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A simple sol—gel route has been developed for the preparation of mesoporous and
nanocrystalline anatase thin layers. An anatase hydrosol was first synthesized at room
temperature from acidic hydrolysis of titanium isopropoxide. The optimization of the
synthesis parameters, including titanium concentration, HCI/Ti and H,O/Ti ratios, temper-
ature, and aging time, enabled us to produce a clear sol with a very low HCI/Ti ratio (equal
to 1). As a function of the further thermal treatment conditions, it was then possible to
control the size of the anatase crystallites (from 5 to >10 nm) and the O/Ti stoichiometry
(from 1.9 to 2.0). Ordered mesoporosity was obtained by using a triblock copolymer as the
templating agent. Preliminary experiments evidenced the photocatalytic activity of the

prepared layers.

Introduction

Titania is a semiconducting oxide that has been
extensively investigated because of its photoactivity
under near-UV light with potential applications such
as photovoltaics or photocatalysis. Its application to the
purification of water or air has been particularly con-
sidered.? The photoactivity of TiO; is strongly depend-
ent on its crystalline structure, on the crystallite size,
and on the synthesis method used.® The anatase crys-
talline form appears to be the most active.*> The optimal
crystallite size is in the range 8—10 nm. Smaller
crystallite sizes favor surface recombination, whereas
larger crystallites exhibit lower efficiencies.®

The preparation of nanocrystalline anatase thin films
is of great importance for existing or potential techno-
logical applications such as photovoltaic cells, self-
cleaning windows, electrochemical devices and sensors,
coupling membrane separations, and photocatalytic
reactions. A key point for some applications is the ability
to form anatase layers at low temperature on substrates
exhibiting a low thermal stability such as plastics.
Moreover, the accessibility of the chemical species to the
titania surface is strongly conditioned by the porous
characteristics of the layer: the pore volume, the pore
size, the connectivity, and the tortuosity of porous
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network. An attractive method for tailoring the porosity
consists of using the templating effect of mesophases
produced by the self-assembly of amphiphilic molecules.”
Several papers report recent studies on the sol—gel
synthesis of mesoporous titania layers using cationic
surfactants®—10 or diblock!! or triblock copolymers12-16
as structuring agents and titanium chloride,11~13.15
titanium alkoxide,®101416 or a titanium derivative of
triethanolamine® as the titania precursor. The as-
prepared titania layers are mainly amorphous, and
thermal nucleation and crystal growth of anatase usu-
ally occur for temperatures higher than 350 °C and are
often associated with the disappearance of the ordered
mesoporosity.

This study deals with the development of a simple
sol—gel route for the synthesis at low temperature of
mesoporous and nanocrystalline anatase thin films
exhibiting attractive photocatalytic properties. The
synthesis conditions are discussed first. The thermal
evolution of the supported layers and of the correspond-
ing powders is then detailed. Finally, preliminary
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Figure 1. Flowchart of the overall procedure for the prepara-
tion of the thin films and equivalent powders.

results on the photocatalytic properties of the prepared
layers are presented.

Experimental Section

Preparation Methods. The flowchart of the overall syn-
thesis procedure is shown in Figure 1. The chosen titania
precursor was a common reagent, titanium isopropoxide. This
precursor is significantly less reactive than titanium chloride,
which has typically been used to prepare ordered mesoporous
titania and which requires restricting anhydrous conditions
during the first stages of the synthesis. The titanium isopro-
poxide was hydrolyzed under vigorous stirring by the addition
of an aqueous solution of hydrochloric acid. This first stage of
the synthesis was optimized by varying the following param-
eters: the titanium concentration in the sol, 0.5 < [Ti] < 10.0
mol L~1; the HCI/Ti ratio, 0.5 < a < 2.0; the H,O/Ti hydrolysis
ratio, 6 < h < 30; and the temperature, 20 °C < 6 < 35 °C.
After aging times depending of the synthesis parameters, the
peptization of the initial precipitate occurs, giving rise to a
clear sol. During the third stage, the precipitation of a new
white solid occurs. Our strategy of synthesis optimization was
to determine the lowest HCI/Ti ratio required to obtain a clear
aqueous sol so that the chloride content in the formed solid
would be minimized. Using this criterion, the following values
were selected for the synthesis parameters: [Ti] = 1.0 mol L™,
a=1.0, h =20.0, and 6 = 30 °C.

To generate ordered mesoporosity by the templating effect,
the sols were aged for 3 h before a structuring agent was added
under stirring. The selected surfactant was the triblock
copolymer poly(ethylene oxide)—poly(propylene oxide)—poly-
(ethylene oxide), EO»PO7EOQy, labeled Pix; (provided by
BASF). This large amphiphilic molecule exhibits several
advantages, including the existence of a hexagonal columnar
mesophase in its binary diagram with water'” and the ability
to accommodate large inorganic clusters in its aqueous part.'®
In accordance with previous works dealing with a predictive
approach to mesophase template structure formation,418-20
the addition of surfactant was defined by the volume fraction
of the surfactant after drying, ®pi23, assuming that the
inorganic phase is pure anatase (panatase = 3.84 g cm~3%) and
the investigated range for ®p123 was [0.5—0.75]. The selected
value was ®p;23 = 0.68. This value corresponds to the best
quality and highest thermal stability of the ordered mesopo-
rous structure in the prepared films, as previously observed
for alumina layers.'820

Sols that had been aged for 3 h, either without surfactant
(samples T) or containing P13 (samples S), were used to
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prepare thin layers and equivalent powders. The thin layers
were deposited by dip-coating (withdrawal rate = 10 cm min™)
on flat soda—silica—lime glass slides and silicon wafers.
Equivalent powders were obtained by pouring and drying the
residual sols in large bakers. The high ratio between the
volume of the sol and the surface of evaporation enabled us to
obtain rapid drying and to minimize the effect of additional
aging compared to the thin layers. The resulting cracked thick
layers were ground to a powder. After being dried at room
temperature for 24 h, the samples were thermally treated step
by step up to 350 °C (step increase = 50 °C, dwell duration
for each step = 2 h).The thermal elimination of the surfactant
occurred in the range 150—250 °C (TGA analysis). In the case
of thin layers of S that were thermally treated for 2 h at 150
°C, a UV irradiation treatment for 3 min provided for the
complete elimination of the surfactant from the layer.

Characterization Methods. The mean hydrodynamic
radius, Ry, of the titania colloids was determined from quasi-
elastic light scattering (QLS) measurements. A micro-Raman
spectrometer (A = 632.8 nm, resolution = 2 cm™') was used
for in situ structural characterization of the prepared sols, thin
films, and powders. The crystalline structure of the oxide
network and the ordering of the mesoporosity were investi-
gated by X-ray diffraction (XRD) measurements performed
with a diffractometer using a 6/20 Bragg—Brentano scattering
geometry and Cu Lgs, radiation. The crystallite size was
estimated for the broadening of the diffraction peaks using
the Scherrer relation.?* UV spectra of powders dispersed in
KBr pellets were recorded using a double-beam spectrometer
(resolution = 2 nm). The porous texture of the powders was
analyzed from nitrogen adsorption—desorption isotherms at
77 K. The BET and BJH methods??> were applied for the
determination of the specific surface area, Sger, and the mean
mesopore equivalent diameter, respectively. The porosity of a
thin layer was investigated by coupling X-ray diffraction and
nitrogen adsorption—desorption using an experimental device
described in a previous paper.?® Scanning electron microscopy
(SEM) was performed to observe the morphology of the
deposited layers.

The photocatalytic activity of the prepared layers was
evaluated from an analysis of the photodegradation of stearic
acid. The analytical method was derived from a previously
described procedure.?* A methanolic solution of stearic acid
(0.02 mol-L™1) was first deposited by dip-coating on one side
of titania-coated or uncoated substrates. The immersion time
and withdrawal rate were 1 min and 50 cm-min~1, respectively.
The substrates were then irradiated with a UV source (380 W
m~2, emission spectrum range of 200—450 Nm, Imax at 384 nm).
A Fourier transform infrared spectrometer was used to
measure the evolution versus time of absorbance at 2850 cm™,
corresponding to the maximum of the vibration band, vc_n, of
stearic acid.

Results and Discussion

Stability and Structural Characteristics of the
Titania Sols. The evolution of the colloid size as a
function of the aging time after hydrolysis is shown in
Figure 2. With the selected synthesis conditions, pep-
tization of the initial precipitate occurred within 2 h.
The resulting clear sol remained stable for 3 h. During
this period of time, the mean hydrodynamic radius was
kept roughly constant and equal to 6 nm. The aging
temperature was found to be a very sensitive parameter.
A small increase of a few degrees Celsius induced a
decrease in the range of stability for the titania sol. For
6 > 35 °C, no stability was observed.

(21) Langford, J. I.; Wilson, A. J. C. J. Appl. Cryst. 1978, 11, 102.

(22) Lowell, S.; Shields, J. E. Powder Surface Area and Porosity;
Chapman & Hall: London, 1984.

(23) Albouy, P.-A.; Ayral, A. Chem. Mater. 2002, 14, 3391.

(24) Ammerlaan, J. A. M.; McCurby, R. J.; Hurst, S. J. International
Patent WO 00/75087 A1, 2000.



Synthesis of Mesoporous and Nanocrystalline Anatase Thin Films

1000 ¢ /

Anatase

Anatase
+

100E Rutile

R, (nm)

10l i
100 150 200 250 300 350 400 450
t (min)

Figure 2. Evolution versus time of the mean hydrodynamic
radius, Ry, of the colloidal titania particles.
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Figure 3. Raman spectra for (a) a sol aged for 3 h, (b) a
powder obtained by drying the sol in a at 25 °C, (c) a thin layer
of S thermally treated at 350 °C, and (d) a powder of S
thermally treated at 350 °C (#, anatase; *, 2-propanol).
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The structure of the dispersed colloids was character-
ized in situ using Raman spectroscopy. The anatase and
rutile forms of titania have been extensively studied by
Raman spectroscopy; they present specific lines.?5-28
The Raman spectrum of the sol after 3 h of aging is
shown in Figure 3a. This spectrum exhibits four bands
located at 154, 430, 520, and 620 cm™! that can be
assigned to anatase. The formation of anatase is in
agreement with the selected synthesis conditions: low
temperature and low acid content (<2 M HCI).2° Two
additional bands located at 370 and 495 cm™~! can be
assigned to 2-propanol,®® which is produced by the
titanium isopropoxide hydrolysis. The spectrum of the
powder obtained by drying a titania sol at room tem-
perature is reported in Figure 3b. The same bands
related to anatase are observed, whereas the bands
related to 2-propanol disappear after drying. The crys-
talline structure of the dried colloidal particles at room
temperature is confirmed by XRD measurements. The
corresponding pattern (Figure 4) shows broad and weak
peaks with maxima in agreement with the positions
reported for the most intense peaks of anatase in the
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Figure 4. X-ray patterns for different powders of T: (a) dried

at 25 °C, (b) thermally treated at 150 °C, and (c) thermally
treated at 350 °C.

investigated angular range: lio1, loos, 1200, @and 1211.3* An
estimated crystallite size of about 5 nm was found from
these broad peaks. It has been shown that hydrody-
namic diameters measured for dispersed oxide colloids
are always larger than the size of the associated solid
particles,® so that it can be assumed that the nanopar-
ticles of 12 nm in size detected by QLS correspond to
the anatase nanocrystallites evidenced by XRD. It must
be emphasized that the size of these crystallites allows
their insertion into the aqueous domains of the meso-
phases formed with the triblock copolymer as the
templating agent.’® According to a comparison with
powder diffraction standards,3133 the X-ray pattern of
the precipitate obtained for aging times longer than 5
h corresponds to a mixture of anatase and rutile. The
longer the aging time, the higher the rutile content. This
phenomenon of dissolving and recrystallizing an oxide
in its mother liquor to obtain a more stable crystalline
phase has previously been reported for alumina.3*

Textural and Structural Evolution with Tem-
perature of the Titania Powders and Films. The
structural evolution of the titania samples resulting
from the drying of the sols was investigated by XRD
and Raman spectroscopy. It must be noted that the
Raman spectra (and also the later-described IR spectra)
were recorded at room temperature. Consequently, the
presence of adsorbed water hindered the study of the
hydroxyl groups from these analyses. The XRD data
show that the anatase/rutile transition occurs above 450
°C. A narrowing of the diffraction peaks is observed as
the calcination temperature is increased (Figure 4). The
associated evolution of the crystallite size is shown in
Figure 5 for powders of T and S. Simultaneous with the
increase of the crystallite sizes, there is a shift of the
bands to lower frequencies in the Raman spectra. This
phenomenon is particularly important for the main line
initially centered on 150—154 cm™1, which shifts to
frequency values typically observed for well-crystallized
anatase, 141—145 cm~1, Although the broadening of this
band cannot be directly correlated to the crystallite
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Figure 6. Evolution of the O/Ti ratio versus temperature for

powders of T and S.

size,?s its location is related to the oxygen deficiency of
the oxide TiO,_4.2"28 Using the results of Parker and
Siegel,?7:28 we calculated the O/Ti ratios associated with
the location of the main Raman line of anatase. The
resulting curves are presented in Figure 6, showing that
the TiO, stoichiometry is obtained at 250—300 °C. A
strong increase in absorbance between 400 and 350 nm
is observed in the UV spectra of powders of T (Figure
7a). This absorbance increase shifts to slightly higher
wavelengths as the temperature of the powder thermal
treatment increases. This phenomenon is more clearly
evidenced by the evolution of the position of the maxi-
mum in the derivative of the UV spectra, which corre-
sponds to the inflection point on the spectrum (Figure
7b). It must be noted that the shape of the curve in
Figure 7b is very close to that of the evolution of the
O/Ti ratio for powders of T in Figure 6. The same
comparison for powders of T is impeded by the presence
of surfactant at low temperature, which disturbs the UV
analyses.

Crack-free and homogeneous submicrometer-sized
supported films were prepared from anatase sols of T
and S (Figure 8). As the sol without surfactant was very
fluid, the thickness of the layer after one dip-coating
was very low (~100 nm); thus, a second layer (~200 nm)
was deposited after thermal stabilization of the first one
at 150 °C. The resulting bilayer structure appears in
the image in Figure 8a. The thickness of a layer of S is
about 400 nm (Figure 8b). Low-angle XRD patterns
recorded for layers of S heat treated at different tem-
peratures are shown in Figure 9. For a thermal treat-
ment at 150 °C, without or with an additional UV
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Figure 7. (a) UV spectra for a powder of T thermally treated

at different temperatures. (b) Evolution of the position of the

maximum in the derivative of the UV spectrum versus
temperature.

treatment for complete elimination of the residual
surfactant, the main diffraction peak observed corre-
sponds to a Bragg d spacing equal to 88 nm, with a
second weak peak at d/2. After the samples are heated
at 350 °C, these peaks shift to higher diffraction angles.
The Bragg spacing associated with the main diffraction
peak is then equal to 56 nm. These results confirm the
existence of an ordered mesostructure in the layers of
S, but from the available data, it is not possible to
determine the type of structure. The structure expected
on the basis of the water—surfactant diagram is a
bidimensional hexagonal structure consisting of close-
packed cylindrical micelles. However, other structures
that do not exist on the water—surfactant binary
diagram could also be obtained.3> Moreover, it has been
shown that this kind of mesostructured layers can be
strongly textured.’® Additional investigations on the
structure and texture of these layers are now required
to determine the shape, the orientation, and a possible
disortion of the mesopore network. 2D X-ray diffraction
experiments and high-resolution transmission electron
microscopy analyses are in progress to reach this goal.

Because of the difficulty in directly characterizing the
porosity of supported thin films,3” nitrogen adsorption—
desorption measurements were carried out on the
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Figure 8. Cross-sectional SEM images of thin layers depos-
ited on glass slides and thermally treated at 350 °C: (@) thin
layer of T obtained after two successive dip-coatings and (b)
thin layer of S.
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Figure 9. Low-angle X-ray patterns for a thin layer of S.

corresponding powders. In the case of a conventional
sol—gel procedure, the final porosity is strongly depend-
ent on the conditions of deposition, and differences are
usually observed between supported thin layers and
powders resulting from thick layers.” However, when
the porosity is mainly generated by a templating effect,
these differences are lower.’® The isotherms obtained
for powders of T and S are shown in Figure 10. These
type 1V isotherms are typical of mesoporous materials.??
The main porous characteristics deduced from these
isotherms are reported in Table 1. The porosity and Sget
of the powder obtained from a sol without surfactant
(T) are very low compared to those of sample S. Powders
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Figure 10. Nitrogen adsorption—desorption isotherms for
powders of T and S thermally treated at 350 °C. The additional
curve was established from the isothermal evolution of the
intensity, Ixrp, of the main X-ray diffraction peak for a thin
layer of S heated at 150 °C and then treated under UV
irradiation for 3 min.

Table 1. Characteristics of the Porous Texture of
Powders of T and S Heat Treated at 350 °C

T S
SgeT (m2 g‘l) 26 190
porosity (%) 8.5 39
mean BJH pore diameter determined 3.6 4.2

from the adsorption branch (nm)

of S exhibit a sharp hysteresis loop related to a narrow
pore size distribution. The mean equivalent BJH diam-
eter determined from the adsorption branch is ~4 nm,
and the porosity is ~40%. The high specific surface area,
190 m? g1, indicates that a significant fraction of the
surface of the anatase nanocrystallites is accessible to
nitrogen. Coupled X-ray diffraction and nitrogen ad-
sorption measurements were performed on a layer of S
treated at 150 °C with an additional UV treatment. A
decrease of the diffracted intensity was observed with
increasing nitrogen relative pressure. This phenomenon
is due to additional X-ray absorption by the adsorbed
gas and contrast variations in electron density.2® The
resulting isotherm exhibits a hysteresis loop associated
with capillary condensation in the mesopores (Figure
10). The curve has been inverted to facilitate comparison
with the other adsorption—desorption isotherms. The
mean equivalent pore diameter estimated from the
adsorption branch is around 3.5 nm.

Finally, assuming that the mesopores in layers of S
treated at 350 °C are roughly equal to those measured
in the powder, it appears that the pore size slightly
increases and the mesoporous networks shrink during
thermal treatment of layers of S from 150 to 350 °C.

Photocatalytic Activity of the Thin Layers. Sev-
eral studies have focused on the photodegradation of
organic compounds on titania layers. However, various
experimental procedures have been applied that differ
in the selected organic molecule, the medium, the
emission spectrum, the power of the UV source, and the
specific UV power measured on the surface of the titania
layer. In this work, we adapted a procedure already
described in the literature?* that is based on an analysis
of the degradation of stearic acid. Figure 11 shows the
degradation curves for an uncoated silicon substrate, a
substrate coated with a bilayer of type T, and a sub-
strate coated with a monolayer of type S. No significant
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Figure 11. Evolution of the absorbance ratio A/A, as a
function of UV irradiation time. A and A, are the absorbance
values measured at 2850 cm~? for the irradiated layer and for
the initial layer, respectively.

degradation is observed for the uncoated substrate after
50 s of UV irradiation, whereas degradation is complete
after 15 and 50 s for the layers of S and T, respectively.
The decrease in the amount of stearic acid for the
bilayer of T occurs in two successive stages (Figure 11).
This phenomenon could be related to a difference in the
porous texture between the two successive layers. The
amount of stearic acid deposited per unit area is
expected to be more important with respect to layers of
S, assuming that this value increases with both layer
thickness and specific surface area of the deposited solid.
However, this layer is the most efficient in terms of
degradation kinetics. Its higher efficiency can be ex-
plained by its higher porosity, which favors the trans-
port of oxygen inside the layer and the extraction of the
degradation products. The specific power of the UV
device used , 380 W m~2, is ~12 times larger than that
used in ref 24, 32 W m~2. Unfortunately, no reference
titania layer is currently available, unlike the case for
the powders with commercial products such as Degussa
P25. To compare the performance of our layers with
those described in ref 24, the times of irradiation for
90% degradation were multiplied by a factor 12 to
estimate an equivalent time in terms of UV energy
received by the titania surface. In the case of layers of
S, the corresponding value, 2 min, is shorter than that
obtained for the layers tested in ref 24 (4 < tgoy, < 15
min). Additional qualitative evidence of the photocata-
lytic efficiency of layers of S is given by the experiment
on UV degradation of the residual surfactant for a layer
previously treated for 2 h at 150 °C. Figure 12 shows
the evolution of the IR spectrum in the frequency range
3100—2700 cm~t and the progressive disappearance of
the vc—y vibration bands of the surfactant. In any case,
it can also be noted that no absorption band associated
with the presence of carboxylate groups possibly gener-
ated by the photodegration of the organic compounds
was evidenced in the IR spectra.
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Figure 12. IR spectra of a thin layer of S thermally treated
at 150 °C and irradiated for different times.

Conclusions

A simple sol—gel method has been developed for the
preparation of mesoporous and nanocrystalline titania
thin layers from titanium isopropoxide. The optimiza-
tion of the synthesis parameters enabled the room-
temperature preparation of clear sols consisting of
dispersed anatase nanocrystallites. Supported thin lay-
ers and corresponding powders were prepared from
these sols. By the addition of a templating agent to the
starting sols, the porosity and specific surface area were
improved, and layers exhibiting ordered mesoporosity
were prepared. It was observed that the rutile form
appears only above 450 °C. The thermal evolution of the
crystallite size, of the stoichiometry, and of the UV
spectrum of the anatase phase was studied. The results
suggest a strong relationship between crystallite size
and O/Ti stoichiometry on one hand and the preparation
method on the other. Preliminary experiments on the
photocatalytic efficiency of the anatase thin layers
support the mesostructured layers. Interestingly, it is
possible to completely eliminate the templating agent
by the UV irradiation of a thin layer previously heated
at 150 °C. The preparation of mesoporous and nano-
crystalline anatase layer on substrates with low thermal
stability can be thus considered.

This paper describes results on thin films deposited
on dense substrates, but layers have also been success-
fully deposited on porous substrates. Future work
directed toward coupling membrane separation and
photocatalyic reaction is now scheduled using ceramic
membranes with such anatase top layers.
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