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Abstract Several procedures for the 
preparation of colloidal SnOa 
powders, consisting of particles of 
narrow size distribution and of 
various morphologies, are described. 
The hydrolysis of SnC14 aerosols in 
the presence of gaseous ammonia 
produces poorly crystalline SnOz 
spheres of modal diameters < 2 pro. 
Depending on the preparation 
conditions, the forced hydrolysis of 
acidic (HC1) SnC14 solutions yields 
either prismatic particles or 
spherulites composed of tiny, strongly 
aggregated, elongated subunits. In 
both cases the particles are in the 

nanometer size range (< 100 nm) 
having crystalline rutile structure. 
Rod-like SnOa particles ( ,-~ 0.3 pro) of 
good crystallinity can be obtained by 
hydrolysis of SnC14 solutions in 
the presence of formamide. It is 
concluded that the hydrolysis of 
dissolved SnC14 tends to produce 
elongated SnO2 particles which, 
depending on the experimental 
conditions, may be at different 
aggregation states. 
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Introduction 

Owing to its transparency and conductivity, tin dioxide 
finds many technological applications such as gas sensor, 
transistor, electrode material, catalyst, as well as in op- 
tical-conductive films for solar cells, etc. For many of these 
uses, the availability of finely divided powders, consisting 
of particles uniform in size and shape ("monodispersed'), is 
highly desirable. These powders can provide appropriate 
model systems for studying their properties and they can 
also improve ceramic processing, for example, by decreas- 
ing sintering temperatures [1]. The latter can be further 
affected, if the particle size is in the nanometer range [2]. 
Recently, several techniques have been developed for the 
preparation of "monodispersed" inorganic colloids which 
include precipitation from homogeneous solutions and 
hydrolytic reactions in aerosols [3, 5]. In the first method, 
two different approaches can be used, i.e., forced hydroly- 
sis of hydrated metal cations at moderately elevated tern- 

peratures (< 100 ~ or controlled release of precipitating 
anions (OH-,  for oxides) by decomposition of organic 
molecules, such as formamide [6]. In the aerosol process, 
droplets of one reactant are exposed to a coreactant in 
gaseous state, which yield a desired product [7, 8]. 

Uniform SnO2 powders consisting of particles of vari- 
ous shapes and narrow size distribution have been recently 
obtained by hydrolysis of both SnC14 aerosols [9] and of 
SnC14 acidic solutions in the presence [10] or in the 
absence [11, 12] of formamide. The aim of this study is to 
compare the variables that control the respective processes 
in relationship to the characteristics of the resulting 
particles. 

F.xperimental 

Materials 

Tin(IV) pentahydrate (98%, Alfa), tin(IV) chloride (anhyd- 
rous, Fluka), formamide (Eastman), and hydrochloric acid ~, 
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(Dilute-it concentrate) were used without further 
purifications. 

Preparation of the particles 

Hydrolysis of aerosols 

Spherical SnO2 particles of narrow size distribution were 
prepared by the hydrolysis of SnCI4 aerosol droplets in the 
presence of NH3 [9]. A schematic diagram of the appar- 
atus is represented in Fig. 1, the components of which are 
described in the legend. The gas flow rate was adjusted 
between 0.05 and 0.4 1 min- 2, while the temperature of the 
nuclei producing AgC1 furnace (e) was kept constant in the 
range 620-720 ~ The SnC1, container (f)was thermo- 
stated between - 3  and -16~ The SnC14 vapor col- 
lected by the carrier gas was condensed on AgC1 nuclei at 
temperatures between -15  and - 3 0 ~  (g). Ammonia, 
necessary to hydrolyze the resulting droplets, was ob- 
tained by bubbling nitrogen at a flow rate between 0.9 and 
1.6 1 min -1 through an ammonium hydroxide solution 
ranging in concentration between 0.5 and 0.2 mol dm -3. 
Before analyses, the powders so prepared were washed 
with doubly distilled water to remove ammonium chloride 
generated as byproduct. 

Fig. 1 Schematic diagram of the apparatus used to produce spheri- 
cal tin(IV) hydrous oxide particles by hydrolysis of tin(IV) chloride 
aerosol droplets in the presence of ammonia: a) gas tank; b) drying 
column; c) filter; d) flow meters; e) nuclei generator (AgC1 heated at 
a high temperature); f) SnC14 thermostated reservoir; g) condensers; 
h) re-evaporation chamber; i) hydrolysis chamber; j) ammonium 
hydroxide container; k) thermopositor 
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Precipitation from homogeneous solutions 

Powders, identified as SnO2, were obtained by aging 
acidic solutions of tin(IV) chloride in the absence (forced 
hydrolysis) or in the presence (controlled release O f precipi- 
tating anions) of formamide at 100 ~ for different periods 
of time [10, 11]. The concentrations of the tin(IV) salt, 
HC1, and of formamide were systematically varied in order 
to explore the influence of these parameters on the charac- 
teristics of the final products. 

Characterization 

The structure of the solids was determined by x-ray diffrac- 
tion, and the crystallite size was estimated by the Scherrer 
procedure applied to the (211) reflection of cassiterite 
(20 ,-~ 52~ The morphological characteristics of samples 
were elucidated by electron microscopy and infrared (IR) 
spectroscopy. The latter technique was shown to yield 
information on the shape and the state of aggregation of 
the particles that constitute the powder, in addition to 
their chemical composition 1-12-14]. While the IR data 
can be evaluated using different theories, in this work "the 
average dielectric constant" (TADC) approach was utiliz- 
ed, because it was previously demonstrated that this 
method was applicable to many oxides [-8-14]. The in- 
frared spectra were recorded for samples diluted with KBr. 

The size distribution of the powders was obtained from 
the electron micrographs by counting several hundred 
particles. 

Results and discussion 

Hydrolysis of aerosols 

The hydrolysis of SnC14 droplets by water vapor is not fast 
enough to produce solid particles in the short reaction 
time involved in the aerosol technique [15]. Since am- 
monium hydroxide is known to accelerate the precipita- 
tion of tin hydroxide, nitrogen was bubbled through 
ammonia solutions of different concentrations and then 
contacted with SnC14 droplets. Solid particles were detec- 
ted if the concentration of ammonium hydroxide solutions 
exceeded 0.05 mol dm -3, although at the last condition 
they were irregular in shape, indicating partial evapor- 
ation of droplets before the hydrolysis was completed. Full 
solidification was only attained, if the inert gas was bub- 
bled through a ~0.2moldm -3 NH4OH solution; still 
higher concentrations of ammonia resulted in the forma- 
tion of a large number of very tiny particles. This effect 
may have been due to the release of gases (and possibly 
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heat) generated by the reaction of ammonia  vapor  with 
SnC14 droplets, causing the latter to shatter. 

Figure 2A illustrates spherical particles of a reasonably 
narrow size distribution obtained under  the set of condi- 
tions described in the legend (sample I). The particle size 
analysis indicated a bimodal distribution, with a large 
fraction having a modal diameter (din) of 1.7 #m and a rela- 
tive standard deviation (a) of 0.042. The second mode 
( ~ 10%) with dm= 0.54 #m and a = 0.003 is likely to be 
due to the autocondensation of some of the SnC14 vapor, 
which would produce smaller droplets than those formed 
by the condensation on nuclei. 

Several other reaction parameters were altered to eluci- 
date their influence on the morphological characteristics of 
the final powders. An increase in the temperature of the 
nuclei furnace from 620 ~ to 720 ~ yielded solid spheres of 

Fig. 2 Electron micrographs of the SnO2 samples obtained by 
different experimental procedures. A) Hydrolysis of a SnC14 aerosol 
in the presence of NH3 (Table 1, sample I): Nuclei over temperature 
(Fig.le) : 623 ~ SnC14 reservoir (f) temperature -10  ~ condensa- 
tion (g) temperature - 30 ~ N2 flow rate for the aerosol generation 
0.1 l min-1; N2 flow rate bubbled into the ammonium hydroxide 
solution 0.91 min- 1, ammonium hydroxide concentration 
0.2 mol dm- 3 B) Forced hydrolysis of a 0.003 mol dm- 3 SnC14 solu- 
tion at 100 ~ for 2 h in the presence of 0.3 mol dm -3 HC1 (sample 
II). C) Forced hydrolysis of a 0.1 moldm -3 SnC14 solution in the 
presence of 1 mol dm -3 HC1 at 100~ for 6 days (sample III). 
D) Hydrolysis of a 0.00l mol dm- 3 SnC14 solution in the presence of 
0.15moldm -3 formamide and 0.6moldm -3 HC1 at 100~ for 
1 week (sample IV) 

a size distribution quite similar to that of sample I, but of 
somewhat smaller diameters (din = 1.55 and 0.50 #m for 
the two modes), which was to be expected, since the num- 
ber of nuclei was larger. An increase in the gas flow rate 
yielded a rather polydisperse system. A slower flow prod- 
uced larger, mostly hollow particles of irregular shape, 
caused by an incomplete reaction The change in the tem- 
perature of the SnC14 reservoir from - 1 0  to - 1 6 ~  
resulted in spheres of broader size distribution with 
dm = 1.47/~m. This effect was expected, since at lower 
temperatures less vapor  was generated. An increase of the 
temperature from - 1 0  to - 3  ~ did not produce signifi- 
cant changes in the characteristics of the final particles. 

The x-ray diffraction of sample I (Fig. 3a) demonstrates 
the poorly crystalline nature of this powder (crystallite size 
~ 2 0  ,~). The infrared spectrum (Fig. 4a) shows bands 

corresponding to Sn-O vibrations (<  700 cm-1) ,  with an 
indication of a structural order by the presence of a low 
frequency band (300 cm-1) ,  characteristic of cassiterite 
[14]. In fact, using the TADC approach this spectrum can 
be accounted for by considering tiny, yet strongly aggreg- 
ated cassiterite particles 1-16]. It is interesting to note that 
the hydrolysis of aerosols usually produces amorphous 
solids, since it involves a very fast reaction carried out at 
room temperature. The low crystallinity obtained in the 
present case could be due to a local temperature increase 

Fig. 3 X-ray diffraction patterns of: a) sample I (Table 1, Fig. 2); 
b) sample II; c) sample III; and d) sample IV 
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Fig. 4 Infrared spectra of." 
a) sample I (Table I, Fig 2); 
b) sample II; c) sample III; and 
d) sample IV 
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in the particles as a consequence of the SnC14 hydrolysis, 
which is strongly exothermic in the presence of ammonia. 

Precipitation from homogeneous solutions 

The main requirement to produce monodispersed systems 
by this procedure is to control the kinetics of the genera- 
tion of solutes that are precursors to precipitation, which 
can be achieved by the adjustment of the concentration of 
reagents, pH, and temperature [3, 4]. 

Forced hydrolysis 

This method is based on the enhancement of the depro- 
tonation of hydrated metal ions. Depending on the hy- 
drolizability of cations, this process can take place even 
under very acidic conditions at a sufficiently high temper- 
ature, eventually leading to the precipitation of colloidal 
metal (hydrous) oxides I-3-5]. 

The precipitation domain obtained by aging SnCI~ 
solutions in the presence of HCI at 100 ~ for 2 h (Fig. 5) 
indicates the nature of precipitated solids at different reac- 
tant (SnC14 and HC1) concentrations under otherwise 
same conditions. Spherical particles of narrow size distri- 
bution having spherulitic microstructure are obtained 
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Fig. 5 The precipitation domain for solutions containing SnCI4 and 
HCI in varying concentrations, aged at 100~ for 2h.  Symbols 
designating different kinds of particles: S = spherical, I = irregular, 
N = no precipitation. The more uniform systems are surrounded by 
dashed lines 

only using solutions of tin(IV) chloride ranging from 
0.0020 to 0.0060moldm-3, in the presence of 
0.3 mol dm-3 hydrochloric acid. The mean particle size of 
the uniform powders decreases slightly as the concentra- 
tion of the tin salt increases, the diameter ranging from 
0.06 #m for the less concentrated solutions 
(0.0020-0.0030 mol dm-3) to --~ 0.04 #m for the more con- 
centrated one (0.0060moldm-3). A typical example 
(sample II) is given in Fig. 2B, which clearly demonstrates 
that these solids are composed of aggregated tiny elon- 
gated subunits. Uniform particles consisting of much 
smaller entities, have been previously observed with other 
inorganic colloids, including metal oxides [-3, 17]. The 
lowest temperature that caused precipitation in sample II 
was 80 ~ and no effect on the final particle size could be 
noted when the aging was carried out at temperatures 
up to 150 ~ Finally, it was also observed that the min- 
imum aging time required for the formation of the final 
particles was 2 h. 

The x-ray diffraction pattern of sample II (Fig. 3b) 
shows that the solid consists of polycrystalline cassiterite 
(crystallite size ,,~ 50 ,~) as expected from the composite 
nature of the particles. The corresponding infrared spec- 
trum (Fig. 4b) shows variations in the position and in the 
width of the maxima with respect to that calculated for 
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uniform spheres of SnO2 using the TADC method. This 
finding indicates internal heterogeneity of the particles and 
deviation from sphericity [10]. 

Uniform SnO2 particles of other shapes may be ob- 
tained under experimental conditions different from those 
described in Fig. 5. Nanocrystalline prismatic SnO2 dis- 
persions of narrow size distribution can be prepared by 
aging at 100 ~ for 6 days solutions 0.10 to 0.25 mol dm-3 
in SnC14 and 0.9 to 1.0 moldm -3 in HC1 (Fig. 6). An 
increase in the particle size was observed with higher tin 
salt concentrations. Figure 2C is the electron micrograph 
of nanocrystalline SnO2 particles produced under the con- 
ditions described in the legend (sample III). The x-ray 
diffraction pattern of this sample (Fig. 3c) is characteristic 
of cassiterite having higher crystllinity than sample II. 
These particles appear to be composed of smaller aggreg- 
ated fibrils, when observed in the transmission electron 
microscope, yet the electron diffraction indicated that they 
were monocrystalline. 

The particle size analysis carried out with sample III 
gave a mean length and width of 0.062 and 0.017 nm, 
respectively, with a relative standard deviation (a) of 0.22 
in both cases. The particle thickness of 0.010nm was 
estimated from the analysis of the IR spectrum of this 
sample (Fig. 4c) [11]. 

The morphological differences between samples II and 
III could be explained by stability and kinetic consider- 
ations. Thus, at the higher pH values (sample II) the hy- 
drolysis reaction is faster, resulting in a larger number of 
nuclei, which - after a short period of growth - aggregate 
to minimize the high free energy of the system. In contrast, 

at the lower pH (sample III) the hydrolysis is slower, 
producing fewer nuclei, which remain stable either due to 
their higher surface charge and/or to the lower surface 
energy. These nuclei can then grow to larger sizes by the 
incorporation of hydrolyzed solutes. 

Controlled release of precipitating anions 

It is well known that formamide (HCONH2) decomposes 
upon heating, generating hydroxide anions which enhance 
the hydrolysis [6]. Figure 7 shows the precipitation 
domain obtained by aging for 1 week at 100 ~ tin(IV) 
chloride solutions containing formamide and 0.6 mol 
dm-  3 HC1. Under certain conditions rod-like particles are 
generated as illustrated in Fig. 2D (sample IV). 

The concentration of the hydrochloric acid was found 
to greatly influence the precipitation process. Thus, in the 
system of 0.0010moldm -3 SnC14 and 0.15moldm -3 
formamide (sample IV), no precipitation took place when 
the HC1 concentration was raised to 0.7 mol dm-  3, where- 
as increased agglomeration was observed if the HC1 con- 
centration was lowered to 0.5 mol dm-3. 

The x-ray diffraction pattern of sample IV is character- 
istic of cassiterite of rather good crystallinity (Fig. 3d), 
while its infrared spectrum (Fig. 4d) is very similar to that 
of the prismatic particles (Fig. 4c). The only appreciable 
differences between these two solids is in the slight shift of 
the position of the bands and a shoulder at ,,~ 635 cm- 1 in 
the spectrum of the rods, which are mainly related, accord- 
ing to the TADC [6], to the presence of oblate spheroids Jn 

Fig. 6 The precipitation domain for solutions containing SnC14 and 
HC1 in varying concentrations aged at 100~ for 6 days. Symbols: 
P = prismatic, I = irregular particles, and N = no precipitation. The 
region in which nanocrystalline (< 100nm) solids are formed is 
shown by dashed lines 
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Fig. 7 The precipitation domain for solutions of varying concentra- 
tions of SnCI4 and formamide, at a constant concentration of 
0.6moldm -3 HCI, aged at 100~ for 1 week. Symbols: R = rods, 
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Table 1 Morphological characteristics and 
crystallite size of uniform SnO2 particles 
prepared by different procedures 

Sample Preparation Particle Particle size Crystallite size 
method morphology (/~m) (A) 

I Aerosol hydrolysis Spherical Bimodal; ~ 20 
1.7 and 0.54 

II Forced hydrolysis Spherulitic 0.06 ~ 50 
III Forced hydrolysis Prismatic 0.062 x 0.0017 monocrystals 

x 0.01 
IV Controlled release Rod-like and 0.3 • 0 . 0 4 5  monocrystals 

of hydroxide ions aggregates 

sample IV. Indeed, the electron micrographs  show the 
powder  to  consist of  a mixture of  single rods and agglom- 
erates that  assume oblate shape (Fig. 2d). The interpreta- 
t ion of  the spectrum suggests that  the aggregat ion is not  
physical in nature, but  rather it is caused by chemical bond  
formation.  

Summary 

Table 1 summarizes the characteristics of  the SnO2 pow- 
ders produced by the hydrolysis of  SnC14 aerosols and 

SnC14 solutions. The former method  generates, under 
a very restrictive set of  conditions, spherical particles of  
poor  crystallinity having a bimodal  size distribution. The 
hydrolysis of SnC14 in solution tends to produce elongated 
particles which, depending on the experimental conditions, 
can appear  in different states of aggregation. 
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