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Preparation of spherical SnO, particles by W/O
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An attempt to prepare spherical particles was made using a W/O type emulsion as a
reaction field. The effects of surfactant content, W/O ratio and stirring conditions for the
preparation of emulsions, which determined the size of water drops in the emulsions, were
investigated on the size and morphology of the obtained SnO, particles. The size and
morphology of the obtained particles were largely influenced by a water/surfactant molar
ratio (R-value) for the preparation of the emulsions. Particles having relatively high
sphericity were obtained at an R-value below 1500. In order to obtain mono-sized SnO,
particles with narrow distributions, R-value should be adjusted to the narrow range from
250 to 500. Spherical SnO, particles showing narrow particle size distributions were
obtained at W/O ratio of 1/1 and surfactant content of 11.2 x 10~2 mol/l or 22.4 x 102 mol/I.
Furthermore, the particle size and morphology of SnO, depended on the revolution rate of
an emulsifier for emulsification. Mono-dispersed spherical particles having narrow size
distributions formed at revolution rates of 3000 and 4000 rpm. At extremely low and high
revolution rate of the emulsifier, particles showing high sphericity were not obtained, but
agglomerates of un-spherical fine particles. The interfacial reaction time determined the
internal structures of spherical particles. The reaction for short time yielded hollow
spherical SnO, particles, and the internal structure of the particles became denser with
increasing reaction time. © 2002 Kluwer Academic Publishers

1. Introduction

Preparation processes of ceramic powders are broadly
divided into two categories, that is “Breaking down pro-
cess”, in which coarse grains are used as starting ma-
terials and pulverized with various grinding machines,
and “Building up process”, in which particles are usu-
ally prepared in gas or liquid phase [1]. For example, a
colloidal process is one of the most typical building up
methods and applied to preparation of various ceramic
powders and pigments [2]. This process includes pre-
cipitation of inorganic salts [3], hydrolysis of alkoxides
[4] and so on, and makes it possible to precisely con-
trol the size, morphology, and chemical compositions
of final products [5]. Therefore, the colloidal process is
often used for the preparation of micrometer-sized and
submicrometer-sized spherical particles having narrow
particle size distributions [6—8].

Various preparation methods of mono-dispersed par-
ticles has been proposed by many researches, such as
hydrolysis of inorganic salt aqueous solutions at high
temperatures [9], which was established by Matijevic,
homogeneous precipitation using urea and formalde-
hyde as precipitants [10, 11], hydrolysis and condensa-
tion of metal alkoxides [12—-14] etc.

The powder synthesis by a W/O type micro-emulsion
method was developed in the early 80s and has been
applied to preparation of many kinds of mono-dispersed
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particles [15, 16]. In addition, a wide variety of studies
on the fabrication of inorganic micro-capsules by the
micro-emulsion method has been carried out for the
last two decades, and possibility for the synthesis of
functional hybrid particles has been reported [17-19].

SnO,, which is focused on in the present research, has
been put to practical use as a starting material of various
gas sensing elements [20-26] and conductive compo-
nents of glass composites, such as hybrid IC thick film
resistors [27-29], because of its excellent thermody-
namic and electrochemical stability. In order to satisfy
the desired electrical properties of these electronic de-
vices, it is necessary to accurately control microstruc-
ture of them. For this purpose, it is essential to syn-
thesize SnO, particles having well-controlled size and
morphology.

In this study, an attempt to prepare spherical SnO,
particles was made using a W/O type emulsion as a re-
action field. The size and morphology of water drops in
the emulsions are thought to largely influence those of
the obtained SnO; particles. Therefore, in the present
study, the effects of surfactant content, W/O ratio and
stirring conditions for the preparation of the W/O type
emulsions, which determined the size and morphol-
ogy of water drops in the emulsions [30, 31], were
investigated on the size and morphology of the SnO,
particles.
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2. Experimental

Fig. 1 shows preparation procedure of spherical SnO,
particles by a W/O emulsion method. The 1.0 mol/l
aqueous solutions of sodium stannic acid (Na;SnOs3)
were mixed with benzene containing a surfactant (sor-
bitan monooleate, Span80) of fixed amount so that the
total volume of the mixed solution was 100 ml. The
mixed solutions were stirred with an emulsifier for
3 min ata fixed revolution rate to obtain W/O type emul-
sions. In this study, the effects of the preparation con-
ditions of W/O type emulsions, including the amount
of surfactant, W/O ratio and the revolution rates of the
emulsifier, were investigated on the size and morphol-
ogy of obtained SnO, particles.

The details of the preparation conditions of the emul-
sions are summarized in Table I. The effects of the
amount of the surfactant and W/O ratio were investi-
gated for the emulsions prepared by stirring at 3000
rpm for 3 min. Also, the W/O type emulsions were pre-
pared at the various revolution rates of the emulsifier.
In this case, the surfactant concentration and W/O ra-
tio were kept constant at 11.2 x 1072 mol/l and 1/1,

respectively.
1.0mol/l Benzene
NazSn0s aq. with surfactant
Surfactant: 1.4X10%2-22.4x10?mol/]

Emulsification

Revolution rate:
2000-10000rpm

Figure 1 Preparation procedure of spherical SnO, particles by W/O
emulsion method.

The obtained W/O type emulsions were added to
1.5 mol/l (NH4),SO4 aqueous solution of fixed amount
with stirring to obtained SnO, hydrates according to
the following chemical reaction. Although the chemi-
cal reaction shown in Equation 1 is equivalent when an
Na,;SnO3/(NH,4),SO4 molar ratio is 1/1, it was adjusted
to 1/3, which is an adequate preparation condition for
spherical SnO, particles, according to the results of
preparatory experiments.

Na;SnOj3 - xH,O + (NH4),SO4 — SnO; - xH,O
+ 2NHj3 + NaySOq4 (1)

Although the time of interfacial reaction was com-
monly 1 h in sires of experiments, the samples for ob-
servation of the microstructure in the spherical SnO;
particles were also prepared by the reaction for 12 h.
Both the preparation of emulsions and interfacial reac-
tion were conducted at a constant temperature of 30°C
at all times, because the stability of emulsions, which
influences the morphology and size of final products,
would be changed by temperature [32].

After centrifuging precipitates obtained by the inter-
facial reaction from mother liquor, they were washed in
ion-exchanged water in order to remove Na; SO, gener-
ated during the interfacial reaction. For some applica-
tion, especially for electrical application, the sodium
contamination is critical. In our preliminary experi-
ment, the change of the amount of sodium contami-
nation with the number of washing in ion-exchanged
water had been examined with an inductively cou-
pled plasma spectroscope (ICP, Seiko Electronics: SPS-
4000). After washing above three times, the amount of
the sodium contamination had been almost constant
from 30 to 40 ppm. Therefore, the washing of the pre-
cipitates in ion-exchanged water was carried out three
times in the present study. After filtrating the precip-
itates washed in ion-exchanged water, they were ul-
trasonically redispersed in ethanol in order to remove
residual organic compounds. The washing in ethanol
was also conducted three times. After washing, the pre-
cipitation was collected by suction filtration, and then
dried at 100°C in air for 12 h.

The characterization of the obtained SnO, particles
involved SEM observation and the measurement of par-
ticle size distributions. After sputtering C or Au as a
conductive film, the morphology of the SnO, particles
was observed using a field-emission type scanning elec-
tron microscope. For 500 spherical particles selected in
SEM images, diameters of the circle of equal projected
area (Heywood’s diameter) were determined by a com-
puter assisted image analysis, and then average particle
diameters were calculated.

TABLE 1 Preparation conditions of W/O type emulsions. R-values enclosed within parentheses for each surfactant concentration indicates

water/surfactant molar ratios at W/O ratios of 1/3, 1/1 and 3/1, respectively

Surfactant concentration (mol/l)

W/O ratio

Revolution rate of emulsifier (rpm)

1.4 x 1072 (R = 1330, 4000, 12000)
2.8 x 1072 (R = 670, 2000, 6000)
5.6 x 1072 (R = 330, 1000, 3000)
11.2 x 1072 (R =170, 500, 1500)
22.4 x 1072 (R =83, 250, 750)
11.2 x 1072 (R =500) 1/1

1/3,1/1, 3/1 3000

2000, 3000, 4000, 5000, 10000
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W/0=1/3

W/0=1/1

W/0=3/1

Figure 2 SEM photographs for SnO, particles prepared at various surfactant concentrations and W/O ratios. R-value in each photograph indicates
surfactant/water molar ratio for preparation of W/O type emulsion. Surfactant concentration: (A) 1.4 x 1072, (B) 2.8 x 1072, (C) 5.6 x 1072,

(D) 11.2 x 1072, (E) 22.4 x 10~2 mol/l.
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In order to observe the internal structure of a spherical
particle, the samples ultrasonically fractured at 250 W
after firing at 900°C were observed by the scanning
electron microscope.

The particle size distributions of the obtained SnO,
particles were measured by a laser light scattering
method using 0.2 mol/l sodium hexametaphosphate
aqueous solution as a dispersing medium after ultra-
sonication at 60 W and 40 W for 2 min and 3 min,
respectively.

3. Results and discussion
3.1. Effects of surfactant concentration

and W/O ratio
Fig. 2 shows SEM observation results for spherical
SnO; particles prepared at various surfactant concentra-
tions and W/O ratios. R-value indicated in each photo-
graph means water/surfactant molar ratio for the prepa-
ration of emulsions.

For W/O ratio=1/3, although spherical particles
were formed at a surfactant concentration as low as
1.4 x 1072 mol/l, the sphericity of particles was still
lower even at high surfactant concentrations than that of
particles prepared at W/Oratio = 1/1. Especially, spher-
ical particles were not formed, but agglomerates of fine
particles at 22.4 x 1072 mol/l. For W/O ratio = 1/1,
the formation of spherical particles was confirmed at
above 2.8 x 10~2 mol/l, whereas, for W/O ratio = 3/1,
the sphericity of particles was low even at surfactant
content of 5.6 x 10~2 mol/l.

Fig. 3 shows particle size distributions for the sam-
ples prepared using emulsions containing 5.6 x 1072,
11.2 x 1072 and 22.4 x 10~2 mol/l surfactant at W/O
ratio = 1/1. Fig. 4 shows the change in particle size dis-
tributions for the samples containing 11.2 x 1072 mol/l
surfactant with W/O ratio.

From both figures, it was clarified that almost mono-
dispersed spherical SnO; particles having narrow parti-
cle size distributions were obtained from the emulsions
containing 11.2 x 1072 mol/l (R =500) and 22.4 x
1072 mol/l (R=250) at W/O ratio=1/1 although
spherical particles were formed under all preparation
conditions presented in Figs 3 and 4. In other cases,
particle size distributions were broad.

From the above-mentioned results, it is clear that the
emulsion should be prepared at an R-value below 1500
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Figure 3 Change in the particle size distributions with surfactant con-

centration. R-values indicate water/surfactant molar ratios for prepara-
tion of W/O type emulsion (W/O ratio: 1/1, Stirring speed : 3000 rpm).
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Figure 4 Change in the particle size distributions with W/O ratio.
R-values indicate water/surfactant molar ratios for preparation of W/O
type emulsion (surfactant concentration: 11.2 x 10~2 mol/l, Stirring
speed: 3000 rpm).

in order to obtain particles with relatively high spheric-
ity. Furthermore, it is desirable to adjust R-value in a
restricted range from 250 to 500 for the preparation
of mono-dispersed spherical particles having narrow
particle size distribution.

At higher R-values, which means higher water con-
tents, the amount of surfactant is not enough to sta-
bilize water drops in organic media, so the emulsions
are unstable [29]. When the chemical reaction occur at
the unstable water/oil interface, the water drop would
collapse before SnO; spherical particles fully develop.
Moreover, if water/surfactant molar ratio (R-value) for
preparation of the emulsion is high, the water drops in
the emulsion would coalesce each other to reduce wa-
ter/oil interfacial area [33]. In this case, it is thought that
large water drops are collapsed by shear stress gener-
ated during stirring in an interfacial reaction step. Con-
sequently, the particles with homogeneous morphol-
ogy are difficult to be obtained, but the agglomerates
of fine particles are formed. Large cohesive force of
fine particles makes it difficult for the agglomerates
to be disintegrated into primary particles even by ul-
trasonication, and thus the particle size distribution is
broad. On the other hand, at low R-values, the size of
the water drops in the emulsions is reduced, and wa-
ter molecules in a reversed micelle are strongly con-
strained by hydrophilic groups in surfactant molecules
[33]. Furthermore, the excess surfactant molecules is
attracted around the micelles by van der Waals force
between hydro-carbon chains, and form bi-molecular
layers at the outside of water drops, i.e., hemi-micelles
[34]. Therefore, the formation of spherical SnO; by an
interfacial reaction would be prevented.

Figs 5 and 6 show the dependences of the average
size for 500 spherical SnO, particles randomly selected
in SEM images, which is measured by a computer as-
sisted image analysis, on the surfactant content at W/O
ratio = 1/1 and W/O ratio at 11.2 x 10~2 mol/l surfac-
tant, respectively.

As seen from Fig. 5, at constant W/O ratio, the par-
ticle size decreased with increasing surfactant content.
In addition, from Fig. 6, it was clarified that the higher
W/Oratio, the larger the particle size, at constant surfac-
tant content. Moreover, from both figures, it was seen
that the lower R-values led to smaller particle size of
spherical particles.
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Figure 5 Effectof surfactant concentration on the size of spherical SnO;
particles. R-values indicate water/surfactant molar ratios for preparation
of W/O type emulsion (W/O ratio: 1/1, Stirring speed : 3000 rpm).
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Figure 6 Effect of W/O ratio on the size of spherical SnO, particles.
R-values indicate water/surfactant molar ratios for preparation of W/O
type emulsion (surfactant concentration: 11.2 x 10~2 mol/l, Stirring
speed: 3000 rpm).

In general, the following facts have been known:
The size of water drops in W/O type emulsions de-
creases with increasing surfactant concentration at con-
stant W/O ratio [33]. In case of constant surfactant con-
centration, high W/O ratio leads large size of water
drops in the emulsions because the amount of surfac-
tant adsorbed in a unit area on the water/oil interface is
considered constant. Therefore, the size of SnO, spher-
ical particles obtained by an emulsion method increases
with decreasing surfactant content and increasing W/O
ratio.

As mentioned above, in this study, the sphericity and
size of obtained SnO; particles would be controlled
by the stability and size of water drops in the emul-
sions as reaction fields, which is generally accepted for
the preparation of spherical particles by the emulsion
method.

3.2. Effect of revolution rate of emulsifier
Fig. 7 shows SEM photographs of SnO, particles ob-
tained using emulsions prepared at various revolution
rates of an emulsifier. In this case, the concentration of
a surfactant and a W/O volume ratio were kept con-
stant at 11.2 x 10~2 mol/l and 1/1, respectively. Fig. 8
shows the effect of the revolution rate of the emulsifier
on the size of spherical particles randomly selected in
SEM photographs, which is evaluated by a computer
assisted image analysis.

As seen from Fig. 7, it was confirmed that spher-
ical particles were obtained at all conditions except
1000 rpm, and that the highest sphericity was achieved

1000rpm

2000rpm

3000rpm

e,

10000rpm

b '

Figure 7 SEM photographs of SnO, particles obtained using W/O type emulsions prepared at various revolution rates of an emulsifier.
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Figure 8 Effect of stirring speed for preparation of W/O type emul-
sion on the size of spherical SnO, particles (surfactant concentration:
11.2 x 1072 mol/l, W/O ratio: 1/1, R = 500).
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Figure 9 Change in the particle size distributions with revolution rate of
an emulsifier (surfactant concentration: 11.2 x 10~2 mol/l, W/O ratio:
1/1, R =500).

at 3000 rpm. Below 2000 rpm and above 5000 rpm,
however, un-spherical fine particles increased. Espe-
cially, large amount of agglomerates of un-spherical
and spherical fine particles were observed at 10000 rpm.
From Figs 7 and 8, it was found that the size of spher-
ical particles decreased with increasing revolution rate
of the emulsifier.

Fig. 9 shows particle size distributions for the parti-
cles obtained using emulsions prepared at 3000, 4000
and 5000 rpm. At 4000 and 3000 rpm, at which spher-
ical particles with relatively high sphericity were ob-
tained, narrow particle size distributions almost near
mono-sized particle dispersion were observed. On the

other hand, in cases of 2000, 5000 and 10000 rpm, the
particle size distributions were quite broad. Although
the experimental results have not been shown, the sam-
ples of 2000 and 10000 rpm showed quite broad particle
size distributions similar to that of 5000 rpm. Fine par-
ticles as shown in SEM photographs would form hard
agglomerates due to their strong adhesive force, and
thus the particle dispersion for measurement of particle
size distribution would be unsatisfactory.

At low revolution rates, the broad size distribution
for water drops in emulsions due to inhomogeneous
mixing of water and oil is thought to be responsible for
the multi-sized dispersion of obtained SnO, particles.
In addition, in case of heterogeneous mixing, a stable
emulsions are not obtained because the adsorption of
the surfactant is ununiform on the interface between
water and oil. When a chemical reaction occurs at the
unstable interface, water drops would collapse before
spherical particles form, and thus a large amount of
un-spherical fine particles generate and agglomerate.

Itis generally known that the size of water drop in the
W/O emulsion decreases with increasing shear stress
generated during emusification [31, 35]. Therefore, in
this study, the reduction in size of water drops in emul-
sions at high revolution rates of the emulsifier is thought
to be responsible for the smaller size of SnO, spheri-
cal particles as shown in Fig. 7. However, further in-
crease of a stirring rate is predicted to make the emul-
sions unstable because excessive disintegration of water
drops into smaller ones causes depletion of surfactant
molecules on W/O interfaces [31, 35]. In this case, un-
stable water drops would collapse during interfacial re-
action, resulting in the generation of un-spherical fine
particles as well as the case of lower stirring rates. In
addition, it is supposed that if the water drops are inte-
grated during the stage of particle growth, nearly spher-
ical fine particles are highly agglomerated as shown in
the SEM photograph of a 10000 rpm stirred sample in
Fig. 7.

From the above mentioned results, it is found that the
revolution rate of the emulsifier must be adjusted to the
optimal range at a fixed surfactant concentration and
W/O ratio to obtain spherical particles having nearly
mono-sized distribution. In order to obtain mono-sized
spherical particles, it is necessary to prepare stable

1h

12 h

Figure 10 SEM photographs of internal microstructure for spherical SnO, particles prepared by interfacial reactions for 1 and 12 h.
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reversed micelles composed of a single molecular layer
of the surfactant. Therefore, the size of water drops in
the W/O type emulsions should be controlled to suitable
values for the formation of surfactant monolayers on a
W/O interface at a fixed surfactant concentration and
W/O ratio because the number of surfactant molecules
adsorbed on a unit area of the interface is regarded as
constant.

3.3. Internal structure of a spherical
Sn0O, particle

Fig. 10 shows SEM photographs of spherical parti-
cles, which were prepared by interfacial reactions for
1 and 12 h, fractured by ultrasonication at 250 W in
order to observe internal structure after firing at 900°C.
For the interfacial reaction for 1 h, hollow spherical
particles were obtained, and the increase of the reac-
tion time made the particles dense. These results show
that hydrated SnO, shells, which form at W/O/W in-
terface after mixing a W/O type emulsion including
dispersing phase of a Na,SnO3 aqueous solution with a
(NH4),SO4 aqueous solution, grow toward inside with
increasing reaction time. Therefore, it is supposed to
be possible to prepare hollow spherical SnO, particles
having various wall thicknesses by suitable selection of
interfacial reaction time.

4. Conclusion

An attempt to prepare spherical particles was made us-
ing a W/O type emulsion as a reaction field. The effects
of surfactant content, W/O ratio and stirring conditions
for the preparation of emulsions, which determined the
size of water drops in the emulsions, were investigated
on the size and morphology of the obtained SnO, par-
ticles. The results are summarized as follows.

1. Spherical SnO, particles showing narrow parti-
cle size distributions were obtained at W/O ratio of
1/1 and surfactant content of 11.2 x 1072 mol/l or
22.4 x 1072 mol/l. The size and morphology of the
obtained particles were largely influenced by a water/
surfactant molar ratio (R-value) for the preparation of
the emulsions. Particles having relatively high spheric-
ity were obtained at an R-value below 1500. Especially,
it was found that, in order to obtain mono-sized SnO,
particles with narrow distributions, R-value should be
adjusted to the narrow range from 250 to 500.

2. At constant surfactant concentration, the size of
spherical SnO; particles increased with increasing W/O
ratio. At constant W/O ratio, the higher the surfactant
concentration, the smaller the size of SnO, particles.

3. The particle size of SnO; decreased with increas-
ing revolution rate of an emulsifier for emulsification.
At extremely low and high revolution rate of the emul-
sifier, particles showing high sphericity were not ob-
tained, but agglomerates of un-spherical fine particles.
Within the limits of this experiment, mono-dispersed
spherical particles having narrow size distributions
formed at revolution rates of 3000 and 4000 rpm.

4. The internal structure of a spherical particle de-
pended on interfacial reaction time. An interfacial re-
action for short time yielded hollow spherical SnO, par-
ticles, and the internal structure of the particles became
denser with increasing reaction time.
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