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Abstract

Plate-like Bi4Ti3O12 templates were synthesized through the molten salt method using TiO2 nanostructures. The
effect of sintering temperature on the structure, morphologies, and dielectric properties of Bi4Ti3O12 templates was
investigated. Experimental results showed that the single-phase Bi4Ti3O12 templates were successfully obtained within
a temperature range of 950e1050 οC. With increasing sintering temperature, the plate-like Bi4Ti3O12 templates were
formed with the average length of the particles increasing and reaching a maximum value of 9.5 mm at 1050 �C before
decreasing. The grain size followed a gradual spreading mechanism, where the Bi4Ti3O12 nuclei diffused to the growth
steps, forming larger plate-like particles and eventually Bi4Ti3O12 templates. In addition, Bi4Ti3O12 templates sintered
at 1050 �C demonstrated superior performance, with a high dielectric constant of 595 and low dielectric loss of 0.042
compared to the other samples. This performance aligns with their degree of orientation, relative density, and grain
size development. Experimental findings further revealed that Bi4Ti3O12 possesses potential for ferroelectric prop-
erties, with a remanent polarization of 6.9 mC/cm2. These results provide valuable insights for selecting orientation
templates to fabricate textured ceramics.
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1. Introduction

B ismuth titanate (Bi4Ti3O12) was first found by
Aurivillius [1] in 1949. The general formula for the

Aurivillius phase is Ame1Bi2BmO3mþ3. The structure
consists of the alternating layers of pseudoperovskite
blocks with the composition (Ame1BmO3mþ1)

2e and
fluorite-like bismuth oxygen layers with the composi-
tion (Bi2O2)

2þ, where A represents a mono-, di-, or
trivalent cation, B signifies cations with valencies of 3, 4,
or 5, and m denotes the number of perovskite layers. In
Bi4Ti3O12, m ¼ 3, A ¼ Bi3þ, and B ¼ Ti4þ [2]. Bi4Ti3O12

is one of the simplest bismuth titanate compounds,
characterized by a perovskite structure composed of
alternating layers of Bi2O3 and TiO2 [3]. Due to its
excellent dielectric, ferroelectric, and piezoelectric
properties, Bi4Ti3O12 is widely applied to sensors and
memory devices [4]. In addition, with a ferroelectric to
paraelectric phase transition temperature of 675 οC,

Bi4Ti3O12 is a potential candidate for high-temperature
piezoelectric devices [5]. In recent years, considerable
efforts have been devoted in finding the optimal fabri-
cation method of Bi4Ti3O12 at low calcination temper-
atures [6], and the most common synthesis routes
include chemical coprecipitation method [7] (precipi-
tation [8] and the modified oxalate co-precipitation
method [9]), sol-gel [10,11], hydrothermal [12,13], urea
method [14], citrate method [15], high-energy milling
[16,17], polymeric precursor method [17], molten salt
method [18], and solid phase method [18]. Bi4Ti3O12

generally possesses a typical anisotropic plate-like
microstructure with a low coercive field (Ec), a small
remanent polarization (Ps), excellent fatigue properties,
and remarkable retention time. However, there have
been no reports on the synthesis of Bi4Ti3O12 templates
using TiO2 nanostructures.
In our recent study, we presented the synthesis of

TiO2 nanostructures via an ultrasound-assisted method
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employing commercially available TiO2 particles and
sulfuric acid [19]. This method is highly reproducible
and stable, offering a viable approach for synthesizing
TiO2 nanoparticles suitable for synthesizing Bi4Ti3O12

templates and other electrical materials containing Ti,
such as Bi0$5Na0$5TiO3 and Bi0$5K0$5TiO3 ceramics.
Meanwhile, recent research findings indicate that the
use of TiO2 nanoparticles leads to a reduction in sin-
tering temperature while enhancing desired properties.
In this direction, Pavlov et al. [20] suggested that the
properties of beryllium ceramics were modified
through the incorporation of TiO2 nanoparticles. Simi-
larly, Han et al. [21] successfully synthesized a BaTiO3

ceramic system utilizing TiO2 nanoparticles. Addition-
ally, Chuong et al. [22] revealed that TiO2 nanotubes
significantly decreased the sintering temperature and
improved the density and piezoelectric properties of
the PZT ceramics. Thus, using nanostructured materials
as starting materials enables the formation of Bi4Ti3O12

with high electrical properties at lower sintering
temperatures.
In this study, Bi4Ti3O12 templates were synthesized

through the molten salt method using TiO2 nano-
structures. This work aims to synthesize Bi4Ti3O12 tem-
plates intended for future application in the fabrication of
oriented Bi-based ceramics. Besides, this method is an
exciting addition to the large repertoire of Bi4Ti3O12

template synthesis techniques and facilitates the char-
acterization of the fabricated Bi4Ti3O12 templates.

2. Materials and methodology

2.1. Synthesis of Bi4Ti3O12 templates

In this study, the Bi4Ti3O12 was prepared using Bi2O3

and TiO2 nanoparticles. Firstly, TiO2 nanoparticles in an
anatase crystal were synthesized via an ultrasound-
assisted method using commercial TiO2 particles and
sulfuric acid [19]. Structural analysis of the TiO2

through X-ray diffraction (XRD) patterns and Raman

spectroscopy confirmed the presence of pure anatase,
as shown in Fig. 1(a). The obtained TiO2 nanoparticles
are spherical, with an average size ranging from 4 nm
to 35 nm, as depicted in Fig. 1(b).
Secondly, Bi2O3 and TiO2 were weighed and milled in

ethanol under ultrasound (with an electric power of
100 W and a fixed frequency of 28 kHz) for 1 h. After
drying, the powder was calcined at 500 �C for 2 h to
obtain the Bi4Ti3O12 precursor. It is reported that a
liquid phase typically forms in a Bi2O3-rich Bi4Ti3O12

structure at 865e870 �C, signifying that Bi4Ti3O12 must
be sintered at temperatures above 870 �C. Finally, the
amorphous Bi4Ti3O12 powder and the Na2CO3/K2CO3

eutectic mixture were mixed in a sealed alumina cru-
cible and sintered at 950 οC, 1000 οC, 1050 οC, and
1100 οC for 2 h. The reaction of Bi4Ti3O12 synthesis can
be depicted as follows:

2Bi2O3þ3TiO2 / Bi4Ti3O12 þ 1
2
O2 ð1Þ

2.2. Characterization of the materials

The crystalline phase of the sintered ceramics was
examined by X-ray diffraction (XRD, D8 Advance)
under Cu-Ka radiation at a wavelength of 1.5405 Å, in
the 2q range of 20�e70�, and with a step size of 0.02�,
at room temperature (RT ). Surface morphologies were
examined by field-emission scanning electron micro-
scopy (FESEM; Nova NanoSEM 450-FEI-HUS-VNU), and
sample densities were measured by the Archimedes
method. Raman scattering spectra were recorded from
a Raman Spectrometer (Jobin-Yvon Inc., Paris, France)
using a backscattering configuration; the excitation
laser was irradiated from an Arþ laser with a wave-
length of 488 nm and output power of 11 mW. Energy
dispersive spectra (EDS) were measured using a Hita-
chi S-3400 N scanning electron microscope with an
EDS system Thermo Noran. The Lotgering method was

Fig. 1. (a) Structure and, (b) Microstructure characteristics of TiO2 nanoparticles.
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employed to evaluate the degree of orientation, and
grain size was determined by the mean linear intercept
method. Dielectric properties were obtained using an
LCR meter by measuring the capacitance and loss at
room temperature (RT) and at 500 �C.

3. Results and discussion

Raman spectroscopy was utilized to characterize the
obtained TiO2 nanoparticles, confirming the phase
purity of the anatase TiO2 [23], as shown in Fig. 1(a).
Anatase TiO2 nanoparticles were formed after
annealing at 550 �C. The Raman spectrum displayed
five prominent peaks at 146.45 cm�1 (Eg), 190.31
cm�1 (Eg), 394.99 cm�1 (B1g), 514.51 cm�1 (A1g), and
635.55 cm�1 (Eg), indicating the presence of anatase
TiO2 phase, in accordance with the XRD results
mentioned above (Insert Fig. 1(a)). Furthermore, the
peaks observed at 2q values of 25.28�, 37.78�, 48.05�,
55.01�, and 62.61� correspond to the reflections from
the (101), (004), (200), (211), and (204) lattice planes
of anatase TiO2 [19,24]. Besides, the scanning electron
microscopy (SEM) images (Fig. 1(b)) reveal TiO2

nanoparticles with a spherical shape, showcasing an
average size of 5e35 nm (Insert Fig. 1(b)). The par-
ticle size distribution was determined using data ob-
tained from SEM images processed through ImageJ

software, which were then fitted into a Gaussian dis-
tribution plot [25].
Fig. 2 presents the major findings of the XRD analysis

of Bi4Ti3O12 templates within the 2q range of 10e70�.
The as-synthesized Bi4Ti3O12 templates mainly exhibi-
ted an orthorhombic perovskite structure, with no
other impurities observed in the temperature range of
950e1050 οC. The presence of the orthorhombic
perovskite structure was further confirmed by the
Rietveld refinement of XRD data for all the Bi4Ti3O12

templates sintered at different temperatures, as dis-
played in Fig. 2.
The crystal structure parameters for Bi4Ti3O12 in the

space group Fmmm were calculated from the Rietveld
refinement, which were compared with reported
values of Bi4Ti3O12 crystal [18,26]. The fitting analysis,
including peak shape, peak position, structure, and
background, was performed in terms of profile-refined
parameters, as summarized in Table 1.
Furthermore, the intensity of the (006), (008), and

(0014) peaks, corresponding to the aeb plane
perpendicular to the c-axis of the Bi4Ti3O12 sample,
exhibited a notable variation trend. Specifically, their
intensities increased and reached their peak at 1050 �C
before decreasing. Additionally, the intensity of the
(00l ) diffraction peak gradually decreased at 1100 οC
due to the formation of the Bi2Ti2O7 (pyrochlore

Fig. 2. Rietveld refined XRD patterns of Bi4Ti3O12 templates sintered at different temperatures for 2 h: (a) 950 �C, (b) 1000 �C, (c) 1050 �C, and (d)
1100 �C.
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phase). This variation in densification behavior during
sintering can be attributed to defect chemistry and the
creation of oxygen vacancies [27]. In other words, the
synthesis of Bi4Ti3O12 materials at high temperatures
leads to the evaporation of Bi, potentially resulting in
the formation of non-stoichiometric structural defects
in the Bi2Ti2O7 [28]. Therefore, it was necessary to
consider the presence of excess Bi2O3 to account for its
volatility during the calcination process, ensuring that
the stoichiometry of the Bi4Ti3O12 templates is main-
tained. As noted by Andrew et al. [29], pyrochlore-type
bismuth titanate (space group ¼ Fd 3 m, with
a ¼ 10.37949 Å) exists as a minor phase alongside
Bi2Ti4O11 and Bi4Ti3O12. Meanwhile, �Contala et al. [30]
suggested that during the preparation of Bi4Ti3O12

from Bi2O3 and TiO2 through the molten salt method or
solid-state reaction, secondary phases such as
Bi12TiO20 or Bi2Ti2O7 are commonly formed, and must
be removed to enhance the electrical properties of
Bi4Ti3O12. In our experiment, the appearance of the
Bi2Ti2O7 at 1100

οC can be attributed to the loss of Bi in
the mixture, resulting from Bi-vapor evaporation at
high temperatures [31]. Consequently, a Ti-rich
Bi2Ti2O7 crystalline phase was formed [32]. Kargin
et al. [33] showed that Bi2Ti2O7 generally emerges
between 1000 �C and 1210 �C. Moreover, it was found
that the pyrochlore phase was not completely stoi-
chiometric due to the formation of cation-deficient
samples at high temperatures.
The total shrinkage after sintering was calculated

using Eq. (2).

Shrinkage ratio¼jdb � daj
da

:100% ð2Þ

where db and da represent the diameters of the sample
before and after sintering, respectively.
It is evident from Fig. 3 that the shrinkage ratio was

profoundly dependent on the sintering temperature. It
is observed that the shrinkage ratio gradually increased
with rising sintering temperature until 1050 οC, after
which it decreased slightly. Further, the sample density
exhibited an increase from 6.29 g/cm3 to 7.91 g/cm3

with the increasing sintering temperature from 950 οC
to 1100 οC, followed by a significant decrease. The
theoretical density was calculated using Eq. (3).

r¼
�
number of atoms

�
unit cell

�ðatomic massÞ
�
volume of unit cell

��
Avogadro0s Number

� ð3Þ

The theoretical density of 8.04 g/cm3 was employed
to calculate the relative density. The relative density
increased from 78.23% to 98.38% as the sintering
temperature rose from 950 οC to 1100 οC, reaching its
highest value of 98.38% at 1050 �C (corresponding to a
density of 7.91 g/cm3, see Fig. 3). The degree of
orientation of Bi4Ti3O12 templates was determined
based on the Lotgering orientation factor (LOF; f ) [34]
using the XRD data recorded across a 2q range of
10οe60ο.

f ¼P� Po

1� Po
ð4Þ

where P ¼
P

Ið00lÞP
IðhklÞ, Po ¼

P
Ið00lÞP
IðhklÞ,

P
Ið00lÞ and P

IðhklÞ
are, respectively, the sums of the intensities of (00l )
and (hkl ) reflections, and Po is the value of P for the
sintered Bi4Ti3O12 templates. The values of ( f ) for the
Bi4Ti3O12 template sintered at 950 �C, 1000 �C,
1050 �C, and 1100 �C for 2 h were measured as 0.42,
0.54, 0.71, and 0.56 respectively (Fig. 4). In addition, it
is discernible from Fig. 4 that the degree of orientation
increased with the rising sintering temperature,
reaching its peak value ( f ¼ 0.71) at 1050 �C. Pat-
wardhan et al. [35] reported values of f for a calcined

Table 1. Crystal structure parameters of Bi4Ti3O12 samples calculated by the Rietveld refinement of XRD patterns.

Sintering
temperature

a b c V Rwp (%) Rp (%) c2

(Å) (Å) (Å) (Å3)

950 �C 5.4124 5.4485 32.829 968.11 7.6 6.2 2.37
1000 �C 5.4099 5.4479 32.839 967.85 7.2 5.9 2.22
1050 �C 5.4096 5.4480 32.839 967.82 6.9 5.7 2.19
1100 �C 5.4094 5.4487 32.838 967.87 8.4 6.6 3.15

Fig. 3. Density and total shrinkage after sintering of Bi4Ti3O12 tem-
plates at different temperatures.
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Bi4Ti3O12 powder sample ranging from 0.20 to 0.30;
however, Bi4Ti3O12 powder hot forged for 75 min at
1050 �C under a pressure of 5 MPa manifested a high
degree of orientation ( f ¼ 0.97). Xiang et al. [36] suc-
cessfully fabricated c-axis-oriented Bi4Ti3O12 thick
films with f ¼ 0.98 through templated grain growth
technique. Conversely, Kimura et al. [37] prepared c-
axis-oriented Bi4Ti3O12 structures with f ¼ 0.89 using

the traditional solid-state reaction method. This sug-
gests that the rearrangement process plays a key role
in the early stages of the sintering process. As the
rearrangement progresses, diffusional mass transport
becomes the prevailing phenomenon [35]. However, at
high sintering temperatures, stronger grain vibrations
cause the partial return of the orientation, resulting in a
higher degree of orientation with increasing relative
density.
Fig. 5 displays the morphologies of Bi4Ti3O12 tem-

plates sintered at various temperatures for 2 h. The
fabrication temperature yielded profound effects on
both the growth rate and crystallization of Bi4Ti3O12. As
the sintering temperature increased, the length of the
Bi4Ti3O12 templates gradually increased, and their
shapes changed from lumpy to plate-like structures,
which is a main characteristic of Bi4Ti3O12 [38]. ImageJ
software was used to assess the influence of sintering
temperature on the size development of the templates.
Fig. 6 shows the length distribution of the Bi4Ti3O12

templates sintered at 950 �C, 1000 �C, 1050 �C, and
1100 �C. It is apparent that the sintering temperature
strongly influenced the microstructure of the Bi4Ti3O12

templates. The length of the Bi4Ti3O12 particles
increased with rising sintering temperature, reaching its
maximum value of 9.5 mm at 1050 �C with their shapes
changed from lumpy to a plate-like structure. This

Fig. 4. Lotgering factor for Bi4Ti3O12 templates as a function of
temperature.

Fig. 5. The morphology and arrangement of particles of the Bi4Ti3O12.
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observation is consistent with the ceramic density re-
sults depicted in Fig. 3. This observation is in agreement
with the findings reported by Ref. [38]. The evolution of
particle size can be explained through the formation
mechanism of Bi4Ti3O12 templates, as represented in
Fig. 7. In the molten salt method, particle formation
occurs in two stages: reaction and growth. During the

reaction stage, reactant particles dissolve into the
molten salt to generate product particles [37]. As noted
by Ranieria et al. [38], particle size undergoes rapid
increase during the formation process, with the growth
rate of each crystal face dictating the outer shape of the
particles. Furthermore, as particle size increases slowly
during the growth process, the primary surface

Fig. 6. The length distribution of the Bi4Ti3O12 templates at different heating temperatures.

Fig. 7. Formation mechanism of Bi4Ti3O12 templates.
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becomes dominated by facets with minimum interfacial
energy. Kimura et al. [37] suggest that Bi4Ti3O12 forms
when two reactants exhibit comparable dissolution
rates in molten salt. Therefore, at the initial stage of the
reaction, lumpy Bi4Ti3O12 powders were formed
depending on the degree of interaction between
Bi4Ti3O12 and molten salt. Subsequently, more plate-
like particles were formed as the Bi4Ti3O12 crystal
started to grow along the (00l ) plane with increasing
sintering temperature [39]. Additionally, dimensional
crystal nuclei were formed at the edge of the Bi4Ti3O12

matrix, thereby increasing the thickness of the product
layer.
The formation mechanism of Bi4Ti3O12 templates is

illustrated in Fig. 7. Initially, Bi4Ti3O12 nuclei (stage 2)
were obtained through a solid-state reaction between
Bi2O3 and TiO2 (stage 1). These nuclei then aggregated
and rearranged to form a plate-like Bi4Ti3O12 matrix
(stage 3). Subsequently, the Bi4Ti3O12 nuclei diffused to
the growth steps (stage 4), resulting in the formation of
larger plate-like particles (stage 5) and, ultimately,
Bi4Ti3O12 templates (stage 6).
Fig. 8(a) presents the energy-dispersive X-ray spec-

troscopy (EDS) analysis of Bi4Ti3O12 templates sintered
at 1050 �C for 2 h. The energy values of the charac-
teristic X-rays for the elements were measured as fol-
lows: 2.42 keV, 10.82 keV, and 13.02 keV for Bi, 4.51
keV and 4.97 keV for Ti, and 0.53 keV for O. These
results are consistent with those reported by Chen
et al. [26]. According to author Liang et al. [40], the
crystal structure of Bi4Ti3O12 consists of perovskite
layers and bismuth oxygen layers, they are periodically
arranged along the c-axis direction observed in
Fig. 8(b). As mentioned above, the general formula of
the Aurivillius phase is Ame1Bi2BmO3mþ3, and it con-
sists of the alternating layers of pseudo perovskite
blocks of composition (Ame1BmO3mþ1)

2e and fluorite-
like bismuth oxygen layers of composition (Bi2O2)

2þ,

where the integer, m, describes the number of sheets of
corner-sharing BO6 octahedra forming the ABO3

perovskite blocks. Furthermore, it is supported by the
results of the Raman spectroscopy, as shown in Fig. 9.
The Raman modes located at 109, 264, 444, 534, and
850 cm�1 are indicative of the Bi4Ti3O12 template [41].
Specifically, the appearance of a Raman mode at a low
frequency (109 cm�1) is due to the atomic mass of Bi
ions, leading to Bi displacements in the Bi2O2 layer, and
is assigned to vibrations between Bi and O atoms [41].
Additionally, the Raman modes at 264, 444, and 534
cm�1 can be attributed to the internal mode of the TiO6

octahedron, while the peak at 850 cm�1 is ascribed to
the symmetric TieO stretching vibration [42].
Besides, to study the effects of frequency and tem-

perature measured on the dielectric properties of the
Bi4Ti3O12 at different heating temperatures, the
dielectric constant (er) and dielectric loss (tand) were
measured at 100 kHz and room temperature, as well as
at 10 kHz and 500 �C. The corresponding values are
presented in Table 2. As indicated in Table 2, the

Fig. 8. (a) EDS spectrum of Bi4Ti3O12 templates sintered at 1050 �C; (b) Schematic diagram of their ABO3 perovskite blocks.

Fig. 9. EDS spectrum of Bi4Ti3O12 templates sintered at 1050 �C for 2 h.
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Bi4Ti3O12 templates sintered at 1050 �C demonstrate
superior performance, exhibiting a high dielectric con-
stant of 595 and low dielectric loss of 0.042 compared
to the other samples. This suggests that the Bi4Ti3O12

templates sintered at 1050 �C exhibit a notable
advantage in orientation, with crystal orientation in
ceramics reaching approximately 71% (Fig. 4). This is
accompanied by a contribution of 90 domains larger
than those observed in other samples. In other words,
the presence of well-defined microstructure, minimal
grain boundaries, and high ceramic density facilitates
the process of polarization rotation. Moreover, the
dielectric parameters of the Bi4Ti3O12 template tend to
increase the dielectric constant at 10 kHz and 500 �C.
This increase can be attributed to the involvement of
oxygen defects contributing to the overall rise in di-
poles, thereby facilitating rotation in high-temperature
environments, as reported in an earlier study [40].
The aforementioned findings show that the Bi4Ti3O12

sample sintered at 1050 �C exhibits the most favorable
dielectric properties. Consequently, this sample was
selected to investigate ferroelectric properties. Fig. 10
depicts the shapes of P-E ferroelectric hysteresis loops
measured at room temperature for the Bi4Ti3O12

samples, from which the Pr and EC were determined.
The values of Pr and EC were observed to be 6.9 mC/
cm2 and 28.7 kV/cm, respectively. These results are in
good agreement with previous studies conducted by

Liang et al. [40] and Jiang et al. [43] on the ferroelectric
properties of Bi4Ti3O12 materials.

4. Conclusion

In this study, we successfully utilized nano-
structured TiO2 particles as starting materials to
synthesize plate-like Bi4Ti3O12 templates via a molten
salt method. This approach not only allows for low
sintering temperatures but also yields high dielectric
parameters. Moreover, it proves to be a simple and
effective synthesis method, offering control over the
morphology and grain size of the templates. As the
sintering temperature increased, the formation of
plate-like Bi4Ti3O12 templates occurred, with the
average length of the particles increasing and reaching
a maximum value of 9.5 mm at 1050 �C, followed by a
decrease. Large plate-like Bi4Ti3O12 templates ach-
ieved a grain orientation degree of 71% at 1050 �C. At
this temperature, the sample exhibited superior per-
formance, characterized by a high dielectric constant
of 595 and low dielectric loss of 0.042, compared to
other samples. These outcomes highlight Bi4Ti3O12

ceramics as promising dielectrics materials suitable
for serving as orientation templates in the develop-
ment of future-oriented ceramic materials.
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