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Synthesis and characterization of crystalline tin oxide nanoparticles
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Monodisperse non-aggregated spheroidal nanoparticles of SnO, cassiterite are prepared through hydrolysis of
tin isopropoxide in the presence of acetylacetone and p-toluenesulfonic acid, followed by ageing at 60 °C. The
obtained sols remain stable for several months at 4 °C. The nanoparticles have been characterized in the solid
state (xerosol) by powder X-ray diffraction, TEM, FTIR, TGA-DTA, and '’Sn MAS and '3C CP-MAS
NMR. The mean size of the cassiterite oxide core is about 1-2 nm. These particles do not aggregate in
suspension because their surfaces are protected by an hybrid organic-inorganic layer containing acetylacetonate

ligands, acetylacetone, p-toluenesulfonates and water.

Introduction

Crystalline tin oxide, cassiterite structure, is a wide band gap
semiconductor (~3.6 eV), which, in its as-grown state, is
typically n-type. Because of its optical (transparent for visible
light and reflective for IR) and electrical properties, allied to
good chemical and mechanical stability,' it can be used, often
doped with antimony or fluoride, in many applications, such as
transparent conductive electrodes,”> ® photovoltaic devices,”®
photosensors,” catalysis'® and antistatic coatings.'''> How-
ever, its most important use is as the active layer in gas-sensing
devices, for which measurement of the electrical conductivity
allows the concentration of inflammable and/or toxic gases
(H,, CO, CHy, ***) to be monitored.'*° In such an application,
reducing the size of the particles, down to a few nanometers,
is of interest since the sensitivity of the sensors can be
greatly increased as a result of the associated increase of the
active surface where oxygen adsorption/desorption can take
place, 15162021

Tin oxide-based materials have been prepared by many
different techniques; some involve dry processes, such as
sputtering from a tin oxide target>>* or from a metallic target
followed by oxidation,?* laser ablation'® and chemical vapor
deposition (CVD),? others are based on wet processes, includ-
ing spray pyrolysis,’*>® decomposition/oxidation of tin(ir)
amides®® and sol-gel-related methods, which have been used to
prepare tin oxide coatings, particles and precipitates. 5042

Among the different possible synthetic outcomes, stable sols
of crystalline tin oxide nanoparticles are of interest for the
preparation of antistatic coatings,'®> conductive coatings,*
filtration membranes* and gas sensors.”’ Indeed, the sol state
can be easily used for dip- or spin-coatings. Moreover, the
already crystalline nature of the particles can likely reduce the
thermal treatment generally needed in the preparation of such
materials. One key point in the synthesis of nanoparticles is the
control of their growth and agglomeration by poisoning their
surfaces, e.g. by using a complexing ligand.*2%434¢

The sol-gel process is known as a way to prepare dispersed
materials through the growth of metal oxo-polymers in a
solvent.*”*® The chemistry involved in the sol-gel process is
based on the inorganic polymerization of molecular precursors
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such as metal alkoxides, M(OR),,, and sol, gels or precipitates
can be obtained depending on the chemical conditions which
control the growth and branching of the forming oxo-
polymers.*® For all metallic elements (transition, main group,
rare earth) but silicon, the reactions involved, ie. hydrolysis
and condensation, are generally fast and need to be inhibited
to avoid precipitation and allow sol or gel formation. Such
control can be classically achieved by the use of strong com-
plexing ligands, such as carboxylic acids, B-diketones and allied
derivatives, which readily react with metal alkoxides to form
modified precursors of differentiated reactivity.***#°0-¢ The
complexing ligands also act as surface poisons and allow, in
some cases, the formation of fairly well-defined nanoparti-
cles.*** Moreover, hydrolysis with water acidified with a
poorly complexing acid (e.g. p-toluenesulfonic acid), accom-
panied by mild thermal treatment, allows easier redistribution
of the M-O-M bonds and favors the crystallization of the
nanoparticles.*>*

Such an approach has been used in this work, which
describes the synthesis of monodisperse non-aggregated
particles of SnO, cassiterite with a mean size of about 2 nm.
Moreover, the resulting sols are stable for 3 months at 4 °C,
improving the processability of these nanomaterials. The tin
oxide nanoparticles have been characterized in the solid state
by using X-ray diffraction, TEM, FTIR, TG-DTA, and 119gn
MAS and "*C CP-MAS NMR.

Experimental
Preparation of the sols

Tin isopropoxide [Sn(O'Pr),..PrOH, Gelest] was dissolved in
absolute ethanol under a dry atmosphere (10 g of ethanol was
used per 1 g of tin isopropoxide). 2,4-Pentanedione (acetyl-
acetone, acacH) was added, through a septum and under
magnetic stirring, to achieve complexant/metal ratios (4 =
acacH/Sn) ranging from 2 to 6. Then, hydrolysis was
performed, under magnetic stirring, with acidic aqueous
solutions (p-toluenesulfonic acid, HPTS) in order that the
initial hydrolysis ratio (H = H,O/Sn) was always 10, but with
acidity ratios (R = HPTS/Sn) ranging from 0 to 0.6. After
stirring at room temperature for 2 h, these solutions were aged
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Table 1 Synthesis parameters for xerosols Py

Xerosol A (= acacH/Sn) R (= H"/Sn)  Ageing Ageing
temp./°C  time/h

P, 0 0.4 60 24

Ps 0 0.0 60 24

P, 5 0.0 60 24

Ps 5 0.4 60° 24

Pg 5 0.4 — —

P, 0 0.0 — —

Pg 5 0.4 78% 24

Py 5 0.4 78" 48

“HCI was used instead of HPTS. ’solution reflux

for 24 h in tightly sealed glass bottles inside an oven (60 °C).
Some experiments were aged for a longer time (48, 72 h) or ata
higher temperature (~78 °C, reflux in a round-bottom flask
equipped with a condenser). In the final sols, the concentrations
of tin were about 0.25 mol L™!. The most studied sols are
labelled S, and the synthesis conditions correspond to variable
A, H =10, R = 0.4, 60 °C and 24 h.

Preparation of the xerosols

The xerosols were obtained by drying the sols at 60 °C under
reduced pressure. The xerosols X 4 derive from the sols S 4. For
comparative purposes, a series of additional xerosols, labelled
Py, was also prepared. Their synthesis parameters are reported
in Table 1. To check their evolution under thermal treatment,
some xerosols were also heat treated (for 2 h) in a tubular
furnace under oxygen at 150, 300, 450, 750 or 1000 °C.

Characterization techniques

Transmission electron microscopy (TEM) was performed with
a Jeol 100 CXII (100 or 120 kV) microscope. The sols were
diluted (ca. 500 times in ethanol) and a drop was deposited
onto a carbon-coated grid.

FT infrared spectra were recorded on a Nicolet Magna 550
spectrometer (32 scans at a resolution of 4 cm™'). The xerosols
were pelleted with dried KBr and analyzed in transmission
mode.

Simultaneous thermogravimetry and differential thermal
analysis (TG-DTA) were carried out with a TA Instruments
SDT 2960 analyser. Experiments were carried out under
oxygen (100 cm® min~!) with heating rates of 2 or 10 °C min .

X-Ray diffraction (XRD) patterns were obtained with a
Philips PW1830 powder diffractometer working with Cu-Ko
radiation and operating in reflection geometry with a graphite
back monochromator. The patterns were recorded from 2 to
80° (20) in steps of 0.05° with a counting time of 40 s per point.
The position and width of the lines were determined using
the “Fit Profile” subroutine of the Philips APD 3.5 program
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Fig. 1 Outcomes of the synthesis for different complexation ratios
(A4 = acac/Sn) and acidity ratios (R = HPTS/Sn). The hydrolysis
conditions were H = 10, 60 °C and 24 h in all cases.

package. The average crystallite size was deduced from the
half-height line broadening by applying the Scherrer formula
and assuming Gaussian profiles for experimental and instru-
mental broadenings.’’

981 MAS and '*C CP-MAS solid state NMR spectra were
recorded on a Bruker MSL300 spectrometer (300.13, 75.47 and
111.89 MHz for 'H, '3C and '"?Sn, respectively) equipped with
a 4 mm high-speed locked Bruker probe. ''"Sn MAS NMR
spectra were obtained at 13 kH, with a pulse of 1.5 ps (ca. 30°)
and a recycling delay of 15 s. ''”Sn isotropic chemical shifts
are referenced to tetramethyltin using tetracyclohexyltin as
a secondary external reference (3 = —97.35 ppm).”® The
accuracy on the chemical shift is +1 ppm. The spectra were
deconvoluted with WinFit software.*® The '*C CP-MAS NMR
spectra were obtained at 10 kHz with a 90° pulse of 4 ps, a
contact time of 1 ms and a recycling delay of 5 s. Even though
not optimum for the polarization transfer, a speed of 10 kHz
was chosen to avoid overlaps between isotropic resonances
and spinning side bands. 1000 Transients were summed for
each sample. '*C isotropic chemical shifts are referenced to
tetramethylsilane.

Results and discussion
Influence of the synthesis parameters

The complexant/metal ratio (4 = acac/Sn) and the acidity ratio
(R = HPTS/Sn) were systematically varied. p-Toluenesulfonic
acid was chosen, according to previous works on other tetra-
valent metals (Ti, Zr), mainly because p-toluenesulfonate is a
poor complexant.**** Fig. 1 summarizes the results obtained
after 24 h at 60 °C; colloidal solutions (sols) or opalescent gels
are the observed outcomes. Gels are formed when no acid
is added, whatever the complexant ratio, or when 4 = 2,
whatever the acidity ratio. Addition of excessive amounts of
acid (R = 0.6) also shifts the gel-sol border towards higher
complexant ratios. For 4 = 5 and R = 0.4, ageing time and
temperature were also varied. After 48 h of ageing at 60 °C, the
system remains a sol, but turns into a gel after 72 h of ageing.
Raising the temperature to ca. 78 °C (reflux conditions) does
not modify the outcome.

Controlling the hydrolysis-condensation of a metal alkoxide
by adding a strong complexing ligand (SCL) and/or raising
the acidity is a well-known method.>#>74>30-5¢ The addition of
the ligand causes the formation of new precursors, M(OR),, — -
(SCL),, in which the new ligands are less hydrolyzable. For
tin isopropoxide and acetylacetone, the new precursor is
Sn(OPr'),(acac),, as the complexing ratios used are always
greater than 2;*>3%¢0-%2 Sn(acac), is never observed because
of steric hindrance.®! In the control of the growth of the oxo-
polymer, the ligands also act as a protective coating on the
surface of the particles and prevent them from aggregat-
ing.***44¢ Compared to other tetravalent metals (TiV, Zr'V,
Ce'Y), tin needs a higher amount of acetylacetone to avoid the
formation of gels. This feature is likely related to the lower
stability towards hydrolysis of the Sn—acac bond. Therefore,
large amounts of free acetylacetone are necessary to displace
the hydrolysis—complexation equilibrium and maintain enough
acetylacetonate bound to tin. However, the presence of protons
also appears necessary. Protons likely slow down hydrolysis by
making H,O a worse electrophile.®® However, a high acidity
ratio can also favour the protonation of acetylacetonate and
ease the cleavage of M-acac bonds. Indeed, for R = 0.6, a
complexation ratio of 5 is necessary to avoid gelation.

Thermal ageing (60 or 78 °C) appears necessary to generate
crystalline nanoparticles (vide infra), yet extended thermal
ageing times (72 h) lead to gels. Indeed, the formed sols are only
kinetically stable. They turn into gels after few weeks at room
temperature, but can be kept intact for several months when
stored at 4 °C.
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Fig. 2 Powder X-ray diffraction patterns of xerosols Xy, Xs, X¢ and
crystalline SnO, with a large grain size. The indexation corresponds to
cassiterite (peaks marked with an asterisk are related to the sample
holder).

Characterization of the xerosols

XRD-TEM. Fig.2 shows the typical XRD patterns
recorded for all our xerosols. These patterns are characteristic
of crystalline particles of SnO, cassiterite.*> The mean size of
the crystallites, assuming a line broadening essentially due to
the size effect, has been determined between 12 and 18 A. In
contrast to titanium,* no clear effect of the complexation ratio
has been observed on the mean size. The different ageing
temperatures (60 or 78 °C) and times (24 or 48 h) give identical
results. The diffractogram of Pg (no thermal ageing) does not
exhibit any crystalline features, clearly showing that thermal
ageing is necessary to promote crystallization. The increased
temperature likely favors the proton-assisted reorganization of
the Sn—O-Sn framework.

The mean sizes obtained by XRD on xerosols are consis-
tent with the TEM images (Fig. 3) of sols which show an
homogeneous dispersion of spheroidal particles with diameters
ranging from 1 to 2 nm. Lattice planes can also be observed
in the particles. Electron diffraction experiments confirm the
cassiterite structure and indicate that the observed planes
correspond to a 101 orientation (djg; = 2.65 A).%® The cry-
stallites evidenced by XRD are therefore the constituent
particles of the sols.

The XRD patterns also exhibit an intense and narrow peak
at low angles (20 ~ 4°, d ~ 25 A), which indicates a good

Fig. 3 TEM images of Ss.
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degree of organization in the particles packing, evidencing the
monodispersity of the nanoparticles. The difference between
this packing distance and the crystallite size, ca. 10 A, is likely
due to the amorphous layer and adsorbed species which
surround the particles (vide infra).

FT-IR spectroscopy. The infrared spectra of the xerosols
exhibit a strong vibration extending from 3600 to 2500 cm™*,
which indicates the presence of hydrogen bonds involved in
O-H oscillators.®*® These vibrations arise from SnOH groups
and adsorbed water molecules.*! The spectra also display
bands at 1570 and 1540 cm ™! corresponding to the enol form of
acetylacetonato groups bonded to tin.** No evidence for free
acetylacetone (ketone-related vibrations) or ethanol is found
in the spectra, showing that the drying step is efficient. The
low wavenumber region exhibits a strong vibration around
600 cm ™!, which can be assigned to w(Sn—-O-Sn) of the tin
oxide framework.*! Four vibrations (1210, 1125, 1040 and
1014 cm™') characteristic of HPTS are also observed,
indicating the presence of HPTS that cannot be removed
during the drying process.*®

Thermal evolution of the xerosols. Four weight losses are
observed on the TGA trace of Xs: the first (4.2%, RT to 150 °C,
very broad phenomenon without any clear endo or exothermal
character) likely corresponds to the evaporation of residual free
organics (EtOH) or water; the second weight loss (7.1 %, ca.
250 °C, weak endo.) is related to the departure of bound
acetylacetonate (vide infra); the third (29%, 430 °C, strong
exo.) corresponds to the decomposition of p-toluenesulfonate
groups; finally, the last weight loss (4.3%, ca. 550 °C) is
probably due to the condensation of Sn—-OH surface groups®!
and to the combustion of organics residues generated by
the decomposition of p-toluenesulfonate. After 2 h at 150 or
300 °C, XRD does not reveal any increase in the crystallite
size, which remains around 1-2 nm. This feature is likely
related to the remaining organic groups (acac up to 250 °C and
p-toluenesulfonate up to 430 °C) which still cover the surface
of the nanoparticles. At higher temperatures, the crystallites
start to grow (Table 2), which also causes the disappearance of
the low angle peak (20 ~ 4°) related to the packing of the
nanoparticles.

Table 2 '"?Sn MAS NMR data and crystallite sizes

Sample diso/ppm  Width/Hz  Proportion (%)  Size/nm“
Xs —607 1800 18 1-2
—-612 4700 45
—660 3400 37
Xs @ 150 °C —606 2000 29 1-2
—620 4400 44
—659 3000 27
Xs @ 300 °C —605 2500 32 1-2
—627 8064 68
Xs @ 450 °C —602 2100 100 11
Xs @ 750 °C —602 1800 100 11
Xs @ 1000 °C —603 700 100 22
P, (cryst.)? —607 1700 36

—-623 5000 64
P; (am.)” —607 6000 100
P, (cryst.)? —607 2200 48
—613 6200 52
Ps (cryst.)? —604 4100 56
-616 9300 33
—650 2100 11
Pg (am.)” —609 4100 17
—-658 4600 83
P, (am.)’ —609 6300 100

“Determined by XRD. “cryst.: crystallized as SnO, cassiterite; am.:
amorphous.
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Fig. 4 '3C CP-MAS NMR spectra of Xs, X5 treated at 150 or 300 °C,
P¢ and HPTS-H,O (asterisks indicate spinning side bands).

Solid state NMR. Fig. 4 presents the '*C CP-MAS NMR
spectra of Xs, X5 treated at 150 or 300 °C, and P4 (same
synthesis parameters as Xs, but without ageing at 60 °C). The
spectrum of Xs is representative of the other xerosols X 4. The
resonances located at 141, 128 and 22 ppm correspond to
the quaternary CH and CHj carbons of p-toluenesulfonate
groups, respectively. The two resonances located in the
aromatic region are fairly broad (ca. 10 ppm or 800 Hz) and
no distinction can be made between the two quaternary
carbons or the two CH carbons, as in HPTS-H,O, where four
resonances are clearly observed (144.5, 136.7, 130.3 and
125.8 ppm). The broadness of these resonances for the xerosols
is likely due to the presence of different environments for
the PTS groups. The resonances at 199, 105, and 28 ppm
correspond to the carbonyl, CH and CHj groups of acetyl-
acetonato ligands.** They completely disappear when Xs
is treated at 300 °C, indicating complete removal of the
acetylacetonato ligands at this temperature, in relation to
the weak endotherm at 250°C. However, a new broad signal
also appears around 137 ppm and is likely related to some
decomposition products of the acetylacetonato ligands. The
13C CP-MAS spectrum of X treated at 450 °C (not shown)
conatins no signals, indicating that at this temperature most
of the organic residues have been lost, in agreement with the
TGA trace. Because of polarization transfer, which depends
on the environment and on mobility, CP-MAS is not directly
quantitative. However, due to the similarity of the products,
the acac/PTS ratio in X5 can be reasonably assumed to be
smaller than in Pg. Therefore, the thermal ageing step promotes
crystallization (vide supra) and favors the hydrolysis of acetyl-
acetonato groups.

Fig. 5 presents the '”Sn MAS NMR spectra of X5 and
X treated at different temperatures (150, 300, 450, 750 and
1000 °C). The spectrum of X5 is representative of the other
xerosols. For comparison purposes, the ''°Sn MAS NMR
spectra of products P, to P; are also presented in Fig. 5. From
one to three overlapping resonances, all characteristic of
hexacoordinated tin atoms, are necessary to deconvolute
the spectra and the results are gathered in Table 2. The first
resonance of Xs, at —607 ppm, can be assigned to the tin atoms
of the crystalline core of the nanoparticles. Bulk tin oxide
exhibits a ''°Sn chemical shift of —603 + 2 ppm.®® The
observed difference is likely due to the very small size of
the crystallites and, therefore, to surface effects. Indeed, when
the samples are treated above 450 °C, the crystallite size
increases and the ''°Sn chemical shift returns to its expected
value (Table 2). Except for the sample treated at 1000 °C, there
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Fig. 5 'Sn MAS NMR spectra of Xs, X heat treated at 150, 300, 450,
750 or 1000 °C and P,—P-.

is no clear effect of the crystallite size on the resonance width,
which remains around 2000 Hz for sizes ranging from 1-2 to
11 nm. This observation is somewhat different from what was
reported for SnO, crystallites ranging from 5 to 35 nm.*
However, only one site was considered in this study, even
though the resonances were clearly dissymmetric. Therefore, a
strict comparison is not obvious.

The two other resonances of X5, at —612 and —660 ppm, are
more difficult to assign. That at low frequency decreases when
Xs is treated at 150 °C and disappears after treatment at
300 °C. Therefore, this resonance is likely related to the pre-
sence of acetylacetonato ligands, for which '*C NMR indicates
a decrease at 150 °C and complete removal at 300 °C. More-
over, the presence of an acetylacetonato ligand on tin is indeed
expected to shift the resonance to lower frequency compared to
tin oxide.**>°* However, sample P4, which contains acac, does
not exhibit such a resonance. This low frequency signal appears
only when acac is combined with acidic hydrolysis. Conse-
quently, the resonance around —660 ppm is assigned to surface
tin atoms which simultaneously bear an acetylacetonato ligand
and a protonated hydroxo ligand (-OH,"). In sample Ps,
which was prepared with HCI instead of HPTS, this signal is
narrower and shifted to —650 ppm. These features are likely
due to the different charge compensation of the protonated
hydroxo (CI™ instead of PTS™).

The last resonance, at —612 ppm, is less well defined. It could
correspond to surface tin atoms which are not simultaneously
bounded to an acetylacetonato and a protonated hydroxo
group. The evolution of this third resonance among the differ-
ent samples (from —612 to —627 ppm) is likely due to the
ill-defined character of these surfaces sites.

Conclusion

Monodisperse spheroidal crystalline nanoparticles of tin oxide
are obtained through the hydrolysis of tin isopropoxide in the
presence of acetylacetone and protons, followed by ageing at
60 °C. The mean size of the cassiterite oxide core is around
1-2 nm. These nanoparticles are non-aggregated in the sol
state. The protection of these particles towards aggregation is
likely ensured by the complexation of the surface tin atoms by
acetylacetonato ligands. The sols obtained remain stable for
several months at 4 °C and can be used to proces films on glass
by dip- or spin-coating.!*> A thermal treatment up to 450 °C
in air appears necessary to remove the organic residue (acac
and p-toluenesulfonate) and causes a slight increase in the

J. Mater. Chem., 2002, 12, 23962400 2399



crystallite size. Such thermally treated films exhibit antistatic
properties.'® The use of these nanoparticles and derived films
for gas sensing is currently under investigation.
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