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Abstract: Several strategies have been employed to tune the functional properties of environmentally
friendly Barium titanate (BaTiOs). In this work, bismuth (Bi) doped BaTiO3 with a general formula Bas-
xBlaysTiO3z (where x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) were prepared by the conventional
solid-state reaction method. The effect of Bi on the structure of BaTiO3; and their morphological and
compositional studies were carried out by X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), and Energy Dispersive X-ray (EDX) respectively. Furthermore, the effect of Bi on the transport
properties of BaTiO3 was investigated. Our studies revealed that for x = 0.01, Bi doping gives rise to
the highest tetragonality of the crystal with more homogeneous grains and pores distribution among all
the doping concentration. Furthermore, the dielectric constant for x = 0.01 samples has been observed
to be the highest, which is consistent with the structural and morphological studies. Also, the tetragonal
to cubic phase transition temperature (Curie temperature) of the sample is found to increase with
increasing Bi doping concentration. Our studies suggest that the higher value of the dielectric constant
with higher Curie temperature can be obtained by a small amount of Bi doping (x = 0.01), which has
potential applications in various electronic and energy storage devices.
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1. Introduction

Barium titanate (BaTiOz3) has been proven to be an excellent candidate as a ferroelectric
ceramic [1]. The ferroelectricity of BaTiOs originates from the spontaneous polarization of the
crystal below its transition temperature [2]. It has potential applications in various electronic
devices as multilayer ceramic capacitors and positive temperature coefficient (PTC) resistors,
ferroelectric memories, optoelectronic devices, piezoelectric sensors, energy storage systems,
etc. [3-13] due to its large value of dielectric constant, very low dielectric loss, low leakage
current and electro-optic coefficient [8, 9, 14-16]. Furthermore, various efforts such as
microstructural and domain engineering, texturing, composite and core-shell approach,
chemical doping have been employed to tune the functional properties of BaTiOs [12, 17-21].
Among those, chemical doping has become the most common and effective way to improve
the transport and electrochemical properties of BaTiOs due to its reliable processing and low
cost with large scalability [21].
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In BaTiOs perovskite, the doping generally replaces either the A- or B- site cations
depending on the valency and types of substituting ions [21]. Usually, a small amount of
aliovalent or isovalent dopants are added prior to calcination, which can alter the properties of
BaTiOs ceramic. Among a large number of available dopants, bismuth (Bi) has attracted the
attention of many researchers due to its lone pair electrons (6s?) and low sintering temperature
[22-26]. This lone pair electron can cause the structural distortions as well as it can modify the
crystallite size [27,28], and the low sintering temperature can reduce the energy consumption;
thus, intriguing researchers to investigate the associated properties of the ceramic.

The effect of Bi on the structural, optical, ferroelectric, piezoelectric, and dielectric
properties of BaTiOs have been recently studied by researchers for the samples synthesized by
different methods such as the sol-gel method, water vapor atmosphere at elevated temperature,
liquid state method, conventional solid-state reaction method, etc. [2, 21, 22, 29-32]. However,
a few of those works have demonstrated very promising results, since the properties of the
ceramic are very sensitive to many factors such as their preparation route, composition or
chemical formula of the sample, sintering parameters, size of the crystallites, microstructure,
etc. [4, 19, 21]. These open the door to explore and tailor the properties of this ceramic.

This present work demonstrates that a small amount of Bi doping in BaTiOs can change
the tetragonality of the crystal structure, and a certain amount of this dopant concentration can
improve the microstructure and enhance the transport properties of the prepared samples, which
may have potential applications in electronic and energy storage devices.

2. Materials and Methods

The undoped BaTiOs and Bi-doped BaTiOs ceramics samples with the general formula
Bai-xBi2x3TiOs (where x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) were prepared by the
conventional solid-state reaction method. The high purity (>99%) raw barium carbonate
(BaCO:s), titanium dioxide (TiOz2), and bismuth oxide (Bi2Os) powders (Merck, Darmstadt,
Germany) were weighed appropriately according to the stoichiometric ratio to obtain the
desired composition and then mixed thoroughly for 6 hours using agate and pestle to have a
homogeneous mixture. The mixture was then dried, grounded for one hour, and calcined at 900
°C for 3 hours in a furnace (Type-ROS 3/20 FNR 7601905, Germany). Then the calcined
powders were again dehand-milled for 2 hours, and a 5% polyvinyl alcohol solution was added
as a binder. These hand-milled powders were then pressed to obtain tablet-shaped samples
using a suitable die. Finally, the tablets were sintered at 1200 °C for 3 hours with a heating rate
of 5 °C/minute and then cooled to room temperature (27 °C) with the same cooling rate. The
sintered tablets were then polished and used for the structural, morphological, compositional,
and transport measurements. The structural property was carried out by X-Ray Diffraction
(XRD) using Philips X'pert PRO X-ray diffractometer (PW3040) with Cu-K. radiation (A =
1.5405 A). The morphology, grain size, and compositional properties were investigated by a
Hitachi S-3400N variable pressure Scanning Electron Microscope (SEM) equipped with an
Energy Dispersive X-ray spectroscopy (EDX). For electrical measurements, the silver paste
was used on both sides of the prepared tablets to have good electrical contact, and a Wayne
Kerr 6500B series precision impedance analyzer was employed for the measurements.
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3. Results and Discussion

From the XRD data (Figure 1), it is revealed that the diffraction peaks for (001), (101),
(111), (002), (200), (210), (211), (202), and (003) planes match with the JCPDS 05-0626,
which confirms that both the undoped and Bi-doped BaTiOs have single-phase tetragonal
crystal structure with the space group P4mm [33]. Although the position of the peaks has not
changed significantly with the increase in Bi content, after a certain amount of Bi content, the
intensity of the (200) peak subsides. These indicate that the undoped and doped BaTiOs have
almost the same structure, but the tetragonality (c/a) of the structure has been changed after a
certain amount of Bi content [16]. We note that the acquired XRD data indicates the absence
of any precursor phase of the raw materials.
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Figure 1. XRD pattern of Bai-xBixysTiO3 (where x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06). Inset shows the
splitting of (002) and (200) peaks.

Table 1 shows the lattice parameter and tetragonality (c/a) of Bai1xBi2x3TiO3 ceramics.
In determining the lattice parameters from the XRD data, the overlapped peaks (002) and (200)
were enlarged and deconvoluted to avoid any possible error. The determined value of c/a (>
1.00) indicates the tetragonal phase of the prepared ceramics. From Table 1, it is noticed that
the doping of BaTiOs with Bi changes the lattice parameter (c) of the unit cell and thus the
tetragonality (c/a) of the crystal structure, which is notably the highest for x = 0.01 sample.
These changes in the crystal structure may be attributed due to the substitution of trivalent Bi*
ions into the Ba?* site and the simultaneous reduction of oxygen vacancies. Furthermore, the
lone pair electron of Bi** has a polarization effect on the off-centered Ti** ion, which might be
responsible for this change in tetragonality [23].

Table 1. Lattice parameters (a and c), tetragonality (c/a) and grain size of the studied Ba;«Bix3TiO3 (where x =
0.00 to 0.06) samples.

Bi Composite Lattice parameters Tetragonality Grain
Content a c (cla) size
) (&) (A) (nm)
0.00 BaTiOs 3.9793 4.0222 1.0108 168
0.01 Bao.99Bio.0s7TiO3 3.9656 4.0389 1.0185 248
0.02 Bao.9sBio.013TiOs3 3.9716 4.0316 1.0151 340
0.03 Bao.97Bi0.020TiO3 3.9724 4.0357 1.0159 350
0.04 Bao.96Bi0.026 TiO3 3.9836 4.0306 1.0118 370
0.05 Bao.95Bi0.033TiOs3 3.9726 4.0321 1.0149 365
0.06 Ba0.94Bi0.040TiOs3 3.9753 4.0313 1.0141 534
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Figure 2 shows the SEM images of the Bai-xBi2x3TiO3z (where x = 0.00 to 0.06) samples
sintered at 1200 °C for 3 hours. From surface morphology of the undoped BaTiOs (x = 0.00),
it is revealed that the grain size of the sample is very small (Table 1), density is poor, and it has
the presence of porosity, but a small amount of Bi incorporation (x = 0.01) increases the grain
size and density. Further increase in Bi doping (x = 0.02 to 0.06) also increases the grain size
and density. However, a close examination of the microstructure images reveals that the grains
and pores are homogeneous in size and they are more uniformly distributed for x = 0.01
compared to other Bi-doped samples (x = 0.02 to 0.06). For instance, in the SEM image of x =
0.03 sample, both small and large size grains, as well as randomly distributed inhomogeneous
pores are easily manifested. This is attributed to the low solubility of Bi in BaTiOs [34]. The
compositional study was carried out by the EDX detector, and an EDX spectrum as an example
for x = 0.01 is presented in Figure 3. The EDX analysis confirmed the presence of Bi and that
there is no impurity element in the prepared samples.
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Figure 2. SEM images of Bai.xBix3TiO3 (x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06).
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Figure 3. Typical EDX spectrum of Bai.xBixsTiO3 for x = 0.01. Inset shows the elemental data for that
particular spectrum.

Figure 4(a) shows the frequency-dependent dielectric constant (&,.) of the undoped and
Bi incorporated BaTiOs ceramics sintered at 1200°C for 3 hours, which was calculated by using
the formula &, = Cd/ey,A, where d is the thickness of pellets, C is the capacitance, ¢, is the
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permittivity of free space, and A is the cross-sectional area of the pellets. The &, was measured
in the frequency range 10° Hz to 10® Hz and observed to vary between 900 and 1900 depending
on the amount of dopant. It is observed that the value of &, decreases very rapidly with the
increase in frequency at the low-frequency range (<10* Hz), whereas it decreases very slowly
at the high-frequency range, which is normal dielectric behavior of undoped and doped BaTiOs
ceramics [9, 11, 35]. However, for x = 0.01 doped sample, the value of ¢, decreases a bit faster
in the low-frequency range as compared to that of the undoped and other doped samples, as
shown in figure 4(a). It can be considered that different kinds of polarization, such as dipolar,
atomic, electronic, and interfacial polarization, are much more effective for this (x = 0.01)
doped sample compared to other samples.
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Figure 4. (a) Frequency-dependent dielectric constant and (b) Dielectric constant for different Bi doping
concentration at frequency 10° Hz. The dashed line in (b) is a guide for the eyes.

The obtained room temperature ¢, values at 10° Hz for all the samples are plotted in
Figure 4(b). These values indicate that a small amount of Bi (x = 0.01) doping gives the highest
&, value, but a further increase of Bi in Bai1xBi2x3TiOs reduces the ¢, value of the ceramic.
Furthermore, the obtained value of &,. at room temperature in our prepared sample for x =0.01
is higher than the previously reported value of &, at room temperature for the Bi-doped BaTiOs
ceramics synthesized by the same conventional solid-state reaction method [16, 30, 33]. This
higher value of ¢, in our x = 0.01 Bi doping sample can be explained by the tetragonality (c/a)
and microstructure of the prepared samples. The x = 0.01 Bi doping increases the lattice
parameter (c), and thus, the tetragonality (c/a) of the crystal increases (as can be seen in Table
1). This creates a permanent electric dipole, which is responsible for a much higher value of
&-. In addition to this tetragonality, the grain size and pores, and their even distribution
throughout the sample in case of x = 0.01 Bi doping (Figure 2) with compared to undoped and
other Bi-doped BaTiOs makes it possible to achieve the higher ¢, value. Further addition of Bi
(x = 0.02 to 0.06) affects the lattice parameters of BaTiOs and thus decrease the tetragonality
(c/a) of the structure as well as manifested inhomogeneity of the grain size and pores, and their
uneven distribution reduces the value of &,..

Temperature-dependent DC electrical resistivity, pg4., was measured for all Bai-

xBi2x3TiO3 samples by using the formula p,4, = (“;—S) (2) Ry, where d is the separation of the
F

contacts, A is the cross-sectional area of the sample, V; and V are the measured voltages across
the sample and fixed resistance; and R is the standard fixed resistance. The measured values
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are presented in Figure 5(a) as an Arrhenius plot (Inp vs. 1000/T). It is observed that with the
increase in temperature the p,. the value passed through a sharp fall at a particular temperature
and termed as Curie temperature, Tc, which indicates the tetragonal to cubic phase transition in
BaTiOs samples [36]. It is noted that both undoped and doped samples exhibit a similar phase
transition. However, the value of Tc is shifted linearly to the higher value with the increase in
doping concentration in BaTiOs, which can be seen in Figure 5(b). Here the lone pair effects
of Bi** ion induces a local electric field, which then interacts with the ferroelectric unit cell and
thereby increases the transition temperature [2].
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Figure 5. (a) Inp vs /T plot for Ba;xBia3 TiO3 (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) ceramics.
(b) Doping concentration-dependent transition temperature. The line is a guide for the eyes.

DC electrical resistivity for all the samples both at room temperature and at the
transition temperature are presented in Table 2. Here, it is observed that the resistivity at these
temperatures followed an almost decreasing trend with increasing the doping concentration.
This may be attributed to the increase in the grain size of the specimen and the high
concentration of free carriers [37].

Table 2. DC electrical resistivity at room temperature and at the transition temperature for Ba;«BixxsTiOz (X =

0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) ceramics.

Value of X in pdc at room temperature pdc at Te
BaixBixx3TiOs3 (107 Q-cm) (10’ Q-cm)
0.00 2.143 2.130
0.01 2.088 2.090
0.02 2.150 2.150
0.03 2.047 2.042
0.04 1.839 1.831
0.05 1.670 1.635
0.06 1.874 1.826

4. Conclusions

Bi-doped BaTiOs ceramic with the general formula BaixBi2xsTiOs (where x = 0.00,
0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) were prepared by the conventional solid-state reaction
method. The structural, compositional, and morphological studies were carried out by XRD,
EDX, and SEM. Our studies showed that a small amount of Bi doping (x = 0.01) increases the
tetragonality of the crystal and can improve the microstructure of the specimen, but further
doping concentration (x > 0.01) decreases the tetragonality as well as degrade the
microstructure of the ceramic. The studies of transport properties revealed that this small
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amount of Bi-doped (x = 0.01) BaTiOs sample achieve the highest value of room-temperature
dielectric constant at 1.0 kHz with higher Curie temperature, which is higher than the
previously reported value for Bi-doped BaTiOs sample prepared by the same route. These were
achieved due to the higher tetragonality of the structure and better compaction of the prepared
sample with more homogeneous grain growth. Thus, the incorporation of an appropriate
amount of Bi can be employed to obtain enhanced properties of BaTiOzs for various electronic
and energy storage applications. Furthermore, our findings will stimulate many researchers to
exploit the influence of Bi doping in BaTiOs ceramics and thus will enrich the current library
of ferroelectric materials.
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