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ABSTRACT: Controlling of the orientation of meso-
channels in mesostructured thin films is important for the
development of novel molecular devices and, in particular,
generating vertically aligned mesochannels with respect to
the substrate plane is extremely challenging for nonsili-
ceous materials. We describe a facile and highly effective
air flow method, which is able to control the unidirectional
alignment of titania mesochannels in a desired direction
(e.g., parallel, perpendicular, or oblique) on a large scale,
via manipulation of the air flow rate and incident angle.
The titania mesochannels were characterized by TEM,
SEM, SAXRD, and GISAXS. The unidirectional, vertically
aligned mesostructured titania films were found to exhibit
excellent ion conductivity.

olymer-templated mesostructured organic/inorganic hy-

brid materials and their corresponding calcined meso-
porous derivatives provide a route to prepare a large range of
mesostructures with tailor-made properties." The fine control
of one-dimensional (1D) channels of such mesomaterials in a
certain direction is of considerable interest due to the demand
for novel molecular-scale devices.” Previous attempts have been
made to develop mesostructured films with uniform pore
orientation, and the alignment of mesochannels parallel to the
substrate surface has been achieved with silica films using
external fields® and anisotropic surfaces,” thereby affording
materials with macroscopically anisotropic properties.” Com-
pared to parallel mesochannels in mesoporous films, vertical
alignment of mesochannels with respect to the surface is much
more difficult to achieve, although highly desirable, because
such ordered mesoporous structures can provide transmission
channels for electrons, ions, and fluids, which are especially
suited to solar cells, fuel cells, separation technologies, etc.® In
spite of intensive efforts, only a few examples describing the
preparation of vertically aligned mesochannels have been
reported. Magnetic fields of the order of 10—30 T*%’ and
confinement in anodized alumina channels®® have been used to
generate vertical channels in mesoporous thin films, but these
methods are limited to small areas. Mesoscale epitaxial-like
growth may be used to obtain vertical alignment of
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chalnnels,ﬁd’8 but alignment over an entire surface has not
been achieved. Vertical channels were obtained in silica films
via cathodic electrodeposition; however, the thickness of the
ordered mesoporous film is limited to the range 40—150 nm.>*
Moreover, most of these pioneering studies have focused on
silica frameworks.

In an excellent and recent review on mesoporous films the
major challenges in this field were identified, which include the
precise control of 1D mesochannels in any direction and the
realization of well-ordered alignments of mesoporous thin films
based on materials other than silica.”™ In this contribution we
describe a simple and effective method that addresses these two
major challenges, thus allowing the preparation of uniaxially
oriented mesoporous titania films in any uniaxial alignment
direction via the manipulation of the magnitude and incident
direction of a shear-force in a hot-air flow. This approach builds
on our previous work in which silica mesochannels oriented in
parallel were obtained.*

To precisely control the orientation of the mesopores in the
film two parameters need to be controlled, the incident angle of
the air jet with respect to the surface plane and the rate of
solvent evaporation, the latter is determined by the temperature
and the air flow rate. To demonstrate the approach, drops of a
titania sol precursor were pipetted directly onto a clean silicon
wafer to form a liquid film, and then a jet of hot air at a
constant temperature of 70 °C was applied over the substrate
surface for 10 s (the air flow speed was varied from 9.5—5.5 m/
s, and the incident angle o was varied from 0—70°; « refers to
the incident angle subtended between the substrate plane and
the incident air flow), followed by aging at 20 °C for 24 h under
a controlled humidity of ~70—80%. On the basis of
comparisons to literature data,'® the obtained titania films
were shown to comprise 2D hexagonal mesophase (p6mm).
Transmission electron microscopy (TEM) of the powders
scraped off the films and small-angle X-ray diffraction (SAXRD)
of films annealed at 200 °C further confirm the 2D hexagonal
structure (Figure 1), with a lattice spacing of d = 9.4 nm.

Examination of these films by cross-sectional TEM revealed
that the gas flow rate effectively controls the alignment of the
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Figure 1. (a and b) TEM images of titania powder removed from a
mesostructured film prepared by horizontal air flow at the speed of 9.5
m s~". Inset in (a) corresponds to the fast-Fourier-transform (FFT)
diffractogram. (c) Small-angle XRD patterns of mesostructured titania
films. Mesostructured films were synthesized with air flows of 5.5 m/s
at various incident angles of (i) 0°, (ii) 20°, (iii) 40°, and (iv) S0°.

titania mesochannels (a—c of Figure 2). The resulting titania
films obtained at high air-flow rates of 9.5 and 8 m/s exhibit
uniaxially ordered mesostructures with mesochannels parallel to
the air-flow direction over the entire thickness (Figure 2a and
b). Decreasing the air flow rate led to the formation of
obliquely ordered mesochannels, although the shear force was
still parallel to the substrate (@ = 0°). Large-domain
periodically oblique mesochannels tilted by ~40° with respect
to the wafer surface (Figure 2c) were obtained at an air flow
rate of 5.5 m/s.

As the incident angle of the gas is varied from 0 to 50°, the
mesochannel tilt angle increases from 40° to nearly 90° at an
airspeed of 5.5 m/s, hence affording a perpendicularly aligned
mesostructured titania film. The cross-sectional SEM image and
its top-view image corresponding to the sample in Figure 2e are
provided in the Supporting Information (SI) and are consistent
with the orientation observed in the TEM image; see Figure S1
in the SI. SAXRD was used to estimate the direction of the

channels in the mesoporous films since the technique is
sensitive only to periodic structure parallel to the substrate.>*"!
The structural information provided by the SAXRD profiles
(Figure 1c) is consistent with the cross-sectional TEM data. As
the incident angle of air flow is increased from 0° to 50°, the
diffraction intensity of the corresponding mesoporous film
gradually decreases until no peak is observed in the profile,
indicative of perpendicular oriented mesochannels. The
relationship between the mesochannel orientation and the
incident angle and flow rate of the air is summarized in Table
S1 (SI). The flow rate and the incident angle of the air flow
appear to be the key factors that control the orientation of the
mesochannels. At lower air flow rates the mesochannel
orientation is dependent on the incident direction of air flow,
whereas at higher air flows there is a deterioration of the
mesochannel orientation.

Grazing-incidence small-angle X-ray scattering (GISAXS)
analysis was further carried out in order to confirm the
macroscopic information concerning the alignment of meso-
channels (Figure 3). For the parallel oriented films, the
GISAXS pattern comprises three diffraction spots that may be
attributed to (01) and (10) planes that were found (Figure 3a),
providing further evidence that the mesochannels are arranged
in a hexagonal phase; this conclusion is also supported by the
fact that the scattering peaks in the GISAXS pattern have a g*
ratio of 1: \/3:\/4: 7 (see Figure S2 in SI). Rotation of the
sample by 90° results in the disappearance of the two in-plane
(10) spots (Figure 3b) and the anisotropy of the diffraction
patterns indicates that the cylindrical mesochannels are aligned
parallel to the direction of air flow.**'*> In addition, weak
background rings are observed in a and b of Figure 3, indicating
that a few wormlike mesochannels may exist in the films. Figure
3c shows the patterns of the vertically oriented film, recorded
with the incident X-rays parallel to the direction of the applied
flux. The two in-plane (10) spots are observed to the left and
right of the beam, and there is no diffracted intensity out of the
plane of the film (01). A similar pattern is observed when the
incident direction of the X-ray beam is perpendicular to the

v=8m/s

Parallel orientation

Tilted mesochannels

Perpendicular orientation

Figure 2. Effect of air flow rate and incident angle on mesochannel alignment. (a—c) Cross-sectional TEM images of mesostructured titania films
deposited on silicon substrates with horizontal air flow rates of (a) 9.5 m/s, (b) 8 m/s, and (c) 5.5 m/s. (d—f) Cross-sectional TEM images of the
mesostructured titania films grown on silicon wafers with air flow incident angles of (d) 20°, (e) 40°, and (f) S0° at a flow rate of 5.5 m/s. The insets
correspond to the FFT diffractograms. All samples were sliced along the air-flow direction with the air flowing from right to left. Scale bar = 100 nm.
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Figure 3. GISAXS patterns of mesostructured titania films heat-treated
at 200 °C: (a and b) sample oriented in parallel; (c) vertically aligned
sample; (d) vertically aligned sample calcined at 350 °C. [(a, ¢, d)
Samples were measured with the incident X-rays parallel to the
direction of air-flow.] (b) Sample “a” was rotated by 90°.

direction of the applied air flow (see Figure S3 in SI).
Combined, these data show that the titania mesochannels are
oriented perpendicular to the substrate surface.*' In order to
investigate the effect of thermal treatment on the phase
structure of the obtained titania film, the mesostructured film
was also analyzed by GISAXS after removal of the surfactant by
calcination, see Figure 3d. Similar patterns are observed,
indicating that the initial structure is maintained and no
morphological transformations occur following calcination at
350 °C for 3 h (Figure 3d and Figure S3 [SI]). In addition,
besides silicon wafer, we also have succeeded in controlling the
titania mesochannel orientation on glass slide, fluorine-doped
tin oxide (FTO) substrate and metal substrate, indicating that
substrate surface does not affect the orientation at the interface
region.

It is not unreasonable to assume that the mesochannel
growth mechanism presumably involves the initial formation of
cylindrical micelle templates assembled from the surfactants
following solvent evaporation under the shear force generated
by the air flow. After depositing the titania sol onto the
substrate surface, the precursor solution is homogeneous; upon
application of the hot gas the sol is dispersed along the
substrate, and the solvent immediately starts to evaporate. This
process results in a concentration gradient with the highest
surfactant concentration at the solution surface, and cylindrical
micelles form at the liquid—vapor interface (Scheme 1). The
orientation of these cylindrical micelles is simultaneously
affected by the shear force generated by the flow of air and
the upward growth induced by solvent evaporation. Accord-
ingly, the cylinders are aligned along the direction of the
resultant force. Following removal of the incident air flow, the
residual butanol continues to evaporate at a high rate as the sol
remains hot. Evaforation of solvent provides a strong, highly
directional field,"* which in this case results in the formation of
perpendicular mesochannels. In this process, the shear force
from the air flow is a significant prerequisite as the vertically
ordered mesochannels do not form if solvent evaporation
occurs in the absence of a hot air flow (see Figure S4 in SI).
This tentative mechanism not only explains how vertically
aligned mesochannels can be prepared in an inclined air flow

Scheme 1. Illustration of the Process Used To Generate the
Vertically Aligned Mesochannels
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but also accounts for the mesochannel tilt angle always being
wider than the air flow incident angle.

Under a stronger shear force, the mesochannel orientation is
predominantly controlled by the shear-induced orientation, and
the channels align along the direction of the incident air-flow (a
and b of Figure 2). At increased air flow rates evaporation is
considerably faster, leading to an increase in the randomness of
the mesopore orientation and the formation of randomly
oriented worm-like mesochannels (see Figure SS in SI).

The electrochemical properties of the mesoporous titania
films were determined by coverage studies of a FTO electrode
coated with the film in order to ascertain the influence of ion
conductivity of the film as a function of the channel orientation.
Figure 4 displays the cyclic voltammograms of the electrode-
supported mesostructured titania films ordered vertically and in
parallel in the presence of [Fe(CN)¢]*~ (1 mM). Before
calcination, no electrochemical response to the solution-phase
redox probe K;Fe(CN)g could be observed (Figure 4e). The
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Figure 4. Electrochemical monitoring of the permeability properties of
the mesostructured films. Cyclic voltammograms of Fe(CN)s~/
Fe(CN)¢* on (a) a bare FTO electrode, (b) vertically oriented, (c)
oriented in parallel, (d) randomly oriented mesoporous titania films,
and (e) vertically oriented mesostructured titania film prior to removal
of the surfactant.
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film was completely closed to any external reagent, indicating
that mesostructured titania homogeneously coated the entire
electrode surface. After removal of the residual template from
the mesochannels by calcination at 350 °C a well-defined
electrochemical response of the Fe(CN)*~ ions was observed
(Figure 4b), demonstrating effective charged molecular trans-
port across the template-free mesoporous titania. As expected,
the peak current measured with vertically oriented meso-
channels was significantly higher than that measured with
parallel oriented or randomly oriented mesochannels, being
almost the same as that of a bare FTO electrode.

In conclusion, we have developed an air flow method to
control the growth of 1D mesochannels in mesoporous titania
films. By simply regulating the rate and incident angle of the air
flow, the orientation of the mesochannels can be controlled,
thus affording parallel, vertical, and oblique orientations, with
any angle with respect to the plane. Importantly, the method is
suitable for the large-scale preparation of films. The macro-
scopically vertically ordered mesoporous titania film was found
to efliciently conduct ions, and consequently, such titania films
have considerable potential in light-harvesting devices such as
dye-sensitized and quantum dot solar cells.
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Experimental details for the preparation of the films, full details
of the GISAXS data, TEM and SEM images, and film
characteristics. This material is available free of charge via the
Internet at http://pubs.acs.org.
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