\

S / =
L materials @y
Communication

A Superparaelectric State in Relaxor Ferroelectric
(S1,Bi)TiO3-Bi(Mg,Ti)O3-Modified BaTiO3; Ceramics to Achieve
High Energy Storage Performance

I1-Ryeol Yoo

check for
updates

Citation: Yoo, I.-R.; Choi, S.-H.; Park,
J.-Y.; Kim, M.-S.; Yadav, A.K.; Cho,
K.-H. A Superparaelectric State in
Relaxor Ferroelectric (Sr,Bi)TiO3-
Bi(Mg, Ti)O3-Modified BaTiO3
Ceramics to Achieve High Energy
Storage Performance. Materials 2024,
17,426. https://doi.org/10.3390/
ma17020426

Academic Editor: Hsing-I Hsiang

Received: 5 December 2023
Revised: 8 January 2024
Accepted: 12 January 2024
Published: 15 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Seong-Hui Choi, Je-Yeon Park, Min-Seok Kim, Arun Kumar Yadav

and Kyung-Hoon Cho *

School of Materials Science and Engineering, Kumoh National Institute of Technology, Gumi 39177, Republic of Korea;
yiyl204@kumoh.ac.kr (I.-R.Y.); shchoi7@kumoh.ac.kr (S.-H.C.); wpdus7878@kumoh.ac.kr (J.-Y.P.);
king611@kumoh.ac.kr (M.-S.K.); arunme40016@gmail.com (A.K.Y.)

* Correspondence: khcho@kumoh.ac.kr

Abstract: Dielectric ceramic capacitors are highly regarded for their rapid charge-discharge, high
power density, and cyclability in various advanced applications. However, their relatively low energy
storage density has prompted intensive research aiming at developing materials with a higher energy
density. To enhance energy storage properties, research has focused on modifying ferroelectric
materials to induce relaxor ferroelectricity. The present study aims to induce a superparaelectric
(SPE) state in relaxor ferroelectrics near room temperature by altering BaTiO3 ferroelectric ceramics
using the (Sr,Bi)TiO3-Bi(Mgp 5Tig 5)O3 system ((1—x)BT-x(SBT-BMT)). X-ray diffraction and Raman
spectroscopy analysis demonstrated a shift in the crystal structure from tetragonal to cubic with
an increasing x content. Notably, the compositions (except x = 0.1) satisfied the criteria for the
SPE state manifestation near room temperature. The x = 0.2 specimen displayed characteristics at
the boundary between the relaxor ferroelectric and SPE phases, while x > 0.3 specimens exhibited
increased SPE state fractions. Despite reduced maximum polarization, x > 0.3 specimens showcased
impressive energy storage capabilities, attributed to the enhanced SPE state, especially for x = 0.3,
with impressive characteristics: a recoverable energy density (Wrec) of ~1.12 J/cm? and efficiency (17)
of ~94% at 170 kV/cm applied field. The good stability after the charge-discharge cycles reinforces
the significance of the SPE phase in augmenting energy storage in relaxor ferroelectric materials,
suggesting potential applications in high-energy density storage devices.

Keywords: dielectric ceramic capacitor; relaxor ferroelectric; superparaelectric; energy storage
density; BaTiO3

1. Introduction

Among various energy storage devices, dielectric ceramic capacitors exhibit advan-
tages in advanced fields such as defense, healthcare, and smart mobility due to their rapid
charge—discharge, high power density, and excellent cyclability [1-3]. However, the rela-
tively low energy storage density of dielectric capacitors limits their practical applications,
prompting extensive research aiming at developing dielectric ceramic materials with a
higher energy density [4-8]. The energy storage characteristics of dielectrics depend on the
changes in polarization, induced by an external electric field, and are commonly expressed
by the following equations:
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Here, W represents the charging energy storage density, Wy, stands for the recoverable
energy storage density (discharge energy storage density), # denotes the efficiency, and
Pjuax and P;, respectively, indicate the maximum polarization during the charging process
and the remnant polarization during the discharge process. To achieve a high energy
density and high efficiency, a high Py, a high dielectric breakdown strength, and a small
hysteresis area on the polarization-electric field (P-E) curve are required.

Research aimed at enhancing the energy storage properties of dielectric ceramics
has primarily progressed towards inducing relaxor ferroelectricity through compositional
modifications of ferroelectric materials [9,10]. While normal ferroelectrics possess high Pyax
values, their large P, values lead to lower W, and #. By doping various ions, it is possible
to transform long-range ordered microscale ferroelectric domains into short-range ordered
nanoscale domains, thereby inducing relaxor ferroelectricity [11-13]. The reduction in
domain size and weakening inter-domain coupling reduce the domain switching energy
barriers, minimizing hysteresis and consequently increasing Wy, and # [14-18].

In relaxor ferroelectrics, there are three characteristic temperatures that are sequentially
observed at high temperatures: (1) the Burns temperature (Tp), where nanodomains begin
to form, (2) Tyax, where nanodomains grow, reaching the maximum dielectric permittivity,
and (3) the freezing temperature (Ty), where nanodomains freeze, and which represents
irreversible ferroelectricity [19]. Previous studies on relaxor ferroelectrics mainly evaluated
the energy storage performance within the temperature range of Tf < T < Tyyax [4,5]. In
this case, although high Py, values can be achieved, the presence of large hysteresis
results in low Wy, and #. To simultaneously achieve high W, and 7, attention needs to
be given to the reported superparaelectric (SPE) relaxor ferroelectrics [7-9]. The SPE state
occurs within the temperature range of Ty, < T < Tp. In this temperature range, the size
of nanodomains significantly decreases, and inter-domain coupling weakens drastically,
resulting in extremely slim hysteresis due to significantly reduced domain switching energy
barriers [16-18].

In this study, we aimed to induce an SPE state near room temperature by compositional
modification of BaTiO3 (BT) ferroelectric ceramics. To harness robust relaxor ferroelectric
properties from BT, which exhibits a high ferroelectric-to-paraelectric transition temperature
(~120 °C), we opted for compositional modification using the (Sr,Bi)TiO3-Bi(Mgp 5Tig5)O3
system. The (Sr,Bi)TiO3 (SBT) ceramics exhibit relaxor ferroelectric behavior, characterized
by Bi®* ions partially substituting the A-site of cubic SrTiO3 ceramics. The introduction
of Bi** ions aids in creating an off-center ion on the A-site, attributed to the 6s lone
pair nature of Bi**. This substitution of Bi** for Sr?* at the A-site results in a charge
imbalance, leading to the generation of Sr vacancies and subsequent defects within the
system. These defect centers, along with off-center Bi-ions, induce dipoles and local
random fields. These local random fields play a crucial role in the formation of polar
nanoregions, consequently manifesting relaxor ferroelectric behavior [20-26]. Research on
energy storage through compositional modification of SBT ceramics has also been extensively
reported [26-29]. Moreover, it has been reported that incorporating Bi(Mgp 5Tig5)O3 (BMT)
at levels exceeding 5 mol% into BT ceramics induces a pseudo-cubic state [30]. Therefore,
we designed the (1—x)BT-x(SBT-BMT) system to explore compositions that satisfy the
condition of Ty, < T < Tp. We then investigated the structural, dielectric, ferroelectric, and
energy storage properties concerning variations in x.

2. Materials and Methods

The (1 —x)BaT1O3—x(075(Sr088B1008)T1O3—02531(Mg05T105)03) ((1 —X)BT—X(SBT—BMT))
ceramics with x = 0.1, 0.2, 0.3, and 0.4 were prepared using solid-state synthesis. Raw
material powders including BaCOs (99.95%, Kojundo Korea Co., Uiwang-si, Korea), TiO,
(99.99%, Kojundo Korea Co., Uiwang-si, Korea), SrCO3 (99.9%, Kojundo Korea Co., Uiwang-
si, Korea), Bi;O3 (99.9%, Kojundo Korea Co., Uiwang-si, Korea), and MgO (99.9%, Kojundo
Korea Co., Uiwang-si, Korea) were utilized for the synthesis process. The raw powders,
weighed according to each composition, were placed into a nylon container containing
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zirconia balls (YSZ, SciLab, Seoul, Korea) and anhydrous ethanol (99.9%, Samchun Pure
Chemical Co., Seoul, Korea). These were subjected to a typical ball milling (~200 rotations
per minute) process for 12 h to undergo primary grinding and mixing. After mixing, the
slurries were dried and then calcined at 900 °C for 2 h. The calcined powders underwent
another milling process using the same ball milling procedure for 24 h. Then, the dried
powders were subjected to a uniaxial pressure of 100 MPa to shape them into discs (di-
ameter: 10 mm, thickness: 1.5 mm). Subsequently, they were sintered at temperatures
ranging from 1200 to 1275 °C for 2 h at a heating rate of 4 °C/min. Finally, they were
cooled down to room temperature inside the furnace. Specifically, for x = 0.1, the sintering
temperature was 1275 °C; for x = 0.2, it was 1250 °C; for x = 0.3, it was 1225 °C; and for
x = 0.4, it was 1200 °C. The corresponding relative densities of these samples were found to
be 94% (for x = 0.1), 95% (for x = 0.2), 96% (for x = 0.3), and 95% (for x = 0.4). To measure
the electrical characteristics of the sintered specimens, Ag paste was applied to both sides.
The specimens were then heated at a rate of 4 °C/min until reaching 700 °C, where the Ag
electrodes were sintered for 1 h.

The phase and structural analysis of the (1—x)BT-x(SBT-BMT) ceramics was con-
ducted by X-ray diffraction (XRD) (SmartLab, Rigaku, Tokyo, Japan) with Cu-K« radiation
(A =1.54056 A). The XRD data were obtained in the 26 range of 15-80° at a scanning rate
of 1°/min with a 0.02° step. Raman spectroscopy (System1000, Renishaw, Wotton-under-
Edge, UK) was used to analyze the vibrational properties, with a & 0.001 cm~! error
limit. Scanning electron microscope (SEM) (JSM-6500F, JEOL, Tokyo, Japan) was utilized
to see the surface morphology of the sintered samples with a 15 kV acceleration voltage.
Temperature-dependent dielectric tests were conducted with impedance analyzer (IM3570,
Hioki, Ueda, Japan) at frequencies of 10 kHz, 50 kHz, and 100 kHz, using a spring-loaded,
Pt-based contact mechanism capable of withstanding temperatures up to 600 °C. The tests
were performed with a 1 V oscillation potential and a heating rate of 3 °C/min in a rectan-
gular muffle furnace, with a £2 °C error value. Additionally, another temperature sensor
(with a £1 °C error) was positioned close to the sample during measurements near the
sample stage. The corresponding values were recorded using automatic LabVIEW 2015
SP1 software connected to a computer via a cable.

The ferroelectric test was performed using a PK-CPE1801 ferroelectric test system
(PolyK Technologies, Philipsburg, PA, USA), equipped with a PolyK sample stage made of
stainless steel and aluminum. During the measurement, the sample stage was immersed in
silicon oil.

3. Results and Discussion

Figure 1a depicts the XRD patterns of the sintered (1—x)BT-x(SBT-BMT) ceramics.
All samples exhibited a perovskite structure without any detectable secondary phases
within the XRD limits. To elucidate the peak shape, the 20 range between 44.6 and 46° is
magnified in Figure 1b. The diffraction peak near 45° split into two peaks for the x = 0.1
specimen, indicating a tetragonal phase (space group: P4mm, JCPDS No. 05-0626) [31]. The
diffraction peaks merged into a single peak for the compositions with x > 0.2, indicating a
cubic phase (space group: Pm3m, JCPDS No. 31-0174) [32]. Additionally, the diffraction
peaks exhibited a shift towards higher 26 values with increasing x (Figure 1b), suggesting
a lattice contraction due to the substitution of elements with smaller ionic radii by the
perovskite A-site (r(Ba®*): 1.61 A, r(Sr?*): 1.44 A, and #(Bi®*): 1.45 A [33,34]. To evaluate the
lattice parameters as a function of x, Rietveld refinement was performed using the Fullprof
software package version 7.95. The x = 0.1 composition fit well with the P4mm space
group, whereas the compositions with x > 0.2 fit well with the Pm3m space group. The
calculated lattice parameters are presented in Table 1. Additionally, Raman spectroscopy
was conducted in the range of 100 to 1000 cm ™! to investigate the vibrational properties of
the (1—x)BT-x(SBT-BMT) ceramics, as shown in Figure 1c. Raman modes were evidenced
at 270, 306, 520, and 720 cm~!. BaTiO; exhibits a tetragonal (P4mm) structure at room
temperature, which is characterized by a sharp mode at 306 cm ! along with asymmetric
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and broad modes at 270, 520, and 720 cm~! in its Raman spectrum [35-37]. Furthermore,
above 120 °C, BaTiO; undergoes a phase transition to the cubic phase (Pm3m), resulting
in the weakening and broadening of the 306 cm~! mode, along with further broadening
of the 270, 520, and 720 cm~! modes [38—40]. For the x = 0.1 specimen, a sharp mode
was observed at 306 cm 1. However, for the compositions with x > 0.2, the intensity of
the 306 cm~! mode decreased and broadened. Additionally, the modes at 270, 520, and
720 cm ! also became broader, indicating a cubic phase. The modes at 270, 306, 520, and
720 cm~! were identified as A1(TO), By,E(TO + LO), A1,E(TO), and A1,E(LO), respectively,
as presented in Figure 1c. These nomenclatures are described in detail in the reported
results [35,41]. The XRD and Raman spectra results in Figure 1 both indicate that SBT-BMT
was incorporated into the BT lattice successfully.
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Figure 1. (a) XRD patterns of sintered (1—x)BT-x(SBT-BMT) ceramics. (b) Enlarged view of the XRD
(200) peaks. (c¢) Raman spectra of (1—x)BT-x(SBT-BMT) ceramics.

Table 1. Calculated lattice parameters and unit cell volume of (1—x)BT-x(SBT-BMT) ceramics.

Composition Space Group Lattice Parameters Volume of Unit Cell
a=b=3.99555 + 0.00003 A
x=0.1 P4dmm ¢ =4.01797 + 0.00004 A 64.145 + 0.001 A3

¢/a =1.00561 =+ 0.00001
a=b=c=3.99556 + 0.00001 A

x=02 Pm3m 63.787 + 0.001 A3
c/a=1

x=0.3 Pr3m a=b=c=398836 & 0.00001 A 63.443 + 0.001 A3
c/a=1

x = 0.4 Pm3m a=b=c= 3'C9/8al(_)11i 0.00001 A 63.093 + 0.001 A3

Figure 2a—d illustrate the variation in the relative dielectric permittivity (e,) and dielec-
tric loss tangent (tan §) of the (1—x)BT-x(SBT-BMT) ceramics at different fixed frequencies
(10 kHz, 50 kHz, and 100 kHz) with increasing temperature. For x = 0.1, the measuring
temperature ranges from 16 to 306 °C, while for x > 0.2, it ranges from —68 to 306 °C. The
x = 0.1 ceramic exhibited a ferroelectric (tetragonal) to paraelectric (cubic) phase transition
temperature at 83 °C (Figure 2a), in contrast to the pure BaTiO3, which underwent the
phase transition at 120 °C. Furthermore, as x increased, T4y (the temperature at which the
maximum relative dielectric permittivity (e;;) occurs) dramatically decreased from 83 °C
(for x =0.1) to <2 °C (for x = 0.4, Figure 2d), and the relative dielectric permittivity curve
flattened and widened, demonstrating relaxor characteristics [42]. The decrease in Tyax
towards lower temperatures is associated with a reduction in the tetragonality factor (c/a ra-
tio) due to the substitution of SBT-BMT into the BT lattice, as indicated by XRD and Raman
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spectroscopy [43,44]. Furthermore, the introduction of SBT-BMT into the BT host lattice
increases the site disorder and charge fluctuation, thereby reducing the polar strength of
TiOg octahedra and resulting in a decrease in T, with increasing x. For the compositions
with x > 0.2, both &, and tan J exhibited frequency dispersions in the temperature range
from the starting temperature to near T;.. These frequency dispersions exhibited opposite
trends in ¢, and tan J (as indicated by the arrows in Figure 2b), suggesting relaxor features in
the materials [45,46]. The dielectric dispersion behavior of the (1—x)BT-x(SBT-BMT) ceramics
was investigated using the modified Curie-Weiss law as described in Equation (4),

- v
11 M(’y : degree of diffuseness, C : constant) 4)
&  Em C
where 7 represents the degree of diffuseness, ranging between 1 (normal ferroelectric) and
2 (ideal relaxor ferroelectric) [47].
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Figure 2. Relative dielectric permittivity (¢,) and loss tangent (tan 5) versus temperature for (1—x)BT-
x(SBT-BMT) ceramics, where (a) x = 0.1, (b) x = 0.2, (c) x = 0.3, and (d) x = 0.4. The y-axis of tan &
versus temperature is presented in logarithmic scale to enhance data visualization.

The v values for all compositions were calculated to be above 1.7 (Figure 3a), which
aligned well with the relaxor characteristics shown in Figure 2. The v value increased
to 1.8 until x = 0.2. However, for x > 0.3, v slightly decreased to 1.709. This decrease is
attributed to the weakening of the ferroelectricity in the relaxor ferroelectric material [48,49].
The weakening of ferroelectricity in relaxor ferroelectric materials is observed during the
transition from a normal relaxor ferroelectric state to the superparaelectric (SPE) state [6].
In relaxor ferroelectric materials in the SPE state, a higher energy storage efficiency can
be achieved compared to the normal relaxor ferroelectric state due to an increase in the
nonpolar phase and a decrease in the ferroelectric domain fraction [7-9,16-18].
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Figure 3. Dielectric characteristics of (1—x)BT-x(SBT-BMT) ceramics: (a) log(1/&, — 1/&) vs. log(T — Ty,)
curves, (b) 1000/¢; vs. T curves, and (c) phase diagram based on T and Tp.

We investigated the Ty and Tp of the (1—x)BT-x(SBT-BMT) ceramics to identify
compositions representing the SPE state. T refers to the onset temperature that satisfies
the Curie-Weiss law in Equation (5), and in Figure 3b, we depict the T}, and Tp of the
(1—x)BT-x(SBT-BMT) ceramics.

e
T T-T,

& (To : Curie — Weiss temperature) (5)

Except for x = 0.1, all compositions satisfy the condition of Ty < T < T near room
temperature, indicating that these compositions represent the SPE state. Based on the
results in Figure 3b, we illustrate the composition vs. temperature phase diagram for
normal relaxor ferroelectric, SPE, and paraelectric phases in Figure 3c. As x increases, the
temperature range of the SPE phase expands, and it is confirmed that specimens x = 0.3
and 0.4 are clearly in the SPE state near room temperature.

Figure 4 represents the room temperature ferroelectric properties of the (1—x)BT-x(SBT-
BMT) ceramics measured at a frequency of 10 Hz. At x = 0.1, the P-E and J-E curves of
typical ferroelectric materials were obtained, indicating that the x = 0.1 specimen was in
the state of T < Tr. However, at x = 0.2, the specimen exhibited broad peaks in the J-E curve,
observed around E = 0 kV/cm, and a slim P-E curve, indicating the typical characteristics
of the relaxor ferroelectric material. With an increase in x, the P-E curve became slimmer,
and the peaks in the J-E curve broadened further, showing an increase in the squareness
of the J-E curve. The increased squareness of the J-E curve indicated the enhancement of
paraelectric characteristics [50,51]. Given the phase diagram depicted in Figure 3c, the
x = 0.2 specimen was lying near the boundary between the relaxor ferroelectric phase and
the SPE phase around room temperature. Therefore, its relative fraction of the SPE state
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could be small. However, for compositions with x > 0.3, the phase boundary temperature
decreased sufficiently below room temperature, suggesting a stronger enhancement of the
SPE state in these compositions.

0.6 0.2
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Figure 4. Polarization and current density versus electric field (P-E and J-E) curves of (1—x)BT-x(SBT-
BMT) ceramics at a frequency of 10 Hz and an applied field of 100 kV/cm.

A high dielectric breakdown strength (DBS) is crucial in ensuring a high energy storage
density. As seen in Figure 5a, the maximum available electric field (E;qy) of the (1—x)BT-
x(SBT-BMT) ceramics was significantly higher for specimens at x = 0.3 and 0.4 compared
to those at x = 0.1 and 0.2. In each composition, the E;;x value was deliberately set to be
lower than the DBS. In the case of the x = 0.3 composition, five specimens were tested,
resulting in E;; values of 168 kV/cm (first specimen), 170 kV/cm (second specimen),
172 kV/cm (third specimen), 170 kV/cm (fourth specimen), and 176 kV/cm (fifth specimen).
The corresponding DBS value, determined using the Weibull distribution function, was
approximately 172 kV/cm. Consequently, the E;;4y value of 170 kV/cm, which was lower
than the DBS, was used to evaluate the energy storage properties of the x = 0.3 specimen.
The DBS values for the other compositions were determined as follows: 102 kV/cm (for
x =0.1), 104 kV/cm (for x = 0.2), and 163 kV/cm (for x = 0.4). Subsequently, the E,;;;y values
of 100 kV/cm (for x = 0.1 and x = 0.2) and 160 kV/cm (for x = 0.4) were selected to assess
their energy density properties in Figure 5. Despite the significantly larger grain size in
the x = 0.4 specimen compared to that in the x = 0.1 specimen (Figure 5b), the notably
higher E,;;;x value exhibited by the x = 0.4 specimen indicates a substantial dependence
of the dielectric breakdown strength of the (1—x)BT-x(SBT-BMT) ceramics on the fraction
of the SPE state. The high P;;,x and low P; are also essential for achieving a high energy
storage density. As observed in Figure 5c, Py5x shows a gradual decrease with increasing x,
indicating that the emergence of the SPE state leads to a reduction in the fraction of polar
nanoregions (PNRs). This reduction weakens the mutual interaction between ferroelectric
domains [16-18,52,53]. However, the increase in the SPE phase and the decrease in PNRs
had a more significant effect of sharply reducing the P, (Figure 5c). Despite the decrease in
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Pjuax, the remarkable increase in dielectric breakdown strength and the sharp reduction in
P, resulted in compositions with x > 0.3 exhibiting excellent energy storage performance,
with Wyee > 1]/cm? and 7 > 93% (Figure 5d).
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Figure 5. Energy storage characteristics of (1—x)BT-x(SBT-BMT) ceramics: (a) room temperature

unipolar P-E curves at 10 Hz, (b) SEM microstructure (insert: grain size distribution), (c) Pyax and Py,
and (d) Wy, and 7 as a function of x measured at E ;.

Figure 6 represents the room temperature energy storage characteristics of the x = 0.3
(0.7BT-0.3(SBT-BMT)) specimen according to the electric field strength at a frequency
of 10 Hz. Very slim unipolar P-E curves were observed at all electric field conditions
(Figure 6a), resulting in a consistently high # of about 94% at all electric field conditions
(Figure 6b). W, increased linearly with the increase in the electric field, showing a high
value of 1.12J/cm? in an electric field of 170 kV/cm. Table 2 was designed to compare the
energy storage properties of the 0.7BT-0.3(SBT-BMT) ceramic with those reported for other
BT-based ceramics. From a practical application perspective, it is reasonable to regard both
energy density and efficiency as equally crucial factors for high-energy-density capacitors.
While the achieved energy density of the 0.7BT-0.3(SBT-BMT) ceramic is comparable to
most reported values in Table 2, with only a few exceptions, its efficiency stands out notably
by being particularly competitive.
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Figure 6. (a) Unipolar P-E curves of the 0.7BT-0.3(SBT-BMT) ceramic under different electric fields
at a frequency of 10 Hz and (b) the calculated Wy, and # of the 0.7BT-0.3(SBT-BMT) ceramic as a
function of applied electric field.
Table 2. Comparison of the energy storage properties of the 0.7BT-0.3(SBT-BMT) ceramic with other
BaTiO3-based ceramics.
Energy Storage . . .
Composition Density, Wiec Efﬁc1:e ney. 1 Applied Field Reference
3 (%) (kV/cm)
(J/cm?)
0.91BaTiO3-0.09BiYbO3 0.71 82.6 93 [54]
0.85BaTiO3-0.15Bi(Mg1 /2Zr1 /)O3 1.25 95.4 185 [55]
0.85BaTiO3-0.15Bi(Zny,3Nby /3)O3 0.79 93.5 131 [56]
0.92(0.65BaTiO3-0.35Big 5Nag 5 TiO3)-
0.085rYo sNbg 505 1.36 74.3 152 [57]
0.88Bag gSrp 2 TiO3-0.12BiTaO3 0.526 98 130 [58]
BaTio_95Mg0_05O3 1.04 89.65 350 [59]
0.93BaTiO3-0.07YNbOy, 0.614 86.8 173 [60]
0.86BaTiO3-0.1BiYbO3-0.04BiAlO3 0.59 97.44 110 [61]
(Bag.9Big.1)(Tio.9Mgo2/3Ta0.1/3)03 5.97 874 710 [62]
0.86BaTiO3-0.14Bi(Zng 5Tig5)O3 0.81 94 120 [63]
0.7BaTIO3-0.3[0.75(51‘0.88B10_08)TIO3- 1.12 94 170 This study

Figure 7a shows the room temperature unipolar P-E curves of the 0.7BT-0.3(SBT-BMT)
specimen at various frequencies under a 120 kV/cm field. In the frequency range from
2 to 20 Hz, there was no significant change in the P-E curves or energy density values,
suggesting a good frequency stability of the energy storage performance. Furthermore,
as seen in Figure 7b,c, the 0.7BT-0.3(SBT-BMT) specimen maintained a high Py and
low P, even after 10° cycles of charge—discharge tests at an electric field of 120 kV/cm.
Consequently, W, showed a minimal decrease of within 3%, validating the good cyclability
of the 0.7BT-0.3(SBT-BMT) specimen.



Materials 2024, 17, 426 10 of 13
a
( ) 20 1 1 1 1 1 1
~~ ™ LY ''m 'm !> LY o —1,
T 1881818 18 1% F T Wee
O - [er] | M | e | (Bl [ ] [Bar]
<13 /2,8 ,35 5 ,3 ,3
(@) o 16 fio 1o fio /1o [1o
=3 sflie)f.iS/iSfiS [ie ).,
N~ 1 1 [ ] 1 1]
c i i ' ' H |
s
R — 1 1 1 I 1 |
© I I ! | I |
N i i ' ' H |
s sy i
O h ) ' ' ) '
o | | | h h
o 2Hz {3Hz |4 Hz | 5Hz {10 Hz
@120 kV/cm
(b) (c)
~ 1l ™M r® 90-0-00000000000000 | 1 o
§ 12 g “l op o
5 L
o F a 10 max 0~ Wrec €
10 o P o
3 3 ) i 3
= &l —10° ~ 8| T 2
L To B ‘
g [ _101 S 6 > 8
'(% 6 102 g r ;‘_
E‘ 4 ; 103 N 4 — 05
| -
T LT —10* & ,L
() » 5 [e) N
o b —10 a Fo 00
0 R S e e~ 23999992332294
0 20 40 60 80 100 120 140 100 10" 102 10°  10°  10°
Electric field (kV/Cm) Number of Cyc|es

Figure 7. (a) Unipolar P-E curves at various frequencies (2-20 Hz) of 0.7BT-0.3(SBT-BMT) specimen
under 120 kV/cm field, (b) unipolar P-E curves of 0.7BT-0.3(SBT-BMT) ceramic from 1 to 10° cycles at
10 Hz, and (c) calculated Pj;ax, Py, and Wy, as a function of cycle.

4. Conclusions

In this study, we investigated the structural, dielectric, ferroelectric, and energy storage
properties concerning the variations in x in the (1—x)BT-x(SBT-BMT) system, designed to
meet the conditions for a superparaelectric (SPE) state (Tj0x < T < Tp) near room tempera-
ture. Analyses from XRD and Raman spectroscopy revealed a shift in the crystal structure
from tetragonal to cubic with increasing x content. The relative dielectric permittivity ver-
sus temperature curves flattened, and T,y decreased as x increased, indicating enhanced
relaxor behavior. Furthermore, except for the x = 0.1 composition, all compositions met the
criteria of Ty < T < Tp near room temperature, signifying the manifestation of the SPE
state in these compositions. A comparative examination of P-E curves across compositions
revealed that the x = 0.2 specimen, at temperatures around room temperature, displayed
characteristics at the boundary between the relaxor ferroelectric and SPE phases. It exhib-
ited a relatively low SPE state fraction and retained attributes of normal relaxor ferroelectric
behavior. On the other hand, specimens with x > 0.3 exhibited slimmer P-E curves with
a lower T4y compared to the x = 0.2 specimen, indicating an increased fraction of the
SPE state at room temperature. Despite the decline in Py4y, the x > 0.3 specimens showed
impressive energy storage capabilities, which can be attributed to significantly reduced P,
and elevated E,;y values, both stemming from the enhanced SPE state. Particularly, the
x = 0.3 (0.7BT-0.3(SBT-BMT)) ceramic exhibited outstanding energy storage characteristics,
with Wiee = 1.12]/cm? and 1 of 94% at 170 kV /cm. Moreover, after 10° charge—discharge
cycles at 120 kV/cm, the Wy, only displayed a minimal decrease of within 3%, confirming
its good stability. This result highlights the significance of the SPE phase in enhancing
energy storage capabilities within relaxor ferroelectric materials, showcasing the potential
applicability of the (1—x)BT-x(SBT-BMT) system in high-energy-density storage devices.
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