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Abstract

Structure, morphology, and electrical properties of 10 mol% of Nb,Os-activated
yttrium barium titanate (BT) Bageg.z)Ti(40-x)Nb;Y, O3 (BTY;oNb;p), barium
titanate (BT), and 10 mol% of Y,03-activated BT were explored with calcina-
tion and sintering temperatures of 1000°C at 8 h and 1200°C at 6 h, respectively.
The thermogravimetric and differential scanning calorimetry (TG-DSC) analy-
sis reported that the total weight loss and residual mass of BT at 1300°C were
16.8 and 83.2%, respectively. The X-ray diffraction (XRD) pattern confirmed that
BTY;oNb;q ceramics containing the BaNbO; phase were developed. A Raman
band of BT at 307 cm™! unveiled a blue shift slightly for BTY;, to 298 cm™! and
for BTY;(Nb,, to 306 cm™. Average pore area of the ferroelectric BTY;,Nb,;, was
found to be 6.96 nm for the total scanning electron microscopy (SEM) image
area of 20.31 nm. Formation of BT nanorods analyzed from transmission elec-
tron microscopy (TEM) has been reported in three samples that regulate sur-
face roughness. Moreover, Nyquist diagram of BTY;yNb;, shows two overlap-
ping semicircles as a function of frequency. Nanorod structures led to change
the morphology and surface roughness. Recoverable energy storage density and
energy storage efficiency were estimated as 2.63 puJ/cm? and 57%, and BTY;,Nb,
ferroelectric showed potential for energy storage applications due to changes in
surface morphology and porosity.
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gies. Modern commercial EES devices take into account
batteries, dielectric capacitors, and supercapacitors. In

The most promising dielectric properties are high dielec-
tric constant, tangential low dielectric loss, dielectric
reliability, high electromechanical coupling coefficient,
and excellent resistance to thermal shock usually exhibit
by barium titanate—BaTiO; (BT). Electrical energy stor-
age (EES) is necessary for the power supply of portable
electronics and additional renewable energy technolo-

particular, solid-state dielectric capacitors have a high
power density, a very high operating voltage, and a
long life cycle."” This has led researchers to focus on
dielectric capacitors with high energy density and very
high charge/discharge rates in recent years. However,
the energy storage capacity of dielectric capacitors is
usually low. In the future, the high energy storage density
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and efficiency of dielectric capacitors will meet the require-
ments of advanced electrical and electronic systems for
reduction. In general, there are three categories of ceramic
materials that are practical in the field of dielectric capaci-
tors: linear dielectrics, antiferroelectric, and ferroelectric.?

The recoverable energy storage density (Wy.) of a
dielectric material is generally evaluated by incorporating
the effective cross-sectional area between the polarization
axis and the discharge curve of the polarization—electric
field (P-E) hysteresis loops. This W, of dielectric capaci-
tors can be calculated using Equation (1)*:

Pm'dX
Wiee = / EdP D
P

r

where P, Pp,.x, and P, are the polarization value at an elec-
tric field (E), the saturated polarization, and the remanent
polarization, respectively. Therefore, large P,,,, and huge
dielectric breakdown strength (BDS) along with small P,
are significant to evaluate prominent energy storage per-
formance. Moreover, the energy storage efficiency (n) is
assessed using Equation (2)’:

Wrec
=— "€ x100% (2)
7 Wrec + Wloss ’

where W is the hysteresis loss.

In general, due to bipolar polarization, ferroelectric
materials have a high dielectric constant. In the future,
these materials are widely studied for electrostatic capac-
itors. Applying the principle of high electric field to
enhance the dielectric response increases the hysteresis.
This phenomenon works in parallel with the reduction of
energy storage density that can be achieved with ferroelec-
tric materials. Therefore, high energy density ferroelectric
capacitors are usually achieved by reducing the dielectric
hardness of the material or by reducing the dielectric hys-
teresis loss.® BT-based ferroelectric ceramics as the typical
ferroelectric material of perovskite structures have always
been a fascinating curiosity in progressive energy storage
applications.

The substitution of yttrium oxide (Y,05) at the Ba>* sites
has been extensively used to tailor the positive temperature
coefficient effect in semiconducting BT, which establishes
the occupancy of Y3* at the Ba?* sites of BT. Conductiv-
ity measurements and microstructure examinations con-
firmed that the Y3* ion position of BT depends on the Ba/Ti
ratio, but not on the partial pressure of oxygen.” However,
BT is essentially an insulator and can be converted into a
semiconductor by adding a donor dopant. As these dopants
cause charge imbalances, they create vacancies to main-
tain charge neutrality. Donor doping Nb>* for Ti site is
advantageous to fill up the oxygen vacancies and suppress

oxide ion conduction. Nb>* is a donor impurity in the BT
network that causes sample charge imbalances and pro-
duces n-type semiconductors. Therefore, charge compen-
sation requires formation of vacancies at A site in the lat-
tice, that is, barium and titanium vacancies to increase the
contribution of the domain wall to permeability as a result
of the large number of domain walls.!” The addition of Nb
to BT generates electrons, holes, and/or vacancies. How-
ever, the solubility of Nb in BT depends on the particle size
of the powder and the Nb content improves the activation
energy.

In this paper, Nb,Os-doped YBaTiO;, Y,0;-doped
BaTiO;, and bare BaTiOj; ferroelectric ceramics were pre-
pared by conventional solid-state reaction process. Y>* and
Nb>* ions in BT are explored for energy storage applica-
tions with thermal analysis (thermogravimetric and dif-
ferential scanning calorimetry [TG-DSC]), structure (X-
ray diffraction [XRD], fourier transform infrared spec-
troscopy [FTIR], and Raman spectroscopy), morphology
(scanning electron microscopy [SEM] and transmission
electron microscopy [TEM]), frequency-dependent dielec-
tric properties, and electric hysteresis.

2 | MATERIALS AND METHODS

2.1 | Experimental procedure

Solid raw materials were utilized to synthesize BaTiO;
(BT), Y,03-doped BaTiO; (BTY), and Nb,Os-doped
yttrium-based BaTiO; (BTYNDb) by conventional solid-
state reaction route under air atmosphere from 99%
barium carbonate (BaCOj3), 99% titanium dioxide (TiO,),
99% yttrium oxide (Y,03), and 99% niobium pentoxide
(Nb,0Os) procured from Sigma Aldrich. A batch of 10 g of
powder mixture of BT, BTY, and BTYNb was prepared in
the exact stoichiometric ratio.

1. 60BaO + 40TiO, = BaTiO; (BT);

2. 60BaO + (40 - x)TiO, + xY,03 = BaTi(4.)05Y, (BTY),
where x = 2, 4, 6, 8, 10, and 15;

3. (60 - z)BaO + (40 - x)TiO, + xY,05; + zNb,O5 =
Bag0-7) Ti(a0-x)O3Nb, Y, (BTY;(Nby(), where x = 10 and
z=10.

Powder mixtures weighed at various concentrations of
Y, 05 were heated at 400°C for 1 h to evaporate the carbon
dioxide (CO,) and other hydroxyl groups. Using an agate
mortar and a pestle in ethanol medium, each composition
was ground for 12 h to give a homogeneous fine powder.
In addition, these compositions were calcined using an
electric oven heated to 1000°C for 8 h. Then cooled to
room temperature at a rate of 4°C/min. To these calcined
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powders, .5% by weight of paraffin was added as a binder at
room temperature, and when hydraulic pressure of 10 MPa
was applied, several thin cylindrical discs were prepared
in a steel mold. In addition, these pellets were annealed at
500°C for 1 h to remove the binder from the sample. The
discs were sintered at a constant temperature of 1200°C for
6 h at a heating and cooling rate of 4°C/min. Finally, the
samples were subjected to the polishing process to obtain
a flat surface and a conductive silver paste was used to
achieve reliable metal contact. In addition, the discs were
heated to 400°C to provide a good interface between the
materials. Samples were sent in powder and tablet form
for further characterizations.

2.2 | Characterization techniques

TG and DSC were analyzed by NETZSCH STA 449 F3
Jupiter in the temperature range 25°C-1400°C. A RIGAKU
X-ray diffractometer (Miniflex-600) with CuK,; radiation
source with a wavelength of1.5405 A (power: 35V x 15mA)
was used to record diffraction pattern of the powder sam-
ple. Using JASCO FT/IR-4100 type A spectrometer, FTIR
spectra from 500 to 3000 cm ™! were recorded. Horiba Jobin
Yvon, model number: LabRAM HR Evolution in the range
of 50-4000 cm™! was used to obtain micro-Raman with
532 nm laser excitation. SEM images were recorded using
the JEOL JSM-IT500 series at 3.0 nm (30 kV) and 15.0 nm
(1.0 kV) high vacuum mode resolutions. The particle size
and morphology of BT, BTY;y, and BTNb;, were evalu-
ated with a TEM using a Philips CM 200 with an operating
voltage of 20-200 kV and a resolution of 2.4 A. Dielectric
properties of the BTY;yNb;, sample were measured using
broadband dielectric spectrometer by Novocontrol Tech-
nologies, model: Concept 80 Germany, with low/high tem-
perature range -150°C to 900°C having a frequency range
of 3 uHz-20 MHz.

3 | RESULTS AND DISCUSSIONS

3.1 | TG-DSC analysis

TG and DSC are performed for uncalcined BT powder in
the range 50°C-1300°C to understand the thermal behav-
ior of the material such as weight loss (in%), transition
temperature, crystalline temperature including endother-
mic and exothermic nature. The TG analysis shows the
inflection point where the weight of the material begins
to decrease rapidly at 911°C in the range of 589°C-964°C
as displayed in Figure 1A. This speedy loss of about 15% of
mass continued at 934°C and then slowly decreased as the
temperature rose to 1300°C. However, total weight loss of
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the BT at 1300°C is reported to be 16.8% and the residual
mass of BT is 83.2% at the same temperature. Derivative
TG, which is a change of mass of BT with time against the
temperature, is presented in Figure 1B.

The DSC curve in Figure 1A unveiled two endother-
mic peaks in which a soft peak was obtained at 374°C
and a sharp peak was obtained at 964°C. Evaporation
of H,0O molecules, decomposition of thermally unstable
organic compounds such as CO, and C=0 molecules, etc.,
and evaporation by interacted atmospheric impurities may
be caused during a soft first endothermic peak around
374°C.""13 During this weight loss, the BaCO; was decom-
posed into BaO. Second sharp endothermic peak was iden-
tified at 964°C and the weight loss near this temperature
was owing to the formation of BaTiO;. Crystalline phase
of BT is observed in the temperature range from 814°C
to 934°C. Apart from the exothermic crystalline temper-
ature (T.) peak of 934°C, BT no longer reported signif-
icant weight loss due to elevated temperature of up to
1300°C.

3.2 | FTIR spectra

The FTIR spectra of the BT, BTY;q, and BTY;(Nby, fer-
roelectric ceramics were recorded in the transmittance
mode in the range of 550-3000 cm™ at room temperature
as shown in Figure 1C. Vibrational modes of BT were
resolved in the infrared spectrum at 545, 655, 749, 862, 1276,
1420, 1753, and 2362 cm™. On the other hand, samples
BTY, and BTY;, reported bands close to the band of sam-
ple BT. However, in general, the vibration modes in the
400-600 cm™ range correspond to the infrared absorption
region. There are two strong absorption bands that fall in
this region at 545 and 655 cm™ due to vibrations caused by
bending and stretching of Ti-O-Ti bond in [TiO4]*"."* The
655 cm™! band has shifted to the high frequencies in BTY,
(688 cm™), BTY;, (661 cm™), and BTY,,Nb,, (671 cm™).
Structural deviation in the BT is responsible for this shift.
The band at 854 cm™ is attributed to Y-O characteristic
band of BTY,, BTY,, and BTY;(Nb,,, whereas Ti-O band
at 862 cm™! is of BT."> A stretching vibrational band was
perceived at 1276 cm~! corresponding to the symmetric
vibrations of [v; (COO-)].!° This is because of the small
amount of BaCOj; present in the samples, which is in
agreement with the XRD patterns. Moreover, the addition
of Y>* ions and Nb’* ions resulted in the shifting of
this band to lower frequencies. A small vibrational band
perceived at 1420 cm™! for BT is ascribed to asymmetric
vibrations of [v,; (COO-)]. In addition, the band observed
around 2362 cm™ is owing to the asymmetric vibrations
of O=C=0 bond of BT, whereas the same band became
doublet for BTY, and BTY;, and shifted to lower frequency
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FIGURE 1 Thermogravimetric and differential scanning calorimetry (TG-DSC) curve of BaTiO;: (A) heat flow/weight loss, (B)

TG/derivative TG (DTG), and (C) Fourier transform infrared spectroscopy (FTIR) spectra of barium titanate (BT), 2 mol% of Y,0; doped BT
(BTY,), 10 mol% of Y,0; doped BT (BTY,,), and 10 mol% of Nb,O5 doped BTY,, (BTY;,Nb,).

region. This is due to existence of additional energy levels
of dopants. On the other hand, ethanol as a grinding
medium also supports to reveal carbon groups in the
spectra. Two intense absorption bands were noticed at 749
and 2360 cm™ for 10 mol% of Nb,Os-doped BTY;oNby,
compared to BT, BTY,, and BTY,. Furthermore, the band
splitting into doublet at 2360 cm™ is clearly visible in the
Nb>*-based BTY;,Nb,, sample.

3.3 | XRD profile

XRD profile of various concentrations of Y,05-doped BTY
and BT is displayed in Figure 2A. A sharp peak of BT
is observed at 24.30° with a full width at half maxi-
mum (FWHM) of .52 which is ascribed to the composi-
tion of BaCOs. In this sample, the highest broad peak
with FWHM of about .92 is observed at 34.61°. BTY, dis-
played a high intense doublet peak at 30.74° and the corre-
sponding FWHM 1.91. The peak at (110) indices (Ba;Y,Oq)

was changed into a singlet when Y,03 concentration is
increased from 2 to 15 mol%. It is interesting to note that as
the Y,05 concentration increases, the peak position shifts
to lower angle side. This shift indicates that the increase
in inter-planer spacing, resulting in the decrease of lat-
tice strain and elongation of unit cells slightly, leads to the
expansion of the crystal structure. A small peak ( identified
atred arrow in the range 28°-33°) merged with this doublet
was located on the left shoulder of the peak, increased the
intensity with increasing Y, 05 concentration with expense
of the peak on the right shoulder revealed in inset of
Figure 2. This is may be due to the more occupation of Y>*
ions into the lattice sites of Ba?* and Ti** ions. An unre-
vealed doublet was appeared at 42.28° for BTY;5 because
of the higher concentration of Y>* ions as illustrated in the
inset of Figure 2A.

The phases of the BTY;oNb;y composite are TiO,
(01-086-1157), BaTiO; (01-074-1960), Y,03 (00-001-0831),
BaNbO; (01-082-1891), Ba;,Y,TigOss  (00-043-0417),
Ba;Y,0y (00-027-1037), Y;sTijs035 (96-200-2732), and
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X-ray diffraction (XRD) pattern of BT, BTY;,, and BTY;,Nb,, samples. (A) Various concentration of Y,05-doped BT, (B)

compound phase identification using JCPDS cards, and (C) Williamson-Hall plot for BTY,,Nb,, ceramics

Ba,;C401, (96-900-6839) (shown in Figure 2B) and are
confirmed by using JCPDS files. However, most of the
phases related to BT and BTY;, phases identified by the
JCPDS files are unveiled in Figure 2B. The results from
the JCPDS data demonstrate that the BT sample revealed
in the BaTiO; phase, the Ba;; Y, TigO34 phase was detected
in BTY;, sample and BaNbO; phase was detected in the
BTY;oNb;( sample.

3.3.1 | Size-strain analysis

The average crystalline size of BT, BTY;, and BTY;oNb;q
are found to be 26.05, 13.43, and 22.67 nm as evalu-
ated using Sherrer’s equation.”'® Williamson-Hall (W-H)
method is usually assumed to study the influence of strain
when evaluating the size of crystals in a sample. The lattice
strain in BTY;oNb; leads to the broadening of XRD peaks.
The resulting W-H plot disclosed in Figure 2C shows that
the line dispersions are predominantly isotropic. This spec-
ifies that the diffraction domain is isotropic and micros-

train involvement also exists, which is due to dopant
impurities.'” Slope of the strain (¢) = .003 x 10~* value also
indicates that the BTY;yNb,, was more isotropic and was
attributed to small crystallite size.

3.4 | Raman spectral analysis

Raman analysis of BT, BTY;q, BTY;oNb;q ceramics was per-
formed in the range of 100-1000 cm™ by 532 nm laser exci-
tation. Raman modes split into transverse (TO) and lon-
gitudinal (LO) photons due to electrostatic forces in BT
associated with lattice ionicity owing to Ba**. According
to crystallography for tetragonal BT crystals the modes are
4E(TO + LO) + 3A,(TO + LO) + B,(TO + LO). However,
Cy, is the factor group for tetragonal BT crystal, the sunk
symmetry of the unit cell leads to each of the F;,, modes to
split into A; + E, whereas the F,, modes also splits, into
B, + E. The bands at 77, 169, 260, 307, 518, and 717 cm™ are
corresponding to E(TO), {A;(TO), E(TO), A;(LO), E(LO)},
A,(TO), {B;, E(TO + LO)}, {E(TO), A;(TO)}, and {E(LO),
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FIGURE 3 Raman spectra of (A) BT, BTY,,, and BTY,,Nb,, ceramics, (B) BTY,,, and (C) BTY;,Nb,,

A(LO)}, respectively, phonon modes were revealed for
BT as displayed in Figure 3A. A sharp band of about
307 cm~! was found associated to {B,, E(TO + LO)} phonon
mode of tetragonal BT crystal.’~?* Most of the BTY;, and
BTY;oNb;o bands were unveiled similar to those detected
by BT, despite some band shifts presented in Figure 3B,C.
The band of BT at 307 cm™! showed a slight blue shift of
298 and 306 cm™! for BTY;, and BTY;,Nb,, respectively.
The bands 307, 518, and 717 cm™! are found to be broad
in these three ferroelectrics. In chemically modified ferro-
electrics such as BTY;q and BTY;oNb,y, band splitting is
observed in the band of 717 cm™ due to the ionic states
Y3+, Nb3*, and Nb>*. When 10 mol% of Y,05 was added
to BT, a shift in the lower wavelength region was observed.
This may be due to the occupation of Ba?* ionic sites by
Y3+ sites in the BT crystal lattices. On the other hand,
when 10 mol% of Nb,O5 was added to BTY;, a band shift
from 298 to 306 cm™ is observed toward higher wavelength
region, which is due to the presence of Nb. Raman bands of
Y,0; were revealed at 154, 318, and 431 cm™ in BTY;, pow-
der sample.’* The bands exposed to 111, 214, and 814 cm™
belong to the Nb,O5 dopant of BTY;,Nby, ferroelectrics.

3.5 | Morphological studies

3.51 | SEM analysis

Typical SEM micrographs of BT, BTY;y, BTNb,,, and
BTY;oNb;( ceramics were displayed at a resolution scale
of 500 nm, as shown in Figure 4. The average grain size
of the BT, BTY;y, BTNbyy, and BTY;oNb;y samples in
one direction were evaluated with the help of histograms
as 152.75 nm (Figure 4A), 181 nm (Figure 4B), 148 nm
(Figure 4C), and 133.41 nm (Figure 4D), respectively. The
average grains of ceramics from SEM images were esti-
mated by using Image-J software is presented in the inset
of Figure 4. In BTY;(Nb;q ferroelectric, it is noticed that
the particles were clearly agglomerated with an average
grain size of 133.41 nm shown in inset of Figure 4D. These
clustering reduce the pores of this ferroelectric sample,
then increase the dense microstructure between the par-
ticles and improve their ability to store recoverable energy.
The average pore area of ferroelectric BTY;oNb;, (shown in
red) is estimated to be 6.96 nm in the total area of 20.31 nm.
Significant homogeneity was also perceived in BTY;(Nb;,



RALLAPALLI ET AL.

Applied

Ceramic 2059

Frequency (%)

TECH

Grain size (nm)

FIGURE 4 Scanning electron microscopy (SEM) images of (A) BT, (B) BTY,,, (C) BTNb,,, and (D) BTY,,Nb,, with their histograms for

particle size

ceramics with few rod--shaped structures compared to BT,
BTY;y, and BTNb;, shown in Figure 4D. Spherical and rod-
type surface topology are identified in every sample which
is may be due to BT samples.

3.5.2 | TEM analysis

Particle size, size distribution, and morphology of the
BTY,, BTY;(, BTNb,, and BTNb;, nanopowders from TEM
images are presented in Figure 5. At lower concentra-
tions, 2 mol% of Y,03/Nb,0s-doped BT (BTY, and BTNb,)
images revealed highest number of BT nanorods compared
to BTY;y and BTNb,q. This is an evidence that the increase
in dopant concentration may cause agglomeration of the
particles. At higher dopant concentration, compared to
BTNb;, nanorods are clearly resolved in BTY;,. However,
BT nanorods were revealed even in the presence of Nb,Os
in BTY;(Nb;, because coexistence of Y,05; concentration
helps to reveal few nanorods. Rod-shape morphology in
nanosize that are revealed in these samples displayed in

Figure 5A-D. The length of minor axis of the nanorods was
estimated on 50 nm scale. The average width of minor axis
of the nanorods was around 270 and 100 nm for BTY;, and
BTNb,,, respectively. However, these BT nanorods form
in small amounts in samples. Additionally, 12 h of grind-
ing and long duration of thermal treatment led to the for-
mation of these nanorods. The presence of nanorods will
change the morphology of the BTY;(Nb,, then increase
the surface roughness which may help in enhancing stor-
age capacity of the battery.

3.6 | Dielectric properties

The influence of frequency on dielectric constant, con-
ductivity, and dielectric loss was investigated for the BT,
BTY;g, and BTY;oNb; samples at room temperature in the
frequency range of 0-1 MHz, as shown in Figure 6A-D.
Polarization of a dielectric medium is the sum of four
types of polarizations such as electronic, ionic, orienta-
tion, and space charge polarization, and it is intensely
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FIGURE 5 Transmission electron microscopy (TEM) images of (A) BTY,, (B) BTY,, (C) BIND,, and (D) BTNb,,

dependent on frequency. At low frequencies, all types
of polarization can exist owing to sufficient time to take
dipole moment, however, as the frequency is increased
various polarizations will filter out. The reason behind
this is accredited to the decrease of ¢ with frequency.
Below 100 kHz, BT ferroelectric shows a rapid increase
in dielectric constant, whereas gradual increase in BTY,
and BTY;oNb;q due to their chemical modification in the
composition that leads to structural modification. The
presence of dopant Y>* and Nb>* ions responds slowly at
lower frequencies that cause gradual changes in dielectric
constant, as shown in Figure 6A, whereas the dielectric
constant of BT sample is unaltered at all higher frequen-
cies. However, the charge separation gradually decreases
with increasing frequency and then becomes almost con-
stant for all samples at higher frequencies. This is due to
the frequency of the electric field applied, which prevents
it from dipole moment of the dielectric material. As stated
by Arlt et al.’s* theory, the grain size (G) of a dielectric
material strongly influences its dielectric constant value.
As the grain size increases, the width of a ferroelectric

domain (d) increases according to the formula: G « \/E
Furthermore, number of domains with large sized walls
would cause the enhancement in dielectric constant.

Figure 6B demonstrates the frequency dependance of
electrical conductivity of the BT, BTY;y, and BTY;(Nb,,
samples. The conductivity of BT ferroelectric is found
to be lower than that of BTY;y and BTY;oNb,, ferro-
electrics. In the case of BTYj,, the conductivity increases
almost linearly as the frequency increases. On the other
hand, for BTY;,Nb,, ferroelectrics, the conductivity ini-
tially increases to 200 kHz and then remains constant at
higher frequencies and between the conductivity of BT and
BTY.

Dielectric loss (tan &) is a dielectric parameter of a
dielectric material that quantifies its characteristic dissi-
pation of electromagnetic energy. There is loss of energy
as heat originates due to the electrical conduction and
orientational polarization of material. Variation in tan &
unveils the same propensity as that of the dielectric
constant with frequency. At lower frequencies, tan § is
high in BT and remains low in the BTY;o and BTY;(Nb,,
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FIGURE 6
BTY,y, and BTY,(Nb,, ceramics

samples as displayed in Figure 6C. The motion of electrons
cannot be in the direction of applied electric field at higher
frequencies, which effects low dielectric loss. BTY;, and
BTY;oNb,, ferroelectrics have shown slight variation at
lower frequency compared to BT. At higher frequen-
cies, these samples show similar behavior to that of BT.
The observed reduction in dielectric loss of BTY;, and
BTY;oNb;( ceramics is may be due to a reduction in the
leakage current through the domain walls, which is in gen-
eral affected by lattice imperfections like vacancies and dis-
locations. In contrast, the significant increase in § or tan §
at low frequencies observed for doped BT ferroelectrics is
owing to ionic charge imbalance of the materials.?®

The electrical properties of these samples are usually
performed to analyze the impedance of the equivalent
circuit and the frequency of the electric field applied.
An equivalent circuit of these dielectrics are composed
of capacitance (C), inductance (L), resistance (R), and
constant phase element (CPE). Some commonly used
physical models used to adapt experimental data are

Frequency dependence of (A) dielectric constant, (B) dielectric loss, (C) electrical conductivity, and (D) Z’ versus Z” for BT,

Maxwell-Wagner,?”-*® Hashin-Shtrikman model,” effec-
tive medium theory,’® Zuzovsky-Brenner model,*' Brick
Layer model,? etc.; the obtained experimental results are
described by impedance parameters real (Z’) and imag-
inary (Z) part. Figure 6D represents the influence of
dopant concentration of Y,05 and Nb,O5 on BT, as under-
stood from the Nyquist plots of BT, BTY;(, and BTY;oNb.
In these samples, BTY;,Nb,, displays an incomplete flat-
tened semicircle at a frequency as low as .1 kHz. The
Nyquist plot appears to be composed of two overlapping
semicircles as the frequency increased.* This separation is
resolved more significantly as the frequency increases. In
addition, BTY;(Nb,, exhibited a semicircle at low frequen-
cies, but at high frequencies it showed a slight curvature
and then became linear. Conversely, BT and BTY, did not
exhibit semicircle behavior at low frequencies, whereas the
three samples showed similar behavior at high frequen-
cies. The reason to exhibit semicircle at low frequency of
BTY;(Nb,( is may be because of the addition of Nb,Os.
The semicircles confirm the existence of non-Debye-type
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FIGURE 7 P-E curve of the BTY,,Nb,, sample (A) with
different electric fields and (B) with 13 kV/cm at room temperature

relaxation. The expansion of the two semicircles shown
in Figure 6D displays grain presence and grain boundary
effects. Impedance data simulated using the resistor CPE
(R-CPE) equivalent circuit model are shown in the inset of
Figure 6D. For non-Debye-type system, CPE is familiarized
in the circuit as a substitute of capacitance.

3.7 | Electric hysteresis curve

Polarization versus electric field (P-E) curve of the
BTY;oNb;o sample with different applied electric field
and a constant electric field of 13 kV/cm at room tem-
perature indicates the ferroelectric behavior and is pre-
sented in Figure 7. From 13 to 32 kV/cm, the BTY;(Nby,
exhibited ferroelectric behavior with increased hystere-
sis loss, as shown in Figure 7A. No phase change was
observed at various applied electric fields. The elec-
tric hysteresis from Figure 7B, P, = .01399 uC/cm?,
P, = .0120 uC/cm?, Py, - P, = .00197 puC/cm?, and
E. = -17.539 kV/cm are evaluated by the instrument.
The recoverable energy storage density of BTY;oNb, fer-
roelectric from the data is Wy, = 2.6348 uJ/cm® and
the energy storage efficiency (1) is 57%. This efficiency
is high in BTY;)Nb;y samples compared to 33.5% for
Bag g97Lag 003 Ti03,>* 38.5% for BT,** and 53% for (.7-
x)BiFeO5-.3BaTiO;-xBi(Zn,/3Nb, 3)O3 + .1wt% Mn, O (BF-
BT-.05BZN)?; on the other hand, the efficiency is less
as compared to 77% for .5SrTiO;—.5(.95BisNasTiO;—
.05BaAl ;Nb 505) (.5ST—.5(BNT—BAN))* and 86.89% for

(1 — x)BaTiO3- xK 73Bi joNbO; (.92BT—.08KBN) relaxor
ferroelectric ceramics.’ In general, high W, is achieved
by high P,.x, low P,, and large breakdown field using
Equation (1). The most promising materials with high
energy densities are relaxor-ferroelectric and antiferro-
electric materials owing to their high P,,,, and low P,. The
dielectric breakdown strength of the BTY;oNb;, sample at
room temperature is obtained as .0133.

4 | CONCLUSION

Bare BT and 10 mol% of Y,0;-modified BTY;, as well
as Nb,O5 (BTY;oNb,,) powders were prepared by solid-
state reaction method and investigated for structure, mor-
phology, and electrical properties. Glass transition, crys-
tallization temperatures, and weight loss were extracted
using TG-DSC analysis. The multi-phases of the compo-
sitions with base phase of BaTiO; were revealed by XRD
spectra and depend on the modifier content. FTIR and
Raman spectra revealed Ba-, Y-, and Nb-associated vibra-
tional bands and structural phase of the prepared compo-
sitions. The porosity (6.96 nm) of BTY,(Nb,, in relation to
battery electrode viability was calculated by Image J soft-
ware. BT nanorods were confirmed by morphological anal-
ysis using TEM that increases surface roughness of the
samples. The BTY;4Nb ferroelectric achieved 57% of the
recoverable energy storage efficiency for battery applica-
tions estimated using ferroelectric hysteresis. These results
indicate that structurally and surface topologically modi-
fied BTY;oNb, to be a potential ferroelectric material for
solid-state energy storage pulsed capacitor applications.
Various BT-based nanocomposites are required to develop
high dielectric breakdown (more than .0133 of BTY;(Nb,()
to enhance energy storage capacity. Rare earth (Y,03)-
based BT shows longer life time of the dielectric capacitor.
In addition, further doping of metal oxides such as bismuth
oxide, alkali oxides, lanthanum oxide, etc., to this BT-based
lead-free composition with slim hysteresis and high energy
density would result due to their ferroelectric to relaxor
to antiferroelectric phase in making commercially viable
capacitors for wide range of energy storage applications.
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