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Abstract Ba 4551, 35TiO; (BST) ceramics were synthe-
sized by sol-gel route. The diffusion phase transition (DPT)
characteristic was found in the temperature range from
150 to — 35 °C. The value of the DPT parameter y values
are 1.53 and 1.75, respectively at applied dc field of 0 and
16.7 kV/cm. It is implied that the phase transition of BST
ceramics become more diffuse under the applied electric
field. Temperature dependent polarization—electric field
hysteresis loops were studied. It was found that the energy
storage properties and electrocaloric effect near room tem-
perature were the function of electric fields. The maximum
value of recoverable energy density was 0.2812 J/cm® with
energy storage efficiency (1) of 78.67% obtained at room
temperature under an electric field of 75 kV/cm. The largest
n can achieve 98% under low electric field of 50 kV/cm. A
large electrocaloric temperature change (AT,,,, = 0.49 K)
near room temperature was obtained by indirect method.
Taken together, the ceramics have a promising candidate
for energy-storage applications and cooling systems in the
room temperature.

1 Introduction

Investigated material, (Ba,Sr)TiO;, is known as a classic
lead-free relaxor. Because of the environmental and health
concerns related to lead of people, BST has attracted sig-
nificant attentions as strong candidates for application in
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multilayer ceramic capacitors [1], dynamic random-access
memory, tunable microwave devices [2, 3] and piezoelec-
tric transducers [4] instead of lead materials. Recently, with
the increasing demand for energy efficiency and the devel-
opment of cooling technology, the study of energy storage
and electrocaloric effect (ECE) in (Ba,Sr)TiO; ceramics has
been in the spotlight. Generally, there are many ways to store
energy, such as batteries, electrochemical capacitors, dielec-
tric capacitors [5], and so on. In fields where huge power is
required, ceramic capacitors with large power density are
necessary [6]. Enhancing breakdown strength (BDS) can
obtain large energy storage density, which needs high con-
sistency with least number of pores [7]. One of the ways
is to decrease the sintering temperature of bulk ceramics,
such as liquid phase sintering, spark plasma sintering (SPS)
[8], doping oxides or compounds with low melting points
(CuO, Li,CO3;, V,0s, LiF, etc.), doping glass with low sof-
tening points [9], and so on, but doping can lead to low
saturation polarization, which is bad for the improvement of
energy storage properties [9]. Recently, Shao et al. reported
that 0.9(K sNaj 5)NbO;—-0.1Bi(Mg,,3sNb,,3)O; ceramics
obtained a large energy storage density under high electric
field [10]. However, for the practical application, as a lead-
free dielectric material for energy storage capacitor, not only
high energy storage density but also high energy storage
efficiency is desirable [11].

On the other hand, the Electrocaloric (EC) refrigeration
based on the ECE has been regarded to possess a promising
future instead of existing vapor-cycle refrigeration [12-15].
The ECE is defined as the reversible adiabatic temperature
change and/or isothermal entropy change of a dielectric
material upon the application or removal of an external elec-
tric field. Up to now, many kinds of ferroelectric materials
like bulk materials, thin films, thick films, single crystals
and polymers were chosen to study ECE [16, 17]. Thin films
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usually have a larger ECE than bulk materials, but the small
size, low EC strength (AT/AE) [16] and low thermal inertia
[17] limit the application. On the contrary, bulk materials
have a promising candidate for the application in middle
and large scale devices [18]. However, many people only
pursue larger electrocaloric temperature for bulk materials,
which neglect the practical application in room temperature
of EC materials, the report of room temperature ECE is less.
Therefore, we choose the lead-free Bay 551, 35Ti05 ceramics
as our research, of which the largest electrocaloric tempera-
ture occurs near the room temperature. In this work, the high
energy storage efficiency was reported; the room tempera-
ture ECE and mechanism of Bay 455t 35TiO5 ceramics were
also calculated and discussed, respectively.

2 Experimental

Bay ¢5S1, 351105 (abbreviated as BST) ceramics were pre-
pared from powders synthesized by a sol-gel route. High
purity barium acetate Ba(CH;COO),, strontium acetate
Sr(CH;C0OO0),-1/2H,0, titanium n-butoxide Ti(OC,Hy),
were selected according to the molecular weight ratio, ace-
tic acid CH;CH,OOH and 2-methoxyethanol (C;HgO,) were
selected as solvents. The details of powders preparation pro-
cess were described elsewhere [9]. The powders were dried
and pressed into disks. The pellets were sintered at 1320 °C
for 5 h and cooled in a furnace. Both sides of the samples
were painted with silver paste and sintered at 650 °C for 2 h.
The dielectric permittivity ¢, and loss tangent tand were
measured under various dc biases using a blocking circuit,
a multifrequency LCR meter (Model SR720 of Stanford
Research System, USA), and a dc power source of 1000 V
(Keithley 6517A, USA), the temperature from 150 to
— 35 °C. The crystal structure and orientation of samples
were characterized by X-ray diffractometer (XRD). The
microstructure was examined by an XL.30 FEG (Philips, Ein-
dhoven, The Netherlands) field-emission scanning electron
microscope (FE-SEM). The round ceramic samples were
9.40 mm diameter by 0.60 mm thick. Ferroelectric hysteresis
loops were obtained by a computer-controlled virtual-ground
circuit with Precision Premier II Ferroelectric Tester (Radi-
ant Technologies, Inc., Albuquerque, New Mexico, USA).

3 Results and discussion

The XRD pattern is shown in Fig. 1a, There are six obvious
diffraction peaks (100), (110), (111), (200), (210), (211) and
no secondary phase can be detected, results imply that the
BST ceramics exhibit a pure perovskite structure. The SEM
image of the BST ceramics is exhibited in the Fig. 1b. It is
observed that the grains grow well and the microstructure is
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Fig. 1 a The XRD pattern and b SEM image of BST ceramics

dense. The samples exhibit a good densification with well
interconnected grains and without major voids. However,
some obviously large grains coexist with the small grains.
The reason is that the powders synthesized by a sol-gel
route have fine particles and thus tend to agglomerate, the
agglomerate particles will grow to large grains at the high
temperature, while the particles without agglomerating will
normally grow to small grains.

Figure 2a shows the temperature dependence of the dielec-
tric permittivity ¢, and loss tangent tané for the BST samples
during cooling under different dc electric fields at various fre-
quencies from 100 Hz to 100 kHz, and 10 kHz, respectively.
It is interesting to note that the dielectric peaks of the samples
for two dc electric fields are located at the temperature around
16-17 °C (temperature of the maximum dielectric permittivity
g, (T,)), suggesting the BST ceramics undergo a ferroelectric
to relaxor phase transition [19, 20], the results of the Fig. 5a
further proves it. Compared with the curve of temperature
dependence of ¢, under 0 kV/cm, the curve for 16.7 kV/cm
is low and wide, indicating that the ceramics go through a
field-induced phase transition. When the applied electric field
is 0 kV/cm, the ¢, and loss tand of the BST ceramics increase
from 734 to 0.00158 to 4045 and 0.00845 with the decreased
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Fig.2 a The dielectric properties as a function of tempera-
ture of BST ceramics and b plot of In(l/e, — l/¢,,) as a function of
In(T — T,) for BST ceramics measured at 10 kHz. The solid line was

m

fitted by Eq. (1)

temperature from 150 to 17 °C, respectively, then decrease to
2964 and 0.01596 when temperature decreases to — 35 °C.
Oppositely, when the applied electric field is 16.7 kV/cm, the
g, and loss tand of the BST ceramics increase from 709 to
0.00367 to 2207 and 0.00598 with the decreased temperature
from 149 to 16 °C, respectively, then decrease to 1966 and
0.01112 when temperature decreases to — 34 °C. The dielec-
tric loss of the BST ceramic is lower than 0.01 when tempera-
ture is higher than 7 and — 22 °C, respectively applied electric
field of 0 and 16.7 kV/cm.

The diffusion characteristics of ferroelectric phase transi-
tion could be described by a modified Curie—Weiss relation-
ship [21, 22]:

1/e,—1/e, =(T-T,) /C;, 1 <r<2) )]
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Fig. 3 P-F hysteresis loops of BST ceramics measured at room tem-
perature with an electric field of 75 kV/cm

where y and C, were assumed to be constant. The param-
eter y gave information on the character of the phase tran-
sition: for y=1, a normal Curie-Weiss law was obtained,
y=2 described a complete diffuse phase transition [21]. Fig-
ure 2(b) showed the plot of In(1/¢, — 1/¢,,) versus In(T — T,,)
at 10 kHz. By fitting the experimental data based on Eq. (1),
we obtained the value of parameter y=1.75, the values of
y were found to increase from 1.53 to 1.75 with increas-
ing dc field range from O to 16.7 kV/cm. It is implied that
the phase transition of BST ceramics become more diffuse
under the applied electric field. The BST ceramics has the
characteristics of the relaxation ferroelectric, and from the
Fig. 5a, the spontaneous polarization (P;) is not zero with
the temperature rise to 85 °C (over the 7,,) further proved
the relaxor nature.

Figure 3 represents the P—E hysteresis loop of the BST
ceramics measured at room temperature under the electric field
of 75 kV/cm. The samples exhibit slim P—F hysteresis loop.
As for the practical use of dielectrics in energy storage devices,
energy storage density, energy loss density and energy storage
efficiency are important parameters calculated from the hys-
teretic P—F loop, wherein the charging and discharging paths
are not coincident, energy delivered to the capacitor cannot be
release completely [11]. Generally, energy storage properties
can be estimated from the integrated area according to the P—E
hysteresis loop. The recoverable energy storage density (J,,.,)
energy loss density (J/,,,) and the energy storage efficiency (17)
are calculated on the basis of the formulas as follows:

P”'KLIX
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where E is the applied electric field, P is the polarization,
P, 1s the maximum polarization corresponding to the
maximum experimental electric field and P, is the remnant
polarization. In this work, the J,,.,, J,,,, and x calculated
from P—E hysteresis loop are 0.2812, 0.0762 J/cm® and
78.67% respectively for BST ceramics measured at room
temperature with the electric field of 75 kV/cm.

Figure 4a shows the variations of P—FE hysteresis loops of
the BST ceramics measured at room temperature under vari-
ous electric fields. It is worth noting that the P, ,, increase
sharply while the P, increase slightly with the increase of
electric field, demonstrating a much higher energy density
can be achieved by improving the dielectric strength of the
ceramics [16]. The calculated J,,.,,, J;,,, and n under different
electric fields at room temperature are presented in Fig. 4b.
The J,,,, increases from 0.0168 to 0.2812 J/cm® and the
J,ss increases from 0.0023 to 0.0762 J/cm® as electric field
increase from 10 to 75 kV/cm. The 7 remains in 78-88%.
The maximum of J,,, is higher than other reported BST

ceramics under the same electric field (75 kV/cm), such as

SrTiO; ceramics (< 0.1 J/em?®) [23], Ba, ,St, ¢ TiO; ceram-
ics (<0.15 J/em®) [23], Ba, ;Sr, ;TiO; ceramics (< 0.2 J/
cm?) [23, 24], Ba,, ,St, ¢ TiO; ceramics (< 0.25 J/cm?) [23],
Ba, ,Sr, (TiO;-MgO ceramics (<0.2 J/cm?) [25].

Figure 5a reveals the variations of P-E loops of the
BST ceramics measured at different temperatures under
the electric field of 50 kV/cm. Both spontaneous polari-
zation (P,) and remanent polarization (P,) decrease with
the increasing temperature, but are not zero amply that the
polar nanometer regions (PNRs) exist in high temperature.
These results certified that relaxor feature. The calculated
Jrecor J10ss and 1 are shown in Fig. 5b. The J,,., and J,,,
values remain in 0.1172-0.1817 and 0.0046-0.0605 J/
cm?, respectively. Obviously, the 7 is 98% at 25 °C, which
is higher than the previously reported values for lead-
free ceramics, such as 0.65BaTiO;-0.35Bi, sNa, sTiO;
ceramics (90%) [11], Bay 4Srq ¢Zr, ;5Tij 505 ceramics
with SrO-B,05;-Si0, glass (88.2%) [26], 0.8(K, sNa, 5)
NbO;-0.281(Scj sNb, 5)03-0.5 mol%ZnO ceramics (73.2%)
[27], 0.9CaTiO5-0.1BiScO; ceramics (90.4%) [28].

The electrocaloric effect (ECE) can be evaluated from the
temperature dependent P—FE hysteresis loops. Based on the
Maxwell relationship (dS/0E) = (0P/dT), the isothermal
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entropy change AS and adiabatic temperature change AT can
be determined by:

(57).22

E <aP)EdE

1T op
PE, Cp oT
where T is the temperature, P is the polarization, p is the
mass density and C, is the heat capacity; E; and E, are the
lower and higher applied electric fields, respectively.

Figure 6a displays the variation of the polarization for an
applied electric field varying from 10 to 50 kV/cm estab-
lished from the temperature dependent P—E hysteresis loops.
Using Boltzman nonlinear curves to fit the dots and get the
P-T curves (solid lines in Fig. 6a). The nonlinear curve
fittings agree well with the measured data. The values of
(0P/0T)y, evaluated from the derivative of P-T curves at
different fields are shown in Fig. 6b. An obvious peak is
observed in the vicinity of 20 °C attributing to the ferroelec-
tric to paraelectric (FE-PE) phase [9].

15
AS=—-=
pE[

oP

®

AT = (6)

AS and AT are key parameters to evaluate the ECE of
a FE material in an ideal refrigeration cycle based on the
reported conventional (positive) ECE [29]. For the calcula-
tion, the mass density p is measured to be 5.22 g/cm? by the
Archimedes method using distilled water; the heat capacity
is taken as 473 J/ (kg-K) [30]. According to Eqgs. (4) and (5),
the AS and AT are plotted in Fig. 6¢ and d. The peak values
of AS and AT increase as the E increases from 10 to 50 kV/
cm, which indicates a larger EC value can be obtained at
higher electric fields until the electrical breakdown. There-
fore, in the practical application, enhancing EC effect can
be achieved by increasing the breakdown field, such as hot-
pressing [31], spark plasma sintering (SPS) [30], doping a
bit glass [32]. The maximum AS (0.77J/K kg) is obtained
near the Curie temperature T at the applied field of 50 kV/
cm. Usually, AT is maximized near the phase transition,
where thermally driven changes in measured polarization
P resulting from changes in the magnitude are largest [33].
However, in our work, the maximum AT (0.49 K) is obtained
near 30 °C, which is higher than 7., similar phenomena were
also reported in Bag ¢4,Cay 4¢Ti;_,Sn,O; ceramics [34]. EC
is a function of applied electric field, the higher the electric
field, the greater the ECE [18]. Under the same as electric
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field of 50 kV/cm, the BST ceramics show higher value of
AT than that of the lead-free ceramics such as Na,, sBi, 5T105
(0.33 K) [35], 0.7(Na, sBi; 5)Ti05-0.3S1TiO; (< 0.4 K) [16],
Bi, sNa, sTiO5—BaTiO5—(Sr, ;Bij 57, 1)TiO;5 (< 0.4 K) [36],
SrBi, ¢sPrj 15(Nb ,Ta 4),04 ceramics (< 0.45 K) [37].

To compare the ECEs of different materials at different
electrical fields, the electrocaloric strength (AT/AE) is cal-
culated. For industrial applications, a large EC efficiency is
crucial for exploring suitable lead-free electrocaloric materi-
als [34]. The electrocaloric strength is defined as the ratio
between the EC temperature change and the strength of the
electric field inducing the effect [38]. The electrocaloric
strength of 0.01 K cm/kV for BST ceramics is obtained at
E=50kV/cm.

Generally, a large ECE in normal ferroelectrics with a
first-order phase transition usually occurs in the vicinity of
a narrow temperature with ferroelectric—paraelectric phase
transition. However, for relaxor ferroelectric ceramics, the
phase transition is wide and diffuse, so the large ECE with
wide temperature range in practical use is preferred [39-41].
Li et al. reported that a considerable AT value can be main-
tained over a wide temperature range well above the temper-
ature of the pseudo-first-order phase transition under a high
electric field in Bij sNa, sTiO5-based relaxor ferroelectric
ceramics. They also pointed out the ECE is closely related to
the structural phase transition and electric field strength [19].
Therefore, if the electric field strength is large enough, the
ECE temperature change of BST ceramics will be larger than
the values predicted under low electric field in this work.

4 Conclusion

In this work, temperature dependent dielectric and ferroelec-
tric properties of the BST ceramics were studied. The value
of the diffusion phase transition parameter y values are 1.53
and 1.75, respectively applied dc field of 0 and 16.7 kV/cm,
indicated the diffusion phase transition features. The energy
storage properties of BST ceramics with different electric
fields and temperatures were revealed. The energy storage
density of 0.2812 J/cm® and energy storage efficiency of
78.67% under the electric field of 75 kV/cm can be obtained
at room temperature (30 °C). It was worth noting that the
largest n of 98% was achieved at 25 °C under the electric
field of 50 kV/cm. The ECE of BST ceramics was also inves-
tigated by the indirect method. Electrocaloric temperature
change of 0.49 K and electrocaloric strength of 0.01 K cm/
kV for BST ceramics were obtained at room temperature
under the electric field of 50 kV/cm. Although the energy
storage properties and ECE were not very satisfactory, this
work provides a guide for the design of energy storage and
ECE materials around room temperature.
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