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Abstract

Very fine SnO, powders were produced by (a) slow and (b) forced hydrolysis of aqueous SnCly solutions and (c)
hydrolysis of tin(IV)-isopropoxide dissolved in isopropanol (sol-gel route) and then characterized by X-ray powder
diffraction, Fourier transform infrared and laser Raman spectroscopies, TEM and BET. The XRD patterns showed the
presence of the cassiterite structure. As found from XRD line broadening the crystallite sizes of all powders were in the
nanometric range. TEM results also showed that the sizes of SnO, particles in all powders are in nanometric range.
Very fine SnO, powders showed different features in the FT-IR spectra, depending on the route of their synthesis. The
reference Raman spectrum of SnO, showed four bands at 773, 630, 472 and 86 (shoulder) cm™!, as predicted by group
theory. Very fine SnO, powders showed additional Raman bands, in dependence on their synthesis. The broad Raman
band at 571 cm~! was ascribed to amorphous tin(IV)-hydrous oxide. The additional Raman bands at 500, 435 and 327
cm~! were recorded for nanosized SnO, particles produced by forced hydrolysis of SnCl, solutions. However, these
additional Raman bands were not observed for nanosized SnO, particles produced by slow hydrolysis of SnCl, solution
or the sol-gel route. The aggregation effects of nanosized particles were considered in the interpretation of the Raman
band at 327 cm~'. The method of low frequency Raman scattering was applied for SnO, particle size determination. On
the basis of these measurements it was concluded that the size of SnO, particles was also in the nanometric range and
that, the sol-gel particles heated to 400 °C consisted of several SnO, crystallites. © 2002 Published by Elsevier Science
B.V.

1. Introduction structural and physical properties and crystallinity,

greatly depend on the route of their synthesis. It is,

Tin dioxide, SnO,, and SnO,-based ceramics
found various applications as gas sensors, cata-
lysts, electrode materials, etc. The properties of
these oxides, such as particle size and morphology,
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therefore, understandable that in the past many
researchers tried to correlate the experimental pa-
rameters of SnO, synthesis with the properties of
this compound. For example, spherical and rod-
like SnO, particles were produced by heating
SnCly solution at 100 °C in the presence of urea or
formamide [1]. The change in the morphology of
the SnO, particles from spherical to rod-like was
correlated to the pH of the suspension. Spherical
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SnO, particles of submicrometer dimensions were
also produced by the hydrolysis of SnCly aerosol
droplets with NHj3 gas [2].

Hydrous SnO, gels were produced by adding
concentrated NH,OH solution into aqueous SnCly
solution at pH 1, 5 or 11 at room temperature [3].
The amount of residual chloride ions affected the
sol/gel equilibria in this colloidal system. At higher
concentrations of residual chloride ions the gela-
tion process was retarded. SnO, was also produced
by forced hydrolysis of 0.01 M aqueous SnCly,
solution and additional heating of the isolated
precipitate between 300 and 900 °C [4]. For this
temperature range the size of crystallites was 3.9—
62.1 nm, as determined by the broadening of XRD
lines. Hydrous SnO, was precipitated from aque-
ous SnCly solution using decomposing urea as
generator of OH™ ions [5]. The thus produced
tin(IV)-hydrous oxide contained 75 wt% of water.
When sulphate ions were added to the precipita-
tion system, the size of the spherical particles of
SnO, was 0.14 £ 0.03 um and they contained 13.5
wt% of water.

The pyrolysis method was used for the prepa-
ration of SnO, films, as well as SnO, powders.
SnO, films were deposited on hot alumina sub-
strates by this method [6]. The texture of the films
varied from dense to porous after heating in
the 450-600 °C temperature range. The pyrolysis
temperature for SnO, films for the application in
gas detection, should be higher to obtain porous
films with a maximum specific surface area. On the
other hand, SnO, films characterized with good
optical transparency required high density of the
material, implying lower pyrolysis temperatures.
Spherical SnO, particles were also produced from
SnCl,; aqueous solution using ultrasonic spray
pyrolysis [7]. The mean diameter of SnO, particles
increased with the concentration of SnCly solution
from 0.2 to 0.8 um. Each spherical particle con-
sisted of many primary particles. Vallet-Regi et al.
[8] produced SnO, particles using pyrolysis of an
aerosol obtained by ultrahigh frequency spraying
of a SnCl, solution in a tubular furnace. In the
presence of HCI and tartarate ions, the formation
of SnO, was found by XRD, whereas poor crys-
tallized products were obtained from the solutions
containing oxalate ions. SEM of all these samples

showed that the SnO, particles were in the form of
hollow spherical particles. The particles (3—5 nm)
of platinum were codeposited on fine SnO, parti-
cles (8-25 nm) using ultrahigh frequency spraying
[9].

In the literature several additional methods for
the production of SnO, powders or thin films were
also reported. SnO, powders were produced using
the laser ablation method [10,11]. Very fine SnO,
powders were produced in a DC transferred arc
plasma furnace [12]. The initial agglomeration of
SnO, particles was intensified during additional
heat treatment of these particles and this was ac-
compained by a reduction in the surface area.
Optimization of the experimental parameters was
achieved, eliminating the need for additional
thermal treatment. Cho et al. [13] produced SnO,
thin films on Si 100 substrates using reactive ion-
assisted deposition.

SnO, films to be applied as gas sensors were
modified using implantation of gold and iron ions
[14]. After ion implantation and annealing at 600
°C the sensitivity to H,, C;HsOH and CO was
enhanced over a wide range of gas concentrations.
Enoki et al. [15] investigated the structural and
electro-optical properties of vacuum-deposited in-
dium-doped SnO,. As this material is character-
ized by good electrical and optical transparency, it
can be used as a transparent electrode.

In the last decade, the attention of researchers
was focused on the sol-gel method for the syn-
thesis of various metal oxides. This method can be
used for the production of (a) metal oxides at
relatively low processing temperatures, (b) metal-
oxides free from foreign ions, (c) metal oxides with
precise control of the doping level, and (d) metal
oxides with the particles in the nanosize range.
Many sol-gel procedures for the production of fine
powders and thin films of various metal oxides
were described in the literature. For example,
SnO, thin films were prepared [16] by the sol-gel
route using an alcoholic solution of Sn(OC,Hs), -
2C,HsOH as the precursor. Subsequently these
films were heated and annealed between 500 and
700 °C and the sensitivity of these films to relative
humidity was measured.

In the present work we investigated the forma-
tion and properties of SnO, particles using (a) slow
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and (b) forced hydrolysis of SnCl, aqueous solu-
tions and (c¢) hydrolysis of tin(IV)-isopropoxide
dissolved in isopropanol (sol-gel route). The aim
of this work was to ascertain the differences in the
formation of SnO, particles using above-men-
tioned methods of the Sn** hydrolysis. Special
attention was paid to particle size determination,
using the method of low frequency Raman scat-
tering (LFRS). These results were compared with
the SnO, crystallite sizes determined from XRD
line broadening. The LFRS method was success-
fully applied for the first time [17] for the size de-
termination of nanosized metal oxide particles,
which are not embeded into the host matrix, such
as an oxide glass, and this method was also con-
firmed by subsequent investigations [18-20].

2. Experimental

Anhydrous tin(IV)-chloride, tin(IV)-isopropox-
ide, Sn(OCH(CHj;),)4, 10% w/v in isopropanol,
and isopropanol, were used. Doubly distilled water
was used in all experiments. Spectral properties of
very fine SnO, powders were compared with those
of commercial SnO,.

The samples were prepared using two different
routes of tin(IV) hydrolysis. In the first case, 0.384
M aqueous SnCly solution was aged for a period of
10 years at room temperature (slow hydrolysis).
The precipitate formed by slow hydrolysis of
SnCl, solution was isolated using a superspeed
centrifuge. This precipitate was subsequently wa-
shed with doubly distilled water and then dried at
55 °C for 48 h. The precursor liquor was hydro-
thermally treated at 160 °C (forced hydrolysis) for
different times. The samples were also produced
using the sol-gel route. Tin(IV) was hydrolized by
adding doubly distilled water to the solution of
tin(IV)-isopropoxide in isopropanol. The precipi-
tates produced by the sol-gel route were also dried
at 55 °C for 48 h. The experimental conditions for
the preparation of the samples are given in Table 1.

X-ray powder diffraction patterns were taken
using an automatic diffractometer (CuKo radiation,
graphite monochromator, proportional counter).
The crystallite size was determined by the Scherrer
method applied to diffraction lines, 101 and 110.

Table 1
Experimental conditions for the preparation of SnO, powders

Sample History of sample

S1 Hydrolysis of 0.384 M SnCl, at room temperature
for 10 years.

S2 Autoclaving of precursor liquor at 160 °C for 2 h.

S3 Autoclaving of precursor liquor at 160 °C for 6 h.

S4 Autoclaving of precursor liquor at 160 °C for 24 h.

S5 Precipitate S1 heated at 600 °C for 4 h.

S6 25 ml of original Sn(IV)-isopropoxide solution was

diluted with 15 ml of isopropanol. 10 ml of H,O
was used for hydrolysis. Refluxed at 100 °C for 3h.
pH = 5.5. Precipitate dried in a Petri dish at 55 °C

for 48 h.
S7 Sample S6 heated at 400 °C for 2 h.
S8 25 ml of original Sn(IV)-isopropoxide solution was

diluted with 24.5 ml of isopropanol. 0.5 ml H,O

was used for the hydrolysis at RT. pH = 5.5.

Precipitate dried in a Petri dish at 55 °C for 48 h.
S9 Sample S8 heated at 400 °C for 2 h.

Fourier transform infrared spectra of the spec-
imens pressed into KBr discs were recorded at
room temperature. An IR Data Manager (IRDM)
program was used to process the FT-IR spectra
recorded.

Raman spectra were collected using a triple
monochromator spectrometer. An Argon ion laser
with A =514.5 nm was used as the excitation
source. To avoid laser heating of the sample, the
laser beam was focused as a line of 2 x 0.05 mm?
in size. The laser power applied to the sample was
50 mW.

Transmission electron microscopy (TEM) was
performed. For TEM characterization a small
amount of powder was dispersed in doubly dis-
tilled water using an ultrasound bath. A drop of
this dispersion was put onto a copper grid previ-
ously coated with a thin film of organic polymer.

The BET measurements were performed using a
surface area analyzer.

3. Results

Fig. 1 shows characteristic parts of XRD pat-
terns of the precipitate produced by hydrolysis of
0.384 M aqueous solution at RT for 10 years
(sample S1) and of the precipitates produced by
autoclaving the mother liquor at 160 °C over 2-24
h (samples S2-S4). In the same figure, the char-
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Fig. 1. Characteristic parts of XRD patterns of samples S1-S5 recorded at room temperature. S1 was produced by slow hydrolysis of a
0.384 M SnCl, solution at room temperature (RT) for 10 years. S2, S3 and S4 were produced by forced hydrolysis of the mother liquor
at 160 °C for 2, 6 and 24 h, respectively. S5 was produced by heating sample S1 to 600 °C.

acteristic part of the XRD pattern of the thermal
decomposition product (sample S5), obtained by
heating of sample S1 at 600 °C for 4 h, indicated
the diffraction lines of SnO, [21].

The average crystallite size D of the samples
(Table 2) was calculated using the Scherrer equa-
tion:

D =0.92/fcos O,

where Z is the X-ray wavelength, @ is the Bragg
angle and f is the pure full width of the diffraction
line at half its maximum intensity. The crystallite
sizes of the products of slow hydrolysis and forced
hydrolysis at 160 °C are evidently in the nano-
metric range, with a tendency of a slight increase
with prolonged time of autoclaving.

Table 2
Average crystallite sizes determined by XRD and particle sizes
determined by LFRS of samples S1-S4 and samples S6-S9

Sample

Crystallite size (nm)? Particle size

Diffraction line  Diffraction line (nm)
110 101
S1 b 4.1 2.94
S2 3.5 4.1 3.50
S3 3.1 4.2 3.64
S4 4.6 5.9 4.31
S6 2.4 b 2.05
S7 52 5.5 8.62
S8 Amorphous Amorphous
S9 4.8 52 12.2

4 Estimated standard deviation of the crystallite size values is
about 20%.
®Not calculated due to overlapping of diffraction lines.
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Fig. 2 shows characteristic parts of XRD pat-
terns of samples S6-S9 produced by hydrolysis
of tin(IV)-isopropoxide. Sample S6 showed very
broad overlapping diffraction lines due to very
small crystallite sizes. After heating sample S6 at
400 °C, the obtained sample S7 exhibited nar-
rower, but still very broad and partially overlap-
ping diffraction lines. This decrease of broadening
indicated the growth of the crystallite size from 2.4
nm (sample S6) to 5.2 nm (sample S7), as deter-
mined from the width of diffraction line 110. The
characteristic part of the XRD pattern of sample
S8 showed its amorphous nature. After heating

sample S8 at 400 °C, the XRD pattern of sample
S9 was similar to that of sample S7. The crystallite
sizes, obtained from the widths of diffraction lines
110 and 101 of sample S9 were 4.8 and 5.2 nm,
respectively. In the XRD patterns of samples S7,
S8 and S9 either one or two very sharp diffraction
peaks of small intensities were observed. The ori-
gin of these possibly parasitic peaks was no further
investigated.

The FT-IR spectra of samples S1-S4 are shown
in Fig. 3. For comparison, the FT-IR spectrum
of commercial SnO, is also shown in the same
figure.

101
2(1)0 !

111
!

110
1

S6

20 16
®/° (CuKa)

Fig. 2. Characteristic parts of XRD patterns of samples S6-S9, recorded at room temperature. S6 and S8 were produced by the sol-gel
route. S6 was refluxed at 100 °C for 3 h, whereas S8 was kept at room temperature. S7 and S9 were produced after heating the

corresponding samples S6 and S8 at 400 °C. (*) unidentified peaks.
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Fig. 3. Fourier transform infrared spectra of samples S1-S4,
recorded at room temperature. For comparison, the FT-IR
spectrum of commercial SnO, is also shown.

The FT-IR spectra of samples S1-S4 are char-
acterized by bands at 650 and 540 cm~!, shoulder
at 430 cm™! and the band at 322 cm™!. The spec-
trum of commercial SnO, showed a very strong
and broad band at 648 cm~! with a shoulder at 555
cm~! and a second band at 321 cm™!.

Fig. 4 shows the FT-IR spectra of the samples
obtained by the sol-gel route and their calcination
products produced at 400 °C (samples S6-S9). The
shapes of these spectra differ in relation to those
recorded for the precipitates produced by hydro-
lysis of aqueous SnCly solutions. Sample S6 shows
the most intense band of SnO, at 575 cm~! with a
shoulder at 660 cm~'. After heating sample S6 at
400 °C, a very strong and broad band centered at
611 cm~! was observed. For sample S8 an IR band
at 560 cm~! and a shoulder at 698 cm~' were re-
corded, and after heating sample S8 to 400 °C
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Fig. 4. Fourier transform infrared spectra of samples S6-S9,
recorded at room temperature.

(sample S9), a spectrum similar to that of sample
S7 was recorded.

The Raman spectra of samples S1-S4, com-
mercial SnO, and samples S6-S9 are shown in
Figs. 5 and 6. Raman spectrum of the commercial
SnO, in Fig. 5 shows a pronounced band at 630
cm™!, corresponding to 4;, mode, and two bands
at 773 and 472 cm™! corresponding to B, and E,
modes, respectively; this being in accordance with
literature data [22,23]. In the low-frequency region
a shoulder at 86 cm™!, due to B, mode, is also
visible. The samples prepared in the present work
showed Raman bands of SnO,. Sample S1, ob-
tained by slow hydrolysis of aqueous SnCl, solu-
tion, showed two Raman bands of small relative
intensity at 620 and 773 cm~! due to SnO, with a
rutile-type structure. A more intense and broad
band at 571 cm™! is ascribed to amorphous frac-
tion of tin(IV)-hydrous oxide. These Raman re-
sults support the conclusion based on the XRD
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Fig. 5. Raman spectra of samples S1-S4, recorded at room
temperature. For comparison, the Raman spectrum of com-
mercial SnO, is also shown.

characterization of this sample. Raman spectra of
samples S2, S3 and S4 obtained by forced hydro-
lysis of aqueous SnCly solution showed additional
bands at 500 and 435 cm~', and at 327 cm™!,
which are not predicted by group theory. Raman
spectra of samples S6 and S8, prepared by the
sol-gel route, show a very broad and intense
Raman band at 571 cm~!, which can be ascribed to
amorphous tin(IV)-hydrous oxide. This position is
in the region of the Raman band observed at 566
cm™! for SnO, film [23].

In the present work the LFRS method [17-20]
was applied to determine the size of SnO, particles
in nanometric range. This method is based on
work of Duval et al. [24], originally applied to
crystallized cordierite glass in the region of low-
frequency Raman scattering. The authors showed
that the maximum of the low-frequency Raman
band was proportional to the inverse diameter of
the spherical spinel microcrystallites. Goti¢ et al.
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Fig. 6. Raman spectra of samples S6-S9, recorded at room
temperature.

[17] applied the LFRS method for the first time to
the size determination of nanocrystalline TiO,
particles which were not inside any matrix. This
method was successfully tested on several nano-
crystalline TiO, samples by comparing LFRS with
the complementary techniques, such as XRD,
HRTEM and SAXS [19]. Theoretical background
of this method was reported in previous works
[25,26].

The low-frequency parts of the Raman spectra
of the samples S1-S4 and S6-S9 are shown in Figs.
7 and 8. The positions of low-frequency Raman
peaks used in the calculation of the particle size are
denoted in these figures and the results of the
calculation are given in Table 2. There is good
agreement between these results and those ob-
tained for crystallite size by the Scherrer method.
It can be concluded that in the case of samples S7
and S9, produced by additional heating at 400 °C,
the particle size is approximately doubled relative
to the crystallite size determined by XRD. This
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Fig. 7. Low frequency Raman spectra of samples S1-S4, re-
corded at room temperature.

indicates that in samples S7 and S9 the SnO,
particles consist of a several crystallites.

Fig. 9 shows TEM photographs of samples S4,
S6 and commercial SnO,. Two kinds of aggrega-
tion for nanosized SnO, particles were observed.
Nanosized SnO, particles produced by forced hy-
drolysis aggregated in the form of chains (Fig.
9(a)). On the other hand, in the samples produced
by sol-gel route the SnO, particles crystallized
inside the amorphous matrix. These crystallized
SnO, particles showed discrete positions inside the
amorphous matrix (big agglomerates in Fig. 9(b)).
TEM photograph of commercial SnO, sample
(Fig. 9(c)) showed much bigger and non-uniform
particles.

4. Discussion

The XRD analysis of samples S1-S4, produced
by the hydrolysis of SnCl, solution, showed the
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Fig. 8. Low frequency Raman spectra of samples S6-S9, re-
corded at room temperature.

diffraction lines corresponding to the rutile-type
structure (cassiterite) [21]. However, in the case of
sample S1 the most intense diffraction line 110
typical for cassiterite can be considered as the
superposition of two diffraction lines. After treat-
ment at 600 °C for 4 h this sample showed well-
developed diffraction lines of cassiterite (sample
S5). A similar effect was observed by Sangaletti
et al. [27] during their investigation of the oxidation
of Sn thin films to SnO,, and they suggested that in
their case, the formation of SnO, (1.33 < x < 1.5)
was possibly a phase associated to the main phase
of SnO,. In the present case it appears that there
are two distributions of the hydrolytical products
in sample S1 varying in crystal ordering and stoi-
chiometry and causing the diffraction line 110 of
sample S1 to appear as a superposition of two
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Fig. 9. TEM photographs of samples (a) S4, (b) S6 and (c) commercial SnO,.

diffraction maxima. In the reference literature
[28] there is also a hypothesis suggesting that hy-
droxylation and formation of oxy-bridges are
preferentially processed in the planes 110. In this
stage of hydrolysis various structural defects on
the surface, as well as in the bulk of Sn(IV)-hy-
drous oxide particles, may be formed. The XRD
analysis of sample S6, produced by the sol-gel
route, showed very small crystallite size (2.4 nm) of
the crystalline fraction in the sample, whereas the
XRD pattern of sample S8 showed its amorphous

nature. The XRD pattern of sample S6 also
showed a significant amorphous fraction (Fig. 2).

All FT-IR spectra, shown in Figs. 3 and 4 can
be related with SnO, in spite of differences in their
spectral shape. Generally, the IR spectrum of
SnO, with rutile-type structure was discussed by
Ocana et al. [29,30]. They showed an influence of
the particle shape on the IR spectrum of SnO,. For
very fine SnO, crystallites (~2 nm) a very strong
and broad band at 575 cm~! with a shoulder at 660
cm~! and a band at 300 cm~! were recorded [30].



M. Ristic et al. | Journal of Non-Crystalline Solids 303 (2002) 270-280 279

Since electron microscopy showed spherical SnO,
particles of much greater dimensions, it was con-
cluded that very fine SnO, crystallites are struc-
tural units of larger spherical particles. With an
increase of the crystallite size and overall crystal-
linity two resolved IR bands at 650-635 and 505
cm~! were recorded [30]. The additional band at
320 cm~! was considered [29] to be overlapping of
two E, modes at a lower frequency, due to the
presence of elongated particles and a small amount
of oblate spheroids.

In the present work the FT-IR spectrum of
commercial SnO, can be interpreted similar, as it
was done by Ocana and Serna [29]. In this sense,
the shoulder at 555 cm™! can be ascribed to the
presence of non-uniform SnO, particles. This can
be confirmed by TEM photograph (Fig. 9(c)) of
commercial SnO, sample which showed non-uni-
form particles that are not in nanometric range.
On the other hand, the IR band at 540 cm™! re-
corded for particles S1-S4 is strongly influenced
with the nanometer size of these particles and
significant amorphous fraction. The presence of
nanosized SnO, particles is confirmed by TEM
(Fig. 9(a)), whereas the XRD showed significant
amorphous fraction which decreased with pro-
longed time of forced hydrolysis. The formation of
various structural defects cannot be excluded.

The samples S6 and S8 prepared by the sol-
gel route showed IR bands centered at 575 and
560 cm~', respectively. For these samples XRD
showed almost (sample S6) or completely (sample
S8) amorphous character. After treatment of
samples S6 and S8 at 400 °C a very broad bands
centered at 611 and 603 cm~! were observed (Fig.
4). Evidently, the shifts of IR bands 575 — 611
cm~! and 560 — 603 cm™! can be related with the
crystallization of nanosized SnO, particles from
amorphous material. Jiménez et al. [31] prepared
SnO, nanocrystalline powders by the gas phase
condensation method using polycrystalline SnO as
the precursor material. Their SnO, particles also
showed high amorphous fraction (~80-90%)
which decreased to 20% in the sample annealed at
500 °C.

Nature of SnO, particles also strongly influ-
enced the corresponding Raman spectra, as shown
in Figs. 5 and 6. According to group theory, a

single SnO, crystal with rutile-type structure shows
four Raman active modes, A1, Biy, By and E,.
The additional 4,, and E, modes correspond to
transverse-optical (TO) and longitudinal-optical
(LO) vibrations [22]. The spectrum of commercial
SnO, sample showed the Raman bands in accor-
dance with the theory. However, additional Ra-
man bands, which are not predicted by group
theory, are also visible in the spectra of some
samples. For example, sample S1, obtained by
slow hydrolysis of SnCl, solution, showed two
Raman bands at 620 and 773 cm~! due to SnO,
with a rutile-type structure, whereas the dominant
Raman band at 571 cm™' can be ascribed to
amorphous fraction of tin(IV)-hydrous oxide.
Additional Raman bands at 500, 435 and 327 cm™!
observed for samples S2, S3 and S4, produced by
forced hydrolysis of aqueous SnCl, solutions are
not predicted by group theory. These additional
Raman bands were observed also by other re-
searchers [22,30], when they used hydrothermally
prepared SnO, particles. However, in the case of
slow hydrolysis (sample S1) the prominent band at
327 cm™!' was not observed. In order to obtain
more information about the surfaces of these
samples we measured the specific surface area by
BET. The measured values are: 210.3 m?g~! for
sample S1, 159.4 m? g~! for sample S2 and 129.8
m?g~! for sample S4, that is the logic sequence.
Ocana et al. [30] generally suggested that addi-
tional Raman bands observed for SnO, samples
can be related to the surface defects of the parti-
cles. On the other hand Yu et al. [22] attributed the
above phenomena to the microstructure of nano-
crystalline SnO,. They proposed the formation of
SnO, nanoclusters which might constitute a new
kind of vibration mode. In our case, TEM of the
particles produced by forced hydrolysis (for ex-
ample, sample S4 in Fig. 9(a)) showed aggregation
of nanosized particles in the form of 1D chains.
On the other hand, in the case of sol-gel route,
nanosized SnO, particles crystallized inside the
amorphous matrix (Fig. 9(b)) showing 3D aggre-
gation of discrete SnO, particles. On the basis of
these aggregation differences of nanosized SnO,
particles the phonon mode at 327 cm™! could be
attributed to the confinement effect of the phonons
in the 1D chains.
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5. Conclusions

Very fine SnO, particles were produced by (a)
slow and (b) forced hydrolysis of aqueous SnCl,
solutions and (c) hydrolysis of tin(IV)-isopropox-
ide dissolved in isopropanol (sol-gel route). The
XRD patterns corresponded to SnO, with rutile-
type structure (cassiterite). Crystallite size deter-
mination based on the Scherrer method showed
that all samples were in the nanometric range. FT-
IR spectroscopy showed different spectral features
of very fine SnO, powders, in dependence on the
route of their synthesis. These spectral differences
were related to the microstructural properties of
nanosized SnO, particles. The Raman spectrum of
commercial SnO,, used as reference, showed four
bands at 773, 630, 472 and 86 (shoulder) cm™!, as
predicted by group theory. However, the Raman
spectra of the hydrolytical products of aqueous
SnCl; solutions showed an additional Raman
band at 571 cm™' which can be ascribed to amor-
phous tin(IV)-hydrous oxide. The Raman spectra
of very fine SnO, particles, produced by sol-gel
route, showed also an amorphous peak at 571
cm~'. Additional Raman bands at 500, 435 and
327 cm~! were recorded for nanosized SnO, par-
ticles produced by forced hydrolysis of SnCl, so-
lutions. TEM showed different aggregation of
nanosized SnO, particles, obtained by forced hy-
drolysis of SnCly solutions, in relation to the other
methods of the synthesis. For this reason, the ag-
gregation effects of nanosized SnO, particles were
considered in the interpretation of the Raman
band at 327 cm~!. The method of LFRS was ap-
plied to particle size determination. There was a
good agreement between SnO, crystallite size de-
termination by the Scherrer method and particle
size determination by LFRS. The sol-gel particles
heated to 400 °C consisted of several SnO, crys-
tallites.
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