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Abstract: Capacitive energy storage technology becomes more popular due to the
fast charging facilities. Bismuth titanate (BIT) is a lead-free ferroelectric material used
as a dielectric medium in the capacitive energy storage system. La and Nd co-doped
BIT has been synthesized through a solid-state reaction process to obtain improved
dielectric properties. Various characterization technologies such as Fourier Transform
Infrared (FTIR) and X ray diffraction (XRD) have been done to sure the reaction
completion and absence of the impurity phase of BIT. Rietveld refinement of XRD
has been carried out to investigate the crystal structural properties of La and Nd-
doped BIT. Capacitive energy storage performances have been tested by measuring the
parallel plate capacitance and quality factor of BIT ceramics. Co-doped BIT possesses
the highest crystal density, which results in a high Q factor. The unit cell of the TiO,
octahedral of BIT becomes highly distorted as a consequence of La and Nd co-doping,

which increases surface polarization, and the capacitance of BIT increases.

© 2021 The authors. Published by EDU Journal of Computer and Electrical Engineering.
This is an open access article under the CC BY NC license.

1.INTRODUCTION

Ferroelectric ceramics are promising materials in the electro-
ceramicfield due to their diverse applications such asnon-volatile
memory, supercapacitor, electro-mechanical or optoelectrical
transducer, etc. [1]. Lead-based ferroelectric materials are
usually commercially used due to their higher performance and
low cost [2]. Conversely, lead-based ferroelectric materials have
some drawbacks, e.g., environmental hazards due to high lead
content, fatigue failure, aging, etc. [3-6]. Therefore, extensive
researches are going on to obtain a substitute for lead-based
terroelectric materials. Bismuth layered structured ferroelectric
(BLSF) materials are reported as a promising group of materials,
which consist of bismuth oxide layers (Bi,0,)** and perovskite-
like layers (AMBnOSM)Z' along c-axis [7]. Among the BLSF
family, Bismuth titanate, Bi Ti,O,, (BIT), has been considered
an alternative of lead-based ferroelectric ceramics because of
their enhanced performance, such as high dielectric constant,
with high remnant polarization with high Curie temperature
[4, 8]. Bismuth titanate ceramics are considered as the most
promising candidate for piezoelectric [9], piezo-tribo nano
generator [10], X-ray shielding [11], high-temperature sensor
applications [12], and photocatalysis etc. [13]. Ferroelectric

capacitors have rising applications in pulse power applications
as energy storage devices due to their extremely short discharge
time (microsecond level), such as medical fabrillator, hybrid
electric vehicle, etc. [14-17]. The application of BIT ceramics
in ferroelectric capacitive energy storage is noteworthy due to
their excellent energy storage performance with high thermal
stability and fatigue endurance [18, 19]. However, BIT
suffers from the high coercive force, high dielectric loss, and
not enough high remnant polarization [20]. Several types of
research have been carried out to improve the performance of
BIT by doping or co-doping with suitable rare earth elements
such as La, Nd, Mn, etc,, in both Bi-site and Ti- site [21-24].
Islam, et al. [23] reported that La and Nd doping and co-
doping in BIT possess higher performance in the high dielectric
constant and low dielectric loss. The authors mentioned that the
remnant polarization and dielectric constant increase due to the
rise of structural distortion and lack of center of symmetry of
the bismuth titanate octahedral. The objective of the research is
to investigate the relationship between the structural distortion
and performance of La and Nd doping in the BIT ferroelectric
ceramics in capacitive energy storage applications. The
research’s output knowledge will help future site engineering in
ferroelectric materials to obtain improved performance.
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2.EXPERIMENTAL PROCEDURE

2.1 Materials preparation method
Bismuth titanate (BIT) Bi,Ti,O, ,, Neodymium (Nd) doped
BIT Bi, Nd TiO, (BNT), Lanthanum (La) doped BIT

3.1

Bi ,La TiO, (BLT) and La & Nd co-doped BIT, Bi,
(La, Nd, 5)Ti301 N (BLNT) were prepared through conventional
solid-state reaction method. Different types of commercially
available starting powder materials such as bismuth oxide
(Bi203) (99.9% pure, MERCK, Germany), lanthanum oxide
(La,0,,99.9% pure, Wako pure chemical industries Ltd. Japan),
Neodymium oxide (Nd203,
industries Ltd. Japan) have been used for the preparation of the

99.9% pure, Wako pure chemical

material. The powders were taken according to the stoichiometric
ratio of respective compositions of BIT, BNT, BLT and BLNT
materials. The composition mentioned above of BNT, BLT and
BLNT ceramics were chosen because of their best performance
reported in the literature [23, 25-28]. An electronic weight
balance has been used to weigh the powders. The powders were
mixed together inside the ethanol by the ball milling process for
24 hours. 10% of excess Bi,O, has been added to compensate
for the evaporation of bismuth oxide during the calcining and
sintering process [29]. After ball milling, the solution was settled
down for 24 hours, and ethanol was separated out. The samples
were further dried at 90°C for 2 hours to evaporate ethanol. The
well-mixed powders were appropriately grounded in a mortar
and pestle. The fine grounded powders were calcined at 800°C
for two hours in a furnace under open-air conditions [30]. The
calcite powders were characterized through Fourier Transform
Infrared (FTIR) and X-ray diffraction (XRD) processes to
ensure the final product materials formation. For dielectric
properties measurement, the calcined powders were formed in
the pellet of equal sizes. The exact amount of powders weighted
and mixed with 2.5% polyvinyl alcohol (PVA) solution as
binder and ground properly during pellet formation. The dry
powders were pressed in a uniaxial direction at 60kN pressure
by a hand pressure gauge, and pellets having a thickness of 0.15
cm and aradius 0of 0.65 cm are formed. The pellets were sintered
at 950 °C temperature for 1 hour [30].

2.2 Characterization

The vibrational properties of the prepared samples have been
investigated by using FTIR spectrophotometer (spectrum 100,
Perkin Elmer). All infrared spectra of the samples were collected
within the ranges of 2000 — 400 cm™ with the instrument
resolution of 1 cm™. For FTIR, the ceramic powders were finely
grounded with desiccated highly purified (99.99%) alkali halide,
KBr powder in a clean quartz mortar. The mixtures were then
pressed by using a pressure gauge with a pressure of 60 kN to
yield pellets of approximate thickness 0.11 mm, which is suitable
for mounting into the spectrometer. X-ray diffraction of the
prepared samples was performed using an X-ray diffractometer
(D8 Advance, Bruker, Germany)) to study the prepared
sample’s phase purity and crystal structure. X-ray diffraction
pattern provides information about the sample homogeneity,
phase, and orientation of the different crystallographic planes.
CuK_ radiation (A = 1.5405 A°) was used for the excitation of
atoms. The scanning drive axis is taken as two-theta and then
scan in between 20 to 60° of 2 values for the samples of pure
BIT, BLT, BNT, and BLNT. The values of Miller indices (hkI)
were identified by adopting JCPDS card (reference code, 00-

035-0795) of bismuth titanate. The structural refinement of
BIT and BLT, BNT BLNT has been carried out by the Rietveld
method based on orthorhombic crystal structure with a non-
conventional B2ch symmetry. Bruker’s built-in software (EVA,
TOPAS) has been used for the Rietveld refinement analysis [31,
32]. The quantitative analyses of the XED pattern were done
by the TOPAS (Total pattern Analysis solution) software. The
software is integrated with profile fitting techniques and other
related applications such as Ab-initio structure determination,
single line fittings and indexing [33]. The Thompson-Cox-
hasting-pseudo-Voigt profile function was used to adjust
diffractograms. Lorentzian fraction of the profile changes with
the Gauss and Lorentz components of the full width of half
maxima. The lattice parameters, atomic position, occupation
factors, linear absorption coefficient, crystal density, and size
were calculated by using the Rietveld procedure [34]. Since
the La and Nd substitution leads to a marked change in the in-
plane crystal structure in BIT, compared with the monoclinic
distortion, the structural change induced by the La substitution
can be explained by the orthorhombic B2¢cb [35]. The dielectric
properties such as impedance and Q factor of the bulk ceramic
samples were measured using Precision Impedance Analyzer
(Wayne Kerr Electronics 6500B series). Before dielectric
measurement, both side surfaces of samples were coated with
silver paste. The dielectric properties have been scanned with a
frequency range from 100 Hz to 1 MHz at AC signal of 300mV.

3. RESULTS AND DISCUSSIONS
3.1 FTIR spectroscopy

Figure 1. FTIR spectra of BIT, BLT, BNT, BLNT ceramic
powders shows the FTIR spectrum of the BIT, BNT, BLT and
BLNT ceramic powders calcined at a temperature of 800 °C
for 2 hours. All of the FTIR spectrums were recorded at room
temperature. There are various peaks at1630 cm™, 1384 cm’,
937 cm’, 812 cm™, 594 cm™ and 404 cmhave been observed
for BIT ceramic. The sharp bands at 812 cm™ and 594 cm’
correspond to the stretching vibrations of Ti-O bonds [36],
while the peak at 404 cm™ corresponds to the bending vibrations
of Ti-O bonds in the TiO, octahedron [37]. The appearance of
these absorptions is a characteristic feature of the formation of
titanate octahedral. The former two bands, i.e., 1630 and 1384
cmcorrespod to the bending vibrations Bi-O bond and 937
cm correspond to the stretching vibration of Bi-O bond [3].
It is also found that the IR spectra of BLT, BNT, and BLNT
powders are similar features to that of BIT powder, except small
shifting of the absorption peaks. As a consequence of La and
Nd doping, the peaks that correspond to Ti-O bonds in the
TiO, octahedron have been found to be shifted from the pure
BIT’s peaks and the peaks that correspond to the Bi-O bond are
quite unchanged. The absorption peaks at 812 and 594 cm™ are
shifted to higher wavenumbers of 817 cm™ and 602 cm™ in the
IR spectra of BLT and BNT due to the substitution of Bi by La
and Nd respectively. On the other hand, the absorption peaks at
812 and 594 cm™ are shifted to higher wavenumbers of 817 cm™
and 633 cm™ in the IR spectra of BLNT. These results conclude
that the addition of La and Nd creates some modification in the
lattice constant of TiO, octahedron of bismuth titanate.
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Figure 1. FTIR spectra of BIT, BLT, BNT, BLNT ceramic
powders
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The structural properties have been investigated by XRD. Figure
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XRD pattern matches with the JCPDS reference code, 01-076-
7808, so no impurity phase has been found. From the Rietveld
refinement results, different parameters such as lattice constants,
unit cell volume, and crystal density have been determined.
The R, ’ values were in-between range 6.65-9.09 as shown in
Table 1. The highest unit cell volume was obtained for BLT,
followed by BIT and BNT, and BLNT holds the lowest unit cell
volume. On the other hand, BLNT possesses the highest crystal
density and is then followed by BNT and BIT. The BLT ceramic
holds the lowest crystal density. Due to La and Nd individual
doping, the crystal density of BIT does not alter significantly.
But due to co-doping, the density increases drastically,
which predicts the reduction porosity within the crystals.
Almost similar crystal sizes have been found for the different
ceramics. Lattice parameters of BIT are distorted as a
consequence of doping with atoms having different diameters.
The tetragonal distortion (c/a) of BLT, BNT and BLNT
ceramics are 6.035334, 6.038299, and 6.045937 respectively.
The highest distortion belongs to co-doped BLNT ceramic.
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Figure 2. The X-ray diffraction patterns of BIT, BLT, BNT and BLNT
powders calcined at 800°C temperature for 2 hours
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Table 1. Lattice parameters, cell volume and crystal density of calcined powders retrieved from the refinement of XRD

Name Ry Lattice parameters (A) Unit Cell Vol- Crystal Density(g/ Crystal size Lorent-
a b . ume (A”3) cm”3) zian(nm)

BIT 9.09 5.4317(14) 5.4142(13) 32.7749(79) 963.85(42) 8.0734(35) 68.2(23)

BLT 7.07 5.4338(16) 5.4192(16) 32.7948(86) 965.70(47) 8.0580(39) 69.7(54)

BNT 7.13 5.42787(99)  5.40776(98) 32.7751(45) 962.03(28) 8.0887(23) 48.8(30)

BLNT 6.65 5.4205(27) 5.4085(23) 32.772(14) 960.79(75) 25.291(20) 64.1(21)

Figure 3 represents the linear absorption coefficient (LAC) material. This can be due to the increased density characteristic
of X-ray values of BIT, BNT, BLT and BLNT ceramics. Linear ~ of BLNT ceramic. Table 2 shows the atomic position in X, Y and
absorption coefficient describes the fraction of the beam of X-ray ~ Z direction within unit cell. Due to co-doping, BLNT ceramic
that is absorbed per thickness of materials. The highest LAC vale  unit cell distorted and atomic positions are changed from their
hasbeen found for co-doped BLNT ceramic. A higher LAC value  original site.

means higher interaction of photons with the particles of the
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Figure 3. Linear absorption coefficient of different calcined powders

Table 3. Atomic site positions of BIT and BLNT ceramics

Table 2 Lattice parameters, cell volume and crystal density of calcined powders retrieved from the refinement of XRD

Sample Atom Site X Y Z
Bi Bil 0.00000 0.00000 0.06700
Bi Bi2 0.00000 0.00000 0.21100
Ti Til 0.00000 0.00000 0.50000
Ti Ti2 0.00000 0.00000 0.37200

BIT O 01 0.25000 0.25000 0.00000

o 02 0.25000 0.25000 0.25000
O 03 0.00000 0.00000 0.43600
O 04 0.00000 0.00000 0.30800
O (O] 0.25000 0.25000 0.12800
Bi Bil 0.0(18) 0.0(18) 0.07077(17)
Bi Bi2 0.0(18) 0.0(18) 0.20808(14)
Ti Til 0.0(18) 0.0(18) 0.47996(49)
Ti Ti2 0.0(18) 0.0(18) 0.3636(50)

BLNT o o1 0.115(36) 0.118(36) -0.0173(15)
0 02 0.188(57) 0.302(55) 0.2291(15)
0 03 0.0(18) 0.0(18) 0.4212(15)
0 04 0.0(18) 0.0(18) 0.363(16)
0 05 0.2(80) 0.3(76) 0.1187(15)
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3.3 Energy storage capability in terms of Capacitance
The energy storage capability of ceramic has been examined by
measuring the capacitance. Figure 4 shows the capacitances at
different frequencies for the BNT, BLT and BNLT ceramics.
All samples possess higher capacitance values at low-frequency
range and capacitance decreases with the increase of frequency
and becomes approximately more or less constant above 10kHz
frequency range. The capacitance value of ceramic materials
depends on their polarizability. These four kinds of polarization
mechanisms such as electronic, dipolar or rotational, ionic and
space charges. The effectiveness of each mechanism lies in a
characteristic range. At low-frequency range, all mechanisms of
polarization are active; that is why the capacitance of all samples

350

was high. At higher frequency range above 10kHz space charge,
ionic and orientational mechanisms of polarization are cheesed,
and only electronic mechanism contributes. So that at higher
frequencies, capacitance decreases. The obtained capacitance
values (at 100 Hz frequency and room temperature) were 323,
101 and 78 pF for BLNT, BLT and BNT ceramic respectively.
At high frequency (1IMHz) and room temperature, the
capacitance values of BLNT, BLT and BNT ceramic were 73,
52 and 41 pF, respectively. Long et al. [38] also reported similar
capacitive properties of Bismuth titanate (BIT) Bi,Ti,O,, with
a capacitance value of SnF/cm at 1 Hz and 250 °C temperature.
Simoes et al. [39] reported 1 nF capacitance value for BLT thin
film at 100 KHz and room temperature.
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Figure 4. Frequency-dependent capacitance of BLNT, BNT, and BLT ceramics; Capacitance values at low frequency (100 Hz) and
High frequency (100kHz)

3.3 Quality Factor or Q factor

Quality factor or Q factor of a capacitor is the efficiency of that

capacitor in terms of energy losses. In the case of the AC signal,

the Q factor of a capacitor represents the ratio of energy stored

to the dissipated energy as thermal losses. The capacitor quality

factor ‘Q’ has been extracted by the following relation [40].
_imaginary(Z) (1)

real(Z)

Where Z is impedance. Figure 5. Frequency-dependent Q
factor characteristic of BLNT, BNT, BLT and BIT ceramics
shows the frequency-dependent Q factor of BLNT, BLT, BNT
and BIT ceramics. The Q factor value increases slightly due to
both La and Nd singular doping. But in the case of co-doping,
the Q factor value increases drastically. This is due to the

suppression of vacancies created as a result of the evaporation
of bismuth oxides during the processing. A considerable
amount of oxygen vacancies are introduced and eventually, free
electrons are generated according to the following equation.
0=V, +2e+1/20, (2)

Where O_ is the oxygen ion at parent crystal site, V. ** is the
intrinsic oxygen vacancy and e is the free electron. From this
equation, it is obvious that free electrons increase with the
increase of sintering temperature and eventually enhances the
leakage current. It is well known that La and Nd are less volatile
than the Bi atom. Therefore, substitutions of volatile Bismuth
atom by comparatively less volatile La & Nd, effectively suppress
the intrinsic oxygen vacancies. The highest suppression might
be happened due to co-doping for omposition at [Bi,(La Nd, )
Ti,O , where X=0.5].

https://dx.doi.org/10.46603/ejcee.v2il.24
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Figure S. Frequency-dependent Q factor characteristic of BLNT, BNT, BLT and BIT ceramics

4. CONCLUSION

Bismuth Titanate (BIT) doped with La and Nd ceramics
have been synthesis through solid-state reaction method.

FTIR spectrum predicts reaction completion for the BIT
formation. From the XRD, it has been confirmed that there was
no impurities phase in both pure BIT and La and Nd-doped
BIT. The Rietveld refinement of XRD reveals the structural
properties of doped and undoped BIT. A drastic increase of
crystal density and linear absorption of coeflicient BIT have
been found due to La and Nd co-doping. As a consequence of
La and Nd co-doping, and augmented lattice distortion of the
TiO, octahedral unit cell of BIT has been found, which results
in an increase in polarization as well as the capacitance of BIT
ceramics. The highest quality factor value has been observed for
La and Nd co-doped BIT.
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