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a b s t r a c t

Bi3NbTiO9 powders were obtained by the molten salt synthesis method. The influence of the calcina-
tions temperature, holding time, salt species and amount on the crystallization habit and morphology of
Bi3NbTiO9 powders was studied. Under the same processing conditions, the Bi3NbTiO9 powders synthe-
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sized from KCl generally showed a lower crystallization temperature and smaller particle size than those
synthesized using NaCl as salt. Furthermore, the salt content showed a strong influence on the particle
size of the synthesized Bi3NbTiO9 powders. The particle size of Bi3NbTiO9 powders prepared in NaCl
sulfate flux increased as the mole ratio of the sulfate salts to Bi3NbTiO9 was increased. Compared with
the calcinations temperature the influence of holding time on the particle size was not obvious although

e co
-ray diffraction
canning electron microscopy

the prolonged holding tim

. Introduction

Bismuth titanate niobate, Bi3TiNbO9, a typical Aurivillius oxide,
onsists of (Bi2O2)2+ layers between which perovskite-like layers
BiTiNbO7)2− are inserted. In the BiTiNbO7 units, Ti/Nb ions are
urrounded by oxygen octahedra, which are corner shared to form
–Ti/Nb–O linear chains, while Bi ions occupy the spaces in the

ramework of Ti/NbO6 octahedra.
Bi3NbTiO9 was discovered by Aurivillius in 1949. Subbarao and

ewnham showed it to be a ferroelectric with the highest known
urie point in the BLSF family at that time of 940 ◦C. So it is one of
he promising candidates for high temperature piezoelectric appli-
ations [1].

Molten salt synthesis (MSS) is a suitable method for syn-
hesizing oxide powders with anisotropic particle morphologies,
nd has been widely used to form ferrites, PZT, (Pb0.97La0.02)
Zr0.66Sn0.27Ti0.07)O3 and SrTiO3 powders [2–5]. However, there are
imited reports on Bi3TiNbO9 compound prepared by molten salt

ethod.
In this paper, the synthesis of plate-like Bi3TiNbO9 by MSS

ethod was studied. The effects of the calcinations temperature,

olding time, salt species and salt content on the formation process
nd morphology of the Bi3TiNbO9 platelets were investigated.

∗ Corresponding author. Tel.: +86 13581926096.
E-mail address: libr@ncepu.edu.cn (B.-r. Li).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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uld improve the particle morphology greatly.
© 2010 Elsevier B.V. All rights reserved.

2. Experimental procedure

In the present study commercial ceramic powders of Bi2O3, TiO2, Nb2O5 were
used as the raw materials. A powder mixture of these raw materials according to
the stoichiometric ratio of Bi3TiNbO9 was prepared as a reactant. The prepared reac-
tant and the used salt were mixed and ball-milled in an ethanol medium. After ball
milling, the obtained slurry was dried at 80 ◦C to remove the ethanol. Heat treat-
ment was then carried out at different temperatures for different holding time in a
muffle furnace. After heat treatment, the products were washed using hot deionized
water to remove the residual salt. The products were then dried and characterized
using an X-ray diffractometer (XRD, D/max-RB, Japan) for phase composition and a
scanning electron microscopy (SEM, Model SM-450, Japan) for particle morphology.

3. Results and discussion

3.1. Influence of the salt species

KCl and NaCl were chosen as solvent, respectively. The ratio of
the prepared reactant to solvent was 2:1. Fig. 1 showed the XRD
patterns of the Bi3TiNbO9 powders obtained through the molten
salt method. The precursor mixed with KCl was fully converted to
crystalline Bi3TiNbO9 after being heated to 800 ◦C. In contrast, the
precursor mixed with NaCl only partially crystallized to Bi3TiNbO9
at the same temperature. This suggested KCl could reduce the crys-
tallization temperature more effectively than NaCl.

Fig. 2 showed the SEM images of Bi3TiNbO9 powders fabricated

using different salt species. Fig. 2(a) revealed the Bi3TiNbO9 pow-
ders in NaCl–KCl flux were quadrate-like morphology. Comparing
Fig. 2(b) with (c), it should be noted that the powders synthesized
using KCl as salt were fine although they were accompanied by a
few of coarse particles. This was probably due to that a low-melting

dx.doi.org/10.1016/j.jallcom.2010.04.256
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:libr@ncepu.edu.cn
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Fig. 1. XRD of Bi3TiNbO9 powders from precursors with different salt species calcined at 800 ◦C.

F species calcined at 800 ◦C (a) 50%NaCl and 50%KCl; (b) 100% KCl; and (c) 100%NaCl.
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ig. 2. SEM micrographs of Bi3TiNbO9 powders from precursors with different salt

oint salt could cause a higher nucleation rate at the same temper-
ture. The eutectic point of NaCl–KCl is 650 ◦C, lower than that of
aCl (801 ◦C) and KCl (771 ◦C). As for low-melting point salt, the

eactants could achieve an effective dissolution and transport and
ell distribute in the flux. In the following precipitation or diffusion
rocess higher nucleation rate resulted in small particles. However,
or high-melting point salt, its initial period of reaction was usually
ccompanied with an Ostwald ripening mechanism: the growth of
ig particles by the dissolving consumption of small particles and
navoidably led to individual particle growth [6].

.2. Influence of the sulfate content

In order to reveal the influence of the sulfate content upon
i3TiNbO9 powders formation various mole ratios of salt to the

repared reactant were chosen from 1:3 to 6:1. NaCl was used as a
olvent.

Fig. 3 showed the XRD patterns of Bi3TiNbO9 powders synthe-
ized under different conditions. It was easily observed that in the
ase of our investigations, apart from the diffraction peaks of BNT

Fig. 3. XRD of the Bi3TiNbO9 powders prepared at 900 ◦C for 2 h in NaCl sulfate flux
at different mole ratios.
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Fig. 4. SEM micrographs of the Bi3TiNbO9 powders prepared at 900 ◦C for 2 h in NaCl sulfate flux at different mole ratios (a) 1:3; (b) 2:3; (c) 1:1; (d) 4:3; (e) 2:1; (f) 4:1; and
(g) 6:1.
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ig. 5. XRD patterns of Bi3TiNbO9 powders calcined at different temperatures while
Cl was used as a solvent.

ompound, additional peaks of Bi2O3 and Bi4Ti3O12 were detected
hen the mole ratio was below 2:1. However, with increasing the

mount of salt, especially as the mole ratio was higher than 4:1, the
eaks of Bi2O3 and Bi4Ti3O12 were found to disappear. This phe-
omenon suggested that the sulfate content played an important
ole in the development of Bi3TiNbO9 particle crystallization. It was
eported that shorter calcinations time or lower soaking tempera-
ure than the melting point of the used salts led to impurities during
SS [7,2]. In the present experiment, the calcinations temperature
as 900 ◦C, higher than 801 ◦C (the melting point of NaCl) and the
olding time was 2 h. So the above conclusions did not work in our
tudies. This suggested that the increased ratio might change either
he melt viscosity or the solubility of Bi3TiNbO9 in the melt, which

Fig. 7. (a) The dependence of the averaged particle size on the synthesized temper-
atures; (b) differential data of (a).

Fig. 6. SEM of the Bi3TiNbO9 powders synthesized at different temperatures (a) 850 ◦C; (b) 900 ◦C; and (c) 950 ◦C.
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Fig. 8. XRD patterns of the Bi3TiNbO9 powders calcinated for di

urther contributed to the uniformly distribution of the reactant in
he melt.

Fig. 4 showed the SEM micrographs of the Bi3TiNbO9 pow-
ers synthesized under different conditions. The particle size of
he Bi3TiNbO9 powder showed a strong dependence on the mole
atio (M) of the sulfate salts to Bi3TiNbO9. The Bi3TiNbO9 particles
ncreased with increasing salt contents. Especially the powders dis-
ersed well and most of them become quadrate as the M value was
eyond 2:1. This phenomenon was ascribed to the increases in the
ormation rate and the particle growth space with increasing sulfate
alt contents [3].

.3. Effect of the calcinations temperature

The XRD patterns of the powders synthesized at different tem-
eratures for 2 h were shown in Fig. 5. Some unidentified impurities
ere found to be present in the powders at 750 ◦C. A further

ncrease in temperature to 800 ◦C resulted in a pure Bi3TiNbO9
hase. It was reported that conventional solid-state synthesis
f Bi3TiNbO9 was virtually impossible at a temperature <900 ◦C.
oreover, Bi2O3 with different crystal structures and Bi4Ti3O12

hase were reported to present with formation of pure Bi3TiNbO9
8]. However, this was not found in KCl flux. Fig. 5 indicated the
ncreased synthesizing temperature could significantly increase
he amount of single Bi3TiNbO9 phase without any other com-
ounds or intermediate phases.

Fig. 6 showed the SEM photographs of Bi3TiNbO9 powders syn-
hesized at different temperatures. With increasing temperature,
he degree of crystalline was improved. The Bi3TiNbO9 particles

rew larger and more plate-like, due to the preferential growth of
he low-interfacial energy surface planes of Bi3TiNbO9 particles.
n addition, because of the consumption of fine Bi3TiNbO9 parti-
les by the large ones, just as described previously, the particle size
istribution of Bi3TiNbO9 powder synthesized at high temperature
mpounds 505 (2010) 542–548

t time at 850 ◦C (a) molten salt method; (b) solid-state reaction.

became more uniform. Especially Fig. 6 implied the Bi3TiNbO9 par-
ticles grew very quickly when the synthesized temperature was
high than 900 ◦C.

Fig. 7 showed the dependence of Bi3TiNbO9 particles size on the
calcinations temperatures. The particle size increased with increas-
ing temperature. Fig. 7(b) showed the particle growth rate was not
sensitive to temperature below 850 ◦C. However, when tempera-
ture was higher than 850 ◦C the growth rate was found to increase
almost linearly with temperature. This result was consistent with
the observations in Fig. 6. It is generally believed that the particle
morphology is initially dominated by the nucleation process and
later growth process during the MS synthesis [6]. The nucleation
process depends on the difference of dissolution rates between
the reacting oxides in the molten salt. Particle growth can be ini-
tiated by an interfacial reaction controlled mechanism or diffusion
controlled mechanism. So two distinct regions found in Fig. 7(b)
indicated two different growth stages. Below 850 ◦C the nucle-
ation process was probably faster than the particle growth process
and the rate of particle growth was delayed in comparison with
nucleation. The particles grew finer. However, when the tempera-
ture was higher than 850 ◦C the growth process became dominant
leading to large particle size. The above observations indicated the
synthesizing temperature could significantly influence the growth
rate and morphology of the Bi3TiNbO9 particles.

3.4. Effect of the holding time

As the kinetics of the solid-phase synthesis reaction depended
on both the synthesis temperature and holding time the depen-

dence of the X-ray diffraction patterns on the holding time was
collected in Fig. 8. The holding time was carried out within the
range from 10 min to 12 h at the constant temperature of 850 ◦C
while KCl was used as salt. For comparison Bi3TiNbO9 powders
were prepared by solid-state reaction (SSR) and the dependence
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Fig. 9. SEM results of the Bi3TiNbO9 powders calcinated at 850 ◦C for diff

f its XRD patterns on time duration was also presented in

ig. 8.

All of the samples in Fig. 8(a) exhibited a similar XRD pattern
n spite of different time durations. Pure Bi3TiNbO9 phase could be
btained within 10 min in KCl flux. However, in the case of solid-
tate method, the XRD results showed that the calcinations time
time. (a) 10 min; (b) 30 min; (c) 1 h; (d) 1.5 h; (e) 4 h; (f) 8 h; and (g) 12 h.

longer than 2 h were necessary for the formation of pure Bi3TiNbO9

phase at 850 ◦C. These implied that the molten salt could accelerate
the kinetics at lower temperature and facilitate the formation of
Bi3TiNbO9, which was reported to be attributed to the enhanced
diffusion coefficients in the molten chloride liquid phase compared
to that in the solid-state [9].
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ig. 10. (a) Dependence of ratio of Bi3TiNbO9 phase on the calcinations time; (b)
ependence of the corresponding particle size on the calcinations time.

Fig. 9 showed the SEM results of the Bi3TiNbO9 powders calci-
ated at 850 ◦C for different time. The powders were agglomerated
nd irregular in shape when the holding time was less than 2 h.
owever, with further increased time beyond 4 h, the powders
tarted to exhibit plate-like particles.
Variations in the average particle size and calculated ratio of

he Bi3TiNbO9 phase as a function of holding time were shown
n Fig. 10. For quantifying the ratio of the Bi3TiNbO9 phase, the
ollowing equation was used:

[

[

[

mpounds 505 (2010) 542–548

ratio (%) =
∑

IBNTO(h k l)∑
I(h k l)

where IBNTO(hkl) were the intensities of the diffraction peaks of
Bi3TiNbO9.

One could see in Fig. 10 that, no matter for MSS or SSR, the
particle size increased rapidly at short annealing time and then
continued to grow at a very low rate. At longer calcinations time,
the particle size exhibited a leveling-off trend and approached a
limiting particle size. However, the dependence of volume frac-
tion Bi3TiNbO9 on the holding time was different. The amount of
Bi3TiNbO9 in MSS remained remarkably stable within 12 h while
that of SSR increased obviously with the prolonged time within
4 h.This was probably attributed to lower crystalline temperature
of MSS, which led to a mass transformation of Bi3TiNbO9 at tem-
perature lower than 850 ◦C.

4. Conclusions

Compared with NaCl, KCl could reduce the crystallization tem-
perature effectively. Using KCl as solvent with the ratio of the
prepared reactant to solvent 2:1, Bi3NbTiO9 could be synthesized
at 800 ◦C without other intermediate phases. The increased sulfate
salt contents increased the synthesis rate and the particle growth
space leading to the easy formation of plate-like shape Bi3NbTiO9.
Both the calcinations temperature and holding time improved the
particle morphology greatly. However, their influence on the par-
ticle growth was different.
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