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Preparation of spherical Zr,zSn,,TiO, powder
by ultrasonic spray pyrolysis
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Fine, spherical Zro gSno »TiO, powders were prepared by spray pyrolysis, using an ultrasonic
transducer, from an agueous solution of metal chlorides. The synthesized powders had

a spherical morphology and many shell fragments. The observed shell fragments were
attributed to the impermeable surface crust formed during thermal decomposition of the
droplets. The raw materials for the preparation of Zro sSno27i0, were analysed prior to any
treatments because the properties of the surface crust could be related to those of the raw
materials. ZrOCl,-8H,0 was supposed to affect the shell fragments as weil. Spherical
ZrosSnoe2TiO, powders without shell fragments couid be prepared using ZrO(CH;COO), in

place of ZrOCl,-8H,0.

1. Introduction

In recent years, the demand for ceramic dielectric
materials has been increased and many kinds. of di-
electric materials including (Zr,Sn)TiO, Ba(Zn,Ta)O,
-Ba(Zn,Nb)O;, BaO-PbO-Nd,0,-TiO, and
MgTiO;-CaTiO; have been developed for micro-
wave applications [1]. Zirconium titanate solid solu-
tions, Zr,Sn,T1,04(x + y 4+ z = 2), are of interest due
to the superior dielectric properties — high dielectric
constant, high Q value and low temperature coeffi-
cient of resonant frequency — in the microwave fre-
guency regime.

Many researchers have studied the Zr,Sn,Ti,O4
system [ 2—6], hereinafter referred to as ZST, and most
of them prepared the ZST powders using a solid-state
reaction, i.e., the mixture of ZrO,, SnO,, and TiO,
was calcined at about 1100°C. The solid-state reac-
tions take place at high temperatures by the mutual
diffusion of cations through oxygen lattices by way of
the contact areas between the particles of different
oxides. The decrement of the active surface of the
powder usually occurs because the solid-state reaction
is accompanied by sintering [ 7]. Therefore, it has been
difficult to get a high-density ZST using the powders
from the solid-state reaction. This required the use of
sintering additives such as ZnO, NiO, CdO, La,0;
etc. [2-5]. These additives, however, have been re-
ported to cause the degradation of the dielectric prop-
erties of pure ZST [6]. In addition, the composition of
ZST powders from the solid-state reaction is usually
found to be inhomogeneous. It is known that the
preparation of homogeneous ZST powders with high
sinterability is a prerequisite to achieving better di-
electric properties.

Spray pyrolysis is one of the promising methods
which can prepare spherical powders with reprodu-
cibility. It also controls the particle size easily by
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varying the concentration of the precursor solution or
atomization parameters [8]. In spray pyrolysis, a salt
solution is atomized into a heated reaction chamber
where the droplets dry to form the precursor salts and
then it decomposes directly to form the oxide. The
compositional heterogeneity of the powders exists
only within one spherical, secondary particle because
each droplet acts as a seperate reactor in the de-
composition reaction [9]. Many kinds of supercon-
ductor with relatively complex compositions have
been prepared by spray pyrolysis because of its
aforementioned easiness in the control of micro-com-
positional heterogeneity [10-12]. Therefore, the prep-
aration of ZST powders by spray pyrolysis is regarded
as superior to that by the solid-state reaction in view
of the morphology and compositional homogeneity.
The preparation of ZST powders, however, by spray
pyrolysis has never been reported.

In this study, spherical ZST powders were prepared
by ultrasonic spray pyrolysis from (1) the aqueous
solution of ZrOCl,-8H,0, SnCl,-xH,O and TiCl,
and (2) that of ZrO(CH;COOQ),, SnCl, xH,O and
TiCl,. The factors affecting the morphology, size and
phase of the powders have been studied.

2. Experimental procedure
Metal chlorides were used as source materials because
they are economical and highly soluble in water.
Aqueous precursor solutions were made up using ap-
propriate weights of (1) TiCl, (GR grade) SnCl,-xH,O
(GR grade) ZrOCl,-8H,0 (GR grade) and (2)
TiCl, SnCl, - xH,0, ZrO(CH;COO), ( > 98%]) in dis-
tilled water with the atomic ratio of Zr:Sn:Ti of
0.8:02:1.

The solution concentrations (= [Ti"%]=
[Zr**] 4+ [Sn**] were varied from 0.2 M to 0.004 m.
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The precursor solutions were sprayed by an ultrasonic
transducer (resonant frequency = 1.67 MHz) and the
droplets passed into a quartz tube (inner dia-
meter = 30 mm) heated at various temperatures with
a carrier gas. N, was used as a carrier gas and the flow
rate was 0.8 Imin~'. The synthesized powders were
collected in distilled water and dried in an oven.
A schematic diagram of the experimental apparatus is
shown elsewhere [13].

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of
the ZST powders prepared at 500, 700 and 900°C
from 0.2 M precursor solution. The powders prepared
above 700 °C show the ZST single phase, while the
unidentified and amorphous phases were found in the
powder at 500°C. The ZST and other unidentified
phases were mixed at 600°C although this is not
shown in this paper. It indicates that the ZST single
phase can be obtained about 600-700°C in this ex-
periment, which is a much lower temperature than
that of the solid-state reaction. The reduction in the
temperature for the preparation of the ZST phase
without any minor component might result from the
submicro-scale reaction due to the homogeneous dis-
tribution of the cations in a droplet.
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Figure | X-ray diffraction patterns of the ZST powders prepared
from 0.2 M solution at various temperatures; (a) 900 °C; (b) 700 °C;
{c) 500°C.

To study the decomposition characteristics of the
precursor solutions, the solutions were dried at 100°C
for 1 day and evaluated by thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) with
a heating rate of 10°Cmin~! in a N, atmosphere
{Fig. 2). The TGA curve in Fig. 2 shows that the de-
composition of the precursors finished at about 600 °C
and little weight loss was observed above 600°C. The
endothermic peaks at 184 °C in the DTA curve was
due to the dehydration of the precursors. Two
exothermic peaks located at 514°C and 581 °C were
related to the decomposition of the intermediates and
the crystallization of the ZST phase, respectively. This
crystailization point is lower than that from the XRD
study. The difference in crystallization temperatures
between XRD and DTA studies could originate from
the kinetic effects. Since, in spray pyrolysis, the drop-
lets passed through the hot zone for only a short
period {10-15s in this experiment), the heating rate
must be very high. Accordingly, the droplet could not
receive enough heat and the decomposition reaction
was fully completed at a higher temperature than that
of the DTA curve. It is natural to have a higher
temperature than 600 °C to produce ZST single phase
by spray pyrolysis.

Fig. 3 shows scanning electron microscopy (SEM)
micrographs (Jeol, JEM 200-CX, Japan) of the ZST
powders prepared at 800 °C from various concentra-
tions of the solution. All powders exhibited a spherical
shape and sizes in the range of 0.1 to 2.0 um. The
arithmetic mean diameters of particles were 0.94 +
047 uym for 0.1m, 0.53 +0.27 ym for 0.04 M, and
0.19 + 0.11 um for 0.004 M, respectively. The particle
sizes were obtained from the direct measurement of
particles in transmission electron microscopy (TEM)
micrographs (Jeol, JSM-840A, Japan) and more than
500 particles were measured in each concentration.
The particles show the dependency on the concentra-
tion of the precursor solution, that is, the size of
particles decreased with the concentration of the
solution. The relationship between particle size and
solution concentration has already been discussed
[14-16] and in any case, the size of the particles
decreases as concentration of the solution decreases.
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Figure 2 DTA/TGA curves of the precursor solution in N, at
a heating rate of 10°C min~ 1.
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Figure 3 SEM micrographs of the ZST powders prepared at 800 °C
from various solution concentrations; (a) 0.1M; (b) 0.04 Mm;
(c) 0.004 M.

The particle-size distributions for powders shown in
Fig. 3 are presented in Fig. 4. The abscissa represents
for the particle size which was normalized by the
arithmetic mean diameter at each concentration and
the ordinate, frequency. It shows a narrow size distri-
bution and the distribution did not change even if the
concentration of the precursor solution was varied.
This means that the formation mechanisms of the
three kinds of powders were identical [13].

It can be seen that the particles in Fig. 3 have many
shell fragments. Many factors such as reaction temper-
ature, gas flow rate, and source materials etc., have
effects on the powder morphology. It is generally
acknowledged that the physical characteristics of the
dried salts which were related to source materials had
the largest effect on the morphology of the resultant
oxide powders. In spray pyrolysis, the sprayed drop-
lets were moved into high temperature reactors and
the water solvent started evaporation from the outer
part of the droplet. This resulted in the localized
supersaturation of the solute and the salt precipitated
at the droplet surface. A salt crust was formed before
the droplet was completely dried when the evapor-
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Figure 4 Size distribution of the ZST powders prepared at 800°C
from various concentrations. O 0.1 M; @ 0.04 M; ¥/ 0.004 M.

ation proceeded faster than the counterdiffusion of the
solute from the surface to the inner part of the droplet.
If the crust layer is hard and impermeable to gas, the
vapour/gas from the inner part of the droplet can not
exit and fracture of the crust occurs. If the crust layeris
hard and permeable, the vapour can diffuse through
the layer and fragments of the prepared powders
seemed to be caused by impermeable crusts formed
during the decomposition process.

Charlesworth and Marshall [17] have suggested
that the outer surface was usually smooth and the
inner surface was rough and uneven when the surface
crust was formed. Considering these facts, the lumpy
surface of the powder (see A in Fig. 3(a)) seemed to be
the fractured inner surface and smooth surface (see
B in Fig. 3(a)) seemed to be the unfractured outer
surface. Consequently, the factor which caused shell
fragments was the impermeable surface crusts and
the raw materials which form the impermeable
crust should be revealed to improve the powder
morphology.

ZrO, powder was prepared by spray pyrolysis
from ZrOCl,-8H,0, TiO, from TiC,, SnQ, from
SnCl,-xH,O, respectively, in the same conditions
used as in the preparation of the ZST powders. This is
to reveal the raw materials which largely affected the
shell fragments. As seen in Fig. 5, SnO, powders had
a smooth surface and no fragments, while TIO, had
a smooth surface with a few fragments. On the other
hand, ZrO, powders had a lumpy surface and many
shell fragments. Compared to the ZST powders in
Fig. 4, the morphology of the ZrO, powders was sim-
ilar to that of ZST powders. Zhang and Messing [18]
have prepared ZrO, powders by the same process
using several zirconium-source materials and reported
similar results to those obtained with ZrOCl,-8H,0.

Therefore, ZrOCl,-8H,0 is assumed to affect the
shell fragments of the ZST powders. However, the
influence of TiCl, and the mutual interaction be-
tween raw materials should be considered as well.
The Zry ;Sng 3TiO, powders were prepared from
ZrOCl,-8H,0, SnCl, and TiCl, and compared to
Zry sSng , TiO, powders to confirm the above influen-
ces. As seen in Fig. 6 the Zry,Sn, ¢TiO, powders
which had a relatively small ZrO, concentration (i.e.



Figure 5 SEM micrographs of the SnO, TiO, and ZrO, powders
prepared at 800 °C from 0.2 M solution; (a) SnO,; (b) TiOy; (c) ZrO,.

small ZrOCl,-8H,0 content) and the same TiCl,
concentration had a smooth surface and no fragments,
which indicated that the shell fragments of the pre-
pared ZST powders were strongly dependent on the
amount of ZrOCl,-8H,0. Consequently, it might be
said that ZrOCl,-8H,0O affects the morphology of the
prepared ZST powders and other zirconium source
materials were required to improve the powder
morphology.

Several zirconium-source materials were used
in the ZrO, powder preparation for preliminary
experiments and  the powders obtained from
ZrO(CH;COOQO), had a good morphology without
shell fragments. The ZrO(CH3;COO), was sclected
in place of ZrOCl,-8H,0 and ZST powders from
ZrO(CH;COO0), were prepared in the same condition
as in the case of ZrOCl,-8H,0. Fig. 7 shows
SEM micrographs of the ZrO, powders from
ZrO(CH;COO), and the ZST powders from
ZrO(CH;CO0O),TiCl, and SnCl,-xH,0. As shown
in the figure, the ZrO, and ZST powders using
ZrO(CH;COO); had a spherical morphology and no
fragments. This also supports the above explanation

Figure 6 SEM micrographs of the Zry ,Sn, ¢TiO, and Zrg gSng ,
TiO, powders prepared at 800 °C from 0.1 M solution; (a) Zr, ,Sn s
TiOy; (b) Zry sSny ,TiOy.

Figure 7 SEM micrographs of the ZrO, and ZST powders prepared
at 800°C from 0.1 M solution using ZrO (CH;COOQ),; (a) ZrO,
(b) ZST.

that the shell fragments of the prepared ZST powders
were due to ZrOCl,-8H,0.

Sproson et al. [19] have reported that the acetate-
driven powders prepared by spray pyrolysis showed
different morphologies from the nitrate-driven pow-
ders in case of NiO, MgO and ZnO. They suggested
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that the difference is attributed to the exothermic
oxidation which occurred during the decomposition
of the acetate salts in air. In a N, atmosphere, the
exothermic oxidation of acetate salts did not occur
and the powders from the acetate had a similar mor-
phology to those from the nitrate. However, the differ-
ent morphology between acetate-driven and chloride-
driven ZST powders in these experiments might not
be due to the exothermic oxidation because the pow-
ders were prepared in N,. The difference could
be due to the permeable crust formed from ZrO
(CH;3COO), although further studies are required
to reveal the exact role of ZrO(CH;COO),.

4. Conclusions

Spherical, fine Zr, gSn, ,TiO, powders were prepared
by spray pyrolysis using an aqueous solution of
ZrOCl,-8H,0/ZrO(CH;CO0),, SnCl, - xH,0 and
TiCl,. The ZST powders without any minor phase
could be prepared above 700°C and particle size
ranged from 0.1 to 2 pm. The powders obtained from
chlorides show a spherical morphology with many
shell fragments. These shell fragments might be due to
the low permeability of the surface crust. The salt
characteristics of ZrOCl,-8H,0 were considered to
affect the shell fragments. The spherical ZST powders
without shell fragments could ‘be prepared using
ZrO(CH;COO), in place of ZrOCl,-8H,0,
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