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An optically transparent hexagonal mesostructured tin oxide film with a microcrystalline
framework was prepared by combining dipcoating and a subsequent treatment with water
vapor. After a substrate was coated with an alcoholic precursor solution containing tin
tetrachloride and nonionic surfactant, the substrate was subject to a process to form a highly
ordered mesostructured film on the substrate. Although the film after the simple drying
process was opaque and showed only poor structural ordering, a short post-treatment with
water vapor at low temperature significantly improved the transparency and the structural
ordering of the film. It was proved that the longer low-temperature post-treatment induces
the crystallization of the framework, preserving the ordered channel structure though vertical
shrinkage of the periodic structure and degradation of the ordering were concomitantly
observed. The post-treatment could not be replaced by the addition of water in the precursor
solution. Though water was added to the system, the film was opaque and showed only poor
structural ordering without the post-treatment. These results show that the present process
cannot be a simple solvent evaporation process. It was shown that the formation of a lyotropic
liquid-crystal phase induced by the exposure to water vapor before the completion of the

condensation plays an essential role in the preparation process.

Introduction

Mesostructured materials prepared through self-
assembly of surfactants attract worldwide attention as
key materials for “bottom-up” styled nanotechnology in
the 21st century. Since the discovery in 1990 by Yanag-
isawa et al.,! a wide variety of mesostructured materi-
als?2=* with different preparation,5~8 composition,®-14
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andmorphology5~23 have been reported. In particular,
films of mesostructured materials?4~30 are promising for
optical and electronic applications through incorporation
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of various guest species. Though some groups have
reported the potential of mesoporous silica films for
optical application,31—33 development of mesostructured
films of non-siliceous materials34—3¢ with conductive or
semiconducting properties is essential for expanding the
field of possible application. Because many of the unique
electronic properties of metal oxides emerge in the
crystalline state, the crystallization of the pore wall in
the films has been one of the major issues for these
materials. Crystallization of the pore wall can be
induced by high-temperature treatment. Yang et al.
reported the formation of various mesoporous materials
through the solvent evaporation method using triblock
copolymers as structure-directing agents and showed
the formation of microcrystals by calcination.3” How-
ever, this high-temperature process for the crystalliza-
tion is not always useful for the preparation of func-
tional nanocomposite films.

Mesostructured materials are expected to be applied
to functional materials by introducing various guest
species into the mesopores. The strategies to incorporate
guest species can be categorized into the following two:
one is the strategy in which guest species are introduced
into the hollow mesopores after the surfactant re-
moval3338-40 and the other is to form the objective
nanocomposites directly from the reactant solutions that
contain guest species.31:3240-43 The recently reported
strategy in which functional mesostructured materials
are directly prepared using surfactants with functional
groups*~4% is also included in the second strategy. The
first strategy is unfavorable, especially for films, not
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only because of degradation of the ordered structure
during the processes of surfactant removal and guest
incorporation but also because of difficulties in incor-
porating polymers or large molecules. The second strat-
egy is more attractive from the viewpoint of self-
organization research because it is based on skillful
chemistry that was adopted by nature to create bio-
materials. Again, the second strategy is industrially
more useful because of easier implementation of the
process. For these reasons, a low-temperature crystal-
lization process of the wall-consisting materials is
desired for the preparation of functional nanocomposites
based on conductive or semiconducting non-siliceous
mesostructured materials.

Among the various metal oxide materials, tin oxide
is one of the most useful materials because of its
electronic conductivity. Several groups have reported
the formation of mesostructured tin oxide.3”47~50 Yang
et al. prepared a film through the combination of
dipcoating and the subsequent aging process using a
triblock copolymer,3” but there is no detailed description
about the aging process that is indispensable for the
development of ordered mesostructures and the result-
ant film has relatively poor ordering with a thick pore
wall. They reported the formation of cassiterite micro-
crystals in the pore wall during calcination. However,
the coincidence of ordered mesostructure and micro-
crystals is not satisfactorily presented. Pinnavaia and
co-workers reported the preparation of mesostructured
tin oxide containing microcrystallites without calcina-
tion,*” but only a powdered sample with poor structural
ordering was obtainable.

In this paper, we report, for the first time, the low-
temperature preparation of a transparent mesostruc-
tured tin oxide film with highly ordered hexagonal
channel structure containing microcrystalline SnO,
within the pore wall. After a substrate was coated with
a precursor solution containing a nonionic surfactant
and tin tetrachloride, it was dried once, and subse-
qguently, it was subject to post-treatment with water
vapor at low temperature. Although the simply dried
film without the post-treatment was opaque and the
ordering of the porous structure was very poor, short
low-temperature treatment with water vapor incredibly
enhanced the film continuity and the pore ordering. The
post-treatment made the film completely transparent
and brought a remarkable increase of the X-ray diffrac-
tion intensity. A transmission electron microscopic study
proved the formation of a hexagonally packed channel
structure over all the thicknesses in the film. Both the
structure and the transparency of the film were inde-
pendent of the water content in the precursor solution;
that is, the highly ordered transparent mesostructured
tin oxide film was not obtained without the post-
treatment, even though a certain amount of water was
added to the precursor solution. Although the longer
post-treatment brought about vertical shrinkage and
degradation of the mesostructure, it was proved that
the crystallization of the pore wall concomitantly pro-
ceeded during the water vapor treatment without
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structural collapse. The growth of the microcrystals in
the pore wall tends to be limited, and the final crystal
size, ~2.0 nm, was consistent with the wall thickness.
The structural change of the film ceased when the
exposure to water vapor was stopped, showing that both
of the changes, in mesostructure and crystallization, are
induced by moisture.

Experimental Section

Materials. A Corning non-alkaline glass plate (#7059) with
a size of 25 x 38 mm and 1.0-mm thickness was used as a
substrate. Anhydrous tin tetrachloride with 99.999% purity
was purchased from Kojundo Chemical Laboratory Co. Poly-
(oxyethylene) alkyl ethers (nonionic surfactants), CigHz7(OCHo-
CH2)100H (abbreviated as C15EO10, commercial name Brij76)
and CigH33(OCH,CH3)00H (abbreviated as Ci6EO2, com-
mercial name Brij58), were purchased from Aldrich Chemical
Co. and used as received. Ethanol (EtOH) with >99.5% purity
was supplied by Kishida Chemical Co. and used without
further purification. Deionized water with the resistivity of
>18 M Qcm was used for the experiments.

Preparation of the Reactant Solution. C;sEO;, was
dissolved in EtOH or EtOH/H,0 mixed solvent with a ratio of
2.0 g of C1gEO40 /20 g of solvents, and 0.022 mol of anhydrous
tin tetrachloride (SnCls) was slowly added with vigorous
stirring under a nitrogen gas atmosphere. The mixed solvent
consists of 16.4 g of EtOH and 3.6 g of H,O. C16EO2 was
dissolved in deionized water with a ratio of 2.0 g of C16EOz/
20 g of water, and 0.022 mol of SnCl, was slowly added with
vigorous stirring under nitrogen. The solutions were used after
cooling to ambient temperature.

Preparation of the Films. The substrates were coated
with the above precursor solutions by dipcoating. The sub-
strates were dipped into the solutions perpendicularly and
were withdrawn with a speed of 2—7 mm/s. The substrates
were transferred into a container that affords the control of
temperature and relative humidity (RH) and were dried for
10 h under the conditions of 40 °C, 20% RH. Then the humidity
in the container was continuously increased to 80% RH at a
rate of 1%/min, and the films were exposed to water vapor for
a given period. After the water vapor treatment, the humidity
was continuously decreased to 20% RH with the rate of —1%/
min. For the investigation of the structural change in short
time scales, the film dried under 40 °C, 20% RH conditions
was directly transferred into another container set at 40 °C,
80% RH and was kept there for a desired period.

Characterization. The structure of the films was eluci-
dated by X-ray diffraction (XRD). Conventional 6—26 scanning
XRD was performed with a Rigaku RAD-RC using Cu Ka
radiation from a copper rotating anode under operating
conditions of 40 kV, 40 mA using a nickel filter. To record the
small-angle region, very narrow slits were employed; the
divergence slit, the scattering slit, and the receiving slit was
1/6°, 1/6°, and 0.05 mm, respectively. The wide-angle diffrac-
tion pattern of the film was recorded with Philips X-pert Pro
using Cu Ka radiation under operating conditions of 45 kV,
40 mA. An optical geometry for thin film measurements was
employed to reduce the background level due to scattering by
the substrate. In this geometry, the incident angle was set to
0.5°, and an X-ray mirror with a divergence angle of 0.04° was
used to obtain a parallel beam. A soller slit with a vertical
divergence of 0.27° was set before the detector. A grazing angle
(the incident angle of X-rays was 0.3°) in-plane XRD study®*
was performed to analyze the mesochannel orientation using
an X-ray diffractometer equipped with a 4-axes goniometer
(Rigaku ATX-G) with a parabolic multilayer mirror as a
primary beam condenser. Cu Ka radiation from a copper
rotating anode was used for the experiment, and a soller slit
with a vertical divergence of 0.48° was used to obtain a parallel
beam. The morphology of the samples was observed using an
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Figure 1. Optical micrographs of the mesostructured films
(a) without the water vapor post-treatment and (b) after the
water vapor post-treatment. Scale bar: 20 um.

optical microscope (Olympus BX50) and a field emission
scanning electron microscope (FE-SEM) (Philips XL-30) oper-
ating at an accelerating voltage of 3 kV. The images of
transmission electron microscopy (TEM) and the electron
diffraction pattern were recorded on a Hitachi H-800 at an
accelerating voltage of 200 kV. The image of scanning trans-
mission electron microscopy (STEM) was recorded on a Philips
Tecnai F30 microscope at an accelerating voltage of 300 kV.
The details of the preparation of the specimen for the cross-
sectional TEM are described in a previous paper.3%®

Results

Preparation of the Films with Ordered Meso-
structure. The film simply dried for 10 h under the 40
°C, 20% RH conditions was opaque and granulated. The
optical micrograph of the film is shown in Figure la.
The 6—26 scanning XRD pattern of the dried film is
shown as trace (a) in Figure 2. A weak broad diffraction
peak corresponding to a lattice distance of 6.5 nm was
observed. Although the film may have some structural
ordering, judging from the broad peak, the order is quite
low. As long as it was kept in such dry conditions, that
is, under low humidity, the film remained opaque and
the observed broad diffraction peak was almost un-
changed.

However, when the relative humidity in the container
was increased to 80% by introducing water vapor,
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Figure 2. 6—260 XRD patterns of the mesostructured films
(a) without the water vapor post-treatment, (b) after the 5-h
post-treatment, and (c) after the 10-s post-treatment. The
vertical axis is shown in a log scale.

keeping the temperature at 40 °C, the opaque film after
the above drying process turned transparent (Figure 1b)
and sharp diffraction peaks appeared instead of the
broad peak. The diffraction intensity was more than 300
times that of the simply dried film. The XRD profile of
the film that was kept under the high-humidity condi-
tion for 5 h is shown as trace (b) in Figure 2. Two
diffraction peaks corresponding to lattice distances of
5.0 and 2.6 nm were observed in the pattern. The
intense diffraction peaks indicate the formation of a
highly ordered mesostructure.

For film samples of mesostructured materials, it is
difficult to distinguish a two-dimensional hexagonal
structure from a lamellar structure only by a 6—26
scanning XRD profile. Because hexagonally packed
mesochannels in a mesostructured film run parallel to
the substrate surface, both hexagonal and lamellar
structures provide only (h00) peaks in their diffraction
profiles. In such cases, in-plane XRD, which provides
structural information on lattice planes perpendicular
to the substrate, can be effectively used to confirm the
structure. In the in-plane XRD pattern, a strong dif-
fraction peak indexed as (110) of a hexagonal structure3®
was observed at a position corresponding to a lattice
distance of 7.6 nm (see Supporting Information). Con-
sequently, the possibility of formation of a lamellar
structure was excluded. Therefore, the observed diffrac-
tion peaks were indexed as (100) and (200) of a hexago-
nal structure. This was proved by TEM observations,
as will be shown later.

The uniformity and the transparency of the meso-
structured film were considerably affected by the drying
process. When the wet film immediately after the dip-
coating was directly introduced into the high-humidity
atmosphere, the prepared film was not uniform and was
partially opaque. In this study, the relative humidity
during the water vapor post-treatment was set to 80%.
However, when the relative humidity for the posttreat-
ment approached ~100%, the resultant film became
opaque and highly uneven.

The mesostructure thus formed was independent of
the film thickness within the experimental conditions.
The films with different thicknesses, 1.5, 1.0, and 0.7
um, were prepared by changing the coating speed, but
the observed mesostructure was identical. However, the
film uniformity was slightly affected by the film thick-
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(c)

Figure 3. Change of the SEM images during the water vapor
post-treatment. (a) Before the post-treatment and (b) after the
2-s post-treatment, relatively opaque part; (c) after the 2-s post-
treatment, relatively transparent part. Scale bar: 2 um.

ness, and thinner films tend to show superior uni-
formity.

From optical and electron microscopy, it was shown
that the transparent film formation by the water vapor
post-treatment accompanies a remarkable morphologi-
cal change of the film. This morphological change
proceeds rapidly and a film transparent to the eye was
formed within only 10 s of post-treatment under the 40
°C, 80% RH conditions. A rapid morphological change
has been shown by Crepaldi et al. for ZrO,.3* The
morphological change in the present film was demon-
strated using SEM as shown in Figure 3. Though the
film is not continuous and consists of grains when it is
dried in a 40 °C, 20% RH atmosphere (Figure 3a), the
short (~2 s) water vapor post-treatment rapidly brings
the connection of the grains (Figure 3b,c), leading to the
formation of a continuous film. The surface of the film
after the ~5-s post-treatment was completely flat and
featureless within the present resolution of SEM. How-
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(B)

Figure 4. (A) Cross-sectional TEM image of the mesostruc-
tured tin oxide film. Inset (a): electron beam diffraction
pattern recorded for the same area. Inset (b): high-magnifica-
tion image of the mesostructured tin oxide film. (B) Top view
TEM image of the mesostructured tin oxide film. Scale bar:
200 nm.

ever, the transparent film after the short (10 s) water
vapor treatment does not give the sharp XRD peak
(Figure 2, trace (c)), showing the ordered structure is
not formed yet at this stage.

TEM Observations. The highly ordered structure of
the mesostructured film prepared through dipcoating

Miyata et al.
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Figure 5. Change of the low-angle-region XRD pattern with
the time of the water vapor post-treatment: (a) 5 h; (b) 20 h;
(c) 50 h; (d) 80 h; (e) 120 h; (f) 220 h; (g) 320 h.

and the subsequent water vapor post-treatment was
confirmed by TEM. Figure 4 shows the (A) cross-
sectional image and (B) top view of the mesostructured
film after the water vapor post-treatment. The hexago-
nal channel arrangement was observed for all the
thicknesses of the film, confirming the formation of the
hexagonal channel structure inferred from the XRD
patterns. The mesochannels in the film run parallel to
the substrate surface as shown in Figure 4A, but the
curved or swirling stripes in the top view image of the
film, Figure 4B, prove that the in-plane orientation of
the mesochannels is random. The high-magnification
cross-sectional TEM image (Figure 4A, inset (b)) shows
that the vertical distance of the periodic structure is
selectively shorter than the other two directions. This
distortion in the hexagonal structure is likely to be
caused by the anisotropic shrinkage of the pore wall
through the condensation reaction.30.34.35

To estimate the pore wall thickness, an STEM image
was recorded (not shown). Although the pore wall
thickness of mesostructured materials estimated from
TEM images is strongly affected by a small change of
the focus, STEM images, which are based on the
contrast by different elements, are independent of the
focus. Therefore, STEM allows confident estimation of
the thickness of the pore wall. The wall thickness of the
present sample was estimated to be ~3.6 nm.

Crystallization of the Pore Wall. As described
above, the post-treatment with water vapor caused the
formation of a highly ordered mesostructure. The de-
tailed profile of the (100) peak in the XRD pattern
recorded for the film after 5 h of post-treatment is shown
as trace (a) in Figure 5. The (100) peak after the 5-h
post-treatment was very sharp and strong. The full
width at half-maximum (fwhm) of the (100) peak was
~0.05°, which is narrower than that observed for the
highly aligned hexagonal mesostructured silica film in
our previous report.3® This proves remarkably high
structural ordering in the film. The wide-angle diffrac-
tion pattern (26 = 20°—60°) of the same film recorded
with parallel beam optical geometry is shown as trace
() in Figure 6. No substantial diffraction peak was
observed except the sharp diffraction peaks at 26 = 38°
and 44°, which are caused by aluminum used in the
sample holder. It was shown that the 5-h post-treatment
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Figure 6. Change of the wide-angle-region XRD pattern with
the time of the water vapor post-treatment: (a) 5 h; (b) 20 h;
(c) 50 h; (d) 80 h; (e) 120 h; (f) 220 h; (g) 320 h.

provides a highly ordered mesostructured film, but the
wall is amorphous.

The longer post-treatment brings the XRD peak shift
to higher 26 angles along with the degradation of the
diffraction peak as shown in Figure 5. These show the
vertical shrinkage of the periodic structure and the
lowering of the ordering of the mesostructure. It should
be emphasized that the peak after the 320-h post-
treatment is still strong enough to prove the retention
of the mesostructure though the intensity is consider-
ably decreased. Because Figure 5 was obtained using
the same sample film by repeating the XRD measure-
ment and the corresponding vapor treatment, these data
show that the mesostructure can be changed under
relatively low temperature, even after a long period from
the film deposition. When the relative humidity was
lowered back to ~20% RH after a given post-treatment
period, the changes in the XRD patterns were stopped.

As shown in Figure 6, the longer post-treatment
caused variation also in the wide-angle diffraction
pattern. Three broad peaks developed at 20 = 26°, 33°,
and 52°, and sharpened with the post-treatment time.
Because these peaks can be assigned to the (110), (101),
and (211) of cassiterite,> respectively, Figure 6 shows
the development of the crystallization of SnO,. The
crystallization proceeded only when the film was held
in the high-humidity atmosphere. When the amorphous
film with the highly ordered mesostructure (e.g., after
5 h of post-treatment) was transferred into the low-
humidity atmosphere (40 °C, 20% RH) again, the XRD
peaks caused by cassiterite microcrystals were never
observed, even after a very long period. Both of the XRD
peaks due to the ordered mesostructure and micro-
crystals were never observed without the water-vapor
post-treatment however long the accommodation in the
dry atmosphere is.

The crystallization of the pore wall was also confirmed
by electron diffraction (ED). The ED pattern of the film
for the same region of the TEM image in Figure 4 A is
shown in the inset (a) of Figure 4A. The concentric rings
show the existence of the crystals. The lattice distances
calculated from the observed diffraction pattern cor-
respond to the lattice spacings of cassiterite.

From the broadening of the (211) diffraction peaks
in Figure 6, the crystallite size in the films was

(52) JCPDS #41-1445.
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Figure 7. Change of the (100) diffraction peak intensity of
the mesostructured tin oxide film with time of the water vapor
post-treatment (O) and the corresponding change of the SnO,
microcrystalline size (). (@) Change of the SnO; crystal size
in the SnO; film prepared without the surfactant. The crystal
size was estimated from the broadening of (211) diffraction
peaks using the Scherrer formula.

calculated using the Scherrer formula. The changes of
the calculated crystallite size and the intensity of the
(100) diffraction peak of the hexagonal structure are
shown in Figure 7. It was shown that the crystallization
accompanies the degradation of the ordering of the
mesostructure. A control experiment was performed
without adding the surfactant in the precursor solution,
but otherwise identical conditions. The change in the
crystallite size in the surfactant-free film with the period
of the post-treatment is also shown in Figure 7. It was
shown that the existence of the surfactant scarcely
affects the crystallization process in the present system,
and the size of the final crystallite estimated by XRD
was almost identical in both cases.

Effect of Water Contents in the Precursor Solu-
tions. In this strategy, the post-treatment process
undoubtedly includes hydrolysis. Therefore, it is likely
that the film formation is affected by the water content
in the reactant solution. The importance of water in the
system has been pointed out for mesostructured zirco-
nia® and titania.3> However, in these reports, the
distinction between the water in the precursor solution
and vapor water has not been elucidated. In contrast
to these reports, our results clearly show that water is
not indispensable in the precursor solution to prepare
the highly ordered mesostructured tin oxide film as long
as the film undergoes the post-treatment with water
vapor. To make the role of vapor water clearer, the effect
of water added to the solution was investigated.

First, the influence of water in the alcoholic precursor
solution was investigated. Water was added to the
C18EO1p alcoholic solution with a molar ratio of H,O/
EtOH = 2.0/3.6. To this solution, the same amount of
SnCl, was added with stirring. The solution was trans-
parent and no change was seen by the eye by the
addition of water. The substrate was coated with this
solution and was subsequently dried under the condi-
tions of 40 °C, 20% RH for 10 h. The obtained film was
opaque and granular and provided only a broad weak
XRD peak (trace (a) in Figure 8A). The addition of water
in the precursor solution did not change the morphology
and the structure of the film after the simple drying



1340 Chem. Mater., Vol. 15, No. 6, 2003 Miyata et al.
10° A B
b
10000
172]
& b
£ 1000 | \a
g a
g
100
w i J"MI
10 ““h JI i nli AR IMLA 41 l ‘II” Hlll “ ”l hii‘\illnlw‘llil LL
1 2 3 4 5 6 7 1 3 4 5 6 7

20/° 20/°

Figure 8. Changes of the XRD patterns of the mesostructured films by the water-vapor post-treatment. (A) The mesostructured
film prepared from a C1sEO;9 water—ethanol mixture solution: (a) Before the post-treatment and (b) after the post-treatment.
(B) The mesostructured film prepared from a C;6EO2 aqueous solution: (a) Before the post-treatment and (b) after the post-
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Figure 9. Changes of the XRD patterns during the drying process recorded for the films prepared from (A) aqueous solution and

(B) ethanol solution: (a) 1 min; (b) 30 min; (c) 1 h of drying after the deposition.

process. The film after the drying process underwent
the low-temperature post-treatment with water vapor
under the conditions of 40 °C, 80% RH according to the
same procedure employed for the water-free EtOH
solvent case. The film turned transparent after a very
short exposure to water vapor. The XRD pattern of the
film after the 5-h post-treatment is shown as trace (b)
in Figure 8A. The intense diffraction peaks caused by
the highly ordered structure were observed after the
post-treatment. The intensity of the main peak in-
creased ~400 times after the post-treatment. This
behavior is identical to the one observed for the film
prepared from the water-free alcoholic precursor solu-
tion. This proves that the water in the precursor
solution does not affect the final mesostructured tin
oxide film at all as long as the same conditions of the
drying process and the post-treatment process are
employed. It was also confirmed that the humidity
during the dipcoating had no effect on the film structure
for the conditions between ~20% RH and ~60% RH.
For further investigation of the effect of water in the
precursor solution, the film formation was performed
using an aqueous solution of tin tetrachloride and a
surfactant instead of the alcoholic solution. Because the
nonionic surfactant used for the alcoholic solution,
C18EO1p, has poor solubility in water, the same amount

of C16EO2p was used instead. The aqueous solution of
tin tetrachloride and the surfactant was transparent
and no precipitation was observed. The substrate was
coated with this aqueous solution and dried under the
same conditions, 40 °C and 20% RH, for 10 h. The film
after the drying process was opaque and granular just
like the films prepared from the alcoholic solutions. The
XRD pattern of the simply dried film from the aqueous
solution is shown as trace (a) in Figure 8B. Even the
film prepared from the agueous solution provided no
distinct mesostructure only by the simple drying proc-
ess. The film prepared from the aqueous solution also
turned transparent through the post-treatment, and the
intense XRD peaks were observed after the 5-h exposure
to water vapor (trace (b) in Figure 8B). The increase of
the diffraction intensity of the main peak was ~200
times.

The crystallization of the pore wall was observed in
all the films after the long post-treatment, but never
observed without the post-treatment regardless of the
period of drying. It was shown that the supply of water
from a vapor phase is indispensable for the crystalliza-
tion of the pore wall.

The effect of water in the deposition solution was
investigated not only for the final film structure but also
for the transient structure during the drying process.



Highly Ordered Mesostructured Tin Oxide Film

The XRD patterns of the films deposited from the
aqueous and the alcoholic solutions after 1 min, 30 min,
and 1 h of simple drying are shown in parts A and B,
respectively, of Figure 9. Both of the films showed no
regular structure after 1 min and 1 h of the drying
process (traces (a) and (c)). However, a clear structural
difference was observed between the two film samples
after 30 min of the drying process (traces (b)); no
substantial structural regularity was observed for the
film prepared from the alcoholic solution, but on the
other hand, a distinct diffraction peak was observed for
the film prepared from the aqueous solution.

Discussion

Changes of the Surface Morphology through the
Post-treatment. The opaque-to-transparent change of
the film caused by the surface morphological change
induced by water vapor proceeds very fast. As shown
in Figure 3, the granular surface was almost flattened
after only ~2 s. Such a fast macroscopic morphological
change indicates the nonsolid property of the film in the
early stages of the post-treatment. This property is
caused by insufficient condensation of the wall-forming
material, and the initial granular morphology indicates
low viscosity of a nonpolymeric film. Several reports
have described the flexibility of as-synthesized films
with incomplete condensation of the inorganic spe-
cies.5354

However, not only condensation but also hydrolysis
of the tin source can be considerably suppressed in the
present opaque and granular films after the simple
drying process regardless of the water content in the
precursor solutions. This is confirmed by the experi-
mental fact that the observed morphological change is
independent of the water content in the precursor
solutions. If only condensation is suppressed, the mor-
phological change upon the water vapor post-treatment
would not take place for the film prepared from the
water-containing precursor solution because the con-
densation between the hydrolyzed species and conse-
quent solidification could proceed in a dry atmosphere.

In the drying process, the solvents (ethanol and water)
would evaporate rapidly to give the monomeric inor-
ganic species containing considerably unhydrolyzed
parts. When the films are moved to a high-humidity
atmosphere, they gain fluidity by absorbing water from
moisture, leading to the formation of smooth surface
morphology.

Disordered Structure Formed through the
Simple Drying Process. The films simply dried under
low-humidity conditions showed only poor structural
regularity (Figure 2 (a), Figure 8A,B (a)). This is
inconsistent with the conventional solvent-evaporation
process in which a highly ordered mesostructure can be
formed just after the film formation. The fact that an
ordered structure was not obtained by the simple
solvent evaporation process shows either that the
ordered structure was not formed or that the ordered
structure was formed once and then ruined.

(53) Soler-lllia, G. J. A. A.; Louis, A.; Sanchez, C. Chem. Mater.
2002, 14, 750.

(54) Brinker, C. J.; Lu, Y.; Sellinger, A.; Fan, H. Adv. Mater. 1999,
11, 579.
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When SnCl, is dissolved in an alcoholic solution, the
partial ligand exchange takes place according to follow-
ing formula (A).5% Although water from moisture would
produce a small amount of partially hydrolyzed species,
the tin source is mainly in an unhydrolyzed state. On
the other hand, the surfactant dissolved in the alcoholic
solution does not form ordered structures of liquid-
crystal phases.

snCl, + XROH — SnCl,_(OR), + xHCI  (A)

When water is added to the system, partial hydrolysis
is expected to take place according to formula (B).%®
However, in this system, condensation of the partially
hydrolyzed species would be hindered by the existence
of a large amount of chlorine.5%6 The surfactant cannot
form an ordered liquid-crystal phase because of the large
amount of alcohol. Although selective evaporation of
ethanol during the evaporation process may lead to the
formation of an ordered lyotropic liquid-crystal phase,
the structure will be ruined by further evaporation of
water before the condensation of wall-forming materials
as will be discussed later. For these reasons, a highly
ordered mesostructure was not obtained by the simple
drying process, even though water was added in the
reactant solution (Figure 8A (a)).

snCl,_,(OR), + yH,0 —
snCl,_,(OR),_,(OH), + yROH (B)

When alcohol was used as a main solvent, the films
simply dried under low-humidity conditions would be a
disordered mixture of the surfactant and the monomeric
tin compounds that had undergone partial hydrolysis.
The broad XRD patterns show the existence of some
structural ordering in the films after a simple drying
process. However, the peak is too broad and weak to
elucidate the structure.

The rapid hydrolysis of SnCl, does not take place,
even when water is used as a solvent instead of ethanol.
SnCly is soluble in water and definite hydrates such as
SnCl4-5H,0 can be isolated from the aqueous solution.5”
The rate of hydrolysis of SnCl, in the aqueous solution
is low because of the existence of excess Cl-, and
equilibrium is attained before the hydrolysis is com-
plete.5® Therefore, when the film was prepared using
an aqueous solution of SnCl, and the surfactant, the
inorganic species would exist mainly in monomeric
states, at most, with a very few oligomeric components
after simple drying under low-humidity conditions. On
the other hand, the surfactant would form ordered
structures based on the corresponding lyotropic liquid-
crystal phase unless the inorganic component prevents
the formation. However, as shown in trace (a) in Figure
8B, the ordered mesostructure has not been obtained
through a simple drying process. This is explained by
the rapid evaporation of water and slow condensation

(55) Epifani, M.; Alvisi, M.; Mirenghi, L.; Leo, G.; Siciliano, P.;
Vasanelli, L. 3. Am. Ceram. Soc. 2001, 84, 48.

(56) Manorama, S. V.; Reddy, C. V. G.; Rao, V. J. Nanostruct. Mater.
1999, 11, 643.

(57) Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements,
2nd ed.; Butterworth-Heinemann: Oxford, 1997.

(58) Mellor, J. W. A Comprehensive Treatise on Inorganic and
Theoretical Chemistry; Longmans, Green and Co. Ltd.: London, 1952;
Vol. 7.
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of the inorganic species. That is, the ordered structure
corresponding to the lyotropic liquid crystal-phase
formed during the drying process was lost before fixing
the inorganic framework through condensation because
the water content became too low to form the lyotropic
liquid-crystal phase.

This hypothesis was confirmed by the in situ XRD
experiments. For the film prepared from the aqueous
solution, a sharp XRD peak corresponding to an ordered
structure was once observed during the drying process,
but it disappeared with the completion of the drying
process (Figure 9A). On the other hand, no transient
XRD peak was observed for the film prepared from the
alcoholic solution (Figure 9B).

Formation of Highly Ordered Mesostructure by
the Water Vapor Post-treatment. Every film with
disordered structure obtained through the simple drying
process shows the structural change to a highly ordered
hexagonal structure by exposure to water vapor. The
structural change seems independent of the solvent in
the reactant solution. Because the structural change
accompanies the morphological change, it is clear that
the water vapor brings about a whole structural re-
arrangement. In the rearrangement, two elemental
phenomena are obviously included. One is the formation
of the ordered lyotropic liquid-crystal phase and the
other is proceeding of hydrolysis and condensation of
the inorganic species. The cooperation of these two
phenomena leads to the solidification of the highly
ordered structure.

When the disordered film after the simple drying
process is put into a high-humidity atmosphere, the film
absorbs water rapidly, and consequently, the lyotropic
liquid-crystal phase that is determined by the water
content and the temperature is formed. This rearrange-
ment can take place because of the monomeric proper-
ties of the inorganic species in the disordered films. At
the same time, hydrolysis of the inorganic species
proceeds because the generated HCI can be removed
into the vapor phase. This is evidenced by the fact that
HCI is generated during the water vapor treatment.
During the proceeding of the hydrolysis, the concomitant
condensation leads to the formation of polymeric Sn—
O—Sn species. Since the inorganic wall in the meso-
structured film is fixed after the appropriate water
vapor post-treatment, the following drying process does
not result in further structural change in the film.

In this strategy, the formation of the lyotropic liquid-
crystal phase that provides the ordered mesostructured
SnO; film is caused by the absorption of water from the
gas phase. This vapor-induced liquid-crystal templating
is advantageous compared with the conventional solvent
evaporation process for several reasons. One advantage
is the higher ordering of the mesostructure; the longer
time for rearrangement allows improved ordering in the
formed lyotropic liquid-crystal phase. This is proved by
the TEM image shown in Figure 4A. To the best of our
knowledge, this is the first TEM image of a non-siliceous
mesostructured material film that proves the formation
of a highly ordered channel structure over the whole
film thickness. Another advantage is the high reproduc-
ibility of the formed mesostructure; the final structure
is affected by neither the water content in the precursor
solution nor the conditions of the coating atmosphere
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such as humidity and temperature. The needlessness
of strict control of the coating conditions is favorable
for industrial applications.

Crystallization of the Pore Wall. As shown in
Figure 6, the long vapor post-treatment induced the
crystallization of SnO,. Although the preservation of the
mesostructure upon post-treatment is shown by XRD
(Figure 5), the possibility that the crystallization selec-
tively took place in the partially collapsed part of the
film cannot be excluded. However, Figure 4A clearly
shows the coexistence of the highly ordered mesostruc-
ture and the microcrystalline SnO,. The confirmation
of the microcrystals by XRD excludes the possible
crystallization by an electron beam. To the best of our
knowledge, this is the first report that proves the
crystallization of the pore wall with the complete
exclusion of the possibility of partial collapse of the
highly ordered mesostructure.

As discussed above, it was shown that the high
structural ordering of the mesostructured SnO; film was
preserved upon the crystallization of the pore wall.
However, as shown in Figure 7, the ordering of the
mesostructure decreases with the progress of the crys-
tallization. This is expected due to the stress caused by
the volume change upon crystallization.

The growth of the SnO; crystals tends to terminate
when the crystal size estimated by XRD approaches
~2.0 nm. This crystallite size is smaller than the
thickness of the pore wall estimated by STEM, which
is consistent with the preservation of the mesostructure.
The crystallite size is not suppressed by the wall
thickness, as is shown by the control experiment
without using the surfactant. The size of the crystallites
in the films should be determined by the density of the
nucleation sites. Therefore, the present results would
show that the nucleation density was high enough in
each case, and consequently, the suppression of the
crystal growth by the dimensions of the porous structure
was not observed. The inherent suppression of the
crystal growth®® in the present SnO, formation process
should allow the observed retention of the highly
ordered mesostructure. However, the Sherrer formula
can lead to underestimation of the average crystallite
size because the contribution of smaller size components
in a crystallite-size distribution dominates the broaden-
ing of the diffraction peaks. For this reason, the actual
crystallite size might be larger than that estimated by
XRD.

The crystallization of the wall is observed only when
the film is held in the high-humidity atmosphere for a
considerably long period. When the film was transferred
into a low-humidity atmosphere after the relatively
short post-treatmment, the crystallization of the pore
wall as well as the degradation of the mesostructure
has never been observed. There would be two explana-
tions for this. One is the insufficient hydrolysis of the
tin source in the film, and the other is the direct
involvement of water for crystallization. The elucidation
of the detailed mechanism of the observed crystalliza-
tion, including the role of water, is the next step in our
study.

Conclusion

An optically transparent mesostructured tin oxide
film with highly ordered hexagonal structure and micro-
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crystalline pore wall was prepared by coating a sub-
strate with a precursor solution containing tin tetra-
chloride and a nonionic surfactant followed by a post-
treatment with water vapor. The ordered mesostructure
was formed through the formation of a lyotropic liquid-
crystal phase that is induced by water vapor, and the
monomeric properties of the tin source in the as-
prepared film make the macroscopic and mesoscopic
rearrangements possible. The vapor-induced lyotropic
liquid-crystal templating method is applicable for vari-
ous materials by controlling hydrolysis and condensa-
tion. The present mesostructured tin oxide film con-
taining microcrystals is promising for electronic applica-
tions. The use of surfactants with functional groups or
functional guest species that can be directly introduced
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into the micelle structure will lead to the formation of
new electronic materials through a marvelous self-
organization process.
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