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A generic method for conductive film coating of minerals and acid-
sensitive materials by antimony-doped tin oxide (ATO) is intro-
duced. The coating was performed from a hydrogen peroxide
stabilized stannate and antimonate precursor solution. This is the
first demonstration of ATO coating from an organic ligand-free
solution. Uniform coating of different clays and other irregular
configurations by monosized 5 nm ATO particles was demon-
strated. The deposition mechanism and the observed preference
for mineral surface coating over homogeneous agglomeration of
the tin oxide particles are explained by a hydrogen peroxide
capping mechanism and hydrogen bonding of the hydroperoxo
nanoparticles to the H,O,-activated mineral surfaces.

Doped tin oxide coatings are receiving considerable scientific
attention as future materials for sensors, catalysis, smart
(heated) windows, and touch panel displays, voltage-dependent
resistors, and LED devices, and they are also most promisin%
for future solar cells and especially for polymer solar cells.
Diverse methods for particle and nanoparticle tin oxide forma-
tion and surface coatings have emerged.” Classification of the
wet (doped as well as undoped) tin oxide coating methods
reveals that they either are all produced in acidic media, usually
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from chloro or alkoxy precursors (followed by an annealing
step),” or are made of preformed, stabilized nanocrystalline
dispersions.* Although tin oxide nanoparticles and hollow
spheres were prepared from hydroxostannate,” as far as we
know, there is no report on the production of antimony-doped
tin oxide (ATO) nanoparticles from a basic solution. ATO
coatings from basic solutions are also still a challenge, and to
date, there is no protocol for the production of ATO coatings
from basic media, despite the importance of the coating of acid-
sensitive materials by nanoparticulate ATO films.

We demonstrate a generic method for the coating of
different surfaces, including acid-sensitive crystals (LiNbO3
and calcite) from an organic, ligand-free, stable hydroperoxo-
stannate and -antimonate solution. The method has an
advantage for the coating of small entities because (nano)-
particle formation takes place exclusively on surfaces, and we
did not observe particle growth in the solution. The coating is
comprised of <10 nm nanocrystalline material, which is
favorable for catalysis and optical applications. We demon-
strate the new protocol for the coating of Muscovite clays by
ATO nanoparticles. Good conductivity of the composite-
coated clay materials (ca. 15 Q cm) was achieved. In the
following, we shall describe briefly the coating protocol,
demonstrate its compatibility with a wide range of substrates,
and address in detail the coating of only one substrate,
Muscovite. The coating mechanism is discussed in view of
the recently acquired understanding of hydroperoxostannate
chemistry.

The precursor solution was prepared by mixing aqueous
tetramethylammonium hexahydroxostannate and hexa-
hydroxoantimonate solutions. After the addition of 15%
hydrogen peroxide, the solution remained translucent. ATO
coating was done by immersion of the substrates into the
H,»O, precursor solution and the addition of excess ethanol.
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Figure 1. SEM (left) and TEM (right) micrographs of ATO-coated
sepiolite (a and b), sol—gel silica powder (¢ and d), and calcite (e and f).
See Figure S1 in the Supporting Information for LiNbO; and kaolin coatings.

Figure 2. SEM micrographs of ATO-coated mica by the hydro-
peroxostannate and -antimonate route (a) and from hydrogen peroxide
free precursors (b). Frames ¢ and d show the TEM micrographs of ATO-
coated mica, and the electron diffraction pattern is given in the inset.

The coated material was filtered or centrifuged out, washed
with ethanol, and calcined. The room temperature coated
material contained several percents of active oxygen and
some organic residue, but these were lost in the heat treat-
ment. Following the same procedure but without adding
peroxide resulted in ATO agglomerate formation rather than
thin film coating.

Generality. To demonstrate that the coating procedure is
indeed general, we have coated six different crystalline and
amorphous materials. The transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) micro-
graphs of coated and heat-treated sepiolite, a magnesium
silicate, one-dimensional clay are depicted in Figure la,b, the
relevant pictures for Muscovite, a potassium mica, are
depicted in Figure 2, and the micrographs of kaolin, a two-
dimensional aluminosilicate, and LiNbOs are depicted in
Figure S1 in the Supporting Information. The SEM pictures
(first column) show a uniform coating of all three clays. The
figures also show that the ATO is exclusively attached to the
clays, and it is not agglomerated elsewhere. The relevant
TEM micrographs (parts b, d, and f of Figure 1, partscand d
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Figure 3. (1) XPS signal of antimony in 800 °C treated ATO-coated
mica with the deconvoluted O Is antimony (III) and antimony (V) signals.
(2) "”Sn NMR spectra of (a) hydroxostannate aqueous solution, (b)
peroxystannate solution, and (c) peroxystannate and antimonate solu-
tions in 15% H->0,.

of Figure 2, and Figure S1 in the Supporting Information),
taken at the edges of the different materials, show approxi-
mately 5 nm crystalline particles almost uniform in size,
regardless of the substrate used. For generality, we have also
included sol—gel-derived nanoparticles that were prepared
by a sol—gel microemulsion process. The ATO-coated silica
gel particles are also uniformly coated, and again the 5 nm
crystalline coating can be readily observed in the periphery of
the 200 nm spheres. We have also coated two acid-sensitive
powders: lithium niobate, which is widely used in optoelec-
tronics and for nonlinear optics, and calcite, a birefringent
material of electrooptical importance. Again, and despite the
lack of external silica tetrahedra or surface silanols in these
minerals, the coating took place exclusively on the minerals,
and the size of the crystallite was again around 5 nm.
Figure S1 in the Supporting Information shows the local
diffraction pattern of the ATO-coated LiNbO;. The single-
crystal diffraction dots of LiNbO; and the multicrystalline
diffraction rings of the ATO nanocrystals are apparent. After
being convinced that the procedure is generic and even the
acid-sensitive optical materials can be coated by the ATO
particles, we prefer to refrain from further discussion of all six
samples and discuss in more detail the coating of only one
substrate, Muscovite clays.

ATO-Coated Mica. Preparation details are described in the
Supporting Information. SEM micrographs of the bare
(Figure S1 in the Supporting Information) and ATO-coated
mica (Figures 2a and S1 in the Supporting Information)
are presented. Uniform coating of all other minerals by
ca 5 nm nanocrystalline ATO is demonstrated in the TEM
micrographs (Figure 2c,d). In comparison, our attempts
to produce ATO coatings from the hydroxostannate and
-antimonate precursors did not result in any precipitation
after alcohol treatment. Mild acidification yielded only an
agglomerated material that did not coat the mica surface
(Figure 2b).

X-ray photoelectron spectroscopy (XPS) studies of the
800 °C treated ATO-coated mica reveal the Sn 3ds), binding
energy levels of tin (IV) at 495.73 eV and Sn 3ds, at 487.32¢V.
The Sb 3ds), peak (Figure 3, left side) can be deconvoluted
to two peaks at 539.06 and 540.46 eV corresponding to
antimony (III) and antimony (V) oxides, respectively.® De-
convolution of the 3ds/, peak reveals two peaks at 529.72 and
531.12 eV matching the 3d;, signals, in addition to an over-
lapping broad O 1s signal. The ratio between the Sb 3ds/, and
Sb 3ds), signals was, as expected, 2:3. The molar Sb/Sn ratio by
XPS studies was 12:88. The ratio between antimony (V) and
antimony (III) by XPS studies was 11:1. X-ray diffraction
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(XRD) studies of 800 °C calcined and room temperature
prepared ATO-coated mica are depicted in Figure S2 in the
Supporting Information. The room temperature coated mica
shows some shallow, broad peaks at 8 = 50—55° and 25—35°
corresponding to amorphous tin oxide. Heat treatment re-
sulted in the formation of a crystalline SnO, phase.

Mechanistic Aspects. Because tin oxide is the dominant
species in ATO, it is worthwhile to start this discussion with
its chemistry. The starting tetramethylammonium hexa-
hydroxostannate solution is at high pH, and the dominant
tin species under these conditions is the monomer anions. The
%Sn NMR spectrum [Figure 3 (2,a)] indeed shows only a
single sharp signal with chemical shift 6 = —590.5 ppm,
corresponding to the hydroxostannate anion [Sn(OH)¢J* .
When hydrogen peroxide is added, it acts in two ways: (a) It
reduces the pH. The addition of 20% hydrogen peroxide to a
1 M stannate solution decreases the pH (as measured by the
pH electrode) from 12.6 to 8.4. (b) Hydroperoxo groups
reversibly substitute hydroxo ligands. This is apparent by the
formation of [Sn(OOH)eJ*~ at high H,O, concentrations.
19Sn NMR studies have proven that ligand exchange takes
place reversibly. The exchange is observable already at 1%
hydrogen peroxide, and at ca. 90% H»O,, the most dominant
dissolved species is [Sn(OOH)¢)*.* In addition, crystalline
alkali-metal hydroperoxostannates were isolated from H,O,-
rich (>70%) solutions.”

Lowering the pH of the hydroxystannate solution to near
pH 9 would have resulted in the immediate precipita-
tion of hydroxo-bridged stannate. However, the hydro-
peroxo—hydroxo ligand exchange counteracts the polymer-
ization process. Peroxy-bridged (i.e., hydroperoxo or peroxo)
stannate is not likely to form at this hydrogen peroxide
concentration and pH range. Our own extensive investiga-
tion of peroxystannate nanoparticles (by ''*Sn NMR, XPS,
FTIR, and Raman spectroscopies) failed to show any spec-
tral hint for peroxo or hydroperoxo bridging.® The sum of the
effects of H,0,—H,O ligand exchange and the pH decrease
caused by the addition of hydrogen peroxide to the tin
solution results in the formation of tin oligomers rather
than precipitation [Scheme 1 and Figure 3(2.b)]. In a way,
hydrogen peroxide acts as a capping agent that prevents
full condensation. The broad ''Sn NMR signal of
Figure 3(2.b) proves oligomer formation. The NMR signal
parameters of Figure 3(2.b) are close to the reported signal
of hydroxo-bridged oligomers that were obtained by tin
chloride hydrolysis in a peroxide-free solution,'® which also
supports hydroxo bridging.

The mechanism outlined thus far explains the formation of
a stable translucent precursor solution, but it does not
explain, as yet, the preferential coating of mica. We believe
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Scheme 1. Tin Oxide Nanoparticle Formation, Hydrogen Peroxide
Stabilization, and Preferential Deposition on Mineral Surfaces
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that the preferential attachment of the oligomers to the silica
tetrahedra is by the formation of hydrogen bonds between the
terminal (“capping”) hydroperoxo groups on the tin oligomers
and the silanol groups. It is also possible that hydroperoxo—
hydroxo ligand exchange further activates the surface. Hydro-
peroxide silicate adduct formation was reported by Zeglinski
etal.,'' and H,O,—clay ligation was demonstrated by us.'? The
proposed mechanism explains equally well the preferential
coating of the other clay minerals (kaolin and sepiolite) and
of silica gel, and, of course, calcium carbonate has a high
propensity for hydrogen bonding with hydroperoxo groups (as
is apparent in the structure of sodium percarbonate)."

The role of the antimonate has not been discussed thus far.
Hydroxyantimonate has also octahedral coordination,'* and
several articles have demonstrated interaction between anti-
monates and hydrogen peroxide.'> Therefore, we assume
here that the interaction of antimonate with hydrogen per-
oxide is similar to that of stannate. Indeed, the NMR spectra
of Figure 3(2.¢) in the presence of antimony and in its absence
[Figure 3(2.b)] are very similar, suggesting that the tin
environment is not altered considerably by the addition
of antimony oxide. The differences between the two elements
may substantially affect the degree of mixing of the tin and
antimony oxides, but this is a subject of a different account.
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