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A previous paper described the low-temperature synthesis of mesoporous nanocrystalline
anatase thin layers obtained by mesophase templating (Chem. Mater. 2003, 15, 2463). This
work deals with the structural characterization of these anatase thin layers and with the
extension of the synthesis method to films with a different mesostructure. Thus, two triblock
copolymers are used as structuring agents and the effect of the volume fraction of surfactant
in the dried layers is also considered. The determination of the mesostructures is mainly
based on 2D X-ray diffraction experiments, completed with observations by transmission
electron microscopy and atomic force microscopy. Nitrogen adsorption-desorption measure-
ments are performed to investigate the porous texture of the thin layers.

Introduction

Preparation of nanocrystalline anatase TiO2 thin
films opens important perspectives for a number of
technological applications such as photovoltaic cells,
self-cleaning panels, and electrochemical sensors or for
photocatalyzed reactions.1-14 In addition to the intrinsic
photoactivity which is directly related to the nanometric
size of the anatase crystals, the accessibility of the
chemical species to the pore surface strongly depends
on the porous characteristics of the anatase layers. An
attractive method to obtain an ordered mesoporosity is

the use of the templating effect of lyotropic mesophases
resulting from the self-assembly of amphiphilic mol-
ecules such as triblock copolymers.15-21 In a recent
paper,1 the feasibility at low temperature of nanocrys-
talline anatase layers with an ordered mesoporosity has
been demonstrated. According to the corresponding
water-surfactant binary diagram,22 a 2 D hexagonal
structure (p6mm) was predicted.1 The mesostructure of
the layers is here precisely defined. The influence of the
volume fraction of the surfactant in the dried layer is
also considered. In parallel, the extension of the syn-
thesis method to the preparation of layers with a cubic
mesostructure is studied by using another triblock
copolymer known to form a cubic mesophase with
water.20,21 In the amphiphilic media, it is possible to
evidence different types of cubic mesophases:23,24 mi-
cellar cubic phases resulting from the close-packing of
spherical micelles (Fm3m, Fd3m)23 or bicontinuous
cubic based on micellar interconnected networks (Im3m,
Pn3m, Ia3d).24,25 The bicontinuous cubic mesophases are

* To whom correspondence should be addressed. Tel: 33-4-67-14-
91-58. Fax: 33-4-67-14-91-19. E-mail: Florence.Bosc@iemm.univ-
montp2.fr.
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expected to generate isotropic and interconnected me-
soporous networks. From this point of view, they are
attractive for applications such as separative mem-
branes.26,27 The mesostructures usually observed for
mesoporous TiO2 obtained by mesophase templating
exhibitthesamecenteredcubicspacegroup,Im3m.18,19,28-30

Experimental Section

Anatase Sol Synthesis. The starting anatase hydrosol was
synthesized from titanium isopropoxide hydrolyzed in acidic
conditions as previously described.1 After aging for 3 h at 30
°C, anatase nanoparticles with a mean hydrodynamic radius
of 6 nm were obtained. The structuring agent was then
introduced in the sol. The amphiphilic molecules used were
triblock copolymers poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide): EO20PO70EO20 and EO106PO70EO106,
labeled P123 and F127, respectively, and provided by BASF. To
compare the domains of existence of the ordered layers with
the domain of formation of the corresponding mesophases in
the water-surfactant binary diagram, the volume fraction of
surfactant in the dried layer (Φv) is a pertinent parameter.31,32

The investigated range of Φv was from 50 to 80%. The
nomenclature used to identify the synthesized thin layers will
be as follows: PX or FX, with P or F defining the nature of
the used copolymer, P123 or F127, respectively, and with X being
the volume fraction of surfactant (expressed in %). The two
mainly studied compositions P70 (ΦP123 ) 70%) and F67 (Φ
F127 ) 67%) correspond to films exhibiting the best character-
istics in terms of mesostructure quality and of thermal
stability.

Thin Layers Preparation. Thin films were deposited by
dip-coating onto slides of soda lime-silica glass (withdrawal
rate 5 cm‚min-1). After drying at room temperature under
controlled humidity for 1 day (HR ) 98%), the films were
thermally treated at 150 °C for 2 days and then calcined to
higher temperatures. In the case of samples PX, complete
elimination of the templating units can be reached at low
temperature if the thermal treatment at 150 °C is followed by
photodegradation under UV irradiation (2 min; lamp power
280 W‚m-2). For the layers FX, a thermal treatment up to 350
°C is required for complete removal of the structuring agent.

Characterization. One-dimension X-ray diffraction (1D-
XRD) measurements were performed with an X’pert-Pro
(PanAnalytical) diffractometer, a θ/2θ Bragg Brentano con-
figuration, and the K-L3,2 rays of copper. This apparatus is
equipped with a furnace (Anton Paar HTK-1200) for analyses
at high temperature. For the experiments on the thermal
evolution of the structure, the heating rate was 5 °C‚min-1,
with a stop each 25 °C, and a dwell of 10 min before recording
the X-ray pattern. For the other thermal treatments, the
heating rate was 1 min-1 with a dwell of 3 h at the final
temperature. The mesostructure determination and the tex-
tural analysis of the layers were investigated using a two-
dimensional X-ray diffraction device (2D-XRD) at grazing
incidence. The experiments were carried out with a rotating
anode X-ray generator, with the sample-detector distance
being continuously adjustable. The scattered signal was record-

ed on photostimulable imaging plates. The layers were also
characterized by transmission electron microscopy (TEM;
JEOL JEM 2010). In that case, samples were prepared by
scrapping the films from the substrate and by deposition of
chips on copper grids. The morphological analysis of the sur-
face of the thin layers was done using an atomic force mi-
croscope (AFM). The apparatus is a commercial Nanoscope IIIa
(Digital Instruments) in the tapping mode. Silicon cantilevers
with a pyramidal shape and a tip curvature radius smaller
than 10 nm were used. The typical scan rate was around 1
Hz. Squared images were acquired at a digitalization rate
comprised of between 256 and 512 points per line. The porous
texture of the thin layers was investigated from nitrogen
adsorption-desorption isotherms at 77 K, using a special cell
designed for glass plates33 and a volumetric apparatus (Mi-
cromeritics ASAP 2010). The BET34 and BJH35 methods were
applied for determination of the specific surface area, SBET,
and of the mean mesopore equivalent diameter, respectively.

Results and Discussion

Thin Layers of PX Type. The ordered mesostruc-
ture of sample P70 is clearly evidenced from its low-an-
gle 1D-XRD pattern (Figure 1a), the ordered mesopor-
osity being maintained until 500 °C. The mesostructure
disappearance is in fact associated with the crystalliza-
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Figure 1. (a) Thermal evolution of the low-angle 1D-XRD
pattern for layer P70. (b) Thermal evolution of the Bragg
spacing for the main diffraction peak for sample P70.
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tion of the anatase walls into rutile as shown in Figure
2. Moreover a shift to larger angles of the main diffrac-
tion peak related to the ordered mesostructure is
observed (Figure 1b). This shift, which corresponds to
a reduction of the mesostructure lattice, mainly occurs

around 250 °C. It can be associated with the departure
of the structuring units (in the absence of UV treat-
ment). The total shrinkage measured between 25 and
350 °C is around 25 ( 2%.

From the water-P123 binary diagram,22 the expected
mesostructure for the samples P70 is a 2D hexagonal
structure resulting from a hexagonal close-packing of
micellar cylinders. To experimentally determine the me-
sostructure symmetry and the texture of the layers, 2D-
XRD experiments were performed (Figure 3). For the
dried sample (Figure 3a), it is possible to index the
diffraction spots with the p6mm space group in agree-
ment with the expected 2D hexagonal structure. The
presence of the diffraction spots in the grazing incidence
pattern confirms the preferential parallel orientation of
the micellar cylinders within the plane parallel to the
surface of the films.36 The thermal treatment of the
layer P70 at 350 °C induces a modification of the 2D-
XRD pattern (Figure 3b): the spots initially positioned
on concentric circles are now located on ellipses. This
phenomenon, which has been previously observed and

Figure 2. Thermal evolution of the large-angle 1D-XRD
pattern for powder P70. (Black arrow: appearance of diffrac-
tion peak associated with rutile).

Figure 3. 2D-XRD patterns of layer P70: (a) dried at 25 °C, and (b) calcined at 350 °C.

Figure 4. AFM images of the surface for (a) layer P70 treated at 350 °C, and (b) layer F67 treated at 350 °C.
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detailed in the case of mesostructured silica layers,36 is
associated with a unidirectional shrinkage of the layer
in the direction of the normal of the film. The resulting
structure corresponds to the c2mm space group (rec-
tangular symmetry). The shrinkage measured from the
2D-XRD pattern is around 22 ( 3%, in agreement with
the value determined from the 1D-XRD data (the main
diffraction peak observed on the 1D-XRD pattern cor-
responds to the planes (01) assuming a 2D hexagonal
structure). The 2D-XRD pattern of the sample P70 treat-
ed at 350 °C also consists of spots due to a preferential
orientation of the cylindrical pores within the plane
parallel to the surface. From the 1D-XRD diffraction
pattern of sample P70 treated at 350 °C (Figure 1a),
the size of the ordered domains estimated from the
width half-height maximum of the main diffraction peak
using the Scherrer formula,37 and assuming no struc-
tural distortion inside the ordered domains, is 200 (
100 nm.

The AFM analysis of the surface of the layers P70
treated at 350 °C confirms the presence and the align-
ment of the cylindrical pores within the plane parallel
to the surface. In Figure 4a, the black line symbolizes
the direction of the alignment of the pores in an ordered
domain, whereas the white line materializes the bound-
ary between two ordered domains. Moreover, these
observations confirm the order of magnitude previously
determined for the size of the ordered domains, around
a few hundred nanometers. The lattice parameter
evaluated from the AFM image within the plane of the
layer, 9 ( 1 nm, is also in agreement with the one
determined from the 2D-XR pattern, 8.8 ( 0.2 nm.

Because of the sampling method, the TEM observa-
tions cannot be used to analyze the texture of the layers
but only to confirm the structural data. Figure 5a and
b show images of sample P70 treated at 350 °C. Similar
images have been previously recorded with mesoporous
silica obtained with P123 as structuring agent.38 In

Figure 5. TEM images of chips obtained by scrapping thin layers calcined at 350 °C: (a) P70 within the plane of the pores, (b)
P70 perpendicular to the plane of the pores with the schematic representations of the deformed 2D hexagonal lattice and of the
rectangular lattice, and (c) F67.
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Figure 5a, the alignment of the cylindrical pores can
be observed in an ordered domain about 400 nm in size.
The deformation of the hexagonal structure into a
rectangular one is confirmed in Figure 5b. The mea-
sured distance between the axes of the cylindrical pores
is around 8 ( 1 nm, in agreement with the XRD and
AFM measurements. The estimated pore diameter is 4
( 1 nm.

The porosity of the layers P70 treated at 350 °C is
investigated from the resulting nitrogen adsorption-
desorption isotherm (Figure 6a). This type IV isotherm
is typical of mesoporous materials.39 A hysteresis loop

is observed with dissimilar shapes for the adsorption
and desorption branches unlike that predicted for
cylindrical pores. This phenomenon was previously
observed for different mesoporous oxides with cylindri-
cal mesopores.30,40 The abrupt drop on the desorption
branch can be assigned to the presence of mesopore
constrictions at the boundaries between the ordered
domains and of smaller pores in the titania walls.41 The
mean cylindrical pore diameter determined from the
adsorption branch using the BJH method is 4.2 ( 0.1
nm, in good agreement with the estimation from the
TEM images (4 ( 1 nm). The BET specific surface area
is equal to 190 ( 10 m2‚g-1. From the previously
determined size of the anatase nanocrystallites,1 d ) 9
( 1 nm at 350 °C, and, assuming that the anatase
crystallites are spherical, the corresponding specific
surface area can be estimated as follows:

The calculated value is equal to 175 ( 20 m2‚g-1

which is very close to the measured one, in agreement
with an accessibility of the nitrogen probe on the major
part of the surface of the anatase crystallites. These
values are both significantly larger than the theoretical
specific surface area calculated for an ideal 2D hexago-
nal structure with smooth cylindrical pores and dense
titania walls (65 m2‚g-1).

Figure 7a shows the evolution of a 1D-XRD pattern
of samples PX treated at 350 °C as a function of the
volume fraction of surfactant, ΦV(P123). Figure 7b re-
ports the evolution, versus ΦV(P123), of the intensity of

Figure 6. Nitrogen adsorption-desorption isotherms of layers treated at 350 °C: (a) P70, and (b) F 67.

Figure 7. (a) Low-angle 1D-XRD pattern evolution versus ΦV

(P123) for layers PX, and (b) evolution of the intensity of main
diffraction peak as a function of ΦV (P123). The limits of the
hexagonal phase at 30 °C in the water-P123 binary diagram
are reported as vertical lines.

Figure 8. Thermal evolution of the low-angle 1D-XRD pattern
for layer F67.

SSp ) 6
Fanatase × d
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the main XRD peak. This curve exhibits a maximum
for the composition P70. It must be noted that no
significant evolution, versus composition, of the layer
thickness has been observed. On the other hand, the
domain of composition giving rise to ordered layers is
located between ΦV ) 60% and ΦV ) 75%, in the center
of the 2D hexagonal domain in the water-P123 binary
diagram.22 Moreover, this range of composition coincides
with those previously determined for ordered silica and
alumina layers (Figure 7b).20,29,32

Thin Layers of FX Type. To prepare mesoporous
layers with a cubic mesostructure, the triblock copoly-
mer P123 was replaced by the compound F127, which is
known to form a bicontinuous cubic mesophase (space
group Im3m) in the central part of the water-F127
binary diagram.22

As previously shown with the samples P70, the
ordered mesostructure of the layers F67 (ΦV(F127) )
67%) is maintained until 500 °C (Figure 8). In that case,
a very weak shift of the main XRD peak is evidenced
during calcination; the shrinkage of the inorganic
network is not so important.

The 2D-XRD patterns of sample F67 treated at 25 and
350 °C confirm the cubic nature of the mesostructure
(Figure 9). However, the indexation cannot be made on
the basis of the expected space group Im3m but with
the space group Fm3m encountered for a face-centered
cubic close-packing of spherical entities.42 The AFM
observations on the surface of the layer do not allow
evidence of an ordered structure (Figure 4b). Such
images have been previously obtained for mesoporous
silica samples synthesized from micellar cubic meso-
phases.43,44 TEM observations are shown in Figure 5c.

It is here possible to visualize a cubic arrangement. The
images look like those obtained with cubic mesoporous
silica.38,44 The distance between the centers of pores, 9
( 1 nm, is in agreement with the distance deduced from
the 1D X-ray diffraction measurements, 8.5 ( 0.5 nm.
The pore diameter estimated by TEM is equal to 4 ( 1
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Figure 9. 2D-XRD patterns of layer F67: (a) dried at 25 °C, and (b) calcined at 350 °C.

Figure 10. (a) Low-angle 1D-XRD pattern evolution versus
ΦV (F127) for layers FX; and (b) evolution of the intensity of
main diffraction peak as a function of ΦV ( F127). The limits of
the cubic phase at 30 °C in the water-F127 binary diagram
are reported as vertical lines.
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nm. From the nitrogen adsorption-desorption isotherm
(Figure 6b), the mean spherical pore diameter41 deter-
mined by the BJH method applied on the adsorption
branch is 4.8 ( 0.2 nm, in agreement with the TEM
value. The BET surface is equal to 180 m2‚g-1which is
close to the values measured or calculated for sample
P70.

Ordered anatase layers FX are obtained for a volume
fraction of F127 ranging from 55 to 70%, (Figure 10a). A
weak shift to the larger volume fractions is observed in
comparison with the range of composition giving rise
to mesostructured silica layers20 (Figure 10b).

Conclusions

This study enables us to specify the mesostructure of
anatase thin films prepared by templating mesophases
from two triblock copolymers, P123 and F127. With P123,
thin films with an anisotropic and distorted 2D hex-
agonal mesostructure are obtained in accordance with
the mesophase structure expected from the water-P123
phase diagram. The unidirectional shrinkage of the
layer in the direction of the normal of the film gives rise
to the deformation of the 2D hexagonal planar geometry
p6mm into a planar rectangular geometry, c2mm. In

the case of F127, the obtained cubic mesostructure
(geometry Fm3m) corresponds to that usually observed
for face-centered cubic arrangements of spherical mi-
celles and not to the expected geometry referring to the
bicontinuous cubic mesophase (Im3m) evidenced in the
water-F127 binary diagram. It can be noted that such
discrepancy between the structure of the mesophases
formed in pure water and that of mesophase-templated
layers has been previously demonstrated in other cases
such as in the silica-CTAB system.45

Studies are now in progress to compare the two types
of mesostructured anatase layers in terms of gas and
liquid permeability and of photocatalytic properties.
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