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Surfactant-templated synthesis[1, 2] has been a focus of materi-
als science, because it provides a unique means to prepare
a variety of ordered mesostructured materials with high
surface areas and large, uniform pores. These materials have
shown great promise for applications in physics, chemistry,
and biology.[3–9] Different morphologies of mesoporous mate-
rials, such as spheres, films, monoliths, rods, and fibers, can all
be controllably synthesized.[10, 11] Among these, mesoporous
thin films have attracted significant attention owing to their
unique structures and functions.[12–15] Previously, ordered
mesoporous silica films have been synthesized by self-
assembly of silica precursors with surfactant templates at
air–water[16] or water–oil interfaces,[17] or by using the
evaporation-induced self-assembly (EISA) approach.[18] As
the surfactant micelles tend to orient parallel to substrates to
reduce the surface energy at interfaces, the mesochannels
obtained are always oriented parallel to the film surfa-
ces.[3,19–21] Continuous mesoporous films with perpendicularly
aligned channels have recently been prepared by guiding the
self-assembly of block copolymers or gemini surfactants with
organosilica.[22–25] However, the thermal and mechanical

stability of the films are low, as the pore walls consist of
polymers and organosilica. Substrate-templating growth
strategies for controlling mesopore orientation based on p–
p or hydrophilic–hydrophobic interactions have been
reported.[26–30] However, these methods require special sub-
strates, such as pyrolytic graphite, anodic alumina with conical
holes, or block polymer modified glass, and the alignment of
the mesophases at their interface is generally of mixed
orientation. Furthermore, perpendicular mesochannels have
also been prepared by magnetic-field or electrochemically
assisted methods.[31, 32] However, these methods often require
special equipment and complex processes, and the obtained
films have poor regularity and low levels of mesochannel
alignment. To date, the synthesis of films with mesopore
channels perpendicular to a substrate is still a major chal-
lenge.

The Stçber approach is a facile and effective method for
the synthesis of uniform mesoporous silica nanospheres by
a self-assembly process using silica precursors with surfactant
templates in an aqueous ethanol solution.[33] The ordered
mesochannels in these mesoporous silica nanospheres are
often oriented radially to the particle surfaces,[34–36] which is an
ideal pore arrangement for applications such as catalysis and
selective adsorption. Herein, we demonstrate a simple Stçber-
solution growth method for the synthesis of mesoporous silica
thin films with continuous 2D-ordered mesochannels perpen-
dicular to the substrate. This is accomplished by immersing
the substrate into a Stçber solution containing cetyltrimethy-
lammonium bromide (CTAB), tetraethoxysilane (TEOS),
ethanol, and ammonia. Moreover, a new type of sandwich-
like mesoporous silica film, which tends to assemble into
multilayer film arrays, has also been obtained.

The mesoporous silica films, both as-deposited and after
removal of template, are transparent and retain the same size
and shape as the substrates (Supporting Information, Fig-
ure S1 and S2), which are typically over several square
centimeters in area and can be readily scaled up to any size. A
top-view SEM image (Figure 1a) shows that the mesoporous
silica films are continuous over a large domain without
cracking. They are quite stable: even after being calcined at
500 8C, no cracks are formed. Employing a typical ethanol/
water ratio of 0.43 and an ammonia concentration of 1.4 mm

at 60 8C over 3 days, resulted in a highly uniform mesoporous
silica film, with a thickness of about 155 nm and variation of
less than 3% (Figure 1b). A cross-section TEM image
(Figure 1c) of the thin film directly after detachment from
the glass substrate shows a smooth surface and a uniform
thickness of about 155 nm, implying a good mechanical
stability. The mesochannels, fully oriented perpendicular to
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the substrate, are continuous throughout a cross-section of the
film and possess openings at both ends (Figure 1d). Top-view
TEM images (Figure 1e,f) reveal an ordered, hexagonal
packing of mesopores over the entire film without any
mesochannel strips, suggesting that all the mesopore channels
are perpendicular to the surface. The average center-to-center
distance between two adjacent mesochannels is about 4.1 nm,
and the pore size is roughly estimated at 2.3 nm.

The perpendicular mesochannels over the entire film have
been further characterized by XRD (Supporting Information,
Figure S3). No out-of-plane XRD reflection is observed in the
thin film obtained, suggesting that no mesostructures are
oriented parallel to the substrate. The 2D grazing-incidence
small-angle X-ray scattering (GISAXS) pattern of the
mesoporous silica film (Figure 2a) shows two prominent
spots on the left and right of the grazing incidence X-ray beam
that correspond to the scattering wave vectors parallel to the
surface of the film, indicating that the mesochannels are
oriented perpendicular to the surface.[37, 38] The 1D intensity
profiles of the mesoporous silica film collected in each case
are plotted against qy of the GISAXS data (Figure 2b). The
peak positions in the mesoporous silica films correspond to
a d spacing of 4.3 nm, which is in agreement with the TEM
results. The small-angle X-ray scattering pattern of the
mesoporous silica film shows three diffraction peaks, associ-
ated with the 10, 11, and 20 reflections of hexagonal symmetry
with the space group p6mm. This is in good agreement with
that of the as-made bulk mesoporous silica MCM-41 (Mobil

crystalline material),[1, 2] suggesting a similar ordered hexag-
onal mesostructure.

Nitrogen adsorption–desorption isotherms of the meso-
porous silica film grown at 60 8C shows a characteristic
type IV curve (Figure 2c, curve i), indicating a uniform mes-
opore architecture. No hysteresis loop is observed, similar to
that of small-pore MCM-41. The surface area and pore
volume are calculated to be as high as about 834 m2 g�1 and
0.49 cm3 g�1, respectively. Moreover, the film has a pore size
of about 2.3 nm with a narrow distribution (Figure 2 d,
curve i), a value consistent with that obtained by TEM and
indicative of uniform mesopores in the film.

The entire silica film can be easily detached from the
growth substrate to form a free-standing structure when
indium tin oxide (ITO) glass is used as a substrate (Supporting
Information, Figure S2), which is accomplished by etching the
substrate in a concentrated (8m) HNO3 solution at room
temperature after the desired film growth has been achieved.
The large domain size and intact morphology of the resulting
free-standing mesoporous silica films are indicative of their
high mechanical and chemical stability, which can facilitate
potential applications as nanodevices on different substrates.

To investigate the growth process of the mesoporous silica
films, they were synthesized by tuning different reaction
parameters, including ethanol/water ratio, ammonia concen-
tration, CTAB/TEOS ratio, growth time, and reaction tem-
perature. It was found that ethanol plays an important role in
film growth. The film thickness can be varied from 34 to
110 nm by adjusting ethanol/water ratio from 0.2 to 0.53
(Supporting Information, Figure S4a). When the ethanol/
water ratio is higher than 1.0, the structural ordering of the
mesoporous silica films is disrupted. On the other hand,
reducing the ratio to less than 0.2 yields disordered mesopores
in the silica films (Figure S5) and numerous uniform meso-
porous silica spheres with a diameter of about 50 nm (Fig-

Figure 1. Images of the mesoporous silica films deposited on glass by
the Stçber-solution spontaneous growth method. a) Top-view SEM
image of the film. b) Cross-section SEM image of a film deposited on
glass after vertical cleaving. c,d) Cross-section TEM images. e, f) Top-
view TEM images. Insets in (d) and (f) are the structural models of
the cross-section and surface of the mesoporous silica film, respec-
tively.

Figure 2. a) 2D-GISAXS scattering profiles of the mesoporous silica
films prepared by the Stçber-solution spontaneous growth method.
b) Intensity profiles plotted against qy for the GISAXS patterns shown
in (a). c) Nitrogen sorption isotherms and (d) Pore size distribution
curves of the mesoporous silica films grown at i) 60 8C and ii) 100 8C.
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ure S6). However, highly ordered mesochannels and hexag-
onal mesostructures are observed in all domains across these
silica spheres (Figure S6 and S7). The ammonia concentration
is another important factor for film growth. Increasing it to
greater than 14 mm leads to a significant decrease in film
thickness, while simultaneously yielding large quantities of
mesoporous silica spheres as by-products. This is most likely
due to an increase in the TEOS hydrolysis and condensation
rates owing to the higher ammonia concentration, which is
a competitive process with film growth, thus resulting in
a decrease in film thickness (Figure S4b). With an increase in
the CTAB/TEOS ratio, the thickness of the mesoporous silica
films increases from 90 to 155 and then to 240 nm (Fig-
ure S4c). In addition, by depositing the substrates in the
Stçber solution for 1, 2, or 3 days, an increase in the film
thickness to 48, 95, or 155 nm, respectively, was observed. This
is suggestive of a time-dependent growth process (Fig-
ure S4d). The film growth rate was calculated to be about
2 nm h�1.

Moreover, when the growth temperature was increased to
100 8C, a new type of sandwich-like mesoporous silica film
with three layers of mesostructures and a uniform thickness of
75 nm was discovered (Figure 3a). Cross-section TEM images
show that the mesoporous silica films also possess perpen-
dicular mesochannels with a periodic spacing of about 4.0 nm.
Top views of the mesoporous silica films show that the
ordered mesopores are present throughout the entire domain,
although some defects in the mesopore channels with
spacings of 10–40 nm are present inside the film (Figure 3b).
These correspond to the middle layers observed in the cross-
section TEM images in Figure 3a. The detached sandwich-
like mesoporous silica thin films tend to pack against each

other in water and form self-assembled multilayer film arrays
(Figure 3c). The nitrogen sorption isotherm of the sandwich-
like mesoporous silica films (Figure 2c, curve ii) also shows
a typical type IV curve with a distinct hysteresis loop of H2 in
the p/p0 range of 0.4–1.0, implying that ink-bottle-like
mesopores resulted from the defects. The surface area and
the pore volume are as high as 1011 m2 g�1 and 0.72 cm3 g�1,
respectively, and the pore size is uniform, namely about
2.8 nm (Figure 2d, curve ii).

Based on the above results, we propose that the growth
process of these mesoporous silica films, with perpendicular
mesochannels (Figure 4), proceeds through a gradual trans-
formation of silicate–CTAB composites from spherical to

cylindrical micelles with the assistance of ammonia hydrogen
bonding and controlled silicate polymerization. In a Stçber
solution, the surfactant cations (CTA+) are first strongly
adsorbed on a negatively charged substrate (such as glass or
ITO), and form spherical CTAB micelle assemblies on the
substrate surface (step 1),[39] as opposed to the rod-shaped
micelles formed by other polymeric surfactants that are
commonly laid on substrates to reduce surface energy and
subsequently induce mesochannels parallel to substrate sur-
face.[40] When TEOS molecules are added, they are slowly
hydrolyzed in an ammonia and ethanol solution with con-
trolled concentration to form negatively charged oligomeric
silicate species which approach the spherical micelle surface
through electrostatic interaction (step 2). At low concentra-
tions, these free silicate species are preferentially deposited at
the junction between the spherical micelles and the substrate,
which is expected to screen the intra-micelle electrostatic
repulsion among adjacent head groups.[41] Simultaneously, the
diffusion of ethanol into the CTAB micelles reduces the
interaction of the alkyl tails, which increases the hydrophobic
volume of the micelles and lowers their curvature.[42,43]

Furthermore, the presence of ammonia facilitates the for-
mation hydrogen bonds between the adjacent CTAB micelles
and silicate oligomers, which also favors the formation of
parallel mesochannels to reduce the curvature energy of the
micelles. Owing to these three factors, the CTAB–silicate
composites undergo a structure transition from spherical to

Figure 3. TEM images of sandwich-like mesoporous silica films.
a) Cross-section view. b) Top view. c) Cross-sectional view of self-
assembly arrays for the silica films. Inset in (a) is the structural model
for the sandwich-like structure.

Figure 4. Illustration of the formation process of ordered mesoporous
silica films with perpendicular mesochannels by the Stçber-solution
spontaneous growth procedure.
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cylindrical micelles (step 3). With the continuous diffusion
and re-assembly of CTAB molecules, newly hydrolyzed
silicate oligomers are adsorbed and cross-linked onto the
charged micelle head groups at the solution–silica film
interface, leading to a continuous, large-domain film growth
along with the longitudinal direction of cylindrical micelles
that are perpendicularly orientated on the substrate (step 4).
Previously reported Monte Carlo simulation results also
showed that a highly active interface induces a perpendicular
alignment in surfactant mesophases.[44] After solution assem-
bly and growth, mesoporous silica films with perpendicular
channels are subsequently obtained through the removal of
surfactants by solvent extraction (step 5). The silica meso-
structure may undergo a reorganization process from a dis-
ordered to an ordered structure. The interface nucleation and
slow growth, which are kinetically controlled in the Stçber
solution, play an important role in the formation of the
perpendicular mesochannels.

Along with our newly demonstrated film growth on
substrates, the growth of mesoporous silica spheres in the
Stçber solution is a competitive growth route, as has been
recently reported.[36] An increase in the ammonia concen-
tration can enhance the hydrolysis and condensation rates for
TEOS to form substantial silicate oligomers, which are
assembled with CTAB molecules and form mesoporous
silica spheres in the solution, resulting in a decrease in film
thickness on the substrate. Similarly, the hydrolysis and
condensation rates of silicates can be significantly increased
by decreasing the ethanol/water ratio, leading to more silica
particles formed in the solution and a decrease in the silica
film thickness. Moreover, when the reaction temperature is
increased to 100 8C,[45] the silica films formed can be slowly re-
dissolved, and the interfaces between the substrate and
solution migrate outward until an equilibrium is reached.[46,47]

This process results in the reorganization of the mesostructure
and formation of hollow structures in the new sandwich-like
mesoporous silica films, as with the “rattle” nanoparticles
previously observed.[46]

In summary, we report the first successful synthesis of
large, uniform mesoporous silica thin films with ordered
perpendicular mesopore channels by a Stçber-solution spon-
taneous growth approach. The key to the formation of
continuous mesoporous silica films is the controlled gradual
transition of CTAB–silicate composites from spherical to
cylindrical micelles through ammonia-catalyzed self-oriented
growth at the solution–substrate interface. The mesochannels
of the obtained mesoporous silica films are highly oriented
and perpendicular to the substrate, with excellent mechanical
and chemical properties. Also, a new type of sandwich-like
mesoporous silica film with many mesochannel defects has
been synthesized by the Stçber-solution growth method at
a high reaction temperature. As this method can be generally
applied to different materials and morphologies, a variety of
highly ordered 2D architectures and free-standing films with
perpendicular mesochannels can be realized, providing many
new and exciting opportunities in the fabrication of functional
devices for optics, electronics, electrochemistry, biomolecule
separation, and so on.
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