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Abstract

To improve the energy storage density and efficiency of lead-free ferroelectric ceramics, the ternary
Bio.sNao.5TiO3-SrTiO3-BaZrOs ferroelectric system was studied. All ceramics were fabricated by a conventional
solid-state reaction method and sintered at 1150 °C for 2 h. The crystal structure, electric-field-induced
polarization, energy storage density, and efficiency properties of all samples were analyzed. The X-ray
diffraction patterns show that the addition of BaZrOs in the Bio.sNao.sTiOs-SrTiOs system influences a phase
transition from tetragonal to a pseudocubic structure. The electric field-induced-polarization loops confirm the
phase transition from ferroelectric to relaxor in Bio.sNao.sTiOs-SrTiO3-BaZrOs ceramics, which increases the
energy storage density and efficiency of the samples. The energy storage density and efficiency of pure
Bio.sNao.sTiO3-SrTiO3 (x = 0) were ~ 0.2 J/cm® and ~ 29%. The addition of 1% BaZrOs increases the energy
storage density and efficiency of the sample to ~ 0.4 J/cm® and ~ 74%. The further increase in the BaZrOs
content to x = 0.03 shows the energy storage density of ~ 0.38 J/cm® with an energy storage efficiency of ~
97%. The results indicate promising lead-free ferroelectric ceramic candidates for energy storage capacitor
applications.
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co-authors [3]. BNT ceramic is A-site complex

Nowadays, the world is facing energy and
environmental issues caused by the gradual exhaustion
of fossil fuels. The development of clean and
renewable energy technologies has become a global
priority. Some renewable energy technologies such as
wind energy, wave energy, or solar energy have been
explored. However, these energies are heavily
dependent on energy storage units due to their
intermittent nature. The lead-free ceramic capacitors,
recently, have been widely studied due to their
advantageous applications for energy storage in
pulsed-power and power-conditioning electronic
devices [1]. In comparison with batteries, fuel cells,
and supercapacitors, lead-free ceramic capacitors
present high power densities, rapid charge/discharge
rate, and long cycle lifetime. However, the energy
density values of ceramic capacitors are usually lower
than that in supercapacitors or batteries [1]. Therefore
there is a great need to develop new lead-free ceramics
with high energy storage density and high energy
storage efficiency. These lead-free ceramics can be
made of dielectrics, ferroelectrics, and anti-
ferroelectrics materials [2].

Bismuth sodium titanate (Big.sNaosTiO3, BNT) is
one of the most important and superior lead-free
ferroelectrics materials discovered by Smolenskii and
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perovskites of the form (41,42)BOs, where the Bi*"
and Na" ions sit on the 4-site, while Ti*" ion occupies
the B-site of the perovskite unit cell. At room
temperature, BNT ceramic has a rhombohedral crystal
structure with ¢ = 3.98 A and o = 98.67° [4] and
undergoes a diffuse phase change to tetragonal at a
Curie temperature (7¢) of 320 °C [5]. BNT ceramic is
also considered to be relaxors and thus the dielectric
constant versus temperature relationship is strongly
frequency-dependent [6].BNTceramic shows strong
ferroelectric with a significant remnant polarization of
38 uC/cm? and a coercive field (E.) of 7.3 kV/mm [7],
a property that is not often reported in high mechanical
bending strength.

Among some lead-free BNT-based ferroelectric
ceramics, the BigsNagsTiO3-SrTiOs (BNST) ceramic
becomes one of the most interesting materials in lead-
free ceramics due to their large electric-field-induced
strain properties under a low applied electric field [8].
The BNST ceramics was firstly reported by a Japanese
group at Tokyo University of Science in 2018 [9].
However, it get more attention since the German group
in Technische Universitat Darmstadt found the core-
shell structure in 0.75BNT-0.25ST ceramic in 2015
[10]. The core-shell structure in 0.75BNT-0.25ST
ceramic presents a greater normalized strain
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(Smax/Emax) than that in BNT-based materials and close
to the Pb(Zr,Ti)Os-based ceramics in commercial PIC
151 [10]. However, most of the recent research of
BNST-based ceramics focuses on the piezoelectric
properties and there is a lack of studies on the energy
storage density properties of BNST-based materials so
far [2, 8]. Besides, Ba*"ion was known as an effective
modification to improve the energy storage densities
of ferroelectric ceramics [2]. Therefore, this study
focuses on the enhancement of the energy storage
density of BNST ceramics by BaZrO; doping. All
samples were fabricated by a conventional solid-state
reaction method. The crystal structures, electric-field-
induced polarization, energy storage density, and
energy  storage  efficiency  properties  of
(0.75-x)Bio.sNag sTi03-0.25SrTiO3-xBaZrO3;(BNST-
BZ100x) ceramics were analyzed.

2. Experiment

The properties of ceramic materials strongly
depend on their chemical composition, processing
routes, and fabrication techniques. To achieve greater
performance and reliability of ceramics, it is important
to handle the compositions and processes parameters
very carefully. In the development and production of
more advanced ceramics, extraordinary control of the
materials and processing minimize structural and
microstructure defects. The ceramics used in this study
were fabricated by a conventional solid-state reaction
method and the experimental procedure was carried
out as shown in Fig. 1.

Starting Powders

Calcinations

Sintering

Fig. 1. Conventional solid-state reaction method for
BNST-BZ100x piezoelectric ceramics.

2.1. Compositions

The chemical formulations of the ceramics is
(0.75-x)  BiosNagsTi03-0.25SrTiO3-xBaZrO;  with
x=0;0.01; 0.03, abbreviated as BNST-BZ100x. The
conditions and sequences used in the sample
preparation, characterization and testing are given in
the following sections.
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2.2. Raw Materials

Commercially available reagent grade Bismuth
(III) Oxide (Bi»03), Sodium Carbonate (NaxCOs3),
Strontium Carbonate (SrCOs), Titanium (IV) Oxide
(TiO,), Barium Carbonate (BaCOs3), and Zirconium
(IV) oxide (ZrO,) were used as the starting raw
materials in the fabrication of the mentioned three
systems. The detailed specifications of these powders
are given in Table 1. These starting materials were first
put in the oven at 100 °C for 24 h to remove moisture
and then weighed according to their stoichiometric
formula.

Table 1. Raw materials

Chemical Name Source
Bismuth (IIT) 99.95%, High Purity
oxideBi,0; Chemicals, Japan
Sodium 99.95%, High Purity
CarbonateNa,COs Chemicals, Japan
Strontium 99.95%, High Purity
CarbonateSrCOs Chemicals, Japan
Titanium (IV) 99.95%, High Purity
OxideTiO; Chemicals, Japan
Barium 99.95%, High Purity
CarbonateBaCOs Chemicals, Japan
Zirconium (IV) 99.95%, High Purity
OxideZrO, Chemicals,Japan

2.3. Mixing and Milling

After weighing the starting raw powders
according to their stoichiometric formula, they were
mixed and milled thoroughly inside a polyethylene jar
with ZrO, balls (5-10 mm in diameter) as a mixing
media and ethanol as a solvent for 24 h, at the rate of
300 rpm. During the milling process, when ball and
ball or ball and jar wall collide, some amount of
powder between them is repeatedly fractured, cold-
welded, flattened, and re-welded, which reduces the
particle size and forms uniform particles slurry. The
wet slurry is then dried at 100 °C for 24 h.

2.4. Calcination

After proper mixing and milling, the dried milled
powders were calcined at 850 °C for 2 h in a closed
alumina crucible with an indigenous programmable
furnace. The powders were thoroughly grounded using
mortar and passel and ball-milled again to avoid
glamorization of the particles. The pulverized powders
were then used for the study of their phase formation
as well as their reaction mechanism.


https://pubchem.ncbi.nlm.nih.gov/compound/Strontium-carbonate
http://www.answers.com/topic/stoichiometric-3
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2.5. Pellet Preparation

After calcinations, the powders were added to an
organic binder polyvinyl alcohol (PVA, 5%) and
ground and dried again at 100 °C for 1 h. To get
uniform and fined grain, the granules were passed
through a 180 um sieve. Pellets of 0.4 and 0.6g were
made by using a cylindrical steal die of 10 mm in
diameter. Initially, the die was kept in a highly viscous
mobile oil to prevent it from rusting. Taking out from
the oil, the die was cleaned with isopropyl alcohol and
acetone. Then the die containing the powder was
uniaxially pressed with a pressure of 98 Mpa in a
hydraulic press. Before releasing the pressure from the
die, a minimum of 10 seconds was given to minimize
the stress on the pellet.

2.6. Sintering

The density of the electronic ceramics is a very
sensitive parameter and that directly affects the
material properties. Therefore, proper sintering of the
pellets is essential for electrical property
measurements. The pellets of the prepared
compositions were put in an alumina crucible and the
corresponding powders were used as ambient to
prevent Bi** and Na' evaporation from the pellets
during high sintering temperature. The sintering
conditions of the pellets areat 1150 °C for 2 h in a
programmable furnace. After the sintering process, the
samples were furnace cooled and taken out of the
furnace for density measurements.

3. Characterization
3.1. Density

The density of the sintered ceramic pellet was
measured by using Archimedes' immersion principal
method using an Electronic Densimeter (SD-120L).
First, the mass of the pellets was measured and then
the sample was immersed in DI water, where it
displaced an amount of water equal to its volume and
its weight is diminished by the weight of the liquid
displaced. The density was calculated by below
equation:

Wdry

- Wliquicl

(g/cm®) o

where:

Wiy s the dry weight of the sample;

Wiiquia 1s the weight of the sample in water;
3.2. X-ray Diffraction Analysis

X-ray diffraction (XRD) technique is a powerful
tool for material characterization as well as for detailed
structural elucidation. As the physical properties of
solids (e. g., electrical, optical, magnetic, ferroelectric,
etc.) depend on atomic arrangements of materials,
determination of the crystal structure is an
indispensable part of the characterization of materials,
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mainly in the identification of the chemical species. In
the present study crystallographic and phase analyses
were performed by an X-ray diffractometer (XRD
RAD 111, Rigaku, Japan) by using monochromatic
CuK,, radiation with the wavelength Ax.=1.54178 A.
The detection range was 25° to 65° with a step size of
0.02° and a speed of 2°/min. The crystal parameters
were calculated by using Bragg’s law:

nAl=2d sin 6 )]
1 _h2+k2+12 )
d2 a2 02
where:

A= hko=1.54178 A
d is lattice spacing;
O 1is diffraction angle;

a and c are crystal parameters for tetragonal structure.
For rhombohedra or pseudocubic, a = c;

h, k, and [ are lattice indexes.

The theoretical density of ceramic material was
calculated by equation [11].

_ n(XAc+XAs)
a VN,

(4)

where:
p: is the X-ray density (g/cc);
n is the number of formula units within the unit cell

Y Ac: is the sum of the atomic weights of all cations in
the formula unit

YA, is the sum of the atomic weights of all anions in
the formula unit

Ve: is the unit cell volume

N4 is Avogadro’s number, N = 6.02214076 x 10%
formula units/mol;

3.3. Electric
Hpysteresis Loops

Field-Induced-Polarization (P-E)

To make a fine, smooth, and flat surface for
subsequent electrical property measurements, lapping
was carried out to obtain 1 mm thick specimens of the
sintered pellets by lapping machine (HRG-150E). The
lapped pellets were then washed in acetone, polished
with sandpaper (cc 800 cw), and then with an electric
polishing machine (Dong ILT, 802-0408). The
polished pellets were then thoroughly sonicated with
acetone in the ultrasonic machine (Branson, 5210) and
dried at 100 °C for 5 h.

After the lapping process, the selection of
suitable electrodes for the test of materials is important
to get a good response of the test material. The mixed
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of Platinum (Pt) and silver (Ag) electrodes were
deposited on the opposite faces of the lapped and
polished pellets by direct current sputtering and screen
printing techniques. The deposited electrodes were
then fired at 700 °C for 30 min.

The electrode samples are composed of randomly
oriented grains, which possess identical structures but
have a random orientation, resulting in a small or zero
net spontaneous polarization. Therefore, it can be
supposed that the properties of samples are isotropic.
A high external electric field is usually applied to
ferroelectric ceramic to get a piezoelectric effect, so-
called poling. The net polarization is then not zero, as
the dipoles of each grain tend to align themselves in
the direction of the applied electric field. In this work,
ceramic samples with 1 mm thickness were poled
under an applied electric field of 4 kV/mm by a high
voltage power supply (Conver tech, SHV30) in a
silicon oil bath at room temperature.

The electric field-induced-polarization (P-E)
hysteresis loops in this study were taken at 0.3 Hz and
maximum applied field (Emax) of 4 kV/mm with a 15-
pF measurement capacitance by a modified Sawyer-
Tower circuit equipped with an optical sensor (Philtec,
Inc., Annapolis, MD, USA).

3.4. Storage Energy Density and Efficiency

The energy storage density and energy loss of a
sample can be evaluated by integrating the area
between the polarization axis and the charge/discharge
curve based on the P-E loop as seen in Fig. 2.
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Fig. 2. Energy storage density and energy loss during
the charge-discharge process [2].

The volumetric energy density (W), energy
storage density (Wsiorage), energy loss (Wioss), and the
energy storage efficiency (n) are determined utilizing
the following equations [2]:

P

max

W= J'EdP (5)
0
Pmax
W orage = IEdP (6)
P

WIGSS = W - VVstorage (7)
WS‘[U}"{I e
5= e L 100% )
w
where:

E is the applied electric field;

dP is the change of polarization in the material induced
by the applied electric field;

Prax 1s maximum polarization;

P: is remnant polarization.

4. Results and Discussions
4.1. Crystal Structures

Fig. 3 presents the X-ray diffraction patterns of
BNST-BZ100x ceramics. All samples have a typical
ABOs3 perovskite structure without any evidence of
secondary phases. The results suggest that BNST has
allowed all Ba?* and Zr*" ions to enter the host lattice
to form a homogeneous solid solution. To further
clarify the effect of BaZrOs; content on the phase
structure of BNST ceramic, fine scanning XRD
patterns were recorded in the 20 range of 38.5°-47.5°,
as shown in Fig. 3(b).
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Fig. 3. XRD patterns of the sintered BNST-BZ100x
ceramics as a function of BaZrOs; content (x).

The single (111) peak at 20 ~ 40° and the splitting
(002)/(200) peaks at 20 ~ 46° corresponding to a
tetragonal structure were found for pure BNST (x = 0)
sample. The results are consistent with the previous
reports on (1-x)BNT-xST ceramics in which a
morphotropic phase boundary (MPB) was reported to
exist in the composition range of x = 0.26-0.28 [9]. It
is interesting to note that the addition of BaZrOs;
induces the tetragonal-pseudocubic phase transition,
resulting insingle (111) and single (002) peaks at
20 ~ 40° and 20 ~ 46° for x> 0 samples, respectively.
The ionic radius of Ba?* (Rp, = 1.61 A) is larger than
the average ionic radius of the 4-size (Rz = 1.36 A,
Rna = 1.39 A, Rs. = 1.44 A) and the ionic radius of
Z1*" (Rz = 0.72 A) is larger than the ionic radius of the
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Ti*" (Rr; = 0.605 A) in the B-size [12]. The increase in
the symmetry of the BNST-BZ100x crystal is probably
by shrinkage in the directions of a and ¢ axes of the
tetragonal lattice, which may be due to the difference
in Shannon’s effective ionic radius.

4.2. Densities

The measured density (determined from
Archimedes principle), the theoretical density (X-ray
density), and the relative density (ratio of the measured
density to the theoretical density) of the sintered
samples were presented in Fig. 4. The x = 0 sample has
a measured density of 5.62 g/cm® and a theoretical
density of 5.85 g/cm®. The addition of 0.01 mol
BaZrOs content increases the measured density and the
theoretical density of the sample to 5.69 g/cm® and
5.92 g/cm’. Further increase in BaZrO; content leads
to a decrease in the densities of the sample, the x =0.03
ceramic has the measured density of 5.65 g/cm’ and
the theoretical densities of 5.91 g/cm’.

Table 2 presents the measured densities,
theoretical densities, and the relative densities of the
sintered BNST-BZ100x ceramics as a function of x.
The relative densities of all sintered samples were
more than 95%. It is well known that the measured
density of a sintered sample is usually less and that
can’t exceed the theoretical density, because the
macroscopic specimen usually contains some cracks
and pores.

Table 2. Densities of BNST-BZ100x ceramics

X Measured Theoretical Relative
density density density
(g/em’) (g/em’) (%)

0 56.2 58.5 96

0.01 56.9 59.2 96

0.03 56.5 59.1 95.4

4.3. Electric Field-Induced-Polarization Hysteresis
Loops

Fig. 5 presents the -electric-field-induced-
polarization hysteresis loops of BNST-BZ100x
ceramics at 4 kV/mm. The addition of BaZrOj; changes
the shape of the P-E loops and reduces the maximum
polarization (Pmax), remnant polarization (P), and the
coercive field (E.) values. The P-E loops confirm the
phase transition from ferroelectric to relaxor phase as
a function of BaZrOs content.

The corresponding Pmax, Pr, and E. values are
presented in Fig. 6 and Table 3. Compared to the
significant decrease in the P, the Py shows a slight
change, which may depend on the relationship
between the electric-field-induced polarization and the
long-range ferroelectric ordered. The Pn is mostly
related to the poled state of the long-range ferroelectric
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ordered state while the P; is associated with the
stability of such a long-range ferroelectric ordered
state. Therefore, the addition of BaZrO; breaks the
long-range order as the ferroelectric (FE) in BNST
ceramic to form the polar nano regions (PNRs) as the
relaxor phase, resulting in a sharp decrease in the P:
value.
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Fig. 4. Densities of the sintered BNST-BZ100x
ceramics as a function of BaZrOs; content (x).
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Fig. 5. P-E loops of BNST-BZ100x ceramics as a
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Table 3. Ferroelectric properties of the samples

X Prax P E.
(nC/cm?) (nC/cm?) (kV/mm)
0 25.6 7.17 12.2
0.01 254 2.14 54
0.03 21.4 0.5 1.2

4.4. Storage Energy Density and Efficiency

To evaluate the potential application of the
BNST-BZ100x ceramics for capacitive storage
systems, the energy density is directly calculated from
the P-Ehysteresis loops. The volumetric energy
density (W) is calculated by integrating the area
between the charge curve and the polarization axis
based on (5) as seen in Fig. 7.

The recoverable energy density or energy storage
density (Wsiorage) Of a ferroelectric ceramic is calculated
by integrating the area between the discharge curve
and the polarization axis based on (6) as seen in Fig. 8.
The energy loss (Wiess) and energy storage efficiency
(n) are also calculated based on (7) and (8).

Table 4. Energy densities of the samples

X w Wstorage n
(J/em?) (J/em?) (%)
0 0.69 0.20 29.19
0.01 0.54 0.40 74.03
0.03 0.39 0.38 97.66
~ by
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Fig. 7. W of BNST-BZ100x ceramics: (a) all samples,
(b)x=0,(c)x=0.01, and (d) x = 0.03.

Fig. 9 presents the W, Wiorage, Wioss, and 7 of
BNST-BZ100x ceramics under an applied electric
field of 4 kV/mm. The addition of BaZrOs reduces the
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W and Wiess, however enhances the Wiiorage and the 7
values. The Wiorage of BNST sample is ~ 0.20 J/cm?.
The addition of BaZrO; increases the Wiorage tO
~ 0.4 J/cm? for x = 0.01 and 0.38 J/cm? for x = 0.03
samples. Besides, the energy loss of the ceramics was
decreased as a function of BaZrOs content, and the
corresponding energy storage efficiency was increased
from ~29% for x = 0 to ~ 74% for x = 0.01 and finally
it is ~ 97% for x = 0.03 samples. The detailed results
are shown in Table 4.
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Fig. 8. Witorage Of BNST-BZ100x ceramics: (a) all
samples, (b) x =0, (c¢) x =0.01, and (d) x = 0.03.
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Fig. 9. (a) W, (b) Wiiorage, (€) Wioss, and (d) 17 of BNST-
BZ100x ceramics as a function of BaZrOs; content (x).

To explain the improvement of the energy
density and efficiency in BZ-doped BNST ceramics,
theenergy storage schematic representation of pure
BNST and 1%BZ-doped BNST are presented in
Fig. 10 and Fig. 11. Initially, BNST ceramic is a
ferroelectric with a tetragonal structure and a typical
ferroelectric characteristic P-E loop (large P: and large
E.) as seen in Fig. 10. The PNRs in BNST ceramic are
randomly oriented at state (I) when £ = E. and P = 0.
During the charging process from state (I) to state (II),
the PNRs were gradually changed to FE. At state (II),
all the FE were oriented under an applied electric field
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and the polarization reaches maximum. Besides, the
oriented FE in state (II) was still oriented FE at state
(II) during the discharge process because of the
irreversible behaviors of FE in ferroelectric materials
[8]. Therefore, the energy storage density of BNST is
low due to the small difference in polarization values
of Pmax and P; in the sample.

(EXXX2 =)

P

SIS

(111)

FPEEDIHP

(1)

PNRs

Fig. 10. Energy storage schematic representation of
BNST ceramic.

E CEORREE
L
HP+HHH
(I1)
B 0 (I
FE PNRs

Fig. 11. Energy storage schematic representation of
BNST-BZ1 ceramic.

For 1%BZ-doped BNST sample, the PNRs was
exhibited at state (I), FE was found at state (I) and the
mixture of FE and PNRs were observed in state (III),as
seen in Fig. 11. Therefore the large energy storage
density in BNST-BZ1 was generated due to the big
differencein polarization values of Pmax and Pr.

5. Conclusion

Lead-free (0.75-x) BigsNagsTi03-0.25SrTiOs-
xBaZrOs; with x 0; 0.01; 0.03 ceramics were
successfully fabricated by the conventional solid-state
reaction method. The X-ray diffraction patterns
confirm the phase transition from tetragonal to a
pseudocubic structure as a function of BaZrO; content
in the BNST-BZ100x ceramics. The electric-field-
induced polarization hysteresis loops suggest the
ferroelectric behavior in the BNST sample while the
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relaxor behavior was seen in the BaZrOs;-doped BNST
ceramics. The results confirm that the breaking of
long-range ferroelectric order in BNST ceramic
occurred by the addition of BZ can improve the energy
storage density. Interestingly, the energy storage of
0.38 J/cm® with an efficiency of 97% was found in the
x = 0.03 sample, showing a potential lead-free
ferroelectric ceramic for energy storage capacitor
applications.
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