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Synthesis of Tin and Tin Oxide Nanoparticles of Low Size Dispersity
for Application in Gas Sensing

Céline Nayral,!*! Eric Viala,'*! Pierre Fau,® Francois Senocq,!*! Jean-Claude Jumas,!‘!
André Maisonnat,*?! and Bruno Chaudret*[?!

Abstract: Nanocomposite core—shell
particles that consist of a Sn’ core
surrounded by a thin layer of tin oxides
have been prepared by thermolysis of
[{Sn(NMe,),},] in anisole that contains
small, controlled amounts of water. The
particles were characterized by means of
electronic microscopies (TEM,
HRTEM, SEM), X-ray diffraction
(XRD) studies, photoelectron spectros-
copy (XPS), and Mossbauer spectros-
copy. The TEM micrographs show
spherical nanoparticles, the size and size
distribution of which depends on the
initial experimental conditions of tem-
perature, time, water concentration, and

cles of 19 nm median size and displaying
a narrow size distribution have been
obtained with excellent yield in the
optimized conditions. HRTEM, XPS,
XRD and Mossbauer studies indicate
the composite nature of the particles
that consist of a well-crystallized tin
core of ~11 nm covered with a layer of
~4 nm of amorphous tin dioxide and
which also contain quadratic tin mon-
oxide crystallites. The thermal oxidation
of this nanocomposite yields well-crys-
tallized nanoparticles of SnO, without
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coalescence or size change. XRD pat-
terns show that the powder consists of a
mixture of two phases: the tetragonal
cassiterite phase, which is the most
abundant, and an orthorhombic phase.
In agreement with the small SnO, par-
ticle size, the relative intensity of the
adsorbed dioxygen peak observed on
the XPS spectrum is remarkable, when
compared with that observed in the case
of larger SnO, particles. This is consis-
tent with electrical conductivity meas-
urements, which demonstrate that this
material is highly sensitive to the pres-
ence of a reducing gas such as carbon
monoxide.

tin precursor concentration. Nanoparti-

Introduction

The optical and electrical properties of polycrystalline semi-
conducting oxides depend strongly on the surface states of the
individual grains, and on the distribution and the nature of the
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grain boundaries. Thus, the non-linear resistivity of zinc oxide
varistors is partially explained in terms of chemisorption and
diffusion of dioxygen to the grain boundaries, '}l a phenom-
enon which is generally treated as an electronic process in
which charge transfer occurs between the adsorbed species
and the oxide.[* 3 Similarly, the changes in electric conduc-
tivity of the semiconducting oxide gas sensors involve redox
processes that result from the interaction of reducing gases
with surface oxygens. This gives rise to a measurable signal.[*-8]
In nanosized materials, since the surface to volume ratio is
much larger than that commonly found for semiconductor
materials, both the surface properties and the grain-boundary
distribution become predominant. This renders these materi-
als as good candidates for applications that will take
advantage of the high surface/volume ratio, such as chemical
sensors 2l or luminescent semiconducting sensors.['*]

The precise control of the morphology of semiconducting
oxide materials at a nanometric scale is consequently of basic
importance and, given the industrial and commercial de-
mands, requires reproducible low-cost synthetic methods that
can be implemented in microelectronic processes. Concerning
tin dioxide, the oxide material most widely used as the
sensitive layer of chemical sensors[®® several synthetic
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methods are available. The most common methods involve
physical processes such as sputtering from a tin oxide
target,'*1°l sputtering from a metallic target followed by
oxidation,'”l which includes the RGTO method (rheotaxial
growth and thermal oxidation),?”! thermal evaporation of
tin® or tin oxide,?? laser ablation of ceramic samples,?* 24
and chemical vapor decomposition.l?> 2! Alternative chemical
processes include the widely used sol-gel technique.[® 10 27-331
These processes generally lead to polycrystalline materials
that are subjected to subsequent thermal treatments, which
are aimed at improving the stability of the materials and the
reproducibility of the preparation. However, thermal treat-
ments lead to an increase of the average grain size, spreading
of the grain size distribution®* 331 and changes in the phase
composition*! with increasing annealing temperature.

As an alternative method to prepare SnO, nanoparticles
displaying a low size dispersity, we have considered the use of
organometallic precursors. We have previously shown that the
synthesis of nanoparticles of controlled size, composition, and
surface could be achieved by decomposition of organometal-
lic precursors in the presence of a reactive gas in mild
conditions. This method has been applied to the preparation
of noble metal particles*-% as well as to magnetic metals such
as cobaltl*:- 4 or nickel.[*?l In this case, the absence of surface
contamination is deduced from the magnetic properties of the
material. The same approach can be used to prepare oxides of
nanometric size after oxidation of the metal nanoparticles
initially formed.*?l The stabilization of the particles, however,
always involves the presence of a stabilizer, whether a
polymer or ligands even if some are only loosely coordinated
as for example CO and THF in the case of platinum
particles.l** %! In order to meet the requirements of a micro-
electronic device, no contaminant should be present in the
nanomaterial, since it could potentially alter its electrical
properties. We have recently reported the synthesis of
unprotected ruthenium particles of various sizes.*l In this
case, the size control is due to the formation of “nanoreactors”
in various solvent mixtures. However, the mesoporous nature
of these particles make them attractive for catalysis applica-
tions but not for microelectronics.

Looking for an alternative approach, we considered a
thermolysis reaction leading to the growth of metal particles,
but regulated by a competitive sol-gel process leading to the
formation of an outer oxide shelter. We describe herein the
synthesis and characterization of composite nanoparticles that
consist of a core of zero-valent tin surrounded by a thin layer
of tin oxides through a mechanism that combines decom-
position of an organometallic precursor, controlled surface
hydrolysis, and finally oxidation into nanoparticles of SnO,
without coalescence or size change (Scheme 1). We also

SnOy, x=1, 2

anisole/H,0

200°C, 6h 600°C, 6h
under air

135°C, 3h
under Ar
B

10-20 nm 10-20 nm

Scheme 1. Schematic representation of the syntheses of tin and tin oxide
nanoparticles.
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discuss their use as the sensitive layer in gas sensors. A
preliminary account of this work and a patent describing the
new materials have been reported.[*” ]

Results and Discussion

Synthesis of Sn/SnO, nanocomposite by thermolysis of
[{Sn(NMe,),},]: The tin precursor chosen for the preparation
of the nanoparticles was the bis(dimethylamido)tin(i) dimer
[{Sn(NMe,),}, ;1 3 the choice was made after consideration
of thermochemical data which suggested the weakness of the
Sn—N bond.PY [{Sn(NMe,),},] was prepared according to a
published procedure [*->% and decomposed in a single step
near 190°C under flowing helium in a thermogravimetric
equipment with a weight loss of 55%, consistent with the
formation of pure metal residues. Alternative monomeric tin
amides ([Sn(N'Pr,),], [Sn{N(SiMe;),},]) were also used as
potential precursors in decomposition reactions but did not
lead to tractable results.

[{Sn(NMe,).},] also decomposes slowly in various solvents,
either by thermolysis (e.g., at 135°C) or by reaction with
dihydrogen at room temperature. NMR analyses of the
reaction products after various reaction times demonstrate
that after three hours heating in anisole under argon, all the
starting complex has decomposed. When the solvents (THF,
toluene, anisole) are rigorously dried, a metallic mirror is
produced on the walls of the Fisher—Porter bottle. However,
when the thermolysis occurs in anisole in the presence of a
small controlled amount of water, the decomposition product
consists of a black precipitate.

Transmission electron microscopy (TEM) and high-reso-
lution electron microscopy (HRTEM) studies of samples of
nanoparticles prepared from an anisole suspension indicate
that the black precipitate consists of agglomerated spherical
nanoparticles whose mean size and size distribution depend
on the experimental conditions (see below). As a general rule,
the 11-20 nm particles are nearly monodisperse in size. High
resolution electron microscopy images reveal that these
19 nm nanoparticles have a composite nature of and consist
of a well-crystallized zero-valent tin core of ~ 11 nm diameter
covered with a layer ~4 nm thick that is amorphous in
appearance (Figure 1).

The outer layer consists of oxidized tin as demonstrated by
surface analyses from X-ray photoemission spectroscopy
(XPS). The Sn *ds, peak (Figure 2) splits into two components
with binding energies of 484.7 and 486.4 eV. in a 1:9 ratio. The
higher binding energy peak is indicative of SnO, or SnO, while
the lower peak reveals the presence of Sn’.P2 After argon
bombardment for five minutes, the same peaks are found in
1:1.5 ratio. This is consistent with the presence of oxidized tin
at the surface of the particle and of zero-valent tin in the core
of the particle.

Mossbauer spectra of the 19 nm nanoparticles measured at
room temperature and at 80 K (Figure 3) clearly indicate the
presence of the f3-Sn, together with the a-SnO and SnO,
phases. Interestingly, similar phases were previously men-
tioned in the case of SnO, thin films obtained by reactive
sputtering.’3! The fitted parameters, namely isomer shift,
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Figure 1. a) TEM image of Sn/SnO, nanoparticles prepared by thermolysis of [{Sn(NMe,),},] in wet anisole (28 mmol L~'; [H,0O]/[Sn] =0.4; 135°C; 3 h).
b) Histogram of sizes showing the size distribution and detail of one nanoparticle. ¢) TEM image of the crystallized tin core and the covering layer.
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sn®
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Figure 2. Sn’ds, emission peak of the XPS spectrum of Sn/SnO, nano-
particles.

quadrupole splitting, and linewidth, are listed in Table 1. The
B-Sn component appears as an electric quadrupole singlet
with a relative transmission intensity that is strongly temper-
ature dependent. This is consistent with the known important
variations with temperature of the recoil-free fraction for (-
Sn. The a-SnO component appears as an asymetric quadru-
pole doublet with a large quadrupole splitting of ~1.4 mm~".
The SnO, component appears as a quadrupole doublet with
isomeric shift around 0 mms~. This doublet has a quadrupole
splitting value of ~0.6 mms~!, which was previously proposed
to arise from the presence of amorphous SnO,.'! From the
Mossbauer spectrum at 80 K and the knowledge of absolute
f factor for the oxides (f5,02(300K)=0.47-0.56;5%
fsn0(300 K) =0.355¢") and Sn metal (f;,(300 K) = 0.065") we
could estimate the fraction of oxidized material : Sn/SnO +
SnO, = 1/3. The contributions of the different phases present
in the nanoparticles were calculated by comparing Mossbauer
peak areas and taking into account the different recoil-free
fractions. The tin and oxygen concentrations calculated from
the phase distribution measured at 80 K, (88.9% and 11.1%,
respectively) are in good agreement with those obtained by
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Sn/S$n0x 293K

Sn/SnOx 80K
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Figure 3. Mossbauer spectra of Sn/SnO, nanoparticles recorded a) at room
temperature and b) at liquid nitrogen temperature.

Table 1. Mossbauer data for tin nanoparticles.

d [mms] AEy [mms™!] [l IMmms™!] % species
203K 0.04(4) 0.61(5) 0.94(1) 3 $no,
2.59(3) 0 0.95(5) 9 psn
2.70(3) 1.38(3) 0.9(1) 58 SnO
80K  0.07(2) 0.52(3) 1.09(1) 23 $nO,
2.61(1) 0 1.09(2) 24 psn
2.74(1) 1.41(1) 1.09(5) 53 SnO

[a] Isomer shifts are given with respect to BaSnOj;.
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elemental analysis for this sample (90 % and 8 %, repectively)
if we take into account the presence of residual amounts of
carbon (1.5%), hydrogen (0.5 %) and nitrogen (0.5).

Figure 4 shows the characteristic X-ray diffraction (XRD)
pattern of composite Sn/SnO, nanoparticles. The XRD
diagram reveals the 8-Sn phasel*®! and the quadratic a-SnO
phase.P” This pattern is consistent with particles that have a
zero-valent crystalline core and a-SnO crystallites in the
covering layer. Small unidentified diffraction lines (labeled
“x” on Figure 4) were also apparent. Moreover, no line
indicating the presence of crystalline SnO, could be observed;
this suggests that tin dioxide is in an amorphous state in these
particles.

SnoO I 1 .

10 12 14 16 18 Theta 20

Figure 4. XRD pattern of Sn/SnO, nanoparticles. x = unidentified diffrac-
tion lines.

The dependence of the yield, the composition, the mean
size, and the size distribution of the nanoparticles on the
initial experimental conditions—temperature, reaction time,
and initial content of tin precursor and of water—was
investigated both in order to optimize the synthesis and to
gain a better understanding of the formation of tin nano-
particles and of their stabilization as a Sn/SnO, nanocompo-
site.

First of all, the water content of the solvent was found to be
a critical parameter. The yield of nanoparticles, the mean size,
and the size distribution are strongly dependent on the initial
molar ratio [H,O]/[Sn]. In a rigorously dried solvent, the
decomposition product appears as a metallic mirror on the
walls of the Fisher—Porter bottle, and no nanoparticles are
observed either in the solution or in the solid. We found that
the formation of nanoparticles requires the presence of an
initial water content in the solvent ranging between the molar
ratios [H,O]/[Sn] 0.06 and 0. 9. For [H,O]/[Sn]=0.06, the
major decomposition product is metallic tin, and the yield of
composite nanoparticles is very low. Moreover, the TEM
analysis reveals that the nanoparticles obtained display a wide
size distribution ranging from 7 to 35 nm (Figure 5). When the
water content is increased, the yield in nanoparticles also
increases. This is accompanied by a narrowing of the nano-
particles’ size distribution and by a slight decrease of their
mean diameter (Figure 6). The experimental conditions were
optimized for a [H,O]/[Sn] ratio of 0.4 giving rise to a yield of
particles of ~48%. Furthermore, the size dispersity is

Chem. Eur. J. 2000, 6, No. 22
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Figure 5. TEM images of nanoparticles prepared by thermolysis of
[{Sn(NMe,),},] in anisole (28 mmolL~!; [H,0]/[Sn]=0.06; 135°C; 3 h)
showing a) bulk tin and b) nanoparticles with broad size distribution.

excellent, since 95% of the particles adopt a diameter of
between 11 and 19 nm. For higher [H,0]/[Sn] ratios, the yield
of nanoparticles rapidly decreases and a yellowish polymeric
tin derivative is formed. This material becomes the sole
product of the reaction when the [H,O]/[Sn] ratio is close to
one.

For the optimized water content in the solvent ([H,O]/
[Sn] =0.4), the yield and the mean diameter of the nano-
particles were also found to depend on the initial concen-
tration of the tin precursor, the temperature of decomposi-
tion, and the reaction time.

A series of experiments was designed in which these
parameters were varied around the values typically used.
Combinations of conditions which were varied between the
given values for the temperature (110 and 150°C), time of
reaction (1 and 5 h), and the concentration of the tin precursor
in anisole (18 and 52 mmolL"!) were assessed. Thus, the
specific effects of each factor have been identified. Temper-
ature appears as a key factor, controlling the formation of
protected particles. Indeed, at low temperature, decomposi-
tion of the tin precursor occurs but does not lead to the
formation of particles. Increase of the time of reaction allows
an improvement in the yield of particles and also in the purity
of the material, with a decrease in the amount of carbon-
containing residues. A slight increase in the particles’
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Figure 6. Nanoparticle size distribution as a function of the initial water
content of the reaction mixture.

mean diameter was also noted. The main effects of the tin
precursor concentration concern i) the yield of particles,
which improved with an increase of the concentration, and ii)
the mean diameter of the particles, which can be adjusted
from 11 nm to 19 nm.

As a general rule, an increase of the values of these
parameters is accompanied by an increase of the yield of
nanoparticles and of their mean diameter (Figure 7). The
optimized conditions were found to be a concentration of
[{Sn(NMe,),},] of 52 mmol L, a temperature of 150°C and a
reaction time of five hours. Using these optimized conditions,
nanoparticles of mean diameter 19 nm were obtained with a
yield of 63 %. The size dispersion remains excellent, 93 % of
the particles with diameters between 15 and 23 nm, and the
degree of purity is high, since less than 1 % of residual carbon
is found by microanalysis.

The formation of Sn/SnO, nanocomposite evidently com-
bines partial hydrolysis and thermolysis of the tin amido
precursor. Metal amides are well known to be usually very
susceptible to moisture,! and we did indeed observe that in
presence of water hydrolysis of the amido groups occurs
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Figure 7. Variations of the nanoparticle size distribution with the initial
concentration of tin [Sn];, temperature of decomposition, and reaction time
for the optimal ratio [H,O]/[Sn] =0.04.

immediately at room temperature to yield dimethylaminel*]
and an unidentified tin hydroxide or oxohydroxide. This
product may display a crystalline appearance and eventually
transforms into tin dioxide after thermal treatment. By
analogy with the sol-gel process,?® %!l we can assume that
the replacement of the amido groups by hydroxy groups is
followed, upon heating, by condensation reactions that lead to
inorganic polymers and eventually oxides. On the other hand,
Sn’ particles may be formed upon thermolysis of the Sn—N
bonds in dry conditions. This leads, in the rigorous absence of
water, to the formation of a metallic mirrored surface and, in
the presence of insufficient amounts of water, to large areas
that contain zero-valent tin and display a molten appearance
(see Figure 5a). The synthesis of these unusual nanoparticles
results from two competitive processes that involve the same
precursor, namely decomposition and hydrolysis, and, pre-
sumably, from the use of the tin hydroxide/oxide formed upon
hydrolysis as a ligand to control the growth of the tin particles,
in a similar way to what has been observed, for example, for
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the growth of platinum metal nanoparticles.*® ! This con-
stitutes a new method for the synthesis of composite nano-
particles which may be extended to other semiconducting
oxides.

Synthesis of SnO, nanoparticles: The nanocomposite Sn/SnO,
is slowly oxidized in air at room temperature. After a few
weeks, the Mossbauer spectrum indicates the presence of
predominantly tin dioxide in the material at the expense of tin
monoxide and tin 3 phases (Figure 8a and b). In order to reach
complete oxidation, the particles were placed either in an

oven or in thermogravimetric analysis equipment under
flowing dioxygen, heated for six hours at 200°C, and then
heated for a further six hours at 600 °C. The mass increase of
the sample is in agreement with the full oxidation of the
nanocomposite to SnO,. The Mossbauer spectrum of the
oxidized product displayed in Figure 8c corresponds to typical
crystalline SnO, with only one symmetric component that
exhibits an electric quadrupole doublet with an isomer shift of
0.0 mms~! and a quadrupole splitting value of 0.54 mms~".

The TEM micrograph displayed in Figure 9a shows indi-
vidual particles that are agglomerated and display the same
type of spherical morphology as the non-oxidized particles.
Their mean size and the size distribution are unchanged, and
in neither case did we observe any sign of coalescence. This is
confirmed by atomic force microscope (AFM) and scanning
electron microscope (SEM) observations of oxidized particles
deposited onto the silicon platform of a chemical sensor
microelectronic device (Figure 9b and c); which also provide
evidence a porous surface morphology consistent with a large
surface area. Interestingly, the AFM data have been obtained
on a device that was operated for one month at 500 °C; this
demonstrates the stability of the nanomaterial at this temper-
ature.

Figure 10 shows the XRD diagrams of Sn/SnO, particles
(starting material) and of particles deposited on silicon wafers

Velocity/mm s

Figure 8. Modification of the Mossbauer spectrum of Sn/SnO, nano-
particles as a function of oxidation: Mdssbauer spectrum of Sn/SnO,
nanoparticles a) after isolation, b) after oxidation for several weeks in air
at room temperature, and c) after oxidation in air at 200°C (6 h) then at
650°C (6 h).

a ] A \

10 12 14 16 18 Theta 20

Figure 10. Modification of the XRD pattern of Sn/SnO, nanoparticles
upon aerobic thermal treatments: a) tetragonal SnO, (cassiterite),
b) orthorhombic SnO,, ¢) initial Sn/SnO, nanocomposite, d) after oxidation
at 450°C, e) after oxidation at 650°C, and f) after oxidation at 750°C.
x: unidentified phases.

Figure 9. a) TEM, b) AFM, and c) SEM images of nanoparticles of SnO, prepared by thermal oxidation of the tin nanoparticles Sn/SnO,.
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and oxidized at different temperatures. The patterns of the
initial 5-Sn and a-SnO phases readily disappear at 450°C to
be replaced by the ones of the classical quadratic phase SnO,
(cassiterite)® and, to a lesser extent, of the high-pressure
orthorhombic phase of SnO,.[ % The latter form has already
been observed in the case of SnO, multilayer thin films grown
by the rheotaxial growth and thermal oxidation method
(RGTO)® or in the case of oxidized tin particles obtained by
oxidation of nanophase tin powder.’® 1 A small amount of
unidentified phase (diffraction lines labeled “x” on Figure 10)
is detected in the sample oxidized at 450°C, and disappears at
750°C.

For confirmation of these results an XPS study of the
surface of the oxidized particles was performed. It provides
evidence of the presence of oxidized tin (a peak at 486.4 eV
for the Sn *ds, electrons), and no Sn° was observed, even after
argon bombardment. Interestingly, the XPS spectrum for the
1s peak of oxygen (Figure 11) shows two components, one at

chemisorbed
oxygen

binding energy/eV 532.7

530.4

Figure 11. O's emission peaks of the XPS spectrum a) of the tin dioxide
nanoparticles and b) of a thin layer of tin dioxide prepared by sputtering.

530.4 eV, which corresponds to oxygen bound to tin, and one
at 532.7 eV, which corresponds to adsorbed dioxygen,/®®! in a
1.7:1 intensity ratio. This assignment is consistent with argon
bombardment experiments which lead to a severe decrease in
the peak at 532.7 eV. The relative intensity of the adsorbed
dioxygen peak is remarkable when compared with that
observed in the case of micronic SnO, particles synthesized,
for example, by sputtering. This result can be directly linked to
important differences in surface areas between the two
materials. Furthermore, the dioxygen molecules present at
the surface of the particles allow the complete oxidation of the
surface tin atoms. Upon elimination of the surface dioxygen
molecules, in a catalytic oxidation process, for example, or
upon substitution of dioxygen by a reducing gas, some
electron density is released into the particles that will
dramatically modify the conductivity of the material. There
is therefore a clear correlation between the amount of surface
dioxygen molecules and the gas-sensing sensitivity of SnO,
nanoparticles.®! This confirms the interest in using nano-
materials for gas detection.

Conductance measurements were performed after deposi-
tion of a drop of the composite nanoparticle suspension in
anisole between the electrodes of a gas-sensing device
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integrated onto a silicon platform and in situ oxidation of
the nanoparticles. We observed that the resistivity of the SnO,
nanoparticle layer is similar to, or lower than, the resistivity of
comparable SnO,-based sensitive layers of gas sensors.
Furthermore, the electric properties of this material are
strongly sensitive to the presence of a reducing gas, such as
carbon monoxide. As shown in Figure 12, the conductance of
the sensing layer at 50°C increases dramatically with the
carbon monoxide content of the atmosphere. This behavior is
fully reversible. Finally, it is noteworthy that we do not
observe a saturation of the particles, which would be detected
through a saturation of the conductance, up to 1000 ppm CO.
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Figure 12. Conductance of a tin dioxide nanoparticle layer as a function of
carbon monoxide concentration in air.

Conclusion

The aim of this study was the synthesis of a new nanomaterial
for use as the sensitive layer of gas sensors. For this purpose,
we have achieved a high-yield synthesis of monodisperse
nanoparticles of Sn/SnO, through a mechanism involving both
the thermal, presumably homolytic, decomposition of the
amido precursor and its hydrolysis. The novel aspect of this
synthesis is the combination of both types of mechanisms
leads to the control of the growth of the particles by the
formation of a surface oxide layer in a way similar to the use
of coordinating ligands on the surface of metal nanoparticles.
This approach has proven not to be limited to tin and is now
extended to other metals such as zinc and indium."

The second interesting aspect is that, probably because of
the presence of a tin oxide shell, we do not observe any
coalescence of the nanoparticles upon heating up to 750°C.
This is in contrast with most observations concerning the
preparation of SnQO, thick films, in which coalescence
generally occurs. Finally, it is remarkable that this material
prepared by using standard solution chemistry procedures is
easily integrated onto a microelectronic devices and displays
very interesting electronic characteristics when compared
with materials obtained by physical techniques, such as
sputtering. The mode of integration and the electronic

0947-6539/00/0622-4088 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 22
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characteristics of sensors prepared in this way will be reported
in a further, more technical, paper.

In conclusion, this example demonstrates that synthetic
procedures typical of organometallic chemistry and leading to
high-quality nanomaterials can be used for the preparation of
new generations of microelectronic devices. Other applica-
tions of similar procedures are presently being studied in our

group.

Experimental Section

Materials and reagents: All operations were carried out using standard
Schlenk tube or Fischer—Porter bottle techniques under argon. The
preparation of the tin precursor [{Sn(NMe,),},] follows the route described
earlier.*” It was purified by sublimation, and the resulting highly sensitive
white crystals were stored under argon at room temperature in a glove-box.
Its purity was checked by elemental analysis, mass spectrometry, and
"H NMR spectroscopy. Anhydrous anisole was purchased from Aldrich.
THF and toluene were heated under reflux over sodium benzophenone and
over sodium, respectively, in nitrogen atmosphere and distilled just before
use.

Synthesis of tin nanoparticles: In the optimized conditions [{Sn(NMe,),},]
(174 mg, 0.42 mmol) in anisole (8 mL) containing traces of water
(0.4 mgmL~"! of anisole; 0.17 mmol) were heated at 150 °C under magnetic
stirring in a Fischer—Porter bottle. The initial light yellow solution
darkened within 15 min and a black solid progressively precipitated. After
5 hours, the solution was removed by filtration, and the black precipitate
was washed with anisole (3 x 10 mL) and dried under vacuum (86.3 mg).
Elemental analysis (%): Sn 73.06, O 13.45, C 1.8, H 0, N 0.25; TEM
analysis: nanoparticles, size: 14-23 nm, mean size: 19 nm; yield: 63 %.

Influence of the water content: In a series of eight experiments, the
decomposition of [{Sn(NMe,),},] (174 mg; 0.42 mmol) was achieved at
135°C in dry anisole (16 mL) to which was added known amounts of water
so that the initial ratio [H,O]/[Sn] was0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.9,
respectively. The water content of the solvent was checked by Karl - Fisher
volumetric titration by using Mettler equipment prior to dissolution of the
tin precursor. After 3 hours, the resulting heterogeneous reaction mixtures
were cooled to room temperature. With the exception of the water-rich
solutions, a dark brown —black precipitate was formed and separated from
a cloudy light yellow supernating solution by filtration. Moreover, a
metallic mirror was observed on the wall of the Fischer—Porter bottle for
the solutions containing less water (i.e., those for which [H,O]/[Sn] =0.06,
0.1, and 0. 2). The precipitates were washed with dry anisole (3 x 10 mL)
and sampled for TEM analysis. For [H,0]/[Sn] =0.6 and 0.9, an orange —
brown polymer formed and was separated by decantation and filtration. It
was washed with anisole and sampled for SEM and TEM analyses.
Elemental analyses of dry samples indicated tin contents of 81.3 and 83.3 %,
respectively.

Influence of concentration, temperature and reaction time: In a series of
eight experiments, the thermolysis of the tin precursor (174 mg; 0.42 mmol)
was performed in wet anisole ([H,O]/[Sn]=0.4) and employing all the
different possible combinations between the given values for the temper-
ature (110 and 150°C), reaction time (1 and 5hours), and initial
concentration of the precursor (18 and 52 mmol L~!). The products of the
reaction were fully characterized by SEM and TEM analyses. The resulting
black precipitate was isolated and its composition was determined by
microanalysis.

Thermogravimetric analyses and microanalyses: Thermogravimetric anal-
yses (TGA) were obtained on a SETARAM TG-DTA 92 instrument.
Microanalyses were performed by the “service de Microanalyses du
Laboratoire de Chimie de Coordination” (C, H, N) or by the “Service
central de Microanalyses du CNRS” (Sn, O).

Electron microscopy experiments: Samples for TEM and HREM studies
were prepared in a glove-box by slow evaporation of a drop of suitably
diluted colloidal suspensions deposited on holey carbon-covered copper
grids. The TEM experiments were performed at the “Service Commun de
Microscopies de 1'Université Paul Sabatier” on a JEOL JEM 200CX-T

Chem. Eur. J. 2000, 6, No. 22

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

electron microscope working at 200 kV and a Philips CM 12 electron
microscope working at 120 kV with respective point resolutions of 4.5 and
5 A. High-resolution images were observed with a JEOL JEM 2010
electron microscope working at 200 kV with a point resolution of 2.5 A.
The size distribution of the particles was determined from enlarged
photographs by measuring about 200 particles for each sample. The SEM
and AFM direct observations of the tin dioxide layer deposited on the
silicon platform of the device were performed on a PHILIPS XL40 FEG
and a NANOSCOPE II instrument, respectively.

X-ray photoelectron spectroscopy experiments: Samples for XPS studies
were prepared in a glove-box by slow evaporation of a nanoparticle
suspension deposited on a 1 em? silicon support. The spectra were recorded
on a VG ESCALAB MKII spectrometer with Mgy, radiation.

X-ray powder diffraction: XRD profiles of the particles were measured
with a SEIFERT XRD 3000 TT X-ray diffractometer with Cug, radiation.
The data were collected in the /@ configuration in the case of the Sn/SnO,
powder, and the grazing incidence configuration in the case of SnO,
deposited on silicon wafers.

Maossbauer experiments: Measurements were performed at room temper-
ature and at 80 K against a Ba'”Sn”O; source with a conventional constant
acceleration spectrometer. The velocity scale was calibrated with a
magnetic sextet of a high purity iron-foil absorber with ¥’Co(Rh) as source.
Recorded spectra were then fitted to lorentzian line shape by usual least-
square methods.*) Isomer shifts are quoted with respect to the center of the
BaSnO; spectrum obtained with the same source.

Thermal oxidation of tin nanoparticles and conductivity measurements:
Anisole suspensions of the Sn/SnO, nanocomposite were dropped onto a
silicon platform of a chemical sensor device integrating all structures that
are needed to receive and make operational a sensing layer (heater, metal
interconnects, membrane, insulating layer, etc.).™ After drying, the
resulting thick film (thickness: 2 um) was heat-treated in air for a
135 min period at temperatures ranging from 50 to 525°C prior to testing.
The sensor heating was controlled by a constant-voltage power supply. The
surface morphology of the films was characterized by means of SEM and
AFM experiments. The conductivity measurements were carried out under
controlled gaseous atmosphere and temperature on a home-made test
bench by using interfacing hardware. The data acquisition was controlled
through Labview software (National Instruments).
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