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ABSTRACT: In this study, site engineering at the Ba and Ti sites of BaTiO; has been done
to develop Ba;_,Pr,,/3Ti;_,(Mo;/,Nb,;),0; [BTMN] ceramics, with ¥ = 0.003 and y =
0.02, 0.04, 0.06, 0.08, 0.1, to improve permittivity and energy storage performance. The
solid-state reaction method was used to synthesize samples. X-ray diffraction analysis
revealed a crystallographic phase transition from tetragonal (P4mm) to cubic (Pm-3m)
structure with increasing (Mo, ,,Nb, ;,) concentration. Raman spectroscopy further validates
this finding with the disappearance of the characteristic tetragonal peak at 303 cm™ for
higher dopant levels (y > 0.06). Grain size displays a nonlinear trend where grain size first
increases to 0.49 um for intermediate compositions and then decreases to 0.25 ym at higher
dopant levels. Dielectric characterization revealed that the increased relative permittivity (e,
= 2840.46 at 20 Hz) and low dielectric loss (0.0390) have been achieved for the BTMNO06
sample, and all other compositions exhibited low dielectric loss (<0.055) in the frequency
range 20 Hz to 100 kHz. Permittivity decreased with increasing frequency, which is
consistent with Maxwell—Wagner polarization effects. Curie temperature (T.) shifted downward from 115 °C (BTMNO02) to 31 °C
(BTMN10), reflecting increased structural disorder induced by doping. Relaxor behavior was quantified by an increasing diffusion
parameter (1.28 to 1.95) for permittivity, with enhanced polarization stability and slim P—E hysteresis loops at higher dopant levels.
Energy storage characteristics showed superior recoverable energy densities (317.7 mJ/cm® for BTMNOS and 292.2 m]J/cm?® for
BTMN10 with efficiencies 91 and 92.6% respectively), validating the material’s potential for high-efficiency capacitive energy storage
in advanced applications.
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1. INTRODUCTION

As energy consumption surges, there is a growing need across
the globe to develop renewable energy sources that are both
affordable and environmentally conscious. A key element in
realizing a smart and sustainable energy solution is high-
performance energy storage systems.' Currently, the primary
energy storage technologies include batteries, dielectric
capacitors, electrochemical capacitors, and fuel cells. Dielectric
capacitors have emerged as crucial elements in pulse power
systems because of their extremely fast charge and discharge
rates along with their exceptionally high-power density."”
Different types of energy storage materials have been
synthesized for dielectric capacitors, which include both
organic and inorganic types like ceramics, polymers,
composites of ceramics—polymers, glass, and glass—ceramic
composites. Dielectric ceramics, in comparison to other
materials, have a moderate breakdown field strength, low
dielectric loss, and fatigue-resistant properties and are regarded
as the ideal materials for high-temperature uses because of
their outstanding temperature stability. These characteristics of
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dielectric ceramics present significant opportunities for the
application of energy storage capacitors in aerospace, oil
extraction, electromagnetic pulse weapons, integrated circuits,
electric vehicles, and several other fields.> Dielectric ceramics
based on their polarization and dielectric permittivity are
classified into linear dielectric (LD), ferroelectric (FE),
antiferroelectric (AFE), and relaxor ferroelectric (RFE)." In
dielectric capacitors, a ceramic placed between two electrodes
polarizes under an electric field storing energy with capacitance
C = gye,A/d, where g is the permittivity of free space, €, is the
relative permittivity (dielectric constant), A is the area, and d is
the thickness of the parallel plate capacitor shown in Figure
la,b.” The energy storage density in the case of linear dielectric
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Figure 1. (a) Schematic representation of a parallel plate capacitor with thickness d and area A. (b) Mechanism of the dielectric capacitor with
dipoles oriented with electric field. (c) Polarization versus electric field loop with energy storage parameters.
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capacitors is given as W = ESOEVE , where E is the applied

electric field, whereas in the case of nonlinear dielectric (FE,
AFE, and RFE) capacitors, polarization displays a hysteresis
effect with the electric field leading to energy loss; hence, total
energy density (Wry), recoverable energy density (Wy), energy
loss (Wy.s), and efficiency (77) are given as

B,
W. = EdpP
T 0 (1)
Pm
Wy = Edp
R (2)
vaoss = WT - WR (3)
n=—x100
Wy 4)

where P is the polarization, P, is the maximum polarization, P,
is the remnant 7polarizati0n, and E is the electric field, as shown
in Figure 1c®

In normal ferroelectrics, the dielectric behavior follows the

Curie—Weiss law above the Curie temperature, expressed as
1 T-T . . . e .

Pl %, where ¢ is the dielectric permittivity, T, is the
Curie—Weiss temperature, C is the Curie—Weiss constant.
Relaxor ferroelectrics show a deviation from this law and

follow the modified Curie—Weiss expression:

1 1 (T-T,

e £ C ()

m

m

the temperature of maximum value of €, C is the constant,
and y is the diffuseness parameter. This parameter ranges from
1 to 2; it is 1 for conventional ferroelectrics, between 1 and 2
for relaxors, and 2 for a fully diffuse phase transition.®°
Relaxor ferroelectrics can be distinguished from conventional
ferroelectrics by three key characteristics: (i) a diffuse
temperature-dependent response in the relative permittivity,
(ii) the frequency-dependent dispersion of the permittivity
maximum, and (iii) lack of macroscopic symmetry breaking
across the temperature range of permittivity maximum.
Therefore, the temperature at which the permittivity reaches
its maximum is referred to as T, rather than the Curie
temperature T.*'' The temperature-dependent dielectric
response plays a key role in probing the behavior of polar
nanoregions (PNRs). The dielectric behavior of a typical
relaxor ferroelectric (RFE) is governed by three distinct

where &, is the maximum value of dielectric permittivity, T, is

temperatures: T (freezing temperature), T, (temperature of
maximum permittivity), and Ty (Burns temperature), as
illustrated in Figure 2. These three temperatures divide the
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Figure 2. Schematic diagram of temperature-dependent dielectric
permittivity along with their domain structure and characteristics
temperature.

dielectric temperature spectrum into four distinct regions each
exhibiting unique dielectric characteristics. In region 1, T < T,
the dynamic polar nanoregions get frozen and the relaxor may
undergo transition into a ferroelectric state characterized by
the formation of ferroelectric macro-domains. Application of
the electric field then results in strong ferroelectric hysteresis
due to domain reorientation. In region 2, T < T < Ty, the
relaxor state exists as a partially disordered state with a
disrupted long-range ferroelectric order. Both nanodomains
and microdomains coexist, leading to reduced ferroelectric
hysteresis, and the dielectric properties exhibit significant
frequency-dependent dispersion. In region 3, above T,, (T >
T..), spontaneous polarization disappears in some regions of
the relaxor leading to the complete breakdown of micro-
domains. The material predominantly consists of highly
dynamic polar nanodomains with minimal ferroelectric
hysteresis. In region 4, beyond T (T > Tj), polar regions
disappear, and the relaxor completely transitions into a
paraelectric state. The polar characteristics are fully suppressed
in this region.lz_14

BaTiO;-based perovskite oxides known for their ferroelectric
and relaxor ferroelectric properties possess significant techno-
logical potential in energy storage applications."> Modifying
the intrinsic properties of BaTiO; via incorporation of dopants
at either the A site (Ba**) or B site (Ti*") of the perovskite
structure induces a transition from normal ferroelectric
behavior to a diffuse phase transition (DPT) and eventually
to relaxor ferroelectric at higher levels of substitution.
Merselmiz et al. studied BaTiygSng;;0; (BTSn) ceramics,
which show a high dielectric constant of 17,390 at 41 °C and a
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Figure 3. (a) Room-temperature XRD pattern of Bal_xPer/sTil_y

(Mo, ,Nb, /,),0; with x = 0.003 and y = 0.02, 0.04, 0.06, 0.08, 0.10. Bragg

diffraction indices of the cubic structure marked. (b) Enlarged view of the (200) peak showing tetragonal splitting at lower concentrations of
doping. (c) Variation of lattice parameters with composition. (d, e) Polyhedral crystal structure of BTMNO2 and BTMN10, showing tetragonal and
cubic structures, respectively, drawn from VESTA software using results of the Rietveld refinement.

recovered energy density of 84.4 mJ/cm® with 91.04% energy
efficiency at 60 °C, and it is increasing to 95.87% at 100 °C."°
Khardazi et al. studied Ba,_,La,TijgoSny;;0; (x = 0—0.035),
which shows enhanced values in the BLTSn2.5 sample with
158.8 mJ/cm® and 82.73% at room temperature and dielectric
constants between 620 and 725 (100 Hz—1 MHz).'” Ma et al.
studied the (1—x)BaTiO;-«Bi(Y,/3Ti;;;)O; system, which
yielded a recoverable energy storage of 1.02 J/cm® and an
efficiency of 78% when x = 0.1 and gave 0.77 _]/cm3 and 90%
when x = 0.2, and a dielectric constant of 2573 is reported for x
= 0.2."% Liu et al. studied the 0.8 BiyNa,TiO;-0.2NaNbO,
system, and a high W, of ~7.22 J/cm® and an efficiency of
~95.32% were achieved under 515 kV/cm with dielectric
constant <1000."” Balmuchu et al. studied (1—x)BaTiO;-
xBi[Zn,/3(NbggsTag1s)1/3]03 & = 0.05-0.25 and reported
W, = 2.06 J/cm® and 78% efficiency for x = 0.15 with 7
improving to 96% at higher substitution under 180 kV/cm.*’
Adediji et al. compared the energy storage performance of
various BaTiO;-based compositions in terms of energy density,
efficiency, and film thickness. For 0.84BT-0.16BNZ (150 pm),
the energy density and efficiency were 2.485 J/cm® and
96.02%, respectively. The 0.88BST-0.12BZN composition
(130 um) exhibited an energy density of 1.62 J/cm® and an
efficiency of 99.8%, while 0.9BST-0.1BMN (200 #m) showed
an energy density of 3.34 J/cm® with 85.71% efficiency. In
0.9SBT—0.05BN (300 ym), the energy density is 0.68 J/cm®
and the efficiency is 91.5%.”' On comparison of energy storage
and efficiency with thickness, Ba;_Pr,,/3Ti;_,(Mo; ,Nb, ,),0;
has better energy storage and efficiency.

In this study, Bal_xPerBTil_y(Mol/sz1/2)y03, x=003,y=
0.02, 0.04, 0.06, 0.08, 0.1, ceramics have been synthesized and
characterized for energy storage applications by a site
engineering method. Pr is substituted at the A site, while Mo
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and Nb are substituted as B-site dopants, in the BaTiOj lattice
with the A-site dopant concentration held constant and varying
B-site dopant concentrations. This doping aims to disrupt the
long-range ferroelectric order, facilitating the formation of
polar nanodomains that enhances the materials relaxor
behavior.

The majority of earlier research either maintains fixed
stoichiometric ratios between A- and B-site dopants or
concentrates on single-site doping. This study establishes
precise structure—property relationships, identifies synergistic
effects between fixed A-site and variable B-site doping, and
decouples the individual contributions of A- and B-site dopants
by varying B-site (Mo, Nb) doping while maintaining a
constant A-site (Pr) concentration. This strategy fills in a
number of significant gaps in the literature on site-specific
doping effects in perovskite materials, while building on an
extensive amount of prior research.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Materials.
Ba,_,Pry,/3Ti;_, (Mo, ,Nb; ,),0;, where x = 0.003 and y =
0.02, 0.04, 0.06, 0.08, 0.1 abbreviated as BTMNO2 (y = 0.02),
BTMNO04 (y = 0.04), BTMNO06 (y = 0.06), BTMNOS (y =
0.08), and BTMNI10 (y = 0.1) were synthesized by the solid-
state reaction method. High-purity reactant powders of BaCOj,
(Sigma-Aldrich, 99%), TiO, (Sigma-Aldrich grade, 99%),
Nb,O; (Sigma-Aldrich, 99%), Mo,O; (Sigma-Aldrich, 99%),
and Pr,O;; (Analytical Reagent, 99.9%) were the starting
materials for the synthesis. The precursor powders were
stoichiometrically weighed and milled in a high-energy ball mill
(Retsch PM 400 MA, Germany). The analytical reagent (AR)-
grade ethanol medium and 5 mm zirconium balls were used for
milling for 6 h at 300 rpm keeping the powder-to-ball ratio to
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Figure 4. Rietveld fits of XRD patterns of Ba,_,Pr,,/;Ti;_,(Mo, ,,Nb; /2)y03 with (a) y = 0.02, (b) y = 0.04 for the tetragonal structure with the
P4mm space group, and (c) y = 0.06, (d) y = 0.08, and (e) y = 0.10 for the cubic structure with the Pm-3m space group.

1:10. After milling, the wet material was first dried at 100 °C in
a hot oven for evaporating ethanol and then ground in a
mortar and pestle for 5 to 10 min. The obtained powder was
calcined at 1200 °C for 6 h. In calcined powder, 5 wt %
poly(vinyl alcohol) (PVA) solution in water was mixed as a
binder and then pressed into pellets in a 10 mm steel die using
a hydraulic press (Osho Scientific India) at a pressure of 10
tons. The binder burning was done at 500 °C for S h, followed
by sintering of pellets at 1225 °C for 6 h.

2.2. Characterization. The crystal structure was examined
by powder X-ray diffraction (XRD) of a Rigaku SmartLab
diffractometer with Cu K, radiation of wavelength A =
1.540593A and Cu K, of wavelength 1 = 1.544414 A as well
as XG current of 200 mA and XG voltage of 45 kV. Before
recording the XRD pattern, the sintered pellet was crushed,
ground, and annealed at 500 °C for S h. For structural analysis
from the XRD data, Rietveld structure refinement using
FullProf Suite was performed. Scanning electron microscopy
(SEM) and elemental mapping were used to characterize the
surface microstructure and elemental composition of the
sample using Nova NanoSEM 450, FEI USA. Raman
measurements were carried out at room temperature using a
WITec alpha300 RAS model with a frequency range of 10 to
1000 cm™'. X-ray photoelectron spectroscopy (XPS) spectra
were collected using a Thermo Fisher Scientific XPS (K-
alpha). The instrument was energy-calibrated using the
reference metal Au 4f,/, peak at 84.96 eV, and the peak
corresponding to the C 1s peak, which is located at 284.8 eV,
was used as a reference for the binding energy scale throughout
the experiment. The binding energy may carry an estimated
uncertainty of +0.2 eV. Analysis of the various XPS spectra was
carried out by using XPSPEAK 4.1 software. UV—visible
spectroscopy was done with a Jasco V-650 spectrometer to
study the optical properties of the system. The ferroelectric
hysteresis (P—E) loop and current electric field (J—E)
response were recorded with a Radiant Precision Premier II
ferroelectric tester. Temperature-dependent (30—500 °C)
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dielectric measurements in the frequency range of 20 kHz to
10 MHz were done using the Keysight E4990A Impedance
Analyzer. For the above electrical measurement, the sintered
pellets were silver coated on both flat sides to make electrodes.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis. Figure 3a displays the room-
temperature XRD patterns of the
Bal_xPerBTil_y(Mol 2Nb; /2)y03 samples for all the composi-
tions, in the 26 range of 10—100° with the step size of 0.02° at
the scan rate of 3°/min. The characteristic splitting of the XRD
peaks reveal that the sample with y = 0.02 and 0.04 exhibits a
tetragonal structure with the P4mm space group. With
increasing the concentration of Mo and Nb from y = 0.06 to
0.10, the structure transforms to cubic with the Pm-3m space
group as all the XRD peaks appear as singlet. Figure 3b
displays the enlarged XRD patterns of the peak in the 20 range
44 to 46°, which shows that the splitting of (002) and (200)
tetragonal peaks observed at low concentration merges to a
single symmetric (200) peak for the cubic structure with
increasing Mo/Nb concentration. A shoulder/peak on the
right side of the (200) XRD profile is due to Cu K, radiation
and not due to any structural origin. Few weak secondary
phase peaks marked with asterisks (*) in the 20 range of 26 to
29° and around 43° were also observed for the higher
compositions, and they correspond to BaMoO, (#98-010-
7406). It is also observed that the intensity as well as number
of secondary peaks increases with increasing the concentration
of Mo, signifying the decrease in solid solubility limit of the
sample with increasing the dopant concentration.

Figure 4a—e shows the Rietveld Refinement fitting of the
XRD patterns for various compositions. Rietveld structure
refinement confirms the formation of a tetragonal structure
with the P4mm space group for y = 0.02 and 0.04 and a cubic
structure with the Pm-3m space group for y = 0.06, 0.08, and
0.10 compositions. The refined structural parameters are listed
in Table 1. The composition-dependent variation of lattice
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Table 1. Lattice Parameters and Unit Cell Volume of Ba,_.Pr,,/;Ti,_,(Mo,,,Nb, /Z)yO3 Obtained after Rietveld Structure

Refinement from the XRD Data

composition structure space group lattice parameters (A) volume (As)
BTMNO2 tetragonal P4mm a=b = 4.00084(4), c = 4.02332(6) 64.4003(12)
BTMNO04 tetragonal P4mm a = b = 4.000403(4), c = 4.02165(6) 64.4762(13)
BTMNO06 cubic Pm-3m a=b=c=401133(3) 64.5452(8)
BTMNO08 cubic Pm-3m a=1b=c=401209(3) 64.5819(10)
BTMN10 cubic Pm-3m a=b=c=401419(3) 64.6833(8)
Density b) 1.0 Densi
@1.0 760 Y 0
0.8 58.15 08 56.13
48.70 46.85
0.6 39.25 0.6 37.58
E) 2
= 29.80 > 28.30
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Figure S. Two- and three-dimensional electron density mapping along x/a and y/b directions for BTMNO2, y = 0.02 (a, c), and BTMN10, y = 0.10

(b, d).

parameters is shown in Figure 3c. It can be noted from Table 1
that as the concentration of dopant increases, the unit cell
volume exhibits a corresponding increase. In nanocrystalline
materials, the high surface energy contributes to lattice strain
leading to lattice compression and a reduction in unit cell
volume. For larger crystallites, the minimum surface energy
reduces internal stress allowing the lattice to relax and expand.
This relaxation leads to an increase in lattice parameters and
the volume of the unit cell. On the basis of ionic size and
coordination number of B—Og octahedra, an ionic size of 6
coordinated Ti** (0.60 A) is comparable to Mo®* (0.59 A) and
smaller compared to Nb*>* (0.64 A), and the large difference in
the ionic size of Nb compared to Mo and Ti causes lattice
expansion and therefore increase in the lattice parameters and
volume of the unit cell. Praseodymium (Pr) exists in multiple
coordination states with different valences depending on the
substitution site, 12 coordinated Pr’* with ionic size 1.30 A, 6
coordinated Pr’* (B-site substitution) with size 0.99 A, and 6
coordinated (B-site substitution) Pr* with size 0.85 A. In
perovskite-type ABO; compounds, Pr** (1.30 A) is capable of
substituting at the A site in a manner analogous to La** (1.36
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A) due to their similar ionic sizes. Hence, Pr is substituted in a
very small amount at the Ba** (1.61 A) site to cause distortions
in the A-site lattice without disturbing the integrity of the BOg
octahedra.”

The GFourier program in the FullProf suite was used to
study the electron density distribution in different composi-
tions of Ba;_,Pry,/3Ti;_,(Mo;;,Nb;/,),0;. The Rietveld
structure refinement values were used to plot the electron
density distribution mapping. The electron density is the
Fourier transform of the structure factor obtained from the
Rietveld refinement.”” Figure Sa and Figure Sb represent the
two-dimensional electron density mapping of
Ba, _ Pry,,3Tig.os(Mo;/3Nb;/3)0.0,05 and
Ba,_,Pr,,/3Tig00(Moy ,Nby 201005 (x = 0.003) compositions,
respectively, and Figure Sc,d represents the three-dimensional
mapping of the same. The electron density is represented by
the color contours. The high electron density area represents
the elements with high atomic number.** The region from blue
to red of the spectra indicates the increasing electron density
regions. Ba (Z = 56)/Pr (Z = 59) at the A site has the high
atomic number and therefore has maximum electron densities
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Figure 6. Room-temperature Raman spectra of Bal,xPer/3Ti1,y(Mol/szl/z)yO3 with x = 0.03 and (a) y = 0.02, (b) 0.06, and (c) 0.10.

of 67.60 and 65.40 e/A* for BTMNO2 and BTMNIO0,
respectively.

3.2. Raman Spectroscopic Analysis. In order to get
more light into the local symmetry of the crystal structure,
phase transitions, defects, domain structure, and polarization
(ferroelectric behavior), room-temperature Raman spectrosco-
py measurements were carried out. Figure 6 shows the Raman
spectra of the samples with y = 0.02, 0.06, and 0.10, which
coincides with the earlier reports.”**~>” The various modes of
the spectra are as follows:

L. E(TO1) phonon mode, at 81 cm™ (y = 0.02), 84 cm™
(y = 0.06), 89 cm™ (y = 0.10).
I A dip assigned to A1(TO1), at 177 cm™" (y = 0.02), 167
em™! (y = 0.06), 140 cm™ (y = 0.10).
IIL. Broad peak A1(TO2) around 240 cm™.
IV. E1, BI(TO+LO) mode at 303 cm™ (y = 0.02).
V. Asymmetry peak corresponds to A1(TO) and E(TO), at
519 ecm™ (y = 0.02), 518 cm™ (y = 0.06), 514 cm™" (y
= 0.10).
VI. A1(LO) and E(LO), at 718 cm™ (y = 0.02), 724 cm™!
(y = 0.06), 726 cm™" (y = 0.10).
VIL i-LVM extra mode at 793 cm™..
VIIL v-LVM extra mode, at 837 cm™" (y = 0.02), 833 cm™ (y
= 0.06), 834 cm™" (y = 0.10).

In the ideal cubic perovskite structure (defect free), Raman
selection rules hold validity, and first-order Raman scattering is
forbidden by symmetry. However, it does not hold good in the
case of materials with chemical substitution, where even in the
cubic phase well-defined Raman modes exist.”> Here, the
presence of Raman modes in the cubic phase samples is
considered to be of first order that arises due to the structural
disorder.”” ™" It is important here to note that the presence of
ferroelectric microregions performing as symmetry-breaking
defects also lead to the first-order Raman scattering in the
cubic phase. In the perovskites BaTiO;, the peak at 300 cm™" is
an indication of a tetragonal structure. In the
Ba,_,Pry,/3Ti;_, (Mo, ,Nb; ,),05 system, a small peak with a
low intensity at 303 cm™" for the composition with y = 0.02
confirms the tetragonal structure. With increasing concen-
tration, for y = 0.06 and y = 0.10, this peak disappears
indicating a phase transition from tetragonal to cubic structure,
which is in agreement with the XRD results.”> The localized
vibrational modes (i-LVM) at 793 cm™' above the optical
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branch are because of chemical substitution of heavier
elements. The band observed at 837 cm™ (y = 0.02) is seen
in materials with aliovalent substitution and hence is due to
internal deformation caused by charge differences.”””’ The
E(TO1) mode, A1(TO1), and broad peak A1(TO2) are due
to BO4 bending vibrations. The asymmetry peak at 519 cm™
(for y = 0.02) corresponds to A1(TO) and E(TO) and at 718
cm™ for A1(LO) and E(LO), and that at a high wavenumber
is due to the presence of vibrations of oxygen octahedra.*”
3.3. Microstructural Analysis. The SEM images of the
Bal_xPerBTil_y(Mol ,2Nb; /2)y03 samples for various compo-
sitions are presented in Figure 7a—e. The figure displays a
dense microstructure with minimal porosity and slight surface
fusion of grains, except for the BTMNO2 composition. The
grain size has been calculated using Image] software. The
average grain size for the lowest doping concentration
(BTMNO2) is 0.36 um, which increases to 0.44 um for
BTMNO4 and then to 0.49 ym for BTMNOG6. As the doping
concentration increases further, the grain size decreases to 0.26
pum for BTMNO8 and 0.25 pm for BTMNI10. The average
grain size for the lowest doping concentration (BTMNO2) is
0.36 pum, which increases to 0.44 um for BTMNO04 and then to
0.49 pm for BTMNOG. It is observed that initially the Mo and
Nb-doped BaTiO; sample shows grain growth with increasing
the doping percentage of Mo and Nb. A similar observation is
also reported by Zhang et al. for the Co-doped BaTiO,
system.”” The increase in grain size can be attributed to ion
diftusion by the dissolution and reprecipitation process during
liquid phase sintering.”> > As the doping concentration
increases further, the grain size decreases to 0.26 um for
BTMNO8 and 0.25 ym for BTMN10. This crossover trend can
be attributed to exceeding the solubility limit of the crystal
lattice, which leads to secondary phase formation. These
secondary phases pin the grain boundaries, restricting further
growth and ultimately reducing the grain size.”>*” While the
liquid phase formed at higher doping levels can enhance initial
densification, the simultaneous dopant segregation at grain
boundaries and potential formation of secondary phases can
effectively hinder grain boundary mobility, ultimately resulting
in refined grain size.”*’” These mechanisms have been also
reported in other complex materials and justify our
results.*>**™** Figure 7f shows the elemental mapping of the
BTMN10 sample, where all of the constituent elements are
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evenly distributed except for Mo, which concentrates in
specific regions. This concentration may correspond to
secondary phase BaMoO, and undissolved molybdenum

oxide. Figure 7g—I illustrates the elemental distribution of

Ba, Pr, Ti, Nb, Mo, and O in the BTMNI10 composition,
demonstrating an even distribution of each element.

3.4. X-ray Photoelectron Spectroscopy (XPS) Studies.
Figure 8 illustrates the XPS spectra of the
Ba,_,Pr,,/3Ti;_ (Mo, ,Nb,;/,),0; ceramics. Figure 8a—e
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Figure 10. (a) Permittivity and (b) dielectric loss of Bal_xPer/3Ti1_y(M01/2Nb1/2)y03 samples (x = 0.03, y = 0.02, 0.04, 0.06, 0.08, and 0.10) as a
function of frequency from 20 Hz to 5 MHz, measured at room temperature.

shows the XPS plot of BTMNO4, (f—j) of BTMNO6, and (k—
0) of BTMN10. The Ba 3d spectra have Ba 3d;,, and Ba 3d;,
peaks with each having two components marked as A, B and
A’, B’, respectively. The peaks at 777.7 and 778.7 eV
correspond to A and B of Ba 3ds;, and the peaks at 793.1
and 794.2 eV to A’ and B’ of Ba-3d;,, respectively, for the
BTMNO4 sample. For BTMNO6, A is at binding energy of
778.1 €V, B at 779.6 eV, A’ at 793.5 eV, and B’ at 795 eV. For
BTMNI10, peak A is at binding energy of 778 eV, B at 779.5
eV, A’ at 793.3 eV, and B’ 794.9.eV. The peaks A and A’ are
assigned to the Ba’* state of the perovskite lattice, whereas B
and B’ peaks are due to surface contamination and Ba vacancy
defects.’”** The Ti 2p spectra of Ti has Ti 2p,/, peaks at
457.1, 457.6, and 457.7 eV and Ti 2p, , peaks at 462.9, 463.3,
and 463.4 eV, respectively, corresponding to the compositions
BTMNO04, BTMNO06, and BTMNI10. The peak positions above
indicate the presence of Ti 2p in the Ti*" state. The Ti 2p
peaks show minor shifts in binding energy with increasing
doping concentrations but maintain a consistent peak shape
without any broadening or the emergence of an additional
peak; this behavior is characteristic of Ti in BaTiO;.*"** The
minor shift toward the higher binding energy with increasing
doping concentration suggests a lower concentration of Ti
ions, which is due to incorporation of dopant ions into the
lattice.””** The Mo 3d spectra have Mo -3d;,, and Mo 3d;),
peaks with binding energies at 231.3 and 234.4 eV for
BTMNO04, at 231.9 and 235 eV for BTMNO6, and at 232.1 and
235.2 €V for BTMN10.*** These characteristic peaks are in
accordance with the Mo®" state and is attributed to the Mo—O
bond.*"** The Nb -3d spectra have two peaks of Nb -3d;,, and
Nb 3d;, states having binding energies of 205.6 and 208.37 eV
for BTMNO04, 206.27 and 209.08 eV for BTMNOG6, and 206.37
and 209.08 eV for BTMN10. These peaks are assigned to Nb**
of the Nb 3d state.””*” The Ti 2p, Mo 3d, and Nb 3d peaks
shift on changing doping concentration because of charge
distribution.”"*® Pr 3d peaks are not detectable in the XPS
spectra because of the very low concentration. The XPS
spectra of O 1s peaks are marked as O1 and O2 at binding
energies 528.6 and 531.2 eV for BTMNO04, 529 and 531.8 eV
for BTMNOG6, and 528.7 and 530.7 eV for BTMN10. The O1
peak is attributed to the lattice oxygen, whereas O2 is related
to oxygen vacancies or surface absorbed oxygen.**™>° The
reduction of the higher binding energy peak around 531 eV
suggests a decrease in the amount of oxygen vacancies.”’ The
slight shift of the oxygen vacancy peak to a lower binding
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energy further indicates a reduction in the level of oxygen
vacancies.*’

3.5. Band Gap Analysis. Figure 9a displays the absorption
spectra of Ba,_.Pr,,/sTi;_, (Mo, ,Nb, ,),0; samples recorded
in the wavelength range of 200—800 nm, which is used to
calculate the optical band gap of all the samples. The spectra
show a broad absorption band below 350 nm indicating
absorption in the low-wavelength region of the spectrum.
Compositions BTMN06 and BTMN10 show higher absorp-
tion in the UV region that may be attributed to coupling of the
doped ions with oxygen vacancies and presence of
intermediate defect states.”’ The indirect band gap of a
material is calculated from Tauc’s equation (ahv) = A(hv—
Eg)l/ 2 where « is the absorption coefficient, hv is the incident
photon energy, A is a proportionality constant, and E, is the
band gap. The intercept of the tangent line drawn from the
linear portion of (ahv)* versus hv plot gives the value of the
band gap.”” Figure 9b—f shows the optical band gap plots. For
BTMNO2, the obtained band gap is 3.05 eV, which is
significantly lower than the band gap of undoped BaTiO; (Eg =
3.31 eV) ceramic. All compositions in this work show a lower
band gap than the band gap of undoped BaTiO;. The reduced
band gap in (Pr, Nb, Mo)-doped BaTiO; can be attributed to
new donor levels near the conduction band and presence of
defect states.”” The partially filled 4f orbitals of Pr interact with
the conduction and valence bands, resulting in localized states
that allow for electronic transitions at lower energies. Similarly,
Mo and Nb create intermediate states near the conduction
band minimum, which requires less energy and results in lower
band gap.*® The band gaps increase to 3.09 eV for BTMNO4
and then to 3.11 eV for BTMNO6. On further increasing the
concentration, the band gaps decrease to 3.085 and 3.08 eV for
BTMNO8 and BTMNI10, respectively. A slight change in band
gap on changing doping concentration may be attributed to
reduced oxygen vacancies.”® The reduction of oxygen
vacancies by (Mo, Nb) doping is confirmed by XPS spectra,
as shown in Figure 8. The reduced oxygen vacancies with
increasing the dopant concentration may be due to additional
positive charges. The dopants with higher oxidation states
(Mo®") add two extra charges compared to Ti** ion. Thus, a
number of oxygen vacancies are reduced that also cause a
decrease in the intermediate states.”” The change in band gap
with concentration can also be due to modified lattice
distortion in the structure, which changes the bond lengths
and bond angles because of different ionic sizes.*®
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Figure 11. Temperature-dependent permittivity of Bal_xPr2x/3Til_y(Mol ,,Nb; /2)y03 ceramic as a function of frequency from 20 Hz to 5 MHz and
temperature up to 500 °C for (a) BTMNO2, (d) BTMNO04, (g) BTMNO6, (j) BTMNO8, and (m) BTMN10 composition. Temperature-dependent
permittivity plot of the samples for temperature up to 300 °C showing transition temperature for (b) BTMNO02, (e) BTMNO04, (h) BTMNO6, (k)
BTMNOS, and (n) BTMN10. Temperature-dependent dielectric loss (¢, f, i, |, o) for all compositions (c) BTMNO02, (f) BTMNO04, (i) BTMNO06,

(1) BTMNO8, and (o) BTMN10.

3.6. Dielectric Analysis. The behavior of dielectric
permittivity (&,) with temperature and frequency is a critical
factor of dielectrics for their application in capacitors, sensors,
and tunable devices. Figure 10a shows the plots of the

frequency-dependent relative permittivity (e,) for different
compositions of Bal_xPer/3Til_y(Mol/szl/z)yOz_ samples (x
= 0.03, y = 0.02, 0.04, 0.06, 0.08, and 0.10) measured at room
temperature, in the frequency range 20 Hz to 1 MHz. At low
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Figure 12. (a) Temperature-dependent permittivity and (c) dielectric loss of Bal_xPer/3Ti1_y(Mol ,2Nb; /z)yO3 at 20 Hz for compositions y = 0.02
to y = 0.10. Insets (b) and (d) show the enlarged view of the “e,—T” curve at a lower range of temperature.

frequencies (20 Hz to 1 kHz), samples exhibit very high
dielectric permittivity due to their ferroelectric or relaxor
nature and domain wall motion. Because of the combined
effects of many polarizations including interfacial, ionic,
dipolar, electronic, and space charge, the sample exhibits
increased permittivity at lower frequencies.57 The permittivity
values gradually drop as the frequency is increased from 20 Hz
to 100 kHz for all of the samples. At the low frequency zone, a
plateau-like region is discovered, and it was found that the
plateau-region widened as the doping concentration is
increased. The dielectric permittivity (e,) of the material
decreases with increasing frequency to 1000 kHz due to the
inability of slower polarization mechanisms to respond
effectively to the rapidly oscillating electric field.””~>" This
frequency-dependent behavior is characteristic of dielectric
materials and reflects the inherent polarization dynamics and
dispersive nature of the ceramic system under investigation.
Additionally, the ceramics exhibit a characteristic relaxor
behavior, evidenced by the frequency-dependent shift of the
temperature at which maximum permittivity (T,,) occurs and
the dielectric peaks broaden. These features point to a diffuse
phase transition, commonly associated with disordered ferro-
electric systems.””" It is observed that, as the (Mo, ,,Nb, ;)
content in Ba;_Pr,,/3Ti;_,(Mo;,,Nb, ,),0; is increased, the
permittivity is also enhanced and reaches its maximum value
for composition y = 0.06, and later, it starts decreasing for
higher doping content. For BTMNO2, the ¢, value is 2840.46 at
20 Hz, which is increased to 3408.7 for composition BTMNO6.
However, it shows a decreased value (g, = 2609) for
composition BTMNO8. For composition BTMN10, the ¢,
value is further reduced to 2417.3 at 20 Hz. This trend in
dielectric permittivity with increased (Mo, ,Nb,/,) content in
Ba,_,Pry,/3Ti;_,(Mo;,Nb; ,),05 can be related to changes in
crystal structure and phase change.” Figure 10b shows the
variation of dielectric loss with frequency for all of the
compositions. It is observed that dielectric loss at room
temperature for composition BTMNO2 is 0.052 and reduced to
0.039 for composition BTMNO6. The dielectric loss for all the
samples is found to be less than 0.055 in the frequency range
20 Hz to 100 kHz. Beyond 100 kHz, an abrupt increase in
dielectric loss is observed.

Figure 11 shows the temperature-dependent dielectric
permittivity and loss, from RT to 500 °C, for all the
compositions of Ba;_,Pr,,/3Ti;_,(Mo; ,Nb, ,),0; with varying
the test frequencies from 20 Hz to 0.5 MHz. It is observed that
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composition BTMNO2 has three dielectric anomalies located
at 37, 115, and 274 °C. According to Figure 11b, the
permittivity value for frequency 20 Hz first increases (from ¢, =
2840.5 to 2933.6) with increasing temperature and at
temperature (T.;) 37 °C, it shows a small peak. Above 37
°C, it slightly decreases but again starts increasing and shows
another peak at 115 °C (T,,) temperature with increased
permittivity (e, = 4243.2). The dielectric peak “T,,” is due to
thermal evolutions of polar nanoregions and shows a weak
frequency dispersion.”” The third dielectric peak (T.;) is at
274 °C for a frequency of 20 Hz, which shows much variation
with frequency. The “T;” peak is attributed to defect dipole
relaxations. “T_;” shifts toward higher temperatures from 274
to 305 °C for higher frequency (10 kHz) due to polarization
dynamics and is a hallmark of materials exhibiting relaxor
ferroelectric behavior or diffuse phase transitions.”” As shown
in Figure 11b,e,h,k,n, most compositions exhibit three distinct
dielectric anomalies, with the exception of BTMNO8 and
BTMNI10, where the first transition temperature (T,;) appears
to shift below room temperature and thus falls outside the
measurement range of this study. The first two anomalies are
likely linked to intrinsic phase transitions associated with the
material’s crystal structure. The dielectric peaks are directly
related to the phase transition behavior, which is driven by
changes in the crystal structure and polarization mechanisms
with temperature.”” It is also observed that dielectric peak
“T.,” is suppressed with increased (Mo, ,,Nb,/,) doping, and
the “€,—T” curve becomes more flattened. This shows
improved dielectric temperature stability of BaTiO; with
(Mo, ,Nb, ,,) doping.63 Aliovalent dopants generate local
random fields that impair the long-range ferroelectric order
and regularity of the polarization response. This broadens the
phase transition to make it diffuse along with a frequency-
dependent shift. At higher frequencies, the bigger size polar
nanoregions contribute less, lowering the dielectric value.
Figure 12 depicts the temperature-dependent permittivity
and dielectric loss of Bal_xPerBTil_y(Mo1/2Nb1/2)y03 for
compositions y = 0.02 to y = 0.10 at a selected frequency of 20
Hz It is observed that permittivity increases with increasing the
(Mo, ,Nb, ;,) doping concentration, and composition y = 0.06
shows the highest room-temperature dielectric permittivity (e,
= 3408.7 measured at 20 Hz). Further doping causes a slight
decrease in permittivity. The dielectric loss decreases with
increasing the (Mo;/,Nb,,,) doping and shows the lowest
value (tan 6 = 0.039) for composition y = 0.06. Figure 12¢
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illustrates the dielectric loss, which is nearly constant between
RT and 200 °C. All compositions show low dielectric loss (less
than 0.2) from room temperature to 150 °C. Above 200 °C,
the dielectric loss starts increasing. Furthermore, as frequency
increases, the tand peak location moves toward higher
temperatures. It is possible that increasing defects, leakage
current production from thermally accelerated charge carrier
movement, and defect polarization are the causes of the rapid
growth in dielectric loss above 200 °C.°'

Figure 13 depicts the “T.”, “T,,”, and modified Curie—Weiss
law plot. Ba;_,Pry,/3Ti;_,(Mo;/,Nb;/,),0; ceramics with
composition BTMNO2 shows “T,” at 115 °C, which decreases
with increasing the (Mo;/,,Nb;,,) content, and composition
BTMN10 “T.,” at 31 °C. The
Ba,_,Pry,/3Ti;_, (Mo ,Nb; ,),0; ceramics demonstrate nota-
bly high dielectric permittivity at temperatures above 350 °C
and frequencies below 1 kHz. This trend is characteristic of
Maxwell-Wagner interfacial polarization, which originates
from charge accumulation at interfaces such as grain
boundaries or regions with differing electrical conductivity.”®
In contrast, the lower permittivity observed between room
temperature and 350 °C may reflect limited space charge
mobility or less pronounced interfacial polarization under
those conditions. While dipolar polarization typically decreases
with rising temperature due to thermal agitation, the enhanced
mobility of charge carriers at elevated temperatures can amplify
interfacial polarization effects, thereby contributing to the
observed increase in permittivity.”” The difference in peak
temperatures (T, and T,,) at two frequencies can be used to
determine the relative relaxor behavior of different composi-
tions. The dielectric peak temperature is represented by the

shows
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symbols “T,,” for 20 Hz and “T,;,” for 10 kHz. The difference
(Twmy — Tmi) is calculated and plotted as a function of
composition, as shown in Figure 13b. It also shows the
variations of peak temperatures (T}, and T,,,) as a function of
composition. It is found that the difference (Tpy — Tup)
increases with increasing (Mo,;,,Nb,/,) doping content. The
increasing difference in peak temperature (T, — Ty;) shows
an enhanced relaxor character.’® In order to further identify
the relaxation behavior of ceramics, the diffuseness parameter
(7) has been calculated as per eq S, using the modified Curie—
Weiss law by plotting the graph between In(T — T,,) versus
In(1/¢, — 1/€,,) and by fitting the plot with the linear equation
above and slope gives the value of y. The obtained results are
listed in Figure 13c. The diffuseness parameter (y) for
composition y = 0.02 is 1.4, which increases with increasing
doping content, caused by enhanced cation disorder by B-site
replacements with (Mo, ,Nb, ,).°*®> The obtained values of
diffuseness parameter y is higher than 1 for all the doped
compositions, which confirms that dielectric behavior is
between normal and relaxor ferroelectric. These results clearly
deviate from the expected Curie—Weiss behavior and prove
that the produced ceramic by (Mo, /,Nb,,,) doping is relaxor
ferroelectric. The y value rises from 1.4 to 2 for y = 0.08 and
then falls to 1.7 for y = 0.1. It is noticed that composition y =
0.08 has the strongest relaxor ferroelectric qualities, and the
fact that it is 2 suggests that ceramic is ideally relaxor
ferroelectric.””°° The value of y increases with increasing Mo
and Nb doping levels, suggesting a shift from abrupt, first-order
phase transitions to more diffuse, second-order-like transi-
tions.’® A more diffuse phase transition results from
(Mo, ,Nb,/,) doping due to distortion of the lattice and

https://doi.org/10.1021/acsomega.5c04164
ACS Omega 2025, 10, 43779-43796


https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04164?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c04164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
< | @) BTMNO2 s ] BTVINOS . (c) BTMNO6 .-
9.0x10 an | 20X10 ot 2.0x10° .
-y -. - -
- 1.5x10° . 6 . "
6.0x10° a . 1.5x10 P
a }'. = '.. o 00® 00ee a . .
= _ N 1.0x10° =1.0x10° ; eoo®*
Y, oxte = T=201CH e T=201C [ N stV T=201C
> —_ 0,
UX o T=225C 5.0 105 « T =225C 5 o T =225C
+ T=251°C o 5.0x10%1 o
*« T=251°C * T=251°C
v T=275°C — 9780, . T=275
0.0 i 0.0 v T=275°C 0.0 T =275°C
0.0 4.0x10°  8.0x10°  1.2x10° 0.0 4.0x10° 8.0x10° 1.2x10° 0.0 4.0x10° 8.0x105 1.2x10°
7Q) 7(Q) 7'(Q)
5x10° v
sx106{(@) BTMN08 (¢) BTMN10 . S| ®T=275C oot
. T=202°C o .- Sx10 R
4x10 . o o
4x10° « T =226"C e . .ot 4x10° o
'g-: . 2 T=250°C .. _' a3x106 e e . "‘o’ .
3 3x10°71 . 1=275°Cc = = .S a3,‘105- ",o 7 Ty
' - . T L P ¢ = & BTMN02
2ot o * eyt et =200 N2’ /) « BTMNO4
. o Ix10° * . T=225C « BTMNO06
1x10 s b X . T=2400d  1x10°] + BTMNOS
L
0 — . 04 . _+ T=275C ol . . I?TMN}“
0.0 8.0x10° 1.6x10°  2.4x10° 0.0 8.0x10° 1.6x10° 2.4x10° 0.0 2.0x10° 4.0x10° 6.0x10°
7'« VA(9)) 7'«Q)

Figure 15. (a—e) Nyquist plots for Ba,_.Pr,,/3Ti;_,(Mo,/,Nb; ,),0; compositions (y = 0.02 to 0.10), measured at different temperatures. (f)
Composition variation of Nyquist plots measured at 275 °C temperature.

disruption of the long-range ferroelectric order. Because of the
different electronegativities and valences of cations, doping
introduces dipole—dipole interactions that are competitive.
The long-range ferroelectric order is weakened by this
frustration, which widens the phase transition.

3.7. Electrical Impedance and Conductivity Analysis.
Figure 14a shows the conductivity of
Bal_xPerBTil_y(Mo1/2Nb1/2)y03 compositions with varying
temperatures. Conductivities of samples were calculated using
the resistivity value measured from room temperature to 500
°C. Here, we observed that the resistivity decreases with
increasing the temperature and attained a minimum value,
which is different for different compositions. The thermally
activated electrons from donor levels or oxygen vacancies
contribute significantly to conduction, and thus conductivity
increases with increasing the temperature.””®” When resistivity
is converted in conductivity values, we observed a peak around
the temperature 200 °C, as shown in Figure 14a. This shows
that all compositions show a semiconducting nature. It is
found that with increasing the doping content, the conductivity
increases and the maximum value is obtained below 100 °C
temperature for composition y = 0.06. This suggests that
doping increases the semiconducting nature of BaTiO;
ceramics.’® It can be attributed to the introduction of donor
states, enhanced free carrier concentration, and structural
modifications that influence charge transport mechanisms.
This (Mo, ,,Nb,,,) doping adds extra electrons to the
conduction band in order to maintain the charge neutrality.
These extra electrons considerably increase the free carrier
concentration, which increases the electrical conductivity. The
activation energy of ceramics determines the energy barrier in
the conduction processes. Doping with Nb and Mo greatly
influences the activation energy. For activation energy
calculation, two plots are drawn in two different temperature
ranges (25—150 and 200—350 °C). For calculation of
activation energy “E.”, the Arrhenius equation is plotted in
1000/T (in K™') versus Log(¢*T) (S cm™ K). The plot
obtained between 1000/T (in K™') and Log(6*T) (S cm™ K)
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is fitted using a linear fit in origin. The value of the slope
obtained from the fitting has been used for calculating the

a

= slope
Ky pe

activation energy with the following formula:

where E, is the activation energy and Kjy is the Boltzmann’s
constant. The activation energy shows different behaviors
according to structural phases of doped BaTiO, ceramics.””*®
For composition y = 0.02 and y = 0.04, the activation energy
increases from 0.0405 to 0.0439 eV in the low-temperature
region (25 to 150 °C). Dopants such as Mo®* and Nb**, when
introduced at the Ti** site in BaTiO;, induce lattice distortions
and alter the ceramic’s localized fields. At lower doping
concentrations (y = 0.06), the structure remains predominantly
cubic and the material exhibits a relatively low activation
energy of 0.0344 eV. This may be associated with enhanced
ionic transport or the presence of shallow defect states that
facilitate charge migration. As the dopant concentration
increases (y = 0.10), the activation energy rises slightly to
0.0451 eV in the temperature range (25 to 150 °C), potentially
due to the formation of deeper trap states, increased structural
disorder, or reduced carrier mobility. The activation energy
increases from 0.0344 eV for composition y = 0.06 to 0.0451
eV for composition y = 0.10. Importantly, the influence of
oxygen vacancies and localized electric fields on charge
transport is complex, and changes in activation energy cannot
be attributed solely to their presence or concentration. Instead,
a nuanced interplay of structural and defect-related factors
governs the observed conduction behavior. The Nb** and
Mo®" dopants influence the electrical conduction behavior of
BaTiO; ceramics through distinct yet interrelated mechanisms.
Nb** generally acts as a donor dopant, introducing additional
free electrons that facilitate electronic conduction and tend to
lower the activation energy. In contrast, Mo® can promote the
formation of oxygen vacancies, which enhances ionic
conduction pathways. Together, these dopants modify the
defect sites and transport dynamics within the material. For the
composition with y = 0.06, the activation energy is relatively
higher (0.34S eV), possibly due to the presence of deeper trap
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Figure 16. (a) P—E hysteresis loop of the samples with y = 0.02, (b)

y =0.04, (c) y = 0.06, (d) y = 0.80, (e) y = 0.10, (f) P—E loop of y = 0.08

sample at 80 kV/cm electric field, (g) I-E loop at 10 Hz of y = 0.02, (h) I—E loops at 10 Hz of y = 0.10, and (i) variation of P, P, and E_ values

from the P—E loop of various compositions.

states or limited charge carrier mobility. As the dopant
concentration increases (y = 0.10), the activation energy
decreases to 0.277 eV, which may indicate a transition toward
more efficient carrier hopping or a shift in the dominant
conduction mechanism. In the temperature range of 200—350
°C, conduction is increasingly governed by thermally activated
processes, where more charge carriers gain sufficient energy to
overcome the potential barriers, resulting in enhanced
conductivity.”>*”*°

In order to further investigate the conduction mechanism of
Ba;_,Pry,/;Ti;_,(Mo,,Nb;,),0; samples, the impedance
spectrum was tested from room temperature to 300 °C.
Nyquist plots (Z’ vs Z") for Bal,,CPerBTil,y(Mol/szl/z)yO3
(y = 0.02 to 0.10) compositions are shown in Figure 15a—e.
The Nyquist plot at selected temperatures is compared for all
the compositions in Figure 15f. The arc in the Nyquist plot
becomes smaller at higher temperatures, which shows an
increase in conductivity of ceramics. At higher temperatures,
more electrons are thermally excited from the valence band to
the conduction band in the bulk. Grain boundaries often trap
charges, creating a potential barrier that impedes conduction.
At higher temperatures, the trapped charges gain sufficient
energy to overcome this barrier, reducing grain boundary
resistance. As observed in Figure 15f, the arc diameters in the
Nyquist plots increase with higher concentrations of (Mo ,,

Nb, ;) codoping, indicating an enhancement in the material’s
total resistive components— particularly within the grain and
grain boundary regions. Contrary to the conventional
association of increased resistance with oxygen vacancy
proliferation, the Mo and Nb codoping in BaTiO;-based
ceramics reduces oxygen vacancy concentration due to
effective charge compensation provided by high-valence
donor dopants (Mo®" and Nb**). The suppression of oxygen
vacancies limits defect-mediated conduction paths, resulting in
a lower carrier concentration. Additionally, the introduction of
dopants may cause lattice distortion and potential barrier
formation at the grain boundaries, which further impedes
charge carrier transport. Collectively, these effects contribute
to an increased bulk and interfacial resistance, reflected in the
enlarged impedance arcs.*%"%*

3.8. Ferroelectric Analysis. Figure 16a—f illustrates the
polarization—electric field (P—E) hysteresis loops of the
Ba,_,Pr,,/3Ti;_,(Mo;,Nb;,),0; (x = 0.03) ceramics at
room temperature. With increasing dopant concentration, the
hysteresis loop becomes slimmer, indicating the materials’
progression toward relaxor ferroelectric state. The measured
maximum polarization (P,,) values at an electric field of 60 kV/
cm and frequency of 1 Hz are 20.8, 10.9, 10.6, 8.8, and 10.8
uC/cm? for compositions with y = 0.02, 0.04, 0.06, 0.08, and
0.10, respectively. The corresponding remanent polarization
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Figure 17. Energy storage performance of (a) BTMNOS at 80 kV/cm and 1 Hz and (b) BTMNI10. (c) Variation in Wy, Wy, and efficiency values

with composition.

(P,) values are 4.47, 0.60, 0.67, 0.48, and 0.38 uC/cm?* for
these compositions, while the coercive field (E.) values are
found to be 5.2, 1.7, 1.9, 1.2, and 0.5 kV/cm, respectively, with
increasing dopant concentrations. For samples with higher
dopant levels, the P, and P, values at 80 kV/cm field at 1 Hz
measuring frequency are 10.5 and 0.46 uC/cm?” (y = 0.08) and
12.1 and 044 uC/cm® (for y = 0.10), respectively. This
observed trend of decline in both P, and P, values with
increased dopant concentration suggests the development of
relaxor characteristics attributed to the disruption in long-range
dipole ordering caused by dopant-induced local structural
disorder.”””° Figure 16f presents the frequency dependence of
the polarization for the BTMNO8 sample at a fixed electric
field of 80 kV/cm. The reduction in E_ with higher doping is
advantageous for energy storage applications as E_ reflects the
domain wall mobility under an applied field. A lower E_ implies
reduced domain wall pinning, facilitating domain switching
with minimal energy dissipation.”**° The decrease in E_ and P,
is associated with enhanced energy storage efficiency and is
attributed to the grain size changes and defects that act as
pinning centers. Similar results are also reported in
literature.**”"”* This phase transition from normal ferro-
electric to relaxor ferroelectric also plays a role in enhanced
energy storage. Figure 16g,h illustrates the current electric field
(I-E) characteristics of BTMNO2 and BTMN10 samples at 10
Hz under varying electric fields. In the I—E loop, the coercive
field is the electric field magnitude at which maximum domain
switching occurs, resulting in a sharp current peak due to rapid
domain reorientation. These peaks in the I—E loop are
consistent with literature where domain switching induces a
pro%o;inced current peak validating the ferroelectric behav-
or.””

The highest values for Wy and # were observed in samples
with increased dopant concentrations under a high electric
field of 80 kV/cm for a measuring frequency of 1 Hz. The
thickness of all the samples for measurement lies between 1100
and 1250 pm. Figure 17ab presents the energy storage
characteristics of BTMNO8 and BTMNI10, giving Wy values of
317.7 and 2922 mJ/cm® with efficiencies of 91 and 92.6%,
respectively, at 80 kV/cm field and 1 Hz frequency. Figure 17¢
further illustrates the trend in Wy, Wy, and # as a function of
dopant concentration at 60 kV/cm field and 1 Hz frequency,
showing that Wy and Wy decrease with increasing dopant
levels, whereas 7 increases. The recoverable energy density and
efficiency for the BTMNO2 are 289 mJ/cm® and 62.2% at 60
kV/cm field and 1 Hz frequency, which change to 209.6 m]/
cm® and 92.4% for BTMN10. The efficiency is greater than
85% for all the compositions when the electric field is more
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than 60 kV/cm, indicating great suitability of developed
compositions for dielectric energy storage applications.

4. CONCLUSIONS

Bal_xPerBTil_y(Mol/sz1/2)y03 ceramics were successfully
synthesized and systematically investigated for their structural,
dielectric, and energy storage properties. The introduction of
dopants Pr, Mo, and Nb effectively disrupted long-range
ferroelectric order, facilitating the formation of polar nano-
domains and inducing relaxor ferroelectric behavior. The
BTMNO6 composition shows high dielectric permittivity and
low dielectric loss. The Curie temperature (T.) shifts
downward with increasing doping, indicating enhanced relaxor
characteristics, further supported by increasing diffusion
parameters and broadened dielectric peaks. Energy storage
studies highlighted BTMNO8 as the optimum composition
with a peak recoverable energy density of 317.7 mJ/cm® and
91% efficiency at 80 kV/cm, while all compositions show
efficiencies >85% under high electric fields. These findings
underscore the potential of Ba;_Pr,,/;Ti;_,(Mo;/,Nb,,),0;
ceramics for advanced energy storage applications due to their
high energy density, efficiency, and tunable dielectric proper-
ties.
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