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Host—guest chemistry is considered to be a facile approach to
designing new functional molecules or devices for different
purposes. As an ideal candidate for host, mesoporous silica materials
with macroscopically oriented hexagonally packed tabular mesoch-
annels have received much attention in nanostructured host/guest
composites. In these systems, a mesostructured silica film with the
orientation controlled in three dimensions has been anticipated to
have great potential in the design of devices in optics, microelec-
tronics, etc.! Several methods have been advanced to fabricate
oriented mesoporous films. However, the mesochannel orientation
was solely controlled in a single direction over the whole film (in
other words, the orientation of mesochannels was controlled in two
dimensions). On the other hand, these methods show special
requirements on supported substrate such as an anisotropic surface,’
photolithographic silica,® oriented polymer film,* or a closed cell,’
which also limited their practical application. It would be more
useful to design multilayered optical or microelectric nanodevices
if the oriented mesochannels could be controlled in a desired
direction or in three dimensions on any substrate.

To test this possibility to prepare such an oriented multilayered
mesostructured silica film, we report here a facile method to freely
control the orientation of mesochannels in a mesostructured silica
film on a large scale. Based on this method, multilayered meso-
porous silica films with a complex arrangement of controlled
mesochannel orientations can be prepared. This method shows good
control of the orientation of mesochannels in three dimensions and
has no special requirement on the supported substrate, which is
expected to form the basis of new applications.

Pluronic 123 (polyethylene oxide—polypropylene oxide—poly-
ethylene oxide triblock copolymer (EO»p-PO7o-EO»)) was used
as the structure directing agent. A surfactant/silica composite
film was prepared on a polymer substrate, PET film (7.5 x 2.5
cm), by employing a jet of hot, strong air flow. As standard
procedure, a droplet of sol silica precursor solution was pipetted
onto a PET film and then a hot, strong air flow was applied parallel
to the substrate for 10 s to prepare a mesostructured film. The whole
procedure is shown in Supporting Information Scheme S1. In the
experiment, the speed and temperature of the air flow were
controlled at 19.5 m/s and 70 °C, respectively. The resulting film
was highly transparent and uniform with a thickness of ~600 nm
(Table S1)

As verified by high-resolution TEM (HR-TEM), the mesochan-
nels were packed in a hexagonal structure in the obtained mesos-
tructured silica film (Figure S2). Powder X-ray diffraction (XRD)
patterns of the mesostructured film shows that a diffraction peak
appeared at 26 = 0.96°, assigned as (10) of the hexagonal structure.
After removal of organic surfactant, the position of the (10) peak
shifted to 260 = 1.16° (Figure S3), indicating that the mesopores in
the silica film shrank and became smaller.
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Figure 1. (a and b) Cross-sectional TEM images of the as-synthesized
mesostructured silica film grown on substrate by air flow. The sample was
sliced along (a) and across (b) the air flow direction. Inset: Selected area
electron diffraction pattern of the mesostructured silica part; (c) ®-Scanning
in-plane XRD pattern of as-synthesized silica film (profile A) and after
removal of organic surfactant (profile B); the arrow shows the air flow
direction. (d) Relationship between fwhm and the angle of incident X-rays.

The packing state of the mesochannels relative to the substrate
was directly visualized by HR-TEM. Figure 1a is the TEM image
obtained in the direction along the air flow direction, and Figure
1b is that obtained in the direction across the air flow. We can
clearly see that the mesochannels are aligned parallel to the
supported substrate and along the direction of hot air flow. In-plane
XRD was further employed to characterize the orientation of
mesochannels in the as-synthesized silica film. Moreover, for
homogeneous investigation, three different points were selected
(Figure S1) and the correspondent in-plane XRD results were listed
in Table S1. Each detected area was 0.08 x 0.08 cm? according to
the equipment’s handbook. Figure 1c shows a typical in-plane XRD
profile of silica film, and two diffraction peaks were observed at
@ values of 90° and 270°. The value of the full width at half-
maximum (fwhm) was only 12.8°, corresponding to an orientation
degree of 92.9%. After removal of organic surfactant, the orientation
degree was almost unchanged with fwhm = 12.2°, corresponding
to an orientation degree of ~93.2%. This result shows that the
mesochannels have a uniform orientation in the direction parallel
to the air flow.

The orientation uniformity of mesochannels along the normal
of the as-synthesized silica film was also investigated by using the
in-plane XRD at varied incident angle mode. Under this mode, the
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Figure 2. (a) ®-Scanning in-plane XRD pattern of as-synthesized single-
layer mesostructured silica films (A); double-layer treated films with the
second flow direction parallel (B) and perpendicular (C) to the initial
direction of the air flow. (b) Cross-sectional TEM image of perpendicular
array of mesochannels in perpendicularly treated silica film; the green line
in (b) marks the boundary of perpendicular mesochannels.
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distribution of the mesochannels in the inner part can be detected
by increasing the incident angle of X-rays. Figure 1d shows the
relationship between the orientation degree of the mesochannels
and the incident angle of X-rays. The deviation in orientation
between the inner and top portion was only 2°, almost invariable
with the increasing incident angle of the X-rays, indicating that
the mesochannel orientation is very uniform along the direction
normal to the mesoporous film.

The orientation of mesochannels was attributed to the interaction
between the high speed air flow and the sol solution. Air flow with
high speed leads to rapid motion of the droplet on the substrate in
a preferred direction,® generating great shear force in the liquid
layer. Simultaneously, in this case, with evaporation of ethanol
under hot air flow, organic surfactants in the sol silica precursor
could be enriched and form abundant tubular-shaped micelles with
the tetraethyl orthosilicate molecules organizing and attaching to
the outer surfaces of the micelles. Under the shear force induced
by high speed air flow, the micelles were anisotropically arranged
along the air-flow direction. This speculation was further proved
by the effect of the speed of air flow on the final orientation of
mesochannels (Table S2).

Taking into account the fact that the mesochannel orientation is
only affected by the air flow direction, it could be anticipated that
a multilayered film with different mesochannel orientations in
different layers may be prepared by adjusting the direction of air
flow; that is to say, the mesochannel orientation can be controlled
in three dimensions. To make such a film, another drop of sol—gel
precursor was placed on top of the first air-flow treated film. Then
ajet of air flow at the same speed was applied in a certain direction.
An SEM image of the cross section of the resultant mesoporous
silica film proved that the thickness of the film was ~1.1 ym, about
two times that of the first treated film. If the directions of the two
steps were fixed to be parallel to each other, a slight increase in
orientation degree from 92.9% (fwhm = 12.6°) to 93.6% (fwhm
= 11.6°) was found. If the direction of the second step was set
perpendicular to the first step, a perpendicular configuration of
mesochannels was obtained, as shown in Figure 2a. Three diffrac-
tion peaks appear at 0°, 180°, and 360°, indicating that the array
of mesochannels in the second layer was perpendicular to that of
the previous layer and, from the fwhm, their orientation degrees
were almost invariant. The perpendicular array of mesochannels

was further verified by HR-TEM as shown in Figure 2b. The
arrangements of mesochannels in adjacent layers are obviously
perpendicular to each other in both microregions and the whole
film. Because the direction of the second air flow can be set
independently, the configuration of mesochannels in the mesoporous
silica film can be freely designed. Multiple treatments can also be
applied to prepare multilayer films with a controlled configuration
by simply modifying the air flow direction. This feature will be
very attractive for the application of mesoporous films in many
fields.

In conclusion, we found a rapid and simple method to prepare
oriented mesoporous silica films by hot air flow. The mesochannels
in such a mesoporous silica film were oriented along the air flow
direction with a uniform distribution of the orientation degree both
whole plane and along the direction normal to the thin film. A
complex arrangement of mesochannels in mesoporous film and,
thus, the control of orientation in three dimensions can also be
obtained by multistep treatment. Most importantly, this method
presented here gives a choice in deposited substrate and can be
applied onto a wide range of materials. Besides PET film, we
applied this method to other substrates, such as glass, silicon,
polyimide film, and even a metal aluminum substrate, and oriented
mesostructured silica films were also obtained. Furthermore, it is
also possible to carry out such a procedure on a curved substrate.
We anticipate that this method has significant potential for the
application of mesostructured silica film in many fields.
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