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Plate-like single-crystalline BaBi4Ti4O15 particles were synthesized by the molten salt synthesis (MSS) method. The effects of 
sintering temperature, holding time, and NaCl–KCl molten salt content on the phase structure and morphology of plate-like BaBi4-
Ti4O15 particles were investigated. The results show that plate-like BaBi4Ti4O15 particles can be synthesized when the sintering 
temperature is above 800°C. The size of particles increases with increasing sintering temperature and molten salt content. Largely 
anisotropic plate-like BaBi4Ti4O15 particles with diameter ≥10 μm and thickness of ~0.3 μm can be obtained under the optimum 
process parameters. The crystal structure of BaBi4Ti4O15 was determined as A21am by TEM, which should be attributed to the Bi3+ 
and Ba2+ diffusing into [TiO6] octahedrons.
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1.  Introduction

Bismuth layer-structured ferroelectrics (BLSF) formulated as 
Aurivillius compounds (Bi2O2)2+(Am−1BmO3m+1)2− (Refs. 1–3) 
are promising candidates in high-temperature piezoelectric 
applications because of high Curie temperature and mechan-
ical quality factor, low dielectric constant and coupling coef-
ficient.4,5 The Aurivillius BaBi4Ti4O15 (BBT) particles with 
m equal to 4 formed by alternately stacked [Bi2O2]2+ mono-
layers and pseudo-perovskite [BaBi2Ti4O13]2− quadruple 
sheets in the c direction, and its Curie temperature is 417°C. 
However, the low piezoelectric constant (12 pC/N) restricted 
the applications of the material.6,7

It is reported that the method of controlling microstructure 
with grain orientation makes it possible to obtain textured 
ceramics with the desired properties. As an alternative to hot 
pressing and hot forging techniques, reactive-templated grain 
growth (RTGG) offers the possibility of fabricating textured 
ceramics.8 To prepare the textured ceramics, a small portion 

of anisotropic templates needs to be aligned in green bod-
ies. The morphology and crystal symmetry of the template 
particles determine the texture orientation. Therefore, syn-
thesizing anisotropic templates with a proper scale is a key 
procedure in preparing textured ceramics.

Molten salt synthesis (MSS) method has been widely 
applied in the recent years to prepare particles with spe-
cific morphology.9,10 This method has advantages of sim-
plicity in the process equipment, versatility and large-scale 
synthesis, and friendly environment, which provides an 
excellent approach to synthesizing high pure oxide pow-
ders with controllable compositions and morphologies. In 
this approach, inorganic molten salt is served as the reaction 
medium to enhance the reaction rate and reduce the reaction 
temperature of the reactant oxides. Adopting this method, 
anisotropic particles of Sr3Ti2O7,11 SrTiO3,12 BaTiO3,13 
Bi4Ti3O12,14 KSr2Nb5O15,15 etc., have been produced success-
fully. However, the BaBi4Ti4O15 particles with anisotropic 
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morphology, especially about the detailed description of the 
process parameters of MSS, have not been systematically 
investigated and understood. In this work, MSS of plate-like 
BaBi4Ti4O15 particles will be described. The effects of sin-
tering temperature, holding time, and molten salt content on 
the phase structure and morphology of plate-like BaBi4Ti4O15 
particles will be reported.

2.  Experimental Procedure

The Aurivillius BBT particles were synthesized using the 
MSS method, according to Eq. (1). The high-purity BaCO3 
(99%), Bi2O3 (99%), TiO2 (99%), NaCl (99%), and KCl 
(99%) powders (Sinopharm Chemical Reagent Co., Ltd) were 
used as raw materials. Stoichiometric amounts of BaCO3, 
Bi2O3 and TiO2 were mixed with NaCl and KCl molten salts 
via planetary ball milling for 12 h in alcohol. The NaCl and 
KCl were weighed at a molar ratio of 1:1, and to raw mate-
rials (RS-R) of 1:1. After drying, the mixtures were heated at 
800°C, 900°C, 950°C, 1000°C and 1050°C for 4 h. Then, 
the obtained substances were washed to remove salts several 
times using hot deionized water. To investigate the influence 
of holding time and the molten salt content, the reactants with 
RS-R of 1:1 were sintered for 2 h, 4 h, 6 h, and 8 h, and then 
the RS-R was chosen as 0.2:1, 0.5:1, 1:1, 1.2:1, 1.5:1 and 1.8:1, 
respectively.

 BaCO3 + 2Bi2O3 + 4TiO2 → BaBi4Ti4O15 + CO2↑. (1)

The differential scanning calorimetry measurements 
(DSC204HP) of particles were performed in air at a heating 
rate of 10°C/min from 100°C to 1200°C. The phase structure 
was determined by X-ray diffraction (XRD) (X’pert PRO, 
Holand) using Cu Ka radiation. The morphology of parti-
cles was observed by scanning electron microscopy (SEM) 
(Quanta 600 FEG, FEI, America). The lattice structure of 
the plate-like particles was confirmed by micro-electron-
beam diffraction linked to transmission electron microscopy 
(TEM) (JEM-200CX, JEOL, Japan).

3.  Results and Discussion

Figure  1 shows the DSC analysis of reactants preparing 
BaBi4Ti4O15 particles by MSS. It can be seen that there are 
obvious endothermic peaks at about 550°C, 650°C, and 
950°C. It is known that the raw TiO2 powders are anatase 
structures, which would transform into rutile structures at 
about 550°C. The endothermic peak near 650°C corresponds 
to the eutectic point of NaCl–KCl salt. The endothermic peak 
near 950°C starts at 800°C and ends at 1000°C, which means 
that the BaBi4Ti4O15 compound nucleates and grows.

Figure  2 shows XRD pattern of BaBi4Ti4O15 particles 
sintered at different temperatures. It can be found that from 
800°C to 1050°C, the main peaks are corresponding to 
BaBi4Ti4O15, and a few peaks of Ba2Bi4Ti5O18 and Bi4Ti3O12 

phases can be found. It suggests that due to the similar  
crystal structure of these compounds, Bi4Ti3O12 and 
Ba2Bi4Ti5O18 were synthesized simultaneously as shown in 
Eqs. (2) and (3).

 2Bi2O3 + 3TiO2 → Bi4Ti3O12, (2)

 2BaCO3 + 2Bi2O3 + 5TiO2 → Ba2Bi4Ti5O18 + 2CO2↑. (3)

The XRD pattern shows that the diffraction peak intensities 
of the [00l] crystal planes were enhanced with the tempera-
ture increase, which indicated that the single-crystalline 
BaBi4Ti4O15 microplatelets are preferentially oriented [001].

The SEM images of the samples are shown in Fig. 3. As 
the sintering temperature increases, the size of microplatelets 
has a tendency of increasing. When the sintering tempera-
ture is 800°C, the microplatelets have diameters of ~ 5 μm 

Fig. 1. The DSC analysis of the reactants of BaBi4Ti4O15 particles.

Fig. 2. XRD patterns of BaBi4Ti4O15 particles prepared at differ-
ent sintering temperatures.
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and thicknesses of ~ 0.1 μm. When the sintering tempera-
ture arrives at 900–950°C, the diameter increases to ~ 10 μm, 
obviously. At 1000°C, the microplatelets’ size is more homo-
geneous, the diameter is larger than 10 μm and the thickness 
is ~0.3 μm. Above 1000°C, the diameter and thickness are a 
litter larger than that of 1000°C. Taking into consideration 
the phase structure and the particle size of the microplatelets, 
1000°C is chosen as the best sintering temperature.

Figure  4 shows XRD pattern of BaBi4Ti4O15 particles 
prepared at 1000°C for different holding times. The parti-
cles consisted of the main phase BaBi4Ti4O15 and some other 
impurities. When the holding time is 2 h, the relative intensity 
of (0010) and (0020) peaks is low. When the holding time 

reaches 4 h, the relative intensity of (00l) peaks increases rap-
idly and continues to increase the holding time, and the (00l) 
peaks do not have obvious change.

From the SEM images in Fig.  5, it is observed that the 
size of BaBi4Ti4O15 particles increases when the holding 
time increases to 4 h and then increases a little as the holding 
time continues to increase. The magnified SEM images show  
that the thickness of particles with a holding time of 2 h is 
~0.15 μm and that with a holding time of 4 h is ~0.3 μm. 
When the holding time increases to 4 h, 6 h or 8 h, the thick-
nesses do not change.

Mohammad E. Ebrahimi et al. pointed out that the MSS 
method can be viewed as four sequential processes: Reactant 
dissolution, reactant transport through the melt, nucleation of 
the product and growth of the product onto existing nuclei.16 
In the process of the system from room temperature to 
1000°C, the samples have nucleated, and then the crystal par-
ticles grow in the direction of diameter and thickness on the 
nuclei. Owing to the larger energy barrier along c-axis than 
a- and b-axes, the growth rate is lower in the thickness direc-
tion.17 As the microcrystal grows, the ion concentration in the 
molten salt decreases, leading that potential energies cannot 
be provided sufficiently, blocking that BaBi4Ti4O15 crystals 
grow along the thickness direction, thus the thickness with 
a holding time of 4 h has saturated. And then, the diffusion 
and rearrangement of the ions in the diameter direction also 
saturate, which can explain that the relative intensity of (00l) 
and the particle size do not change too much. According to 
the phenomenon, it is thought that 4 h is the optimal holding 
time.

Figure  6 shows the XRD pattern of BaBi4Ti4O15 par-
ticles prepared with different ratios of NaCl–KCl to raw 

Fig. 3. SEM images of BaBi4Ti4O15 microplatelets sintered at different temperatures: (a) 850°C, (b) 900°C, (c) 950°C, (d) 1000°C and (e) 
1050°C.

Fig. 4. XRD patterns of BaBi4Ti4O15 particles prepared at 1000°C 
for different holding times.
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materials (RS-R) at 1000°C. It is found that there are also 
some Ba2Bi4Ti5O18 and Bi4Ti3O12 phases, which indicate 
that changing the RS-R does not affect phase composition. 
When the RS-R increases, the relative intensity of (0010) and 
(0020) peaks changes a lot. Lotgering proposed the orienta-
tion degree (f) to estimate the degree of anisotropy for ceram-
ics.18 The relative intensities of (00l) peaks can reflect the 
<00l> orientation degree qualitatively. In order to express the 
orientation degree, the intensive ratio of (0010)–(109) and 
(0020)–(109) is calculated as in Fig. 7. As the RS-R increases, 

the orientation degree of particles with RS-R equal to 0.5:1 is 
a little higher and that of 1:1 increases rapidly. When RS-R 
reaches 1.2:1, the orientation degree has the highest value. 
However, when the RS-R continues to increase, the orientation 
degree decreases, indicating that the RS-R of 1.2:1 leads to the 
highest (00l) orientation degree.

Figure  8 shows SEM images of BaBi4Ti4O15 particles 
prepared with different RS-R values. All the microplatelets 
appear plate-like, proving the anisotropic growth. It is also 
found that the diameter changes a lot as the content ratio 
of salt increases. When the RS-R is 0.2:1, the diameter of 

Fig. 5. SEM images of BaBi4Ti4O15 particles prepared at 1000°C for different holding time: (a) 2 h (b) 4 h (c) 6 h and (d) 8 h.

Fig. 6. XRD patterns of BaBi4Ti4O15 prepared with different ratios 
of NaCl–KCl to raw materials (RS-R).

Fig. 7. The relative intensity ratio of (0010) to (109) and (0020) to 
(109) of BaBi4Ti4O15 prepared with different ratios of NaCl–KCl to 
raw materials (RS-R).
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microplatelets is ~2 μm and the thickness of that is 0.1–0.2 μm.  
When the RS-R reaches 0.5:1, the diameter of microplatelets 
is ~5 μm and the thickness of that is 0.2–0.3 μm. The size of 
the particles will reach larger than 10 μm as the RS-R increases 
to larger than 1:1. And then, as the RS-R increases, the size 
increases slightly. However, the thickness of plates almost 
remains 0.2–0.3 μm.

Actually, the eutectic mixtures of NaCl–KCl are totally 
molten when the temperature is higher than 670°C.19 And, 
the molten salt plays a role as an intermedium to promote dif-
fusion of ions, lower the energy barrier and accelerate grain 
growth.20 It has been investigated that the mobility of mass in 
the flux is from 1 × 10-5 to 1 × 10-8 cm2/s and that the mobil-
ity in a solid state is just 1 × 10-18 cm2/s. Also, the unstrained 
growing environment benefits the shape formation of crystals 
according to the crystal structure.21 If the salt content is low, 
the fluid will be deficient to provide enough space for ions 
to diffuse, with more resistance of diffusion, which blocks 
the growth of the nucleus, so the size will be restricted to 
a small value. On the contrary, good fluidity of the molten 
salt will expedite diffusing velocity, making a larger quan-
tity of the raw materials dissolved into the molten salt react 
completely in a shorter time. It had been reported that the 
optimum flux/oxides weight fraction (F) was within a certain 

range. Whereas, continuing to increase the salt content would 
debase the concentration of ions of starting materials and 
result in too long a distance among reactants, reducing reac-
tion speed and growth rate to a certain degree. In this system, 
although the sample with RS-R of 1.2:1 has the highest (00l) 
peaks, the size of all the samples of which RS-R is larger than 
1.2:1 has slight changes. It is thought that RS-R values of 1:1 
to 1.8:1 are all feasible. However, the XRD patterns and sep-
aration of the synthesized powders from salt were taken in 
consideration, and the salt-to-oxide weight ratio of 1.2:1 is 
chosen as the optimum condition.

Due to the bismuth-layer structure, including (Bi2O2)2+ on 
the topside and bottomside and perovskite ((BaBi2)Ti4O13)2− 
in the middle, the anisotropy of the structure is so severe that 
the growing energy barrier of c-axis would be much higher 
than that along the a- and b-axes. Therefore, the effect of 
molten salt on the growing velocity in a- and b-axes is much 
larger than that in the c-axis, inducing a larger change of 
diameter than that of thickness.

In the process of studying this system, it has been observed 
that there are two kinds of particles, thinner and thicker in the 
products. Figure 9 shows the TEM testing results of plate-
like particles. It is interesting that the pattern of selective area 
electron diffraction (SAED) shows that the particles are sin-
gle crystals. The lattice is clear and regular with some smaller 
points representing the existence of a superlattice due to the 
periodic structure. Obviously, the two kinds of particles have 
different diffraction spots, especially the superlattice spots. 
The spot indices are determined by means of measuring the 
distances between the bright diffraction spots and a vector 
composition, and then the indices of other spots are derived. 
The result is that the thinner particles are BaBi4Ti4O15 and the 
thicker particles correspond to Bi4Ti3O12.

From the phase diagram between Bi2O3, NaCl–KCl and 
BaCO3, the eutectic point was relatively low. At the tempera-
ture of higher than 800°C, BaCO3 decomposes to BaO. BaO 
and Bi2O3 system will transform to the liquid state and the 
concentration of Bi3+ and Ba2+ is high in the liquid. However, 
the eutectic point between TiO2 and other substances in the 
system is very high, so TiO2 exists as solid-state in the react-
ing process. In the high-temperature molten salt system, 
Ba2+ and Bi3+ diffuse from solution to solid TiO2, entering 
into the interstices or the surface, which leads to strains of 
the [TiO6] structure. Owing to the instability of edge-shared 
structure, the [TiO6] octahedrons distort, changing the edge-
shared structure to corner-shared structure.22 Simultaneously, 
in order to lower the energy of the system, the [TiO6] octa-
hedrons rotate to form local symmetric regions, on which the 
reactant ions in the molten salts deposit, nucleate and grow to 
obtain the bismuth layer structure. The sketch map of crystal 
structural transition is shown in Fig.  10. In the process of 
crystal growth, it is easy to form miscellaneous bismuth layer 
structures, for the deposition of ions and growth of nucleus 
are greatly affected by the temperature and the concentration 
fields.

Fig. 8. SEM images of BaBi4Ti4O15 particles prepared with differ-
ent RS-R values: (a) 0.2:1, (b) 0.5:1, (c) 1:1, (d) 1.2:1, (e) 1.5:1 and 
(f) 1.8:1.
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Because Bi4Ti3O12 and BaBi4Ti4O15 compounds are bis-
muth layer-structure with m equal to 3 and 4, respectively, the 
lattice constant along the c-axis of BaBi4Ti4O15 is larger than 
that of Bi4Ti3O12. Thus, it is more difficult for crystal growth 
of BaBi4Ti4O15 along <001> direction than that of Bi4Ti3O12, 
for the energy barrier along the c-axis of BaBi4Ti4O15 is 
larger than Bi4Ti3O12. Meanwhile, due to the introduction of 
Ba2+, the mismatch between the (Bi2O2)2+ layers and [TiO6] 
octahedrons becomes more severe.

Bi4Ti3O12 and BaBi4Ti4O15 are both bismuth layer 
structures; however, they have different diffraction spots. 
Thereinto, Bi4Ti3O12 belongs to a tetragonal structure 
which is periodically arranged along <l00> and <ll0> direc-
tions, so the indices of the super lattice spots are (l00) and 
(ll0). However, there are only superlattice spots of (l00) in 
BaBi4Ti4O15, indicating along <ll0>, BaBi4Ti4O15 does not 
show periodical structure. At present, there is a debate on the 
structure of BaBi4Ti4O15. Some considered it as a tetragonal 
structure (I4/mmm), while Brendan J. Kennedy et al. reported 

that BaBi4Ti4O15 at room temperature was not tetragonal but 
the orthorhombic A21am structure.23,24 And, the TEM results 
prove that the BaBi4Ti4O15 lattice structure in this work is not 
I4/mmm, but A21am and [TiO6] octahedrons distort.

4.  Conclusions

Plate-like BaBi4Ti4O15 particles that have diameters ≥10 μm 
and thicknesses of 0.3 μm were prepared by one-step MSS 
successfully. The optimal preparing process is sintering at 
1000°C for 4 h with the weight ratio of salts to raw mate-
rials equal to 1.2:1. It is observed that there are two kinds 
of particles; the thinner particles are BaBi4Ti4O15 and the 
thicker particles correspond to Bi4Ti3O12. The crystal struc-
ture of BaBi4Ti4O15 was determined as A21am. The mech-
anism forming bismuth layer compound is that: (1) [TiO6] 
octahedrons change from edge-shared state to corner-shared 
structure; (2) Bi3+ and Ba2+ diffuse from the liquid into [TiO6] 
octahedrons to deposit; (3) corner-shared [TiO6] octahedrons 
rotate to form local symmetric regions; (4) the nuclei grow.
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Fig. 9. TEM analysis SAED of plate-like particles: (a) BaBi4Ti4O15 particle and (b) Bi4Ti3O12 particle.

Fig.  10. Transition sketch maps of crystal structure: (a) Rutile 
structure seen from <111> direction; (b) common edge octahedron 
and corner octahedron; (c) the bismuth layer structure.
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