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Rapid Synthesis of Pb,_La, TiO; Powders in Molten Salt Flux

CAI Zong-Ying? XING Xian-Ran™' DENG Jin-Xia' YU Ran-Bo' LIU Gui-Rong'
(‘Department of Physical Chemistry, University of Science & Technology Beijing, Beijing 100083)
(Institute of Ordnance Engineering, Shijiazhuang 050003)

Abstract: Perovskite-type compounds Pb,_La,TiO; in the composition range of x from O to 0.45 were synthesized
using simple oxides from 700 °C to 1000 “C by molten salt synthesis (MSS) and a small amount of La,Ti,0; py-
rochlore phase was detected in the XRD patterns for x=0.45. The activation energy for particle growth in MSS
was calculated, and the Phy,Lagy TiO; was synthesized at 700 °C for only 5 min. The perovskite phase for the ma-
terial prepared was tetragonal for 0.0 <<x<<0.25 and cubic for 0.25<x=<0.40. The average particle size was dif-
ferent for samples prepared in NaCl-KCI and Na,SO,-K,SO, system, but the shape was all spherical for samples
obtained from both systems. The same spherical shape could be explained by the diffusion control mechanism for

the particle growth into spherical shapes.
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0 Introduction the existence of cavities in the perovskite structure.
Lead lanthanum titanate (PLT) is one of the most im-

The perovskite-type compounds PbTiO; and La- portant ferroelectric materials because of its excellent
doped PbTiO; are well-known as high dielectric con- dielectric, ferroelectric, pyroelectric and electro-optic
stant ferroelectric materials. Much attention has been properties. These compounds are generally synthesized

paid to the solid solutions of Pb, LaTiO; (0=<x<0.45), by solid-state reaction of the corresponding oxides at
which are more useful than pure PbTiO; because of temperatures >1 000 °C. Solid-state synthesis has been
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extensively used for the fabrication of the perovskite
ceramics compounds. However, Pb,_LaTiO; with de-
sired composition is difficult to be synthesized by the
high temperature method because of high vapor pres-
sure of the led component at high temperature.

Molten salt synthesis (MSS) method has been re-
ported to be one of the simplest techniques to prepare
pure, stoichiometric ceramic powders of multicompo-
nent oxides, by using low-melting, water-soluble salt

Be-

cause of the high diffusivities of the components in

or salt mixture as the reaction aid or medium.
the molten salt flux, the preparation temperature and
time can be significantly reduced compared to the sol-
id-state reaction"¥, Various electronic ceramics, such
as BaTiO;** Bi,Ti;0,", ferrite®'% lead-based per-
ovskite ceramics!*!""" have been studied by adjusting
the MSS method using chlorides, sulphates or nitrates.
Because of the small diffusion distances of oxide mix-
tures in molten salt solvents, high reactivity of salts
and high mobility of species, reactions can be com-
pleted in a relatively short time.

In the present work,
phase Pb,_La,TiO;

salt method is described. The oxides and salt were re-

acted at temperature from 700 °C to 1 000 °C (depend-

the preparation of single-
(0.0<x<0.40) powders by molten

ing on the molten salt system and x values) for differ-
ent time by the MSS method. The MSS procedure in
this work is simple, fast and cost-effective, compared
with other chemical methods™. At the same time, the
low temperature and salt can reduce the PbO evapora-

tion.
1 Experimental

The nominal composition in the present study
was 0.0=<x=<0.45 for Pb_La,TiO;. The starting mate-
rials used were reagent-grade oxides TiO, (99.9%),
La,0; (99.9%), PbO (99.9%), NaCl (99.5%), KCl
(99.5%), Na,S0, (99.9%) and K,SO, (99%). The stoi-
chiometric amounts of oxides were ground with a mor-
tar and pestle in ethanol for 1 h to obtain uniformly
distributed mixtures. The oxides mixtures were mixed
with chlorides NaCl-KCl (1:1 molar ratio) or Na,SO,-
K,S0, (0.8:0.2 molar ratio)

in a weight ratio varying

from 1:1 to 1:3 by wet ball-milling for 12 h. The
mixed slurry was dried at 120 °C for 2 h for the com-
plete removal of ethanol. The mixed powders then
were placed in alumina crucibles and then reacted
between 700 °C to 900 °C for 5 min to 3 h. After cal-
cination, the salts were ultrasonically washed using
hot distilled water several times until the filtrate being
Cl~ free by AgNO; test.
fully dried at 120 °C for 4 h.

The powders were characterized by using XRD
(model:  M21XVHF22, Yokohama,
Japan) using a diffractometer with Cu Ka radiation,

SEM (Model: Cambridge S360) with EDS, respective-

ly. The experimental procedure is shown in Fig.1.

The obtained powders were
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Fig.1 Experimental procedure

2 Results and discussion

The melting points of eutectic NaCl-KCl and
0.8Na,30,-0.2K,S0, are 658 C and 823°C,

Fig.2 shows the powders diffraction patterns

respec-
tively.
collected on these materials synthesized by NaCl-KCl
salts from 700 °C to 900 °C and Na,S0,-K,SO, from
900 °C to 1000 °C for 2 h. As shown in Fig.2(a), the
as-prepared PLT powders are single-phase at above
700 °C and also a small amount unreacted oxides im-
purity when synthesized at 700 C for x=0.35. How-
ever, the unreacted oxides can be avoided through ris-
ing the temperature to 800 “C. This indicates that the
preparation of Pb,_lLa,TiO; (x<0.35) single phase par-
ticles was possible by NaCI-KCl flux at the tempera-
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ture as low as 700 °C and Pb,_ LaTiO; (x=0.35) at
800 °C. As the solution of La increasing the tempera-
ture of synthesized by molten salt increased. Sulphates
could also be used in the synthesis of PLT powders
and no impurity phase and difference identified in the
samples prepared from 900 °C to 1000 °C as shown in
Fig.2(b).

() .
x=045 800 C,2h
x=0.40 800 C,2h
[y
2| x=035 900°C, 21
=
§ =035 800 C,2h
e
£
= | x=035 700°C,2h
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700 °C,2h
20 30 40 50 60 70
26/ (°)
(6)x=0.10

Lo00 C 0.8N2,S0, + 0.2K,S0,

0.8Na,S0, + 0.2K,50,

Intensity (a.u.)
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Fig.2 XRD patterns of Ph, LaTiO; (x=0.0~0.45)
synthesized at different temperatures in
NaCl-KCl and Na,S0,-K,SO, molten salts
The single phase perovskite ceramic PLT with
different La content can be synthesized by molten salt
method above 800 °C according to the method de-
scribed previously. Fig.3(a) shows that single phase
Pb,_LaTiO; can be formed for 0.0 <x<<0.40, and a
small amount of La,Ti,0; pyrochlore phase was detect-
ed in the XRD patterns for x=0.45. The solid solution
compound PLT was indexed in a tetragonal structure
for 0.0=<<x<<0.20, and in a cubic one for 0.25<x <
0.40. The structure parameters of Pb,_ La,TiO; (0.0<x<
0.40) are shown in Fig.3(b) that fits with the peak
separation between the 001 and 100 reflections and
the tetragonality (c/a) decreases with the La content.
Fig.4 shows the SEM micrographs of typical
Pb,_La,TiO; (x=0.10) powders prepared by different
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Fig.3 XRD and Lattice parameters of Pb,_LaTiO; (0.0
x<0.45) solid solution synthesized at 800 °C

(a) Na-KCl 900 C

-

(b) 0.8Na,S0, + 0.2K:50, 900 C

Fig.4 Typical scanning electron micrographs of Pb,_LaTiO,
(x=0.10) powders prepared by different molten salt
synthesis at 900 C
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molten salt at 900 °C for 2 h. The size distribution of
PLT was quite narrow. The particles are spherical in
shape, which indicates that the particle growth is un-
der the diffusion control mechanism, the shap and size
for sample prepared by sulphate appear to be a little
larger than by chloride. The particles growth behavior
with temperature for different kinds of salt can be
represented by the following equation™.

D*- D¢ =k(t - to))exp(-E / RT)

Where D is the average particle size at time ¢, D,
is the initial particle size at initial #, % is the rate
constant, F is the activation energy for particle growth,
R is the gas constant, and T is the firing temperature.
When the initial particle size, Dy, is small compared
with the average particle size, D, at the time ¢, the
factor Dy* can be neglected relative to D% So the e-
quation can be expressed as follows:

D*=k(t - to)exp(-E / RT)

From the plot of InD* vs 1/T, the activation ener-
gy can be calculated. Fig.5 shows the plots drawn for
the PLT particles synthesized by changing the species
of the salts. The apparent activation energies for parti-
cle growth, the values calculated from the data pre-
sented in Fig.5 are 94 and 108 kJ-mol™ for formation
temperature 700 to 1 000 °C in chlorides and sul-
phates, respectively, suggesting that the activation en-
The acti-

vation energies obtained from the molten salt synthesis

ergy is not influenced by the salts species.
method belong to low activation reaction, the rate of
reaction in molten salt was quickly confirmed by
Pb,_LaTiO; (x=0.10). The Pb,_La,TiO; (x=0.10) syn-
thesized at 700 °C in 5 min is shown in Fig.6. On fur-
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04 (b) 0.8N2,S0,-0.2K.S 0,

2InD

9.2

(2) 0.5NaC1-0.5KCl
9.0
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09 10 11 12 13 14 15
1000/T/K”
Fig.5 Plots of 2InD (average particle size) vs 1/T for (a)

0.5NaCl + 0.5KCI and (b) 0.8Na,SO, + 0.2K,SO,

ther prolonging holding time to 2 h, as presented in

Fig.6, no significant changes in XRD pattern could be
found.
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Fig.6  XRD patterns of the Pbyglag,TiO5 solid solution
with different time at 700 °C and SEM for
reaction at 700 °C for 5 min

The formation of a high purity Pb,_La,TiO; (x=
0.10) phase occurred at a low temperature of 700 C,
and was completed within a relatively narrow tempera-
ture range, leading to a small average particle size of
~100 nm with a controlled component by molten salt
synthesis method. The single phase PbgglagTiO; solid
solution was observed beyond 5 min at 700 °C. The
completion of this reaction in a very short time is due
to the short diffusion distance and the high mobility of
species in the liquid state. Arendt et al.!" reported that
the creatively high mobility of species in the molten
salt (1 x 10°~1 x 10 cm*+s™) compared with as little

as 1 x 1078 ¢m?-s™!

in the solid state. The morphologi-
cal size difference can be explained that the sulphates
have higher solubility for PbO under the same condi-

tions than the chlorides. The perovskite phase is be-
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lieved to be formed on the surface of the slow-dissolv-
ing component by transporting the fast-dissolving com-
ponent. In the case of PLT, PbO is considered to be
the fast-dissolving component!!l. Therefore, the solubil-
ity for PbO in different salts can be used to explain
the different particle size distribution observed in the
powders. The relatively large solubility of PbO in the
sulphate flux increases the solubility of PbO and then
accelerates the formation reactions. Consequently, the
PLT crystallites grown in the sulphate slats show a

larger particle size.
3 Conclusions

Pb,_La,TiO; (0 <x<0.40) compounds with good
stoichiometry and Pb,_La,/TiO; (x=0.45) with a small
amount of La,T1,0; pyrochlore phase could be produced
from molten salt synthesized method. The formation of a
high purity Pb,_La,TiO; (x<0.35) phase occurred at a
low temperature of 700 °C and Pb,_La,TiO; (x=0.35) at
800 °C in NaCl-KClI flux. The formation of a high pu-
rity Pbyglag,TiO; phase was for only 5 min in chlo-
rides at 700 °C. These compounds were indexed in the
tetragonal phase for 0.0 <x<0.25, and in the cubic
phase for 0.25<x<0.40. The maximal La content at
PLT prepared by MSS was x=0.40, and La,Ti,0; was
detected at x=0.45. The average primary particle size
of the PLT powders was uniform and the size distri-
bution was quite narrow. The particles were spherical
in shape, which indicates that the particle growth is
under the diffusion control mechanism, the shape and
size for samples prepared in sulphates are somewhat

larger than that in chlorides. The PLT particles acti-

vation energy for particle growth in MSS method was

calculated, which shows the reaction was very fast.
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