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Abstract

Environment-friendly solid-state cooling technology necessitates the search for energy-efficient
electrocaloric (EC) materials. In this regard, the EC effect and energy storage performance have
been investigated on a site-engineered lead-free Ba1-x (Bi0.5 Li0.5 )x TiO3 (x = 0.0, 0.10, 0.125,
0.15 and 0.175) system from the perspective of its enhanced characteristic parameters. The
ferroelectric and dielectric studies reveal the tunable polarization and Curie temperature as a
function of composition. The EC measurements on these samples display superior EC
parameters compared to the values reported for other polycrystalline ferroelectric systems. The
observed EC parameters for the x = 0.10 sample, such as the change in entropy (∆S), adiabatic
temperature change (∆T) and EC coefficient are 2.63 J kg−1 K, 2.03 K and 0.68 K mm−1 kV,
respectively. Notably, the x = 0.15 sample displays near room-temperature (307 K) EC response
with ∆T ≥ 0.30 K over a broad 24 K temperature range. In addition, the energy storage
performance studies elucidate that the Ba1-x (Bi0.5 Li0.5 )x TiO3 compound with x = 0.175 displays
large energy storage efficiency (96.7%) with 144 mJ cm−3 as the storage density. The tunable
EC characteristics and high energy storage efficiency demonstrated in this work illustrate the
application potential of site-engineered BaTiO3 samples in efficient cooling and storage devices.
Supplementary material for this article is available online
Keywords: ferroelectric, polarization, pyroelectric, electrocaloric effect, energy storage device
(Some figures may appear in colour only in the online journal)
1. Introduction
In recent years, the electrocaloric (EC) effect has drawn
more research attention due to its energy-efficient capabilities in eco-friendly solid-state cooling devices compared to
vapor-compression refrigerators [1–3]. The EC effect in the
pyroelectric system and the associated adiabatic temperature
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Figure 1. Schematic of (a) the working principle of EC effect, (b) coexistence of various phase transitions at RT in modified BTO,

(c) various phase transitions in BTO and (d) various phase transitions observed above RT in modified BTO.

orthorhombic (R-O), orthorhombic to tetragonal (O-T) and tetragonal to cubic (T C ) at 183, 283 and 397 K, respectively,
as schematically shown in figure 1(c) [15, 16]. So far, in
the modified BTO system, effort has been made to enhance
the EC parameters by bringing these phase transitions above
RT (shown in the schematic figure 1(d)) [9]. This can be
achieved by changing the energy landscape upon doping.
For example, in the (1-x)Ba(Ti0.89 Sn0.11 )O3 -x(Ba0.7 Ca0.3 )TiO3
and Ba(Ti1-x Snx )O3 systems, the R-O and O-T transitions are
brought above RT, but without phase coexistence at a particular temperature [17, 18]. However, the ferroelectric system
with coexisting phases at or near RT, as displayed in schematic
figure 1(b), could be a better candidate for EC applications.
For example, (Ba0.87 Ca0.13 )(Ti0.87 Hf0.13 )O3 having a flattened
energy landscape due to the phase coexistence near RT shows
large EC effect [8].
Apart from tuning the phase coexistence, the lattice-site
engineering in the BTO system may also offer another fascinating physical property called relaxor, which is associated with a diffuse phase transition over a broad temperature range [15, 19]. Besides showing the EC effect, the
relaxor ferroelectric system can be used for high energy storage applications at RT, due to its slim hysteresis, large maximum polarization (Pmax ) and small remnant polarization (Pr ).
For example, the temperature-dependent dielectric and ferroelectric studies on the (1-x)(0.65BaTiO3 -0.35Bi0.5 Na0.5 TiO3 )xSr(Sc0.5 Nb0.5 )O3 relaxor ferroelectric illustrate a large variation of the energy storage performance, which is mainly

change (∆T) are the consequence of the dipole arrangements
facilitated by the applied electric field [4]. During the EC
cyclic process, schematically shown in figure 1(a), the dipole
orientation under electric field (E) lowers the entropy of the
system by transferring the heat to the sink. Subsequently,
the material is allowed to cool through the adiabatic process by the reorientation of dipoles upon withdrawal of the
field and finally reaches the initial state by absorbing heat
from the surrounding temperature [4, 5]. Importantly, the
change in entropy of the system is correlated to the strength
and dynamics of polarization [6]. Significant polarization
change observed near ferroelectric-paraelectric phase transition temperature (T C ) generally yields a large EC response
[2]. Besides, studies have also been carried out to achieve
large EC response in ferroelectric oxides through geometrical optimization, multi-phase coexistence, combining positive and negative caloric responses, and introducing an extra
degree of freedom such as mechanical stress/pressure [7].
Among all these approaches, the multi-phase coexistence
near T C achieved via lattice-site engineering in the BaTiO3
(BTO) system, such as (Ba0.87 Ca0.13 )(Ti0.87 Hf0.13 )O3 and (1x)Ba(Ti0.89 Sn0.11 )O3 -x(Ba0.7 Ca0.3 )TiO3 resulted in large EC
effect [8, 9]. Although the near room-temperature (RT) EC
effect is reported in a few systems, most of the large EC
responses are perceived either far above or below RT [8–12].
Generally, studies have been done to tune the ferroelectric
T C towards RT through lattice-site, defect, and strain engineering [8, 13, 14]. Note that BTO exhibits rhombohedral to
2
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3. Results and discussion

explained from the domain structure of the system [20].
The temperature-dependent ferroelectric features observed in
the (1-x)(0.65BaTiO3 -0.35Bi0.5 Na0.5 TiO3 )-xSr(Sc0.5 Nb0.5 )O3
system show a similar trend with compositional-dependent
features observed in Ba1-x (Bi0.5 Li0.5 )x TiO3 (BBLT) systems.
Hence, the BBLT systems could be a suitable candidate to
achieve high energy storage performance.
In view of this, studies have been carried out to investigate the EC effect and energy storage capacity of the modified BTO samples, which are reported to show the coexistence of orthorhombic and tetragonal phases along with near
RT T C [15]. Notably, for better EC response, it is imperative
to sustain the polarization value while tuning the T C of the
ferroelectric system. In this context, the earlier studies on Bi
and Li co-doped BTO samples revealing the tunable characteristic of T C with enhanced polarization, illustrate its potential
to yield a large EC effect near RT [15, 21]. In this work, the
composition-dependent EC effect and energy storage performance are investigated on the site-engineered BBLT samples.
The results demonstrate a large and near RT EC effect along
with giant energy storage efficiency.

The consolidated results of the basic characteristics of the
BBLT (x = 0.0, 0.10, 0.125, 0.15 and 0.175) samples
are shown in figure S1 (supplementary material, available
online at http://stacks.iop.org/JPhysD/54/045302/mmedia),
where the respective XRD patterns, polarization (P) versus
E measured at 4 Hz, and composition-dependent Pr are plotted. The structural analysis reported earlier on the BBLT system revealed the coexistence of tetragonal and orthorhombic
phases [15]. The reduction in tetragonality factor (c/a) for
higher doping concentrations is evident from the merging of
the (002) and (200) diffraction peaks shown in the enlarged
version of the XRD patterns in figure S1(b) [21]. The Pr value
shows maximum (9.76 µC cm−2 ) for the x = 0.10 sample, followed by a decreasing trend with composition. Importantly,
the x = 0.15 sample displays a nearly equivalent Pr value to
the parent BTO sample. However, the x = 0.175 sample shows
a thin hysteresis loop with nearly vanishing Pr . This could be
due to the system moving towards cubic symmetry, as revealed
by the XRD pattern.
To understand the dielectric behavior and the ferroelectric
phase transitions, the temperature-dependent dielectric permittivity of all compositions is measured at 10 kHz, and the
corresponding real part of the permittivities (ε ′ ) is plotted in
the insets of figures 2(a)–(d). The temperature variation of ε′
reveals that the T C of the modified BTO samples shows a
decrease in value from that of the parent BTO. In contrast,
the earlier report on the BBLT samples for 0 < x < 0.1 shows
a systemic increase in T C with composition [22]. Note that
the physical properties of the sample could vary with sintering conditions. A report on the Ba0.98 (Bi, Li)0.02 TiO3 system
revealed that the T C decreases with a reduction in sintering
temperature [23]. Hence, the change in T C observed in BBLT
is correlated to the variations in sintering temperatures. To
gain further insight into the dielectric properties, the dielectric
data are analyzed using the modified Curie–Weiss law, 1/ε′ —
1/ε′ max = [(T—T ′ max )/C]γ , where ε′ max is the value of ε′ at
′
, C is the Curie constant, and γ is the diffusivity parameter
Tmax
[15, 19]. Accordingly, the 1/ε′ —1/ε′ max is plotted against temperature for the x = 0.10, 0.125, 0.15 and 0.175 samples in
figures 2(a)–(d), respectively. The characteristic parameters
′
and γ are extracted by fitting the plots with the modified
Tmax
′
values are 381, 352,
Curie–Weiss equation. The extracted Tmax
325 and 388 K for the x = 0.10, 0.125, 0.15 and 0.175 samples,
respectively. It is observed that the x = 0.175 sample shows
two dielectric anomalies at 283 and 388 K. The possible origin of the dielectric anomalies for x = 0.175 can be understood
from the temperature-dependent plots of ε′ and tanδ at various
frequencies, as shown in figure S2. The anomaly near 283 K
shows the frequency dispersive features, whereas the anomaly
at 388 K shows nearly frequency-independent characteristics.
These two anomalies could be correlated to relaxor and phase
transition-like anomalies assisted by local charge disorder and
oxygen vacancy related defects, respectively [15, 24, 25]. It is
worth mentioning that the x = 0.15 composition shows T C near
RT and, at the same time, retaining the Pr (6.1 µC cm−2 ), equivalent to the parent BTO sample (5.5 µC cm−2 ). Interestingly,

2. Experimental details
Ba1-x (Bi0.5 Li0.5 )x TiO3 (x = 0.0, 0.1, 0.125, 0.15 and 0.175)
powders with different concentrations were prepared by a
solid-state reaction route using stoichiometric mixtures of analytical reagent-grade BaCO3 (99.9%), Bi2 O3 (99.9%), Li2 CO3
(99.9%) and TiO2 (99.9%) powders. The mixed oxide powders
were calcined by following the procedure reported elsewhere [15, 21]. The calcined powder was mixed with 6 wt.%
polyvinyl alcohol and pressed into 8 and 12 mm diameter
green pellets using a uniaxial press. The BBLT pellets were
sintered for 2 h at 1300 ◦ C for x = 0.0, 1050 ◦ C for x = 0.10
and 1000 ◦ C for x = 0.125, 0.15 and 0.175 samples. The
decrease in sintering temperature is in accordance with the
increase in volatile Bi and Li concentrations. The density of
the sintered pellets was found to be ∼96% of the theoretical
density.
The x-ray diffraction (XRD) (Rigaku SmartLab) experiments were carried out using Cu Kα radiation to study
the structural information. The polarization measurements
were carried out by employing a Radiant Technology
(USA RT6000S) ferroelectric loop tracer. The temperaturedependent dielectric constant was measured at various frequencies using a Nova Control (Alpha-A) high-performance
frequency analyzer. The specific heat of the BBLT sample was
carried out by a Quantum Design Physical Property Measurement System (DynaCool-D212). For pyroelectric measurements, the Ag electrodes were coated on both sides of
the pellets. The pyroelectric measurements were carried out
inside a cryostat (Advanced Research System) by employing a Keithley electrometer (6517B) as a current source.
The microstructures of the sintered pellets were recorded
by field-emission scanning electron microscopy (FE-SEM,
JEOL, JSM-7610F) after depositing gold conducting layer on
the pellets by sputtering.
3
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Figure 2. Modified Curie–Weiss plots of (a) x = 0.10, (b) x = 0.125, (c) x = 0.15 and (d) x = 0.175 BBLT samples at 10 kHz. Insets show
respective ε′ plots.

all other compositions excluding x = 0.10 are identified to be
the relaxor in nature based on their γ values, where γ is expected to be well above 1 and preferably around 2 for the system
to be a relaxor [26].
To investigate the EC response in BBLT samples,
temperature-dependent pyroelectric current measurements are
performed to get the corresponding polarization values. Before
the measurements, the samples are heated up to 390 K, which
is well above the T C of the BBLT samples, and cooled down
to suitable temperatures at 5 K min−1 under the poling field.
The pyroelectric current is then measured during the warming
cycle after removing the poling field. The measurements are
repeated at various poling fields from 5–30 kV cm−1 . The
measured pyroelectric´current (i) is used to extract the P values using the P = A1β idT relation, where A, β, and dT are
the surface area, heating rate, and change in temperature of the
sample, respectively [27]. The obtained P is plotted against
temperature at 5, 10, 15, 20 and 30 kV cm−1 poling fields for
x = 0.10, 0.125, 0.15 and 0.175 in figures 3(a)–(d), respectively. The Pmax values obtained after subjecting 30 kV cm−1
poling fields for x = 0.10, 0.125, 0.15 and 0.175 samples at RT
(300 K) are 9.46, 7.28, 4.10 and 0.70 µC cm−2 , respectively.
The composition-dependent P values extracted at RT for
the BBLT samples are similar to the experimental values

observed from the P-E measurements shown in figure S1(d).
These features illustrate the fact that the pyroelectric and
P-E measurements are complementary techniques to get the
P values. Also, the temperature-dependent P-E hysteresis
loops for all the BBLT samples are measured at RT, and
they are shown in figure S3. The systematic variations in
temperature-dependent polarization responses illustrate that
the pyroelectric current response obtained from the pyroelectric measurements mainly originated from the intrinsic pyroelectric response rather than ion migration and defects. All
samples except x = 0.175 reveal typical pyroelectric current
behavior of the ferroelectric samples with a drop in P near
the vicinity of T C . On the other hand, the x = 0.175 sample
shows a monotonous decrease in P throughout the measurement temperature range. The large decrease in polarization
for x = 0.175 with respect to the other BBLT samples could
be correlated to the cubic-like crystal structure of the sample,
which is evident from the singlet nature of the (002)/(200)
Bragg’s peaks, as shown in figure S1(b).
The EC response of the BBLT system can be extracted from
the measured pyroelectric
current
using(the thermodynamic
(
)
)
∂T
Maxwell’s relation
/ ∂E = − T ∂P/ ∂T [28–30],
where
4

dP
dT

T

CP ρ

E

= is the pyroelectric coefficient and ρ and CP are
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Figure 3. Temperature-dependent P measurements for (a) x = 0.10, (b) x = 0.125, (c) x = 0.15 and (d) x = 0.175 BBLT samples at various
poling fields. Insets show respective ∆S plots.

displays almost negligible ∆S, which is expected based on its
polarization feature.
In addition, ∆T values for BBLT samples are calculated
using the equation ∆T = − AβTCP ρ i (T) ∆E [28]. To obtain ∆T,
the CP value for each sample is taken to be the same throughout
the measurement temperatures range, while its actual variation
with temperature is shown in the insets of figures 4(a)–(c) for
the x = 0.10, 0.125 and 0.15 samples, respectively [8]. The CP
values at T C are used for ∆T evaluation and they are 0.509,
0.485 and 0.471 J g−1 K for the x = 0.10, 0.125 and 0.15
samples, respectively. The ∆T calculated at different poling
fields by keeping the lower limit E1 = 0 is plotted as a function of temperature in figures 4(a)–(c) at various E2 . Both
∆S and ∆T displayed similar temperature-dependent feature
with compositions. The obtained ∆T displays the maximum
of 2.03, 1.27 and 0.51 K values for the x = 0.10, 0.125 and
0.15 samples, respectively, at 30 kV cm−1 . Also, the obtained
∆T for x = 0.175 displayed in figure S4 exhibits negligible
response in comparison to other BBLT samples. To illustrate
the compositional variation of T C and ∆T, the ∆T versus temperature plots at 30 kV cm−1 are displayed in figure 4(d).
The histogram depicting the EC coefficients (∆T/∆E = ∆T/
(E2 -E1 )) calculated for different BBLT compositions is shown
in the inset of figure 4(d), and the respective values are 0.68,
0.42 and 0.18 K mm−1 kV. For comparison, the histogram also

the mass density and heat capacity, respectively. Generally,
EC response is determined either from direct heat flow measurements under the electric field or from indirectly obtained α
value using the P-E loop measurements [31, 32]. Alternatively,
the EC response can also be calculated from the direct determination of α using the relation i (T) = A ∂∂Pt = A ∂∂PT ∂∂Tt = Aβ
[28, 29, 33]. In ferroelectric systems, the obtained α value
is found to be in good agreement with the value calculated
from indirect measurements [28, 29]. Hence, the change in
entropy in the system can be
the)thermody( calculated
) using
(
namic Maxwell’s equation ∂P/∂T = ∂S/∂E , and the
E
T
resultant isothermal entropy change (∆S) can be expressed
1
as, ∆S = − Aβρ
i (T) ∆E [32]. Here, ∆E = E1 − E2 is the difference in initial (E1 ) and final (E2 ) poling fields, respectively. The β is 5 K min−1 during the heating cycle. The calculated ∆S for different compositions is plotted in the insets
of figures 3(a)–(d). The plots display a sharp rise in ∆S with
maximum values of 2.63 and 2.1 J kg−1 K for the x = 0.10
and 0.125 compositions at 382 and 351 K, respectively. On
the other hand, for the x = 0.15 sample, the ∆S shows a linear
increment with temperature and reaches a maximum value of
0.78 J kg−1 K at 307 K. The maximum ∆S observed at 307 K
instead of its T C (325 K) for the x = 0.15 sample, could be
correlated to the electric field-induced effect on the transition
temperature in relaxor dielectrics [34]. The x = 0.175 sample

5
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Figure 4. Temperature-dependent ∆T for (a) x = 0.10, (b) x = 0.125 and x = 0.15 BBLT samples measured at different poling fields.
Respective insets display their temperature-dependent CP . (d) ∆T plotted for x = 0.10, 0.125 and 0.15 at 30 kV cm−1 . Inset shows the
histogram depicting the EC coefficient for the samples. (e) Summary of the reported values of ∆T and their corresponding T C along with
the results on BBLT samples.

shows the results of the single-crystalline BTO and polycrystalline PLZT samples. It is worth mentioning that the x = 0.10
sample displays the EC coefficient with a value close to the
value reported (0.75 K mm−1 kV) for single-crystal BTO, and
it is even higher than the few maximum reported ferroelectric systems [1, 35–38]. A summary of the literature data on
the EC effect measured using the direct and indirect methods,
such as T C , maximum poling field (Emax ), ∆T and ∆T/∆E are
listed in table 1. The highest observed ∆T and their respective T C of the reported compounds showing large EC effect
are plotted in figure 4(e). From figure 4(e), it is clear that the
BBLT sample with x = 0.10 exhibits one of the best ∆T values
(next to PLZT) reported so far in the literature [39]. Also, the
x = 0.15 sample shows ∆T ≥ 0.30 K over a broad range of
temperature (24 K), i.e. from 289–313 K, which is also on the
higher side among the reported values for other ferroelectric
systems [8].
The diffuseness parameter extracted on the BBLT compositions suggests the existence of possible relaxor characteristics
of the samples. The ferroelectric systems and, in particular, the
relaxor ferroelectrics are being actively considered as energy

storage materials. The recoverable energy density of the ferroelectric capacitor during the charging and discharging proPmax

cess is expressed as Wrec = ∫ E dP [48]. To investigate the
Pr

energy storage characteristics of the BBLT samples, their full
P-E loops recorded at 4 Hz are plotted in figures 5(a)–(e). The
obtained Wrec for x = 0.0, 0.10, 0.125, 0.150 and 0.175 are
107, 56, 60, 79 and 144 mJ cm−3 , respectively. The respective energy storage efficiency (η) calculated from = WWrec × 100
is 50.4, 23.0, 34.5, 44.2 and 96.7%, where W is the total
Pmax

energy density extracted from W = ∫ E dP [48]. Compared
0

to other compositions, the x = 0.175 exhibits superior energy
storage performance both in terms of Wrec and η. Although
the x = 0.175 sample shows remarkable 96.7% η, the moderate Wrec value observed in the system can be correlated
to the presence of smaller-size nanodomains [20]. The possible ways to improve the energy storage density in a ferroelectric system are to increase the potential of the material
to sustain the maximum applied electric field without undergoing breakdown and to maximize the difference between
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Table 1. Comparison of the T C , maximum poling field (Emax ), ∆T, and ∆T/∆E reported on ceramic and single-crystalline ferroelectric
systems along with the results on BBLT samples measured by indirect and direct methods.

Systems

TC
(K)

Emax
(kV cm−1 )

∆T
(K)

BaTiO3 (BTO)
0.98BaTiO3 -0.02BiMg0.5 Ti0.5 O3 (BT-BMT)
Ba0.85 Ca0.15 Ti0.90 Hf0.10 O3 (BCTH)
Ba0.94 Sm0.04 TiO3 (BST)
Ba0.65 Sr0.35 TiO3 (BSrT)
BaTi0.895 Sn0.105 O3 (BTS)
Ba0.91 Ca0.09 Zr0.14 Ti0.86 O3 (BCZT)
Gd0.02 Na0.5 Bi0.48 TiO3 (GNBT)
0.9Ba(Ti0.89 Sn0.11 )O3 -0.1(Ba0.7 Ca0.3 )TiO3 (BTS-BCT)
Na0.5 Bi0.5 TiO3 (NBT)
Pb(Mg0.5 W0.5 )0.5 Ti0.5 O3 (PMWT)
Pb(Zr0.43 Sn0.43 Ti0.14 )O3 (PZST)
Pb(Zr0.455 Sn0.455 Ti0.09 )O3 (PZST)
(PbZrO3 )0.71 —(BaTiO3 )0.29 (PZ-BT)
Pb0.89 La0.11 (Zr0.7 Ti0.3 )0.9725 O3 (PLZT)
BTO crystal
PbMg1/3 Nb2/3 O3 (PMN) crystal
0.75PbMg1/3 Nb2/3 O3 –0.25PbTiO3 (PMN-PT) crystal
0.92PbZn1/3 Nb2/3 O3 –0.08PbTiO3 (PZN-PT) crystal
0.45BaZr0.2 Ti0.8 O3 –0.55Ba0.7 Ca0.3 TiO3 (BZT-BCT) crystal
BBLT (x = 0.10) Present work
BBLT (x = 0.125) Present work
BBLT (x = 0.15) Present work

403
416
396
347
296
303
358
370
323
353
423
443
319
298
423
402
226
373
453
404
383
351
307

55
55
35
30
20
20
20
90
15
50
23
30
30
20
70
12
15
1
1.2
12
30
30
30

0.78
1.21
0.74
0.92
0.42
0.61
0.60
0.75
0.91
−0.12
0.3
0.27
1.05
0.15
2.21
0.9
0.15
0.61
0.23
0.46
2.03
1.27
0.51

∆T/∆E
(K mm kV−1 )

Method

0.142 [40]
0.220 [40]
0.211 [41]
0.306 [42]
0.210 [43]
0.31 [3]
0.305 [44]
0.083 [45]
0.35 [9]
−0.024 [46]
0.13 [35]
0.09 [47]
0.35 [47]
0.08 [47]
0.32 [39]
0.75 [1]
0.10 [35]
0.61 [36]
0.19 [37]
0.38 [38]
0.68
0.42
0.18

Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Direct
Indirect
Indirect/Direct
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect
Indirect/Direct
Indirect
Direct
Direct
Indirect
Indirect
Indirect
Indirect

Figure 5. Polarization versus electric field plots for (a) x = 0.0, (b) x = 0.10, (c) x = 0.125, (d) x = 0.15 and (e) x = 0.175 compositions.
Respective insets show the SEM microstructure of the samples. (f) Enlarged version of the SEM microstructure for the x = 0.175 sample.
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Pmax and Pr . In this context, the x = 0.175 composition displays the large difference between Pmax and Pr due to its slim
hysteresis loop characteristics with nearly vanishing Pr and
hence shows better energy storage capacity. To get the microstructural correlation with the energy storage performance of
the samples, the SEM microstructures obtained on the samples
are shown in the insets of figure 5. The figures depict morphological change along with a decrease in porosity with composition. Notably, the x = 0.175 sample exhibits melted-like
grain growth without any visible pore structure. The origin
of the melted-like grain growth could be the eutectic phenomenon associated with higher doping concentration, which
in turn facilitates lowering the melting point [49]. The meltedlike grain structure exhibited by the x = 0.175 sample perhaps
enhances its potential to sustain a higher electric field in comparison to other BBLT samples.
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