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The energy storage properties of (1 — x)Bij sNaj s TiO3—xBaTiO3(0<x<0.08) (BNT-BT) ceramics obtained via sol-gel method are
determined from the polarization versus electric field (P-E) loops at various temperatures. The energy storage densities are
observed to increase with increase in temperature and this may be attributed to the presence of antiferroelectric (AFE) phase at
higher temperature (>120 ° C). Obvious changes are observed in the saturation polarization (P;) and remnant polarization (P,) with
increasing temperature. The maximum energy storage density of 0.6 J/cm® is observed for x = 0.06 in the AFE phase at 150 °C for
90kV/cm of applied electric field. BNT-BT can be a promising candidate for energy storage devices to be used in above-room-

temperature environment.
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1. Introduction

Dielectric materials are being used frequently to store elec-
trical energy based on electric polarization by an external
applied electric field.! Antiferroelectric (AFE) materials
possess relatively higher energy storage density (W) com-
pared to the ferroelectric (FE) and the linear dielectric
materials."> The lead (Pb)-based FE and AFE dielectrics,
such as lead zirconate (PZ), lead zirconate stannum titanate
(PZST) and lead zirconate lanthanum titanate (PZLT), pos-
sess relatively better energy storage properties.”> However,
due to the hazardous nature of Pb-based compounds,
researchers are in search of Pb-free alternatives for capacitors
and other electronic devices.*” In this regard, perovskite-
structured, Pb-free Bij sNay sTiO3 (BNT) and its compounds
may be better candidates to replace the Pb-based counter-
parts.® Among the BNT-based compounds, Bij sNag s TiO3—
BaTiO; (BNT-BT) has attracted considerable attention as
there exist a morphotropic phase boundary (MPB) and an
AFE phase above the room temperature (7 > 120 °C).”™
BNT-BT exhibits relatively better ferroelectric properties
and can be investigated for energy storage properties.'*!!

The energy storage densities (W) of ferroelectric and anti-
ferroelectric materials can be calculated by'®

P
W= [ . (1)
P,

where E is the external applied electric field, P is the polar-
ization, P, is the remnant polarization and P; is the saturation
polarization. Equation (1) indicates that W is directly pro-
portional to the electric field and the difference between P,
and P,. The values of W are calculated by numerical inte-
gration of the area in the polarization versus electric field
(P-E) loop as shown in Fig. 3.!7!2 The area covered by the
P-E curve on the vertical axis gives the recoverable energy
storage density.'0"!?

The (1 — x)BNT—xBT ceramics possess rhombohedral-
tetragonal MPB which is reported to be existing in the
range of x = 0.06-0.1.'° The AFE phase of BNT-BT is more
favorable for relatively higher energy storage applications
due to the presence of pinched and double P-E hysteresis
loops with higher P, and lower P, values.'®'* In this work,
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the energy storage properties of (1 — x)BiysNagsTiO3—
xBaTiO3(0<x<0.08) are explored at various temperatures.

2. Materials and Methods

Solid  solutions of (1 — x)BigsNagsTiO;—xBaTiO3
(0<x<0.08) are prepared via the sol-gel method. Solut-
ions of research-grade Bi(CH3COO);, Na(CH;COO) and
Ba(CH3COO), in stoichiometric ratios are separately pre-
pared in acetic acid on a hot plate with a magnetic stirrer at
60°C. The solution of C;¢H3404Ti is prepared in ethanol to
which acetyl acetone is added drop-wise for stabilization. All
four solutions are mixed in a flask on a hot plate with stirrer.
A dark yellow colored gel is obtained by heating the stock
solution at 80 °C for 4 h on a hot plate. The gel is dried on a
hot plate at 100 °C and calcined in air at 800 °C for 2 h with
5 °C/min heating and cooling rates. For each sample, two
drops of polyvinyl alcohol (PVA) are added and mixed with
calcined powders as a binder and then this mixture is pressed
by uniaxial presser at 100 MPa in disk shapes of 15-mm
diameter. The pellets are sintered at 1200 °C for 2h with 5°C/
min heating and cooling rates in air.

The phase analyses of fabricated samples are carried out
via X-ray diffractometer (XRD; Bruker D8 Advance) using
cobalt-K,, radiation (4 = 0.17902nm). The microstructural
analyses are carried out via scanning electron microscopy
(SEM). The temperature-dependent relative permittivity (e,
and loss tangent (tand) of ceramics are measured at
different frequencies using impedance analyzer (HP4192A).
The temperature-dependent P—E hysteresis loops are obtained
by temperature-controlled TF Analyzer at a frequency of
10 Hz. The energy storage properties at selected temperatures
are calculated using Eq. (1) and utilizing the P-E hysteresis
loops.
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3. Results and Discussion
3.1. Phase and microstructural analyses

The room-temperature XRD patterns of (1 — x)BijsNay s
TiO3—xBaTiO5(0<x<0.08) ceramics [Fig. 1(a)] revealed the
formation of single-phase perovskite-structured composi-
tions. The (110) peaks are shifted to relatively lower 260
values with increasing BT content [Fig. 1(b)]. This shift
may be attributed to the incorporation of relatively larger
Ba'2 (Rg, = 1.61 A) ions for smaller Bi*3/Na*t(Ry;/Ry, =
1.40 A/1.39 A) ions on the A-site of the perovskite unit cell.'
The emergence of an obvious (002) shoulder peak at 53.5°
along with (200) peak for x=0.08 indicated the coexist-
ence of the rhombohedral (R3m) and tetragonal (P4 mm)
phases, consistent with previous studies which reported
the existence of MPB at 0.05<x<0.1 in (1—x)BNT-xBT
ceramics.'*!°

The secondary-electron SEM images of BNT-BT ceramic
samples calcined at 800 °C and sintered at 1200 °C for 2 h in
air are shown in Fig. 2. The pellets are polished and thermally
etched at 1000 °C for 20 min. The grain morphologies are
observed to change from rough-edged spheroidal shape to
relatively sharp-edged cuboidal shape with increasing BT
content. The grains in each sample are nearly of uniform size
(~1x 1pum?) for 0<x<0.08. Some slightly elongated
(~ 1 x 1.2 um?) grains are also observed. Previous studies
on BNT-BT ceramics reported a decrease in grain size with
increasing BT content.'-'°

3.2. Phase transition analysis

The phase transition phenomenon with increasing tempera-
ture in the fabricated (1 — x)BigsNagsTiO;—xBaTiO;
(0<x<0.08) ceramic samples is indirectly investigated via
temperature-dependent dielectric properties as shown in Fig. 3.
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Fig. 1. (a) The XRD patterns of (1 — x)BijsNajysTiO3—xBaTiO3(0<x<0.08) ceramics indicating single-phase perovskite-structured com-

positions. (b) The (110) peaks being shifted to lower 20 values.
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Fig. 2. Secondary-electron SEM images of selected (1 — x)Big sNay 5 TiO3—xBaTiO; ceramic samples for (a) x = 0, (b) x = 0.04, (c) x = 0.06

and (d) x = 0.08.

The values of the dielectric constant (¢,) and dielectric
loss (tand) are plotted versus temperature (7) at different
frequencies. Two anomalies are observed on ¢, versus T
curves at temperatures denoted by 7, and T,, corresponding
to the depolarization and maximum dielectric constant, re-
spectively. The first anomaly observed at around 120 °C may
be attributed to the FE-AFE phase transition consistent with
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the tanod versus 7 curve showing an anomaly at the same
temperature. The second anomaly observed at 7, (250 °C-
320°C) may be attributed to the AFE-paraelectric (PE)
phase transition associated with the Curie point (7,.).””” The
broadness of all the relative permittivity curves along with a
frequency dispersion obvious at 7,, demonstrates the relaxor
behavior of (1 — x)BNT-xBT ceramics and somewhat diffuse
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Fig. 3. Plots of ¢, and tan J versus T of (1 — x)Biy sNay 5 TiO3-xBaTiO; ceramics for (a) x = 0, (b) x = 0.04, (c) x = 0.06 and (d) x = 0.08,

showing the FE-AFE and AFE-PE phase transitions.
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Fig. 3. (Continued)

phase transition from FE to AFE phase and then to a cen-
trosymmetric cubic PE phase.'”-'® T,, is observed to decrease
from 320 °C to 250 °C with an increase in BT content. The
dielectric constant (¢,) increases with increase in BT content
specifically around 7,, which may be attributed to the sub-
stitution of relatively larger ions of Ba>* for Bi** and Na™ at
A-site of the perovskite unit cell.'””> The observed increase
in tand at higher temperatures (> 210°C) may be due
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to increase in conductivity of samples caused by thermal
excitation.”

3.3. Ferroelectric properties

The polarization versus electric field (P-E) hysteresis loops
of (1 —x)BNT-xBT ceramics at various temperatures are
shown in Fig. 4. All plots indicated similar trend of a rise in
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Fig. 4. Temperature-dependent P—E loops of selected (1 —x)BNT—xBT ceramic samples at different temperatures for (a) x = 0.04,

(b) x = 0.05, (c) x = 0.06 and (d) x = 0.08.
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Fig. 5. Plots of (a) saturation polarization (P,) versus temperature and (b) remnant polarization (P,) versus temperature for different BT

contents.

P, in the FE phase (T' < 120 °C) and a fall gradually in the
AFE phase (T > 120°C) as summarized in Fig. 5. The
temperature-dependent values of P, obtained for BNT-BT
[Fig. 5(a)] in this study are found consistent with a previous
work.'” Thermal excitation with increase in temperature
below T,; (T < 120 °C) may align some antiparallel dipoles
with the electric field and hence causes an increase in P,.'”
Samples with high BT contents are found to have relatively
higher dielectric strength and possess relatively larger P,
values. It is observed that P, increases with increase in T
while P, increased at temperatures below 7,; and decreased
for those above T, (Figs. 4 and 5). The values of coercive
electric field (E,) decreased with increasing the temperature
which is consistent with previous studies on BNT-BT.!*:?°
The P-E hysteresis loops deform with the increase in tem-
perature and pinched loops start appearing at about 120 °C
for the BNT-BT ceramics (Fig. 4). Pinched and thin P-E
hysteresis loops indicate the presence of AFE phase above T,
in the BNT-BT compositions.”!

Energy Storage Density (chms)

BT-content (x%)

(@)

3.4. Energy storage properties

The energy storage densities (W) of (1 — x)Big 5sNag sTiO3—x
BaTiO5(0<x<0.08) samples are calculated using Eq. (1)
from the P—E loops for different BT contents at various
values of temperature. The maximum value of W obtained is
0.6 J/em® at 150°C for x = 0.06 under 90kV/cm® of applied
electric field. Our obtained results for W are comparable with
the previously reported value of 0.485 J/cm® for BNT-BT at
room temperature, synthesized via solid-state route.”> Re-
cently, Li et al.>* reported an energy storage density of 1.2/
cm’® for 15% BaSnOs-doped 0.94BNT-0.06BT at 115kV/
cm. The value of energy storage density of BNT-BT
[Fig. 6(a)] increases from 0.18 Jlem® to 0.6 J/cm?® with the
increase in BT contents from 0.04 to 0.06. However, for
x = 0.08, W decreased slightly which may be attributed to
the increase in dielectric loss as indicated in Fig. 3(d).>*
Figure 6(b) indicates that energy density of BNT-BT samples
increases monotonically with the increase in temperature
from 30 °C to 150 °C for all compositions. The increase in W
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Fig. 6. Energy storage properties of (1 — x)BNT—xBT: (a) Energy storage density (W) versus BT content at various temperatures and (b) W

versus T for different BT contents.
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with increase in temperature may be attributed to the phase
transformation from FE to AFE phase above 100 °C.516:2°

In order to obtain higher values of W, two parameters
need to be higher, namely the electric polarization produced
and the applied external electric field.'® The electric polari-
zation is an intrinsic property of a material related to the
crystal symmetry while the maximum electric field that a
material can withstand depends on its dielectric strength.
Higher value of electric field in units of kV/cm can be
achieved by utilizing thin films of dielectrics as obtained
(12.4J/cm?) by Zhao et al.”> for modified BNT at 1200 kV/
cm. The energy storage density can be enhanced if multi-
layered thin films of dielectrics are utilized in the capaci-
tors.”® Hence, as a whole it can be concluded that BNT-BT
may be utilized in capacitors to be used effectively in rela-
tively higher temperature environment.

4. Conclusions

Ceramic compounds of (1 — x)Big 5Naj s TiO3—xBaTiO5 (0<
x=<0.08) were fabricated via the chemical sol-gel method.
The temperature-dependent dielectric values revealed two
phase transitions in the samples. The P, value increased
monotonically with the increase in temperature while the P,
value increased with the increase in temperature below 7, and
decreased above T,. The decrease of P, above T, may be
attributed to the presence of AFE phase above 7,. The
maximum energy storage density of 0.6 J/cm® at 150 °C was
observed for 0.94BNT-0.06BT compound for 90kV/cm of
applied electric field. BNT-BT fabricated via the sol-gel
method can be a better candidate for the energy storage
applications at higher temperature.
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