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Abstract
In the present work Ba(Ti1-xCex)O3 ceramics are prepared through a standard solid-state sintering process. Crystal structures,
dielectric properties, ferroelectric properties and electrocaloric effects are exactly studied. Ce4+ ions cannot entirely enter the
position of Ti4+, so some impure phases are generated. The diffusivity of phase transition is strengthened by substituting Ti4+ with
Ce4+ cations. The maximal pyroelectric coefficient decreases, and the extent of corresponding temperature deviating from the
dielectric peak temperature to higher temperature increases with increasing the content of cerium cations. The adiabatic temper-
ature change and isothermal entropy change display the same tendency as that of the pyroelectric coefficient. The
Ba(Ti0.9Ce0.1)O3 ceramic shows the largest adiabatic temperature change of 0.41 K and the largest isothermal entropy change
of 0.45 J/(kg·K) among the ceramics. Accordingly, the adiabatic temperature change responsivity is 0.090 × 10−6 K·m/V, and the
isothermal entropy change responsivity is 0.100 × 10−6 J·m/(kg·K·V). For individual composition, the absolute value of pyro-
electric coefficient decreases with increasing the magnitude of applied electric field, and the temperature of maximal pyroelectric
coefficient deviates from the dielectric peak temperature shifts to higher temperature. Ba(Ti0.9Ce0.1)O3 ceramics show the largest
pyroelectric energy density of 0.14 J/cm3 among all compositions.
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1 Introduction

Traditional vaper-compression technology has been used over
100 years in refrigeration field, while it comes to the end of
improving energy-cost efficiency. Solid state refrigeration
technology has been proposed as promising representative
due to high efficiency, environment friendly, low cost and so
on. Electrocaloric effect is firstly observed in Rochelle Salt in
1930 [1], it is neglected for a long time until Mischenko et al.
have a giant electrocaloric effect of about 12 K in
PbZr0.95Ti0.05O3 thin film in 2006 [2], then numerous papers
about electrocaloric effect are published. Electrocaloric effect
can be simply thought as adiabatic temperature change or
isothermal entropy change upon apply or removal of electric
field of materials [3]. In the view of saving energy,

pyroelectric effect as the converse effect of electrocaloric ef-
fect has been investigated [4–6]. Pyroelectric effect exists in-
trinsically in polar materials, the surfaces of the materials gain
charge due to spontaneous polarization, further heat exchange
with the surrounding leads to charge change. It is to say pyro-
electric effect can be utilized to transform waste heat into
electric energy [7], while waste heat consumes a large content
of energy cost.

BaTiO3 is typical perovskite structure material, either
Ba2+ or Ti4+ can be substituted by iso-valent ions or
hetero-valent ions. Since the structure of BaTiO3 is simple,
different ions substituted BaTiO3 materials have been ex-
tensively studied [8–21], and the dielectric permittivity, fer-
roelectric property and microstructure are influenced by the
substitution. Electrocaloric effect seemed to be linked to the
dielectric properties, ferroelectric properties and micro-
structure, but the characteristics of electrocaloric effect are
originally from the substitution of other ions. Three phase
transitions exist in BaTiO3, while they will merge into one
point at a certain substitution quantity as the substitution
quantity of other ions increases. The merged point is called
invariant critical point (ICP) [11, 14], Qian et al. have re-
ported the adiabatic temperature change of 4.5 K at
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invariant critical point in Zr4+ substituted BaTiO3 materials
[11]. Electrocaloric effect is a promising candidate in indus-
try cooling, while some problems should be conquered. The
materials should achieve considerable adiabatic tempera-
ture change and isothermal entropy change at the same time,
which can ensure the exchange heat capacity large enough.
Considering the household voltage is limited, the driving
efficiency of electric field for electrocaloric effect is fo-
cused, the electrocaloric effect responsivities were recently
proposed [22–27]. Electrocaloric effect responsivities are
introduced as ΔT/ΔE and ΔS/ΔE respectively.

Recently, Srikanth [28] reported electrocaloric effect in
Ba(Ti1-xCex)O3 ceramics, adiabatic temperature change
responsivity of 0.35 × 10−6 K·m/V was achieved, and Zeng
[29] achieved adiabatic temperature change 0.61 K at 30 kV/
cm for Ba(Ti0.9Ce0.1)O3 ceramics. Yet the effect of diffuse
behaviour on electrocaloric effect was not discussed yet. In
present work Ba(Ti1-xCex)O3 ceramics were prepared by a
standard solid-state sintering method, and the linkage between
different properties are discussed, and the influence of diffuse
ferroelectricity on electrocaloric effect is exactly discussed.

2 Experimental procedure

Ba(Ti1-xCex)O3 ceramics with compositions of x = 0.10, 0.15
and 0.20 were prepared by a standard solid-state reaction
method. Powders of raw materials with high purity, i.e.,
BaCO3 (99.99%), TiO2 (99.99%) and CeO2 (99.99%) were
weighed in stoichiometric ratio, ball mixed in distilled water
and zirconia media for 24 h and then dried. The mixtures were
calcined at 1150 °C for 3 h in air. After regrinding, calcined
powders were added 8 wt% PVA, then the mixtures were
compacted at 2 MPa for 1 min into pellets. The pellets were
sintered at 1525 °C for 6 h in air.

The crystal structures were identified using powder X-
ray diffraction (XRD, RIGAKU D/max 2550/PC, Rigaku
Co., Tokyo, Japan) at room temperature. The data for
Rietveld refinement were collected at the 2θ range of 8–
130o with the step of 0.02o. The Rietveld refinement was
carried out using the Fullprof program [30]. The densities
of samples were measured by Archimede method.
Temperature dependence of dielectric permittivity was
evaluated using a broad-band dielectric spectrometer
(Turnkey Concept 50, Novocontrol Technologies GmbH
& Co. KG, Hundsangen, Germany) with Au pasted. P-E
hysteresis loops were measured at 10 Hz every 5 °C using
a Precision Analyzer (Precision Premier II, Radiant
Technologies, Albuquerques, NM, USA) combined with
Sigma temperature controller. Heat capacity was measured
using a differential scanning calorimeter (DSC, Netzsch
DSC204 F1, Selb, Germany) apparatus.

3 Results and discussions

Room-temperature XRD patterns of Ba(Ti1-xCex)O3 ceramic
powders are shown in Fig. 1. To identify the crystal structures

of the ceramics, the space groups of Pm3m, P4mm or mixture
are tested. According to the Rietveld refinement results, the
P4mm phase is adopted, and the results are shown in Table 1.
In addition to the major phase, three minor phases, CeO2,
Ba2TiO4 and TiO2, exist in the ceramics, implying that Ce4+

cannot entirely enter the position of Ti4+. The actual Ce/Ti
ratio should be different to the nominal one since some
CeO2 and TiO2 impure phases are existed in the ceramics,
and the ratio is critical to the Curie temperature. Indeed, the
ratio refined from the structural analysis is different as shown
in Table 1. The real ratio is lower than that of nominal one,
indicating the real Curie temperature should be higher than the
expected one. The cell parameters, a, c and cell volume mo-
notonously increase with the content of Ce4+ cations because
of the larger ionic radius (0.87 vs. 0.605 Å). The c/a parame-
ters almost decrease with increasing the content of Ce4+ cat-
ions, indicating the decreased ferroelectric properties, and the
Curie temperature should decrease successively. Figure 2
shows the SEM micrographs of Ba(Ti1-xCex)O3 ceramics
(x = 0.1, 0.15 and 0.2), the microstructure is considerably
dense, which is in agreement with the high relative densities
of all samples (>97%).

Figure 3 shows the temperature dependence of relative per-
mittivity of Ba(Ti1-xCex)O3 ceramics at various frequencies.
The temperature dependence of relative permittivity shows a
broad maximum with frequency dispersion, which is known
as diffuse phase transition. According to results reported by
Han [21], the pure BaTiO3 ceramics show a sharp peak, while
peaks of doping compositions show broaden shapes. The
broaden maximum of Ba(Ti0.9Ce0.1)O3 ceramics represents a
diffuse phase transition. In the diffuse ferroelectric, addition to
the structural phase transition to ferroelectric state with mac-
roscopic domains, the nano-sized polarization regions (PNRs)
appear embedded in the paraelectric matrix at the temperature
above the permittivity peak temperature [31–34]. In accor-
dance with the previous work [34], the Ba(Ti1-xCex)O3 ceram-
ic shows the same phenomenon, as the content of Ce4+ in-
creases the dielectric peak becomes broader, implying that
the Ce4+ doping strengthens the diffusivity of the phase tran-
sition. Figure 3 also shows the temperature dependence of
dielectric loss of Ba(Ti1-xCex)O3 at various frequencies. A
frequency-dispersed peak correspond to the permittivity peak
appears. The dielectric loss in the measured temperature peri-
od varies lower than 0.1. As the substitution quantity of Ce4+

increases, the temperature of permittivity peak decreases
monotonically. The temperature of permittivity peak of
Ba(Ti1-xCex)O3 ceramics are 378 K, 358 K and 318 K for
x = 0.1, 0.15 and 0.2, respectively. Figure 4 shows the
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modified Curie-Weiss fitting of Ba(Ti1-xCex)O3 ceramic, the
diffuseness exponents can be derived from the relation be-
tween logarithm of reciprocal relative dielectric permittivity
and logarithm of temperature [35, 36]. The diffuseness expo-
nents (γ) are 1.71, 1.74 and 1.90 for x = 0.1, 0.15 and 0.2,
respectively. As in Fig. 3, the permittivity peaks get broader
and the permittivity values get lower withmore Ce4+ substitut-
ed, it can be illustrated by the diffuseness exponents derived
from the modified Curie-Weiss fitting.

Electrocaloric effect is defined as adiabatic temperature
change and isothermal entropy change during the applica-
tion or removal of electric field. Considering the practical
application of ECE, both large isothermal entropy change
and large adiabatic temperature change can ensure large
enough refrigeration capacity. In the present work, the
indirect method is used to achieve the ECE. Figure 5(a)
shows the P-E hysteresis loops of Ba(Ti0.9Ce0.1)O3 ce-
ramic measured under 45 kV/cm at 10 Hz of several tem-
peratures. The frequency of 10 Hz ensures dipoles can
rotate sufficiently under the electric field, and the interval

of 5 K ensures enough data of polarizations for polyno-
mial fitting. From Fig. 5(a) one can see the hysteresis
loops still exist even the temperature is above the dielec-
tric peak temperature, as the temperature increases, the
hysteresis loops become slimmer but different from the
linear shape of paraelectric state. Around 408 K the
values of maximal polarization change faster than other
temperatures, which may be due to the sharply increasing
number of PNRs at around 408 K. Figure 5(b) shows the
evolution between polarization and temperature for all
compositions measured under 45 kV/cm. Pyroelectric co-
efficients can be derived from the P-T fourth polynomial
equation. Figure 5(c) shows the pyroelectric coefficients
at various temperatures for all compositions. The temper-
ature period covers from the dielectric peak temperature
to 70 K above that temperature. According to the calcu-
lation equation of ECE, pyroelectric coefficient is domi-
nant factor of ECE. From Fig. 5(c) one can roughly pre-
dict that Ba(Ti0.9Ce0.1)O3 sample may have largest ECE
among all compositions. And the largest pyroelectric

Fig. 1 XRD patterns and Rietveld refinement results of Ba(Ti1-xCex)O3 ceramics: (a) x = 0.10, (b) x = 0.15 and (c) x = 0.20. The Bragg positions for
major, CeO2, Ba2TiO4 and TiO2 phases are listed from the top to bottom, respectively

Table 1 Rietveld results of XRD
patterns of major phase of Ba(Ti1-
xCex)O3 ceramics at room
temperaturea)

x 0.10 0.15 0.20

a (Å) 4.03284(11) 4.05558(10) 4.07706(13)

c (Å) 4.04661(16) 4.06721(16) 4.08665(22)

c/a 1.0034 1.0029 1.0024

Volume (Å3) 65.813(4) 66.896(4) 67.930(5)

Ba Biso (Å
2) 1.121(15) 0.847(14) 1.024(17)

Ti/Ce z 0.4967(49) 0.4971(62) 0.5017(28)

Ti Biso (Å
2) 1.215(35) 1.093(32) 0.996(30)

O1 z 0.0252(88) 0.011(21) 0.0339(84)

O2 z 0.5367(55) 0.5314(75) 0.5494(56)

Ce/Ti ratio 0.050(5)/0.950(5) 0.136(6)/0.864(6) 0.168(5)/0.832(5)

CeO2 (wt%) 2.25(4) 1.91(4) 2.14(4)

Ba2TiO4 (wt%) 1.24(6) 1.22(6) 1.61(6)

TiO2 (wt%) 1.36(5) 1.05(5) 1.49(6)

Rp (%) 5.98 5.47 5.88

Rwp (%) 9.06 8.14 8.61

χ2 5.96 3.87 4.56

a) Space group: P4mm, Ba at 1a (0, 0, 0), Ti/Ce at 1b (0.5, 0.5, z), O1 at 1b (0.5, 0.5, z), and O2 at 2c (0.5, 0, z)
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coefficient of Ba(Ti0.9Ce0.1)O3 sample locates at 408 K,
which is in agreement with the inflection point in Fig.
5(a). The pyroelectric coefficient decreases with increas-
ing the content of Ce4+ cations. The maximal pyroelectric
coefficient locates several kelvins above the dielectric
peak temperature, implying the maximal ECE may locate
at the temperature above the dielectric peak temperature.
The extent of temperature corresponding to the maximal
pyroelectric coefficient deviates from the dielectric peak
temperature to higher temperature increases with increas-
ing the content of Ce4+ cations (see Table 2). The varia-
tion of pyroelectric coefficient with Ce4+ content may be
linked to the extent of diffuseness of phase transition, and
it will lead to the variation of electrocaloric properties of
the Ba(Ti1-xCex)O3 ceramics.

Figure 6 shows the ECE values and ECE responsivities
of all compositions under the external electric field of
45 kV/cm. Figure 6(a) shows the temperature dependence
of adiabatic temperature change, and the curves are
smooth indicating comparably stable adiabatic tempera-
ture change in a broad temperature period since all com-
positions show diffuse phase transition. Ba(Ti0.9Ce0.1)O3

ceramic achieves the largest adiabatic temperature change
0.41 K among all compositions, and its permittivity is
also largest among all compositions. Ba(Ti0.8Ce0.2)O3 ce-
ramic shows the largest difference 50 K between

temperature corresponding to permittivity peak and that
of maximal electrocaloric effect (see Table 2). As the sub-
stitution quantity of Ce4+ increases, the extent of diffuse-
ness of phase transition strengthens. The largest adiabatic
temperature change locates 5 K above the temperature
corresponding to maximal pyroelectric coefficient, which
is due to the multiplying parts. Figure 6(c) shows the
temperature dependence of isothermal entropy change,
and the largest isothermal entropy change just locates at
the same temperature as pyroelectric coefficient.
Ba(Ti0.9Ce0.1)O3 ceramic achieves the largest isothermal
entropy change 0.45 J/(kg·K) among all compositions,
Ba(Ti0.8Ce0.2)O3 ceramic shows the largest difference
45 K between temperature corresponding to permittivity
peak and that of maximal isothermal entropy change. In
normal ferroelectrics, the largest ECE locates near the
phase transition where the overall material goes through
structural change. But in diffuse ferroelectrics, the PNRs
begin to appear and embed in the paraelectric matrix at
temperature above the dielectric peak temperature. It can
be simply understood that the number of PNRs varies
more sharply in Ba(Ti0.9Ce0.1)O3 ceramic than the other
two compositions, while the polarization quantity of indi-
vidual PNR is assumed as the same.

Electric field is the driving source of ECEs, parame-
ters describing the efficiency electric field driving ECEs

Fig. 2 SEM micrographs of Ba(Ti1-xCex)O3 ceramics: (a) x = 0.1, (b) x = 0.15 and (c) x = 0.2
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are needed, so electrocaloric temperature change
responsivity ΔT/ΔE and electrocaloric entropy change
responsivity ΔS/ΔE are shown in Fig. 6(b) and (d).
Ba(Ti0 . 9Ce0 . 1 )O3 ceramic achieves the la rges t
electrocaloric temperature change responsivity 0.090 ×
10−6 K·m/V and largest electrocaloric entropy change
responsivity 0.100 × 10−6 J·m/(kg·K·V) among all com-
positions. Although the electrocaloric effects in this
work are not large compared with those published data
[7–18], it can be observed the electrocaloric effects keep
moderate values over a broad temperature. Tspan is

introduced to evaluate the ability materials maintain
comparable adiabatic temperature change with the max-
imal value defined as temperature range over which ΔT
maintains 0.9 ×ΔTmax. Tspan values are larger than 25 K
for all compositions, indicating the ceramics can keep
moderate values over a relative broad temperature range.

To further investigate the ECE of Ba(Ti1-xCex)O3 ce-
ramics, Ba(Ti0.9Ce0.1)O3 ceramic is chosen to investigate
the influence of magnitude of electric field on ECE.
Figure 7 lists a series of parameters measured under
different electric fields. Figure 7(a) shows the

Fig. 3 Temperature dependences of the relative dielectric permittivity of
(a) Ba(Ti0.9Ce0.1)O3, (c) Ba(Ti0.85Ce0.15)O3, and (e) Ba(Ti0.8Ce0.2)O3

ceramic measured at various frequencies, respectively. Temperature

dependences of the dielectric losses of (b) Ba(Ti0.9Ce0.1)O3, (d)
Ba(Ti0.85Ce0.15)O3, and (f) Ba(Ti0.8Ce0.2)O3 ceramic measured at
various frequencies, respectively
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temperature dependence of pyroelectric coefficient de-
rived from the evolution between polarization and tem-
perature, the maximal pyroelectric coefficient moves to
higher temperature and the quantity of maximal pyro-
electric coefficient decreases as the magnitude of elec-
tric field increases. The maximal pyroelectric coefficient
of −6.25 × 10−4 C/(m2·K) locates at 403 K under a field
of 20 kV/cm, while the coefficient of −5.65 × 10−4

C/(m2·K) locates at 408 K under a field of 45 kV/cm.
Electrocaloric effect can be understood as the phenom-
enon that the temperature or entropy of whole material
changes due to change of the number of polarized
states, which is caused by external electric field in na-
ture. Figure 7(b) and (d) show the temperature

dependence of adiabatic temperature change and isother-
mal entropy change measured under different magni-
tudes of electric field, respectively. Figure 7(c) and (e)
show the temperature dependence of adiabatic tempera-
ture change responsivity and isothermal entropy change
responsivity measured under different magnitudes of
e lec t r ic f ie ld respec t ive ly. The cor responding
responsivities show the same changing tendency as the
pyroelectric coefficient. The largest adiabatic tempera-
ture change responsivity of 0.099 × 10−6 K·m/V among
all magnitudes of electric field is achieved at the field
of 20 kV/cm. For individual magnitude of electric field,
the maximal adiabatic temperature change locates 5 K
above the temperature corresponding to maximal

Fig. 4 Modified Curie-Weiss
fitting results of (a)
Ba(Ti0.9Ce0.1)O3, (b)
Ba(Ti0.85Ce0.15)O3, and (c)
Ba(Ti0.8Ce0.2)O3 ceramic at the
frequency of 1 MHz, respectively

Fig. 5 (a) P-E hysteresis loops of Ba(Ti0.9Ce0.1)O3 ceramic measured
under the field of 45 kV/cm at the frequency of 10 Hz. (b) Evolution of
polarization with temperature of Ba(Ti1-xCex)O3 ceramics (x = 0.1, 0.15

and 0.2) under the field of 45 kV/cm. (c) Pyroelectric coefficient of
Ba(Ti1-xCex)O3 ceramics (x = 0.1, 0.15 and 0.2) under the field of
45 kV/cm
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pyroelectric coefficient. The largest isothermal entropy
change responsivity of 0.111 × 10−6 J·m/(kg·K·V) among
all magnitudes of electric field is achieved at the field
of 20 kV/cm.

According to results reported by Han [21], the pure
BaTiO3 ceramics implies the largest adiabatic temperature
change about 1.1 K at 30 kV/cm, which is larger than the
results of Ba(Ti0.9Ce0.1)O3 ceramics. The temperature de-
pendence of electrocaloric effect of the pure BaTiO3 ce-
ramics indicates a sharp peak in the period of 10 K, while
Ba(Ti0 . 9Ce0 . 1 )O3 ceramics main ta in comparable
electrocaloric effect in a broaden temperature period
(>25 K). The varied tendency of electrocaloric effect can
be explained by the nature of diffuse phase transition. In
diffuse ferroelectrics, the PNRs can persist in a broad

temperature range around dielectric peak temperature, and
the PNRs are very sensitive to frequency and magnitude of
external electric field. Electrocaloric is directly related to
the number of polarized states in material, the electrocaloric
effect can maintain a comparable value in diffuse ferroelec-
trics over a broad temperature range. The temperature of
maximal electrocaloric effect is the point where the number
of polarized states changes most fast, it is also the tempera-
ture where the number of PNRs changes most fast.

Pyroelectric effect is the converse effect of electrocaloric
effect, the quantity of pyroelectric effect can be evaluated via
Olsen cycle [37, 38]. As can be seen in Fig. 8, two polarization
hysteresis loops measured at high temperature and low tem-
perature are presented. To measure the pyroelectric energy
harvesting, the range of electric field (EL and EH) should be

Table 2 Temperatures of several properties of Ba(Ti1-xCex)O3 ceramics (x = 0.10, 0.15 and 0.20) measured at 45 kV/cm

x Tεmax

(K)
( P/əT)max (μC/
cm·K)

T( P/ T)max
(K)

ΔTmax

(K)
(ΔT/ΔE)max
(10−6 K·m/V)

TΔTmax

(K)
ΔSmax

(J/kg·K)
(ΔS/ΔE)max (10

−6 J·m/
kg·K·V)

TΔSmax

(K)

0.10 378 −5.647 408 0.41 0.090 413 0.45 0.100 408

0.15 358 −3.010 393 0.21 0.046 398 0.24 0.053 393

0.20 318 −2.854 363 0.18 0.040 368 0.23 0.051 363

Fig. 6 Temperature dependence of (a) electrocaloric temperature change
and (b) electrocaloric temperature change responsivity of Ba(Ti1-xCex)O3

ceramics (x = 0.1, 0.15 and 0.2) under the field of 45 kV/cm. Temperature

dependence of (c) electrocaloric entropy change and (d) electrocaloric
entropy change responsivity of Ba(Ti1-xCex)O3 ceramics (x = 0.1, 0.15
and 0.2) under the field of 45 kV/cm
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selected. The energy density of pyroelectric energy harvesting
achieved in specialized temperature and electric field range
equals the area enclosed by the green line:

W ¼ ∮EdP

The Olsen cycle concludes two isothermal processes and
two isoelectric processes, proceeding clockwise each step
works for cooling. Figure 9(a)-(c) present pyroelectric energy
densities of Ba(Ti1-xCex)O3 ceramics, the EL is kept 0 kV/cm,
TLS are 373 K, 353 K and 313 K for Ba(Ti1-xCex)O3 ceramics
(x = 0.1, 0.15 and 0.2). Broadening the temperature range and

electric field can improve the pyroelectric energy densities,
Ba(Ti0.9Ce0.1)O3 ceramics show the largest pyroelectric ener-
gy density of 0.14 J/cm3 when EH equals 45 kV/cm and TH
equals 443 K. Figure 9(d) shows the TH dependence of pyro-
electric energy densities of Ba(Ti1-xCex)O3 ceramics, the EL is
kept 0 kV/cm, TLS are 373 K, 353 K and 313 K for Ba(Ti1-
xCex)O3 ceramics (x = 0.1, 0.15 and 0.2), while EH is kept
45 kV/cm. At specialized temperature the pyroelectric energy
density increases slower as the electric field increases, for the
pyroelectric coefficient at low electric field is larger than that
at high electric field. There exists a temperature for each com-
position where the pyroelectric energy density varies fastest,

Fig. 7 Different parameters of Ba(Ti0.9Ce0.1)O3 ceramic measured at 20,
25, 30, 35, 40 and 45 kV/cm. Temperature dependence of (a) pyroelectric
coefficient, (b) electrocaloric temperature change, (d) electrocaloric

entropy change, (c) electrocaloric temperature change responsivity and
(e) electrocaloric entropy change responsivity
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i.e., 413 K, 403 K, 363 K for Ba(Ti1-xCex)O3 ceramics (x =
0.1, 0.15 and 0.2). And the pyroelectric coefficient shows a
peak value at these temperatures. For each composition the
curve increases linearly with TH, which is typical behavior of
diffuse ferroelectrics.

4 Conclusion

The diffusivity of phase transition is strengthened by
substituting Ti4+ by Ce4+ cations. The maximal pyroelec-
tric coefficient decreases, and the extent of corresponding
temperature deviating from the dielectric peak temperature
to higher temperature increases with increasing the content
of Ce4+ cations. The adiabatic temperature change and iso-
thermal entropy change display the same tendency as that
of the pyroelectric coefficient. The Ba(Ti0.9Ce0.1)O3 ce-
ramic shows the largest adiabatic temperature change of
0.41 K and the largest isothermal entropy change of
0.45 J/(kg·K) among all compositions. Accordingly, the
adiabatic temperature change responsivity is 0.090 ×
10−6 K·m/V, and the isothermal entropy change
responsivity is 0.10 × 10−6 J·m/(kg·K·V). For individual
composition, the absolute value of pyroelectric coefficient
decreases with increasing the magnitude of applied electric
field, and the temperature of maximal pyroelectric coeffi-
cient deviates from the dielectric peak temperature to
higher temperature. The present work sheds light into
ECE of diffuse ferroelectrics, Ba(Ti0.9Ce0.1)O3 ceramics
show the largest pyroelectric energy density of 0.14 J/
cm3 among all compositions.

Fig. 8 Diagram of pyroelectric energy conversion mechanism using
polarization hysteresis loops measured at two different temperatures
based on Olsen cycle. The area enclosed by the green line represents
the energy density of pyroelectric energy harvesting

Fig. 9 EH dependence of pyroelectric energy densities of Ba(Ti1-xCex)O3

ceramics: (a) x = 0.1, (b) x = 0.2 and (c) x = 0.3 at different THS. EL keeps
0 kV/cm, while TLS are 373 K, 353 K and 313 K for x = 0.1, 0.15 and 0.2,
respectively. (d) TH dependence of pyroelectric energy densities of

Ba(Ti1-xCex)O3 ceramics (x = 0.1, 0.15 and 0.2). EL keeps 0 kV/cm, EH
keeps 45 kV/cm, while TLS are 373 K, 353 K and 313 K for x = 0.1, 0.15
and 0.2, respectively
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