs.aip.org/aip/apl/article/127/12/122903/3364348/Boosting-the-electrocaloric-effect-with-broad?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0009-5829-5642
javascript:;
https://orcid.org/0009-0009-6267-0273
javascript:;
https://orcid.org/0000-0002-4591-3466
javascript:;
https://orcid.org/0000-0003-2425-8738
javascript:;
https://orcid.org/0000-0002-4563-1100
javascript:;
https://orcid.org/0000-0002-1094-7279
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0289139&domain=pdf&date_stamp=2025-09-23
https://doi.org/10.1063/5.0289139
https://pubs.aip.org/aip/apl/article/126/23/232903/3349300/Enhanced-electrocaloric-effect-in-lead-free
https://pubs.aip.org/aip/apl/article/112/10/102901/34291/A-thermodynamic-potential-energy-storage
https://pubs.aip.org/aip/apl/article/107/17/172903/28643/Electrocaloric-enhancement-near-the-morphotropic
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3318713&setID=1044459&channelID=0&CID=1579006&banID=524060209&PID=0&textadID=0&tc=1&rnd=6470840303&scheduleID=3474770&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1763736445696449&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0289139%2F20711354%2F122903_1_5.0289139.pdf&request_uuid=c1c54056-6d5f-47c6-a473-c2d9fd121210&hc=dc170c7c4b690a0ef141a34a915e6dc8418dc1b9&location=


Boosting the electrocaloric effect with broad
working temperature span in lead-free relaxor
ferroelectrics through disorder modulation

Cite as: Appl. Phys. Lett. 127, 122903 (2025); doi: 10.1063/5.0289139
Submitted: 5 July 2025 . Accepted: 1 September 2025 .
Published Online: 23 September 2025

ZixuanWu,1 Wanting Hu,1 Krishnarjun Banerjee,1 Vladimir Koval,2 Haixue Yan,1 and Man Zhang3,a)

AFFILIATIONS
1School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, London E1 4NS, United Kingdom
2Institute of Materials Research, Slovak Academy of Sciences, Watsonova 47, Kosice 040 01, Slovakia
3School of Mechanical Engineering, University of Leeds, Woodhouse, Leeds LS2 9JT, United Kingdom

a)Author to whom correspondence should be addressed:M.Zhang7@leeds.ac.uk

ABSTRACT

Achieving both high electrocaloric effect and broad working temperature span in ferroelectric materials is crucial for practical cooling
applications, yet it remains a big challenge. In the present work, a large electrocaloric temperature change (DT) over a wide temperature
range is obtained through disorder modulation of perovskite titanates, specifically by introducing an electric field-sensitive Bi0.5Na0.5TiO3

(BNT) into Ba0.6Sr0.4TiO3 (BST). Ceramic samples in the BST-100xBNT (0.2 � x� 0.28) solid solution system show typical characteristics of
relaxor ferroelectrics with a high density of polar nano-regions due to short-range ordering of A-site cations. As the concentration of BNT
(x) increases, the freezing temperature (Tf) decreases and the Burns temperature (TB) increases, suggesting the extension of the temperature
range of the relaxor in the ergodic state. Moreover, the field-induced polarization was found to increase along with x. The observed structur-
ally induced changes in the relaxor behavior are proposed to contribute to the optimal electrocaloric performance of the BST-28BNT ceramic,
with a maximum DT of 0.91 �C and a maximum working temperature span of 24.4 �C under an applied electric field of 5 kV/mm. The con-
cept of the A-site disorder modulation provides an innovative strategy to develop high-performance electrocaloric materials from lead-free
relaxor ceramics.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0289139

Exploring the electrocaloric effect (ECE) in solid-state refrigera-
tion is of great significance, as it presents a promising solution to the
growing demand of cooling with high energy efficiency and minimal
environmental impact.1–3 The ECE is defined by a reversible tempera-
ture change (DT), which results from the change of polarization (DP)
upon the application and/or removal of an electric field in adiabatic
systems.4 Among various electrocaloric active materials, ferroelectrics
demonstrate the most pronounced ECE due to their large change of
polarization under electric field (dP/dE).5 However, practical applica-
tions of ferroelectrics are limited by technical circumstances.

The first major drawback of classical ferroelectrics involves a rela-
tively low intrinsic ECE (small DT). A big DT can be, however,
achieved by the massive electric field-induced polarization change.4 In
displacive ferroelectrics, the largest dP/dE often occurs just above their
Curie point (Tc), where an applied electric field can induce a large
polarization change.6,7 While the Tc of most displacive ferroelectrics is

well above room temperature, an electrocaloric device for practical
refrigeration applications is expected to operate near or below room
temperature. This variance makes a requirement for lowering the Tc
down to room temperature. However, according to the AKJ relation-
ship,8 decreasing the Tc generally leads to a reduction in polarization,
which in turn diminishes DP and subsequently DT. One possible strat-
egy to overcome this limitation is to incorporate a ferroelectric mate-
rial, which is responsive to an electric field, such as Bi0.5Na0.5TiO3

(BNT), into a low Tc ferroelectric, thus creating a solid-solution ferro-
electric system. Such a chemistry-based approach can potentially
enhance electric field-induced polarization change, thereby increasing
the ECE in the ferroelectric material through electric field-induced
transitions.9,10

Another limitation of using classical displacive ferroelectrics in
electrocaloric applications is their narrow temperature range of the
maximum ECE, limiting the working temperature of cooling devices.
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The narrow working temperature span is related to the dielectric
behavior near Tc, where the dependence of permittivity on tempera-
ture shows a sharp peak.5 An effective way to overcome this shortcom-
ing is to make the dielectric peak broader. The earlier studies on
relaxor ferroelectrics have shown that the increase in chemical disorder
can significantly increase the temperature range of the permittivity
peak due to a higher degree of diffuseness in the phase transition.11–14

In this context, one can anticipate that the increased A-site disorder in
the ferroelectric system consisting of BNT and low Tc perovskite would
extend the usable temperature span of the relaxor ceramics for effective
electrocaloric cooling.

In this work, Ba0.6Sr0.4TiO3 (BST) is selected as the base material
due to its low Tc (�8 �C) and high polarization sensitivity.15,16

However, BST exhibits low maximum polarization at and above room
temperature (<0.1C/m2 at 5 kV/mm), resulting in low ECE.17 To
increase the maximum polarization, the electric field-sensitive BNT is
introduced into BST. Additionally, as both BNT and BST share the
same B-site cation, increasing the amount of BNT is expected to
increase the A-site chemical disorder and configurational entropy in
the BST-100xBNT solid solution. These structural changes would
increase the diffuseness of the ferroelectric phase transition, thereby
broadening the working temperature span.

Ceramic samples in the (1� x)Ba0.6Sr0.4TiO3-xBi0.5Na0.5TiO3

system, with x¼ 0.20, 0.25, and 0.28 (abbreviated as BST-100xBNT),
were prepared using the solid-state reaction method. The starting
materials were BaCO3 (Alfa Aesar, purity �99.8%), SrCO3 (Sigma-
Aldrich, �99.9%), Bi2O3 (Sigma-Aldrich, �99.9%), Na2CO3 (Sigma-
Aldrich, �99.5%), and TiO2 (Sigma-Aldrich, �99.8%). They were
dried at 200 �C for 15 h to remove moisture. A stoichiometric amount
of raw powders was weighed and then mixed using planetary ball mill-
ing (Fritsch Pulverisette 5). The slurry was dried in an oven overnight.
The dried powder was calcined at 900 �C for 4 h in a conventional box
furnace. To obtain uniform and fine particles, the calcined powder was
ball milled again for 4 h. After adding 5wt. % polyvinyl alcohol at the
final stage of the second-round ball milling, the mixture was dried and
pressed into pellets under a uniaxial pressure of 200MPa. The pellets
were annealed at 650 �C for 2 h to remove PVA. The green compacts
were sintered at 1250 �C for 4 h in a closed alumina crucible with sacri-
ficial powder. To suppress volatilization of Bi and Na, a slow heating
rate of 3 �C/min was used during both calcination and sintering, allow-
ing early reaction of the raw materials and enhancing compositional
stability.18

The density of the samples was measured using Archimedes’
principle. The crystal structure of the samples was investigated by x-
ray diffraction (XRD, Xpert-Pro) at room temperature. To evaluate
phase compositions, the XRD data were analyzed by the Rietveld
method using a GSAS-II software package.19 A scanning electron
microscope (SEM, FEI Inspect F) equipped with an energy dispersive
x-ray spectrometer (EDS, Oxford Instruments) was used for micro-
structure observations and elemental mapping in grains and grain
boundaries. Differential scanning calorimetry (DSC, DSC 25, TA
Instruments) was employed to measure heat capacity (Cp) of the
ceramics in a temperature range from 0 to 100 �C at a heating rate of
2 �C/min. For electrical measurements, the disk samples were painted
on major surfaces with Ag paste (C2050926P2, SunChemical Ltd.) and
then annealed at 650 �C (a firing temperature of Ag paste) for 10min
to obtain the measuring electrodes. The temperature dependencies of

the relative dielectric permittivity and loss tangent were measured
using an LCR meter (model 4284A, Agilent) at various frequencies
from 100Hz to 100 kHz. The ferroelectric hysteresis loops were mea-
sured at various temperatures in silicone oil with a ferroelectric tester
(NPL, UK) operated at a frequency of 10Hz.20

The relative density of all the ceramic samples was found to be
higher than 95%, indicating good sintering quality. The representative
images of microstructures of highly dense BST-100xBNT ceramics are
shown in Figs. S1–S3. SEM-EDS analysis confirmed a homogeneous
elemental distribution in structural grains of the ceramics under
consideration.

Figure 1 displays the refined XRD patterns of the BST-100xBNT
ceramics. Apparently, all the samples at room temperature exhibit a
mixed-phase structure consisting of tetragonal (space group: P4mm)
and cubic (space group: Pm-3m) phases.21,22 No traces of an impurity
phase can be observed in the diffractograms, which indicates that BST
and BNT are highly soluble in the BST-100xBNT system. The high sol-
ubility makes the formation of A-site disordered perovskite structures
possible. The calculated fractions of tetragonal and cubic phases are
presented together with the refined lattice parameters in Table SI.
From the table, one can see that the fraction of the polar tetragonal
phase increases as the amount of the added BNT increases.

Figure 2 shows the temperature dependencies of the relative
dielectric permittivity and loss of the BST-100xBNT ceramics. Even
though broad and frequency-dependent dielectric permittivity and loss
peaks are observed for all the samples, their relaxor behavior around
the temperature corresponding to the maximum permittivity (Tm) fea-
tures significant differences. As can be seen in Fig. 2(a), the BST-
20BNT ceramic shows a sharp loss peak, suggesting the contribution
from the enhanced movement of ferroelectric domain walls near the
ferroelectric phase transition. In contrast, the dielectric response of the
BST-25BNT and BST-28BNT samples in Figs. 2(b) and 2(c) is typical
of a canonical relaxor with a broad and strong frequency-dependent
permittivity vs temperature peak. For better understanding the
observed relaxor behavior, the evolution of the Burns temperature (TB)
regarding of the transformation from paraelectric phase to ergodic
state and the freezing temperature (Tf), where the material transforms
from ergodic state to non-ergodic relaxor, was investigated in relation
to the BNT content. The values of TB and Tf were obtained by extrapo-
lation of the respective Curie–Weiss (C–W) and Vogel–Fulcher (V–F)
fitting curves,23,24 as shown in Fig. S4. Details on the V–F and C–W
laws are given in the supplementary material, Eqs. (1) and (2), respec-
tively. The obtained temperatures Tm, Tf, and TB for the different com-
positions are summarized in Table I. It is clear that with increasing
BNT content, Tf decreases, while the Tm and TB temperatures increase.
This BNT-controlled phase transition behavior leads to a wider tem-
perature range for the ergodic state, where polar nano-regions (PNRs)
are electrically active. The temperature stabilization of the ergodic state
is an intriguing feature of the BST-100xBNT ceramics because pure
BNT has Tf � 190 �C and Tm � 325 �C,9 and the Tc of Ba0.6Sr0.4TiO3

is about 8 �C.15,16 It should be noted that with increasing x, both Tm
and TB increase. The decrease in Tf can be attributed to the higher
degree of the A-site disorder in the relaxor system with the higher
BNT content. The random occupation of the A sites by different cati-
ons can effectively disrupt long-range ferroelectric ordering in
microscopic-sized domains through increased chemical disorder, lead-
ing to the increased concentration of PNRs. The higher density of
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PNRs in the BST-100xBNT ceramics with x¼ 0.25 and 0.28 results in
the pronounced relaxor behavior, as demonstrated in Table I by non-
zero and progressively increasing values of DTm. In addition, PNRs are
smaller and more active under an applied electric field.

The relaxor behavior of the BST-100xBNT ceramics was investi-
gated by using the modified C–W law [details can be found in the sup-
plementary material, Eq. (3)], where diffuseness coefficient c was
extracted, and it is 2 for ideal diffuse phase transition,23,25 and the fre-
quency dependence of Tm (DTm ¼ Tm 100Hz � Tm 100 kHz) was also
obtained to describe the strength of relaxation behavior.26 The esti-
mated values of the critical temperature (DTm) and diffuseness coeffi-
cient (c) for the three different compositions are given in Table I.
Obviously, with increasing BNT content, both c and DTm increase,
indicating the enhanced degree of the phase transition diffuseness and
pronounced relaxor behavior.

Figure 3 shows the polarization–electric field (P–E) hysteresis
loops and current–electric field (I–E) curves of the BST-100xBNT
ceramics, as recorded at different temperatures from 20 to 80 �C.

Within the selected temperature range, all the samples exhibit slim
P–E loops, which is a typical feature of relaxor ferroelectrics in ergodic
state.27 The maximum polarization (measured at the same conditions,
temperature, and electric field) increases with x, which is beneficial for
achieving high ECE. The higher maximum polarization is related to
the increased BNT content and high concentration of PNRs, which
significantly contribute to the polarization when an external electric
field is applied.28 A broad peak located near zero field in the I–E plots
in Figs. 3(d)–3(f) indicates that all the field-induced transitions in the
BST-100xBNT ceramics are mainly reversible.29

The ECE in the BST-100xBNT ceramics subjected to the electric
field was evaluated by the indirect method based on the Maxwell rela-
tion. In this approach, the polarization obtained from the
temperature-dependence of the P–E hysteresis loops is investigated for
changes induced by variations in temperature during a certain interval
of the applied electric fields. For relaxor ferroelectrics, the indirect
method has been demonstrated to provide comparable good results as
the direct ECE method, particularly at temperatures well above Tf (i.e.,

FIG. 1. The refined room temperature XRD patterns of (a) BST-20BNT, (b) BST-25BNT, and (c) BST-28BNT.

FIG. 2. Temperature dependencies of the relative dielectric permittivity and loss tangent of (a) BST-20BNT, (b) BST-25BNT, and (c) BST-28BNT ceramics (NR: non-ergodic
relaxor; ER: ergodic relaxor; PE: paraelectric).

TABLE I. The characteristic temperatures and diffuseness coefficient (c) of the BST-100xBNT ceramics.

Composition Tf, �C Tm, �C (1 kHz) TB, �C (1 kHz) DTm, �C (100Hz–100 kHz) c (100 kHz)

BST-20BNT �19.5 18.3 101.9 22.0 1.58
BST-25BNT �52.5 24.0 117.5 33.0 1.60
BST-28BNT �54.7 34.2 130.5 36.2 1.63
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in ergodic state of a relaxor). This is especially true under conditions
where there are no abrupt ergodic to non-ergodic transitions and the
electric field is relatively low.30,31

To evaluate the ECE in the ceramics under consideration, the
electrocaloric temperature change (DT) was calculated from the fol-
lowing equation:4

DT ¼
ðE2
E1

� T
qCp

@P
@T

� �
E
dE; (1)

where q is the mass density (determined by the Archimedes method),
and Cp is the specific heat capacity of the sample (determined from
DSC measurements). E1 and E2 are the initial and final electric fields,
respectively.

Figure 4(a) shows the maximum polarization as a function of
temperature. From the figure, one can see that the polarization of all
three materials decreases with increasing temperature. Similarly, as
shown in Fig. 4(b), Cp of the ceramics increases on heating. Also, the
dependence of the calculated DT (at 5 kV/mm) on temperature in
Fig. 4(c) features similar trends as the temperature dependence of the
relative dielectric permittivity, an initial increase followed by a gradual
decrease as the temperature rises. For all three compositions, the high-
est DT occurs at temperatures just above Tm. This finding is consistent
with the results of our previous work.32 The variation of DT with tem-
perature depends on the evolution of PNRs, reflecting the competing
effect of the decreasing polarization and increasing thermal instability
of PNRs with increasing temperature.

Comparing the ECE of all the samples, it is found that the maxi-
mum DT (DTmax) increases with the BNT content, reaching the highest
value DTmax¼ 0.91 �C under an applied electric field of 5 kV/mm in
the BST-28BNT sample. It is worth noting that higher DT values have
been reported in very thin ceramic samples under relatively high electric
fields. However, the reduced thickness brings about the risk of

undesirable dielectric breakdown.33 In the present work, the disk-
shaped ceramic samples have a thickness of about 0.5mm, and they
were tested under relatively low electric fields to ensure sufficient mate-
rial volume for effective cooling. The increased DT of the x¼ 0.28 sam-
ple is attributed to the higher polarization change substantially
contributed by dynamic PNRs. In this study, the temperature span
(Tspan) was calculated as the temperature range where
DT� 0.8DTmax,

34,35 as shown in Fig. 4(c). With increasing BNT con-
tent, Tspan becomes broader, indicating an extended effective working
temperature range for electrocaloric applications. The highest Tspan of
24.4 �C under an applied electric field of 5 kV/mm was found in the
BST-28BNT sample and can be linked with (i) the wide gap between
the Tf and TB temperatures and (ii) the enhanced diffuseness of the fer-
roelectric transition caused by the promoted A-site cation disorder. As
shown in Fig. S5, the increase in entropy with rising BNT content,
driven by enhanced A-site disorder, promotes the formation of PNRs
by inducing a local stress field and heterogeneous charge distribution,36

thereby contributing to enhanced electrocaloric performance. The elec-
trocaloric effect of the BST-28BNT ceramic is comparable with that
reported for typical lead-free bulk ceramics derived from BaTiO3,

37,38

Bi0.5Na0.5TiO3,
10,39 NaNbO3,

40 and K0.5Na0.5NbO3.
41 Figures 4(d)–4(f)

show the temperature dependencies of the pyroelectric coefficient
�(dP/dT)E of the BST-100xBNT ceramics subjected to an electric field
of 1–5 kV/mm. By comparing the pyroelectric behavior of the samples,
it is clear that the BST-28BNT ceramic exhibits the strongest polariza-
tion sensitivity, yielding the widest temperature span of electrocaloric
cooling.

In conclusion, BST-100xBNT (x¼ 0.20, 0.25, and 0.28) ceramics
were fabricated through solid-state reaction. The introduction of BNT
into BST resulted in enhanced field-induced polarization and its high
sensitivity. For the BST-28BNT ceramic, the large electrocaloric tem-
perature change DT of 0.91 �C and wide temperature span Tspan of

FIG. 3. P–E (a)–(c) and corresponding I–E (d)–(f) loops of the respective BST-20BNT, BST-25BNT, and BST-28BNT ceramics, as collected at different temperatures (from 20
to 80 �C) under an electric field of 5 kV/mm.
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24.4 �C under an applied electric field of 5 kV/mm were obtained and
attributed to the extended temperature gap between Tf and TB and
increased degree of diffuseness in the ferroelectric phase transition.
The proposed approach of the A-site disorder modulation provides a
viable way for achieving a high ECE over a wide temperature range in
lead-free relaxor ceramics.

See the supplementary material for the SEM images, EDS
maps, refined XRD data and parameters, detailed descriptions of
the V–F and C–W laws, selected and fitted dielectric data, and
composition-dependent A-site configurational entropy of BST-
100BNT ceramics.
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FIG. 4. Temperature dependencies of (a) polarization, (b) heat capacity, (c) electrocaloric temperature change under an electric field of 5 kV/mm for the BST-100xBNT ceramics
[in (a), the solid squares represent data extracted from Figs. 3(a)–3(c), the solid lines are fitted data]. (d)–(f) Temperature dependencies of the pyroelectric coefficient of the
BST-100xBNT ceramics under an electric field of 1–5 kV/mm.
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