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ABSTRACT

In order to develop the application of energy storage ceramics, the dielectric
properties and energy storage density of Bag 1Srp9Zrg 15Tio 5,05 ceramics (BSZT-
118) prepared by the modified sol-gel process were researched under different
temperatures under electric field. The results show that the dielectric constant of
BSZT-118 is consistent with Johnson’s formula based on Devonshire phe-
nomenological theory, and the anharmonic constant (x) increases as the tem-
perature rises. The energy storage density of BSZT-118 is influenced by the
electric field and temperature. With the increase in temperature, the storage
density of BSZT decreases and the fluctuation of storage density increases under
electric field. The conduction mechanism of BSZT-118 is mainly space charge-
limited conduction (SCLC) below 60 °C, and it is mainly Ohmic conduction
above 60 °C.
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as well as lower dielectric loss [10, 11]. In addition,
Ricketts et al. [12] pointed that the stored dielectric
energy density would reach 4]/ cm® for Ba;_,Sr,
Zr,Ti;_, O3 ceramics with x > 0.7 and y . 0.2 and

Introduction

The high-energy density pulse capacitors are applied
for electromagnetic weapon, medical defibrillators

and other applications because of the increasingly
deteriorated energy crisis [1-3]. Simultaneously,
there is a great challenge for pulse capacitors to have
larger energy density, less loss and better stability
[4-6]. The barium titanate (BT) researched by many
researchers is commonly used as the major compo-
nent in ceramic capacitor dielectrics [7-9]. Further-
more, doping Sr can improve the room temperature
dielectric constant through lowering the Curie tem-
perature, and doping Zr has higher chemical stability
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Qing et al. [13] obtained the Bag955r¢05Zr02Tio 505
ceramic with storage density of 0.42 J/cm® by dop-
ing. The Bag1SrgoZry15Tigg203 ceramics (BSZT-118)
having high dielectric constant and low loss tangent
have also been reported [14]. Based on the latest
research, Mangaiyarkkarasi et al. [15] studied the
precise electronic structure and bonding interactions
of BSZT ceramics and Jian et al. [16] indicated that the
BSZT ceramics change from a normal ferroelectric to
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a relaxor ferroelectric with increasing Zr** and Sr**
ionic content.

However, the performance of the material is
affected by the application environment. This work is
to analyze the changes in dielectric properties and
energy storage density of BSZT-118 under different
external electric fields and temperatures, providing
some basis for theoretical research on the use of
energy storage capacitors, which is very important
for the application of ceramic capacitors.

Experiment

BSZT-118 powders were prepared by the modified
sol-gel process, i.e., polyacrylamide-gel method.
Firstly, stoichiometric Ba(CH;COO),, Sr(NO3), with
Zr(NO3)4-5H,O were dissolved in the deionized
water with continuous stirring to get transparent
aqueous solution. Then, stoichiometric Ti(C4HyO)y
was added in a mixed solution of acetic acid and
ethanol with acetylacetone as the stabilizer for getting
the Ti source. Thirdly, the previous transparent
aqueous solution mixed with Ti-containing solution
with stirring 10 min in order to obtain a transparent
sol. Next, N,N’-methylene-bis-acrylamide which was
used as the cross-linking and acrylamide was dis-
solved into the sol with stirring for 1 h. Finally,
azodiisobutyronitrile (AIBN) as the initiator was
added into the as-prepared solution, which turned to
hydrogel gradually when the solution was heated to
90 °C. After getting the dry gel, the xerogel was car-
bonized at 300 °C. Then, the xerogel after car-
bonization was calcined at 900 °C with urea as a
sintering aid.

The as-prepared BSZT-118 powder was granulated
using polyvinyl alcohol (PVA) as the binder and
pressed into disks of 10 mm diameter with 1.0 mm
thickness at 10 MPa using dry press forming. Next,
the ceramic sheets were isostatic-pressed after
excluding the binder. Then, the ceramic chips were
sintered at 1300 °C. After that, the silver paste was
sintered on both sides of the pellets at 700 °C for
10 min to form electrodes. Finally, the pellets were
tested by different instruments.
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Results and discussion

The typical XRD pattern of BSZT-118 shown in
Fig. 1a was obtained by using the X-ray diffraction
(XRD) (DX-1000, Dandong, China) in the range of
diffraction angle 20°-90°, and it is cubic phase with-
out impurity phase based on the diffraction pattern.
The morphology of BSZT-118 was investigated using
the HITACHI 54800 scanning electron microscope
(SEM). As shown in Fig. 1b, BSZT-118 has high
density and good micromorphology. In the mean-
while, the grain size of BSZT-118 is relatively uniform
and the porosity is small.

Further research on the dielectric constant of BSZT-
118 at different temperatures under the maximum
electric field 100 kV/cm is necessary. In Fig. 2a, it is
obvious that BSZT-118 is paraelectric phase from 20
to 120 °C and this result is consistent with the XRD
pattern diffraction. Besides, the slope of the polar-
ization hysteresis loop shown in Fig. 2a decreases as
the temperature rises, which means that the dielectric
constant declines and interpreted in Fig. 3.

In Fig. 2b, the dielectric constant decreases with the
temperature from room temperature (20 °C) to
120 °C and with the increase in external electric field.
The dielectric constant of the nonlinear relationship is
weakening under external electric field with tem-
perature from 20 °C to 120 °C. This mean that the
higher the temperature, the weaker the dielectric
constant is affected by the electric field, which may be
because of thermal motion. According to the formula:

Dy

T—— 20
Dy — D1no

x 100% (1)
where T is the rate of change and Dy and D;g are
dielectric constant at 0 kV/cm and 100 kV/cm,
respectively. Based on calculation, from 20 to 120 °C,
the rate of change of dielectric constant is from 17.3 to
11.2% when the electric field increases to 100 kV/cm
in Fig. 2b.

In Fig. 3, according to the peak characteristics at
the Curie point, the Curie temperature is lower than
— 160 °C, which is consistent with previous reports
[17, 18], and the dielectric constant reduces with
increasing temperature above — 160 °C. Further-
more, the slope of the polarization hysteresis loop is
positively related to the dielectric constant because
BSZT-118 is the paraelectric phase from 20 to 120 °C.
The formula is as follows
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Figure 1 The XRD diffraction pattern of BSZT-118 (a) and the SEM image of BSZT-118 (b).
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Figure 2 The polarization versus electric field hysteresis loops (a) and dielectric constant dependence of field strength (b) at different test

temperatures.

dP = ¢g(e; — 1)dE (2)

where P, ¢, ¢ and E is the polarization intensity,
vacuum dielectric constant, relative dielectric con-
stant and applied electric field, respectively. There-
fore, Fig. 3 explains why the slope of the polarization
hysteresis loop decreases with the increase in tem-
perature clearly. But the Curie temperature was not
obtained because of limitation of the test conditions.
Fig. 3 also shows that the curve becomes more
smooth and stable from 20 to 120 °C that is consistent

@ Springer

with the change rate of the permittivity in the above-
mentioned results.

In addition, the dielectric constant of BSZT-118 is
relative low because the test temperature (20-120 °C)
is far from the Curie point and permittivity—temper-
ature curve little affected by frequency has small
peak about 0 °C, meanwhile, loss-temperature curve
also has it, which might be caused by the phase
change of water from the atmosphere (solid to
liquid).
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Figure 3 The dielectric properties dependence on the temperature
for BSZT-118.

Researching the nonlinear dielectric response of
BSZT-118, Johnson’s formula is very important to
describe the relationship between the dielectric con-
stant and electric field quantitatively [19-21]. The
formula is as follows:

e(E) 1 3)
e0) 14 a3(0)E2)"?
where ¢(E) and &(0) are the dielectric constant under
external electric field and 0 kV/cm, respectively, and
o is a positive constant associated with the anhar-
monic effect (here called anharmonic constant). This
formula was derived by Johnson from the Devon-
shire phenomenological theory, as an approximation
for the paraelectric phase when the Curie tempera-
ture is far from the test temperature.

To make it easier to observe the fit results, John-
son’s formula deformed as:

3

8(0)3 =1+ ae®(0)E> (4)
&(E)

It is showed that £(0)%/&(E)® with E? is linear, and
Fig. 4 shows good linear relationship between £(0)°/
¢(E)® with E? this means that results of linear fit
accorded with Johnson’s formula, so BSZT-118 is
suitable for Devonshire phenomenological theory
and nonlinear dielectric behavior is mainly caused by
the anharmonic interaction between Ti ion and Zr ion
under high electric field [22, 23].

According to Fig. 4, there is anharmonic constant o
obtained by above of linear fit at different test tem-
peratures. The result shows that a increases as test
temperature rises, which may be because anharmonic
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Figure 4 The &(0)*/¢(E)®> dependence on E* and anharmonic
constant o at different temperatures.

vibration enhanced with increasing temperature.
Therefore, the permittivity—temperature (Fig. 3) and
Devonshire phenomenological theory both explain
the relationship between rate of change in dielectric
constant and temperature under external electric
field.

In light of Fig. 5, the energy storage density of
BSZT-118 increases as the electric field from 30 to
100 kV/cm, but it decreases with the test temperature
increasing. The tunability of energy storage density of
BSZT-118 increases with increasing the electric field
(see the change trend of the same color points in
Fig. 5). Simultaneously, according to the formula
[24, 25]:
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Figure 5 The impact of electric field on energy density at
different test temperatures.
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Pmﬂx
W= / EdP (s)
P;

where P, and P; are the maximum polarization and
remanent polarization, respectively. P is the polar-
ization; E is the applied electric field. The energy
storage density (W) increases with the increase in
electric field (E), but the permittivity (¢) would
decrease when temperature or electric field increases,
so it is difficult to determine that the energy storage
density increases or not due to improving electric
field when the temperature is different. As shown in
Fig. 5, the energy storage density at 20 °C and 90 kV/
cm is larger than energy density at 120 °C and
100 kV/cm; this means that the permittivity because
of impact of electric field and temperature is more
influential than electric field on energy density in the
situation. However, it also proves that « increases as
test temperature rises and the application conditions
are very important for the energy storage density.
In order to further illustrate the energy storage
density under external electric field, it is important to
focus on the impact of test temperature on the energy
density at different electric fields. The energy density
stability of the BSZT-118 against electric field at dif-
ferent temperatures is defined as:
Wog — Wr

R = T (6)

where W5y and Wy are the energy density of 20 °C
and different test temperatures (70-120 °C) at differ-
ent electric fields, respectively. In Fig. 6, the result
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Figure 6 The impact of test temperature on the energy density at
different electric fields.
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shows that the value of R increases with temperature
increasing, which means the energy density stability
decreases as the temperature increases. Besides, this
value is minimum when the electric field is 70 kV/
cm from 70 to 120 °C that explains the dielectric
properties of BSZT-118 are the most stable at 70 kV/
cm from 70 to 120 °C.

Furthermore, the relationship between electric field
and temperature on energy efficiency (1) has studied.
Based on the following formula [26]:

fjjr mx £qP

P T 100% (7)
i Edp

1’] =
We got Tables 1 and 2. As shown in Table 1, the
energy efficiency of different temperatures is differ-
ent under the electric field of 100 kv/cm, and the
energy efficiency shows a downward trend with the
increase in temperature, which is related to the
increase in loss energy with the rising temperature.
Furthermore, the discharge efficiency is little affected
by temperature, below 100 °C. However, in light of
Table 2, at 120 °C, the energy efficiency of BSZT is
different under different electric fields and there is no
obvious law. And the energy efficiency differs very
little under different electric fields. Therefore, the
energy efficiency shows a downward trend with the
increase in temperature, but has little connection with
the electric field.

The leakage current limiting the charge retention
and influencing the ferroelectric hysteresis loop is an
important characteristic of pulsed power capacitors
[27]. There are many conduction mechanisms of

Table 1 The energy efficiency of BSZT-118 at different
temperatures at 100 kv/cm (T represents temperature)

T (°C) 20 40 50 60 70

n (%) 99.46 99.80 99.92 99.68 99.41
T (°C) 80 90 100 110 120
n (%) 99.21 98.81 96.41 95.75 92.68

Table 2 The energy efficiency of BSZT-118 with different
electric fields at 120 °C

E (kV/em) 30 40 50 60

n (%) 93.45 91.37 92.50 90.98
E (kV/em) 70 80 90 100
n (%) 92.35 90.54 90.16 92.68
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Figure 7 The leakage current density of BSZT-118 at different test temperatures (a, b).

dielectric material. For the ohmic conduction in a
plane parallel platter of thickness (f), the current
density (J) is defined as [28, 29]

J = enr (8)

where ¢ is the electronic charge, n is the free charge
carrier density, and p and V are the charge carrier
mobility and the voltage applied to the electrodes of
the sample, respectively. The | is directly propor-
tional to the V, so the J-E curve is linear for the same
sample. In the meanwhile, for the space charge-lim-
ited conduction (SCLC), the current density can be
described based on [29]
9 V2

J= 3 08#73 )

where 0 is the ratio of the free charge carrier con-
centration and ¢ is the permittivity. Therefore, the J-
E characteristic of SCLC is characterized by nonlin-
earity. In Fig. 7, the leakage current with electric field
shows the different conduction mechanisms at dif-
ferent temperatures. Below 60 °C, the leakage current
is nonlinear with the electric field, consistent with the
J-V curve characteristics of the space charge-limited
conduction (SCLC) [28], as shown in Fig. 7a. How-
ever, in Fig. 7b, the leakage current with electric field
shows the Ohm’s law and increases when the

temperature rises [30]. This shows that the leakage
conduction mechanism of BSZT-118 below 60 °C is
dominated by SCLC, and above 60 °C is the Ohm’s
law.

Conclusions

The dielectric properties and energy storage density
of BSZT-118 are affected by temperature and electric
field. Nonlinear dielectric behavior of BSZT-118
under high electric field is mainly caused by anhar-
monic interaction between Ti ion and Zr ion, which is
accorded with Johnson’s formula. Furthermore, it can
give a quantitative explanation to its dielectric non-
linearity and the anharmonic constant « increases
with increasing temperature.

Temperature stability of energy storage density
decreases when the electric field increases, and the
dielectric properties of BSZT-118 are the most
stable at 70 kV/cm from 70 to 120 °C. The energy
efficiency shows a downward trend with the increase
in temperature, but has little connection with the
electric field. The BSZT-118 has different conduction
mechanisms at different temperatures, and the leak-
age conduction mechanism of BSZT-118 below 60 °C
is dominated by SCLC, but above 60 °C is the Ohm’s
law.
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