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ABSTRACT

The influence of 3 mol% cerium (Ce) in addition to the barium titanate (BaTiO3) on the structural, dielectric, and electrical behavior
of BaTiO3 ceramics was examined using samples prepared through the conventional solid-state route. An X-ray diffraction was used
to confirm the formation of a pure tetragonal perovskite phase, while a slight reduction in the tolerance factor suggested minor lattice
distortion arising from Ce incorporation. From the dielectric measurements, the Curie temperature was shifted to around 60°C, with
a high permittivity value of approximately 7267 at 1 kHz, indicating that Ce doping effectively modifies the ferroelectric ordering
within the lattice. The Arrhenius plot with an activation energy of 0.49 eV and the temperature-dependent conductivity shows that it
may correspond from migration of doubly ionized oxygen vacancies. Impedance analysis shows a semicircular arc, that may
correspond to thermally activated relaxation. Result from scanning electron microscopy (SEM) showed well-developed grains with an
average size of about 4.26 pm, suggesting Ce-induced grain coarsening beyond its solubility limit. In overall, the aliovalent substitution
of Ce3+ for Ba2* was found to influence defect chemistry and charge-compensation mechanisms, providing a route to tune both
dielectric and electrical characteristics. These findings demonstrate that Ce-doped BaTiO3 offers promising potential as a lead-free

ferroelectric material for capacitor and sensor technologies.
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1. INTRODUCTION

Dielectric materials are electrical insulators that do not
conduct current but can store electrical energy through
polarization or known as the effect from the dipole moment.
When an external electric field is applied, the positive and
negative charges within atoms or molecules shift slightly in
opposite directions, forming electric dipoles [1, 2]. Among
these materials, ferroelectric ceramics are particularly
significant because they exhibit spontaneous electric
polarization below a critical temperature known as the
Curie temperature (T¢) [3].

Barium titanate (BaTiOs) has been extensively studied for
its dielectric piezoelectric, pyroelectric and ferroelectric
oxides properties. Due to its high dielectric constant and
strong polarization response, BaTiO3 has been widely
utilized in multilayer ceramic capacitors (MLCCs) [4, 5],
thermistors with a positive temperature coefficient of
resistivity (PTCR) [6, 7], actuators, and sensors [8-10].
BaTiOs serves as a benchmark material for the development
of next-generation functional ceramics.
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The crystal structure of BaTiO3 belongs to the perovskite
family, with the general formula ABXs, where A and B are
cations and X is a non-metallic anion, typically oxygen,
forming an ABOs framework [11,12]. This structure
exhibits remarkable flexibility, accommodating various
distortions and chemical substitutions that allow fine-
tuning of its physical properties. While the cubic structure
represents the ideal undistorted configuration, BaTiO3
displays several temperature-dependent polymorphs,
including tetragonal, orthorhombic, and rhombohedral
phases, each associated with distinct orientations of
spontaneous polarization. The structural stability can be
explained and observed from the Goldschmidt tolerance
factor, expressed as Equation (1):

R4y + Ry

t=———— 1

V2R + R, (1)
Ideally, the tolerance factor (t) would be t = 1, but in real
materials this is rarely the case because t will be defined by
the difference of element ionic radii in the A-site radii, R4, B-
site radii, Rgand oxygen radii, Ro in the perovskite structure.
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When t differs from 1, the lattice tends to distort through
effects such as octahedral tilting, ionic shifts, and lattice
strain [13]. These structural changes can modify the crystal
symmetry and have a direct impact on the ferroelectric be-
haviour of BaTiOs, often causing the Curie temperature to
shift.

Many researchers have experimented with different do-
pants to try to improve and adjust the dielectric and
ferroelectric behavior of BaTiOs3. Among the various
elements tested, rare-earth dopants like cerium (Ce)
[14, 15] and lanthanum (La) [16,17] tend to stand out
because they can noticeably influence grain growth, defect
chemistry, and charge-compensation processes, all of which
affect the microstructure and electrical properties of the
ceramic. Cerium has been especially interesting to
researchers, as it can help stabilize the perovskite structure,
change the amount of oxygen vacancies in the lattice, and
even lower dielectric loss in some cases.

Despite extensive studies on La-doped BaTiOs3, the effects of
Ce incorporation, especially its influence on impedance
behavior and the differentiation between grain and grain-
boundary contributions remain less understood. Therefore,
this study examines the effect of 3 mol% Ce incorporation
into BaTiO3 ceramics on their dielectric, dielectric loss, and
microstructural characteristics. Impedance spectroscopy
was employed to analyze the relaxation behavior and to
elucidate the relationship between cerium doping,
microstructural evolution, and electrical performance.

2. THEORETICAL BACKGROUND

Barium titanate (BaTiOs) is a perovskite-type ceramic that
has been widely studied because of its well-known
ferroelectric, dielectric, and piezoelectric behavior. Its
strong performance mainly comes from its spontaneous
polarization [18, 19], which occurs when Ti%* ions shift
slightly from the center of the oxygen octahedron in the
crystal. This small displacement creates a permanent dipole
moment even without an external electric field, which is
why BaTiOs is considered a classic ferroelectric material
[20]. When an electric field is applied, this polarization can
be switched, producing the familiar hysteresis loop that is
important for devices such as capacitors, memory
components, and actuators [21].

BaTiOs exhibits a polymorphic phase transition that are
strongly temperature-dependent [22, 23], as illustrated in
Figure 1. Above the Curie temperature (Tm = 120°C), BaTiO3
adopts a cubic paraelectric phase with no net polarization
[24]. Upon cooling, it undergoes a sequence of phase
transitions from cubic to tetragonal (ferroelectric), then to
orthorhombic, and finally to a rhombohedral phase at low
temperatures. Each phase is associated with a distinct
orientation of the spontaneous polarization vector, im-
parting BaTiO3 with versatile functional properties across a
broad temperature range.

In addition to its ferroelectric and polymorphic behavior,
BaTiOs exhibits a high dielectric constant that peaks near its
Curie temperature, making it a key material for multi-layer

ceramic capacitors (MLCCs) [25]. The structural stability of
BaTiOs can be rationalized by the Goldschmidt tolerance
factor, which describes the geometric compatibility of ions
within the perovskite lattice [26]. A decrease in the
tolerance factor, typically induced by ionic substitution,

enhances lattice distortion, suppresses spontaneous
polarization, and consequently lowers the Curie
temperature [19,27]. This correlation between the

tolerance factor and ferroelectric behavior underscores the
sensitivity of BaTiOs’s properties to compositional
modification, providing an effective route for tuning its
performance for specific electronic applications.

3. METHODOLOGY

In this study, 3 mol% Ce into barium titanate
(Bao97Ce0.03Ti03) were synthesized using the solid-state
reaction method to investigate microstructural and
dielectric properties. The starting materials was barium
carbonate (BaCOs), titanium dioxide (TiO2) and cerium
dioxide (Ce03) from Sigma Aldrich were accurately weighed
according to stoichiometric ratios corresponding to each
targeted composition. The raw powders were thoroughly
mixed using a pestle and mortar adding with acetone to
ensure homogenous distribution of solution. The mixed
powders were then uniaxially pressed into disk-shaped
pellets with 10 mm diameter and a thickness of ~ 1 mm
under a pressure of 5 tons.

The pressed pellets were initially subjected to calcination at
1300°C for 6 hours. Subsequently, the pellets sintered in air
at 1350°C for 6 hours with heating rates at 5°C/min. To
identify the phase formation and crystal structure, sintered
pellets was conducted using Bruker D2 Phase X-Ray
Diffractometer with Cu-Ka radiation (A = 1.54 A). The
diffraction pattern was employed to acquire desired
crystalline phases and unveiled any detrimental secondary
phases that might compromise the material performance.

Measurement of permittivity with temperature (e-~T) was
assessed over a temperature range of 5°C to 200°C using an
LCR meter (Hioki IM5356). Both surfaces of the sample
were coated with silver (Ag) paste as an electrode and fired
at 180°C for 30 min. Before applying electrode to the
sample, thickness and diameter of the pellet were measured
including the weight of pellet. Impedance Spectroscopy (IS)
data were modeled with equivalent circuit model using
ZView equivalent circuit fitting software.
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Figure 1. Polymorphism for temperature dependence of
Perovskite BaTiO3 [28]



4. RESULTS AND DISCUSSION
4.1. X-Ray Diffraction Analysis

Figure 2 shows the XRD pattern of 3 mol% Ce-doped BaTiO3
sintered at 1350°C for 6 hours. The diffraction scan was
collected over the 26 range of 20-90° with a step size of
0.02°. A monophasic perovskite phase was obtained, with
no detectable secondary phases such as CeO: [29] or
BazTiOs [30] in the sample. The clear splitting of the (002)
and (200) reflections near 26 = 45° confirms the tetragonal
structure (P4mm), consistent with the PDF card 01-075-
1169. The tolerance factor decreased from 1.060 (undoped
BaTiOs3) [31] to 1.054 (Ce-doped), moving closer to the ideal
value of 1. The reduction in tolerance factor indicates a
relaxation of lattice distortion within the TiO¢ octahedral
network. The resulting decrease in tetragonal distortion
leads to a more pseudo-cubic structure which correlates in
lowering T¢ [32].

4.2. Impedance Spectroscopy Analysis
4.2.1. Dielectric Properties

Temperature dependance of dielectric constant (&) was
recorded in Figure 3 in the range of temperature of 30°C to
200°C at multiple frequencies (10 Hz-100 kHz). The sample
showed a sharp, frequency-independent maximum
permittivity represents a tetragonal-cubic phase transition
occurs at Tc. The maximum permittivity at 1kHz reached a
value of 7267 at 60°C indicating that this specimen was
found in its ferroelectric state at room temperature. With
the introduction of Ce into BaTiOs, the Curie point of
undoped BaTiO3 was shifted down to a lower temperature
at 60°C as it is in good agreement with reducing tolerance
factor leads to a lowering Curie temperature [33].

It is well known, chemical modification of BaTiOs through
A-site aliovalent doping such as this specimen can causes a
significant disruption to the ferroelectric domain network
of BaTiO3 and therefore results in suppression of Tc with a
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Figure 2. Diffraction pattern of 3 mol% Ce-BT with
ICDD 01-075-1169
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rate commonly exceeding 10 - 20°C/at. % Dopant [15, 34].
If the substituent cation is Cerium for this case replacing
divalent barium, it is termed as a donor-doped as its
introduced positive charge termed as M'sa and will be
compensated with cation vacancies (V”Ba, V""1i) was refer to
[35, 36, 37] in the Equation (2):

2Ce, 05 + 4Bagg + Tiy;
- 4Mjy, + V7 + 3Ba0 + BaTi0, (2)

Even if Barium vacancies is considered as a charge
compensating defects, it is concluded titanium vacancies
(V"’1i) are preferred for donor doped compensation
mechanism [38]. However, cerium in general can exists in
both trivalent and tetravalent making it a complex element
as to interpret a consistent defect mechanism for
incorporation into BaTiO3 [39]. Multivalency of Ce can have
a caveat though it is tunable element in tailoring to one
purpose, trivalent of cerium into has a tendency to occupy
the Ba?* site of BaTiOs3 lattice; tetravalent will occupy the
Ti*+ site of BaTiOs. Therefore, site occupancy of cerium lies
between the ratio of Ba/Ti [40, 41]. If the ratio is greater
than 1, Ce will be preferred to occupy the B-site as Ce** and
for ratio that is lower than 1, Ce have a tendency to occupy
the A-site by dominantly become as Ce3* at A-site. Sintering
temperature can play a crucial factor on the site occupancy
of cerium as Ce** in Ce0: slowly changed into Ce3+* in Ce203
[42] corresponding to the reaction in the Equation (3):

1
2Ce0, — Ce,05 + 50, (3)

Figure 4 shows the Arrhenius behavior of log o in
temperature dependence, 1000/T for 3 mol% Ce-doped
BaTiOs. The plot was measured at 140°C to 180°C indicating
a thermally activated conduction that follows the Arrhenius
relation in Equation (4):

E
0 = 0,exp (—# (4)
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Figure 3. Temperature dependence of dielectric constant of
3 mol% Ce-BaTiO3
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Figure 4. Arrhenius plot of temperature dependance of electric conductivity (170°C to 190°C)

where o is the electrical conductivity, o, the pre-exponential
factor, Ea the activation energy, k the Boltzmann constant,
and T the absolute temperature. The activation energy (Ea)
of the sample shows a value of 0.49 eV corresponds to the
migration of double ionized oxygen vacancies, consistent
with donor doped BaTiO3 systems [31]. The introduction of
Ce at Ba-site alters the TiOs octahedral bond and promotes
the formation of compensating oxygen (V') and barium
vacancies (V”’sa) [28]. These defects not only facilitate
oxygen conduction but also influence grain boundary
mobility, where the reduction in pinning centers enables
enhanced grain growth at higher concentrations [43].

Figure 5 illustrates the frequency-dependent dielectric loss
of 3 mol% Ce-BaTiOs measured across various
temperatures. Dielectric loss represents the fraction of
electrical energy dissipated as heat in the material is
defined through Equation (5):

(5)

£
tand = —
€

where €” and €’ is the real (energy storage capability) and
imaginary (energy dissipation capability) part of
permittivity. At low frequencies, dielectric loss is relatively
high due to association with Maxwell-Wagner interfacial
polarization where charges accumulate at grain boundaries
[44]. As the frequency increases, these interfacial charges
are unable to follow oscillating field, resulting in a decrease
in tan & up to ~ 105 Hz. At higher frequencies the loss rises
again which can be related to dipolar relaxation and
conduction mechanisms. The increases in dielectric loss at
elevated temperature further indicates enhanced
conduction process due to thermally activated charges
transport.

Figure 6 (a)-(f) present the imaginary parts of impedance
(Z") and Modulus (M”) spectra for 3 mol% Ce-doped BaTiO3
sample in the temperature range of 30°C to 170°C. At low
temperature, both Z” and M” response is broad and shifted
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toward the low frequency side, indicating strong grain
boundary resistance and localized charge carrier motion
[45]. At 130°C, the overlap of the Z" and M" responses in the
low-frequency region indicates that bulk and grain-
boundary processes relax on similar timescales, marking
the onset of electrical homogeneity. At 150°C, the responses
no longer coincide, suggesting partial decoupling of grain-
boundary (resistive) and bulk (modulus-dominated)
contributions a transitional regime. By 170°C, the Z" slope
again coincides with the low-frequency M” peak, consistent
with reduced grain-boundary resistance and a bulk-
dominated, more homogeneous response. This
temperature-driven behavior follows an Arrhenius trend
consistent with the activation energy obtained at Figure 4.
These results confirm that doubly ionized oxygen vacancies
govern the transport mechanism.
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Frequency dependent of capacitance for Bao.97Ceo.03TiO3
ceramic measured at various heating temperature from
30°C to 170°C was displayed in Figure 7. All temperatures
exhibit a typical dielectric dispersion behavior, where
capacitance decreases with increasing frequency consistent
with the characteristics of polarizable dielectric materials.
The capacitance reaches a maximum at 60°C and decreases
progressively with further heating, attaining the lowest
value at 170°C. The temperature sequence in Figure 7 starts
from 30°C (square), peaking at 60°C (red square), and
reaching a minimum at 170°C (grey triangle). At 1 kHz, the
maximum and minimum capacitance values are
4.35 x 102 F and 4.23 x 10-10 F, respectively.

The Nyquist plots for 3 mol% Ce-doped BaTiOs were shown
in Figure 8 (a)-(f). At lower temperature (30°C to 70°C), the
impedance shows a very high resistance primarily governed
by the electrical barriers at the grain boundaries [45]. As
temperature rises, the plot reveals a thermally activated
conduction process, where the overall complex impedance
systematically decreases. This transition to a more
conductive state enables the clear resolution of a specific
electrical relaxation process, manifesting as a distinct
semicircular arc in the plots above 100°C. The diameter of
this arc represents the resistance of a specific micro-
structural element, also decreases significantly with
increasing temperature. This phenomenon highlights the
effect of cerium influence acting as a donor dopant element
into BaTiOs.

4.3. Microstructural Analysis

Surface morphology of 3 mol% Ce-doped BaTiOs was
displayed in Figure 9 together with the histogram
illustrating the grain size distribution of the sample. The
histogram of the sample exhibits an average grain size of
4.2645 um. In general, Ce incorporation into BaTiO3 has
been reported to influence the microstructural evolution in

10¢

a unique manner. At low doping levels (< 2 mol%), Ce acts
as a donor dopant and typically suppresses grain growth,
leading to finer micro-structures. However, when the Ce
concentration exceeds ~2 mol %, grain growth is enhanced,
and larger grains can form. Literature suggests that the
solubility limit of Ce in BaTiOs is approximately 8 mol%
[46], beyond which further doping does not significantly
affect the crystal volume or grain size. The average grain
size observed in the present sample is consistent with this
reported behavior. This evolution in grain size may be
related to the defect chemistry arising from Ce doping,
where the coexistence of Ce3*/Ce** states [42] and
associated charge compensation mechanisms such as
oxygen or cation vacancies [33, 36] can influence grain
boundary mobility during sintering.

5. CONCLUSION

The physical, microstructural and electrical analysis of
3 mol% Ce-doped BaTiOs3 reveals a close interplay between
defect chemistry, grain evolution and charge transport. The
dielectric constant shows a shifted Tc to lower temperature
of 60°C with maxima permittivity, (€max) ~7,000 which
attributed to Ce3* incorporated into Ba2* site, which reduced
tolerance factor of BaTiO3 and disruption of ferroelectric
network. Dielectric loss remains stable for low temperature
(30°C-70°C) and decreasing tan 6 can be seen in the high
temperature region (130°C-170°C), but a fluctuation in
dielectric loss can be seen across all temperature due to
increasing number of vacant in oxygen sites. Overall, the
influence of Cerium into BaTiOs clearly demonstrate the
aliovalent doping can be further shifted the Curie
temperature to the room temperature while improving
maximum permittivity particularly at 0.04 or 0.05 mol Ce
concentration [42]. A series of different Ce concentration
into BaTiOs combine the site-selective strategy for this
multivalent element can open up a new route as a
multifunctional BaTiO3-based materials.

LMMWWDMTWM@WM@J‘

0 10°

1 30°C
—&— 60°C
—O— 70°C

r ®  130°C

150°C

¥ 170°C

10-10 1 11l I il Ll Ll
10 102 10? 10* 10°

Frequency (Hz)

Figure 7. Capacitance of 3 mol% Ce-BaTiOs3 at certain temperature
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