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Abstract

To overcome the drawbacks of pure mesostructured titania and in particular the low
thermal stability, in this study we have investigated in detail the effect of Si* addition on the
properties of mesostructured TiO> prepared by combining the sol-gel process and the
surfactant templating mechanism. Obtained materials have also been tested for the
photodegradation of methyl orange, used as a model dye.

From the SAXS and the manometry nitrogen adsorption-desorption analyses, it can be
concluded that the presence of Si** delays the collapse of the mesopores network. Compared
to the bare mesostructured TiO;, the XRD and Raman results show that the anatase and the
rutile phases appear at higher temperature. The higher the Si** content, the higher the
amorphous-anatase and rutile anatase-phase transition temperatures. The delay in the
crystallization also allows the detection of the TiO»- phase, which is an anatase phase with
oxygen vacancies. These phenomena have been attributed to the « glass effect ». In that case,
amorphous SiO», which is formed during the synthesis, surrounds the titania particles and
inhibits their growth, when the heating temperature is increased. By this way, the thermal
stability of the mesostructured titania containing Si** is enhanced.

Photocatalytic experiments highlight the importance of the presence of the anatase
phase for the discoloration efficiency of the dye solution. Indeed, the increase of Si** leads to
a clear decrease of the photodegradation efficiency.

Keywords: Mesostructured Titania; Photo-discoloration, Soft templating, Phase
transformation; Glass effect



1. Introduction

Nanomaterials cover a wide range of research fields and applications owing to their
exceptional physical and chemical properties. Specially, they play significant roles in catalysis
due to features that derive from their high surface to volume ratio. [1] Among them,
mesostructured oxides with high specific surface area and well-connected uniform pores are
of importance since the access to the active sites is favored [2-4]. Two main pathways can
lead to the formation of these mesostructured oxides [5-8]. The first one is the hard-
templating method. In that case, the material is prepared in a confined space, for example via
replication of mesoporous silica as hard template. Since the template prevents collapse of the
mesostructure upon calcination, the main advantage of this method is the preservation of the
ordered mesopore channel array during the crystallization step at high temperature. However,
this pathway is time consuming (long process), not environmentally friendly, it requires
hydrofluoric acid to remove the hard template and can require specific devices and
instrumentation. The second way to get the mesostructured oxides is the soft templating
pathway, which implies the co-assembly of the inorganic precursor and surfactant (porogen
agent), similar to the preparation of ordered mesoporous silica. However, in that case one key
parameter that should be considered concerns the control of the precursor hydrolysis and
condensation. In fact, precursors such as alkoxides exhibit a high reactivity towards
hydrolysis and condensation [9]. Consequently, dense phases with a poor mesopore
arrangement and a low specific surface area is often recovered. Among the different non-
siliceous oxides, titania is of particular interest. TiO2 is a semiconductor widely used for
applications in electronics, electrochemical systems but also as catalyst, promoter or carrier
for metals and their complexes [10-13]. But especially, it is one of the most commonly used
oxides for photocatalysis [14-17]. The photocatalytic efficiency depends on several
parameters such as the crystal structure, the particle size, the specific surface area and the
porosity [18-20]. Indeed, generally, large surface area is likely to exhibit better photocatalytic
activity, because a large surface area provides more active sites for adsorption. Thus, up to
now, many efforts are still devoted to the synthesis of mesoporous titania with enhanced
efficiency [21-25]. For example, using the sol-gel process and starting from titanium
isopropoxide as precursor and performing a hydrothermal treatment at different temperatures
from 40 to 240°C, Rasalingam et al. have synthesized efficient photocatalysts for the
degradation of rhodamine B under visible light irradiation [26]. By combining the sol-gel
process with the surfactant templating mechanism, reported for the preparation of the ordered
mesoporous silica materials in our group, we have developed a synthesis procedure of ordered
mesoporous materials, having semi-crystalline framework and with high specific surface area
(> 250 m?/g) [27,28]. These materials are effective catalysts for the photo-degradation of
methyl orange [29,30]. The high specific surface area and the semi crystalline framework of
the mesostructured TiO2 are major assets for photocatalysis. However, these compounds have
also an important drawback, which is their weak thermal stability. Because of the intrinsic
crystallization of anatase [28,31], after being heated at 450 °C, the mesostructure collapses
and most of the porosity is lost. Coupling TiO> with another oxide appears to be the most
common efficient way to enhance the thermal stability of titania [32-36]. For example,
Warrier et al. have shown that the addition of 15 mol.% of SiO» during the sol gel preparation
of TiO; allows to maintain a specific surface area of 93 m?/g after calcination at 800°C [37].
The titania materials modified with SiO> exhibit higher efficiency for the photodegradation of
methylene blue than the pure TiO2 sample [37]. In a paper dealing with the synthesis of Zn-
TiO> oxides by the ball milling method, we have also shown that coupling zinc oxide to
mesostructured TiO: inhibits the collapse of the structure during calcination, enhancing
thermal stability of materials [38]. To overcome the drawback of low thermal stability of
mesostructured TiO2, one solution therefore consists in forming (nano)composites or mixed



oxides by the introduction of heteroelement during the synthesis of titania materials. Here, we
have investigated in detail the effect of the Si**, addition on the properties of soft-templated
mesostructured TiOz with semi-crystalline framework. A peculiar attention has been paid to
the thermal stability and the phase transition temperatures.

2. Materials and methods

The triblock copolymer Pluronic P123 (EO)20(PO)70(EO)20 (EO = ethylene oxide, PO =
propylene oxide) was purchased from Aldrich. Titanium isopropoxide Ti(OiPr)s, and
tetramethylorthosilicate (TMOS) were also purchased from Aldrich and used as inorganic
source. Hydrochloric acid (ACS reagent, 37%, Aldrich) and ethanol (99%, Aldrich) were
employed to control the rate of hydrolysis of the alkoxides.

2.1. Materials preparation: 1 g of surfactant was first dissolved into 20 g of ethanol under
stirring at 300 rpm at room temperature. Then, 2 g of a hydrochloric acid solution (37%), 3 g
of titanium isopropoxide [Ti(OiPr)s] were added. Afterwards, x g of TMOS were
incorporated. The Si** content (mol.% compared to Ti*") in the mixture was varied from 0 to
20 mol.%. After addition of 2g of water, the mixture is directly evaporated under vacuum (55
°C, 25 mbar) to remove ethanol and other alcohols released by hydrolysis of the alkoxides.
Samples were dried in an oven at 40°C for 12 h. Then they were placed under an atmosphere
of NH3 (= 0.5 atm) for 12 h. For that step, samples were placed during 12 hours in a well-
closed glass vessel containing concentrated aqueous ammonia (28 wt.%) in a crystallizer
without touching the sample to saturate the atmosphere in gaseous NH3. The final products
were recovered after surfactant extraction with ethanol and Soxhlet during 8 hours. After this
step all the materials have an amorphous mesopore framework.

To investigate the effect of Si** on the thermal stability of the obtained amorphous
mesostructured materials, the samples were heated at different temperatures, from 380 to
900°C under air atmosphere in a muffle furnace. To perform this study, they were first heated
to 150°C, at a rate of 1 °C / min and kept at this temperature during one hour. Afterwards, the
same program was applied to reach the final temperature 380, 500, 600, 700, 800 or 900°C.

2.2. Characterization:

SAXS experiments were performed on a SAXSess mc? instrument (Anton Paar), using a line
collimation system. This instrument is attached to a ID 3003 laboratory X-Ray generator
(General Electric) equipped with a sealed X-Ray tube (PANalytical, 4 cy, x« = 0.1542 nm)
operating at 40 kV and 50 mA. A multilayer mirror and a block collimator provide a
monochromatic primary beam. A translucent beam stop allows the measurement of an
attenuated primary beam at q=0. Materials were put between two sheets of Kapton® placed in
a powder cell before being introduced inside the evacuated chamber. All data were corrected
for the background scattering from the Kapton® and for slit-smearing effects by a desmearing
procedure from SAXSQuant software using the Lake method. Powder X-ray diffraction
patterns were recorded using a PANalytical X'Pert PRO diffractometer equipped with a Cu X-
ray tube (Acuke =0.1542 nm) operating at 45 kV and 40 mA and a X'Celerator detector.
Fixed divergence slit (1/16°), mask (10 mm) and antiscatter slit (1/8°) were used at primary
beam for the current analysis. The crystallite size was estimated by applying the Scherrer
equation using the principal diffraction peak corresponding to the plane (101) of anatase. The
Scherrer constant used was K =0.9 and the f instrumental was taken for the FWHM of (101)
plane of a micrometric anatase.

N> adsorption-desorption isotherms were determined on a Micromeritics TRISTAR 3000
sorptometer at —196 °C. The specific surface area was obtained by using the BET model



whereas the pore diameter and the pore size distribution were determined by the BJH (Barret,
Joyner, Halenda) method applied to the adsorption branch [39].

Raman Scattering Spectra were collected on a Jobin-Yvon T64000 spectrometer equipped
with an optical microscope in confocal mode. The excitation beam (514.5 nm) was focused
using a long-frontal x50 objective (numerical aperture 0.5) on an area of about 3 pum?. The
laser power on the sample was approximately 10 mW. The spectral resolution was 3 cm™,
with a wavenumber precision better than 1 cm™'.

Diffuse reflectance spectra were recorded between 200 and 800 nm at 1 nm increment with an
integrated sphere attached to a Cary 5G UV-Vis-NIR spectrophotometer. The relative spectral
reflectance R is defined as the ratio between the flux reflected by the sample Rs and that of a
PTFE reference Rr. The spectra are shown in pseudo-absorbance (-logR), mode since the use
of the Kubelka-Munk function does not improve the quality of the calibration line.

2.1. Photodegradation of methyl orange:

Methyl orange was chosen as organic compound to evaluate the photocatalytic properties of
the mesoporous titanates materials. Analyses have been performed according to the procedure
we have previously reported [29]. 50 mg of materials have been added to 100 mL of a methyl
orange aqueous solution (16 mg per L). The reaction was carried out under continuous stirring
in a quartz flask. Samples were irradiated with UV light from a high-mercury lamp. The mean
value of the radiation power impinging on the reacting suspension was estimated to be Lincident
=10 Einstein L' s!. Prior to UV irradiation, the aqueous TiO, suspension containing methyl
orange was magnetically stirred in the dark for 1 hour until adsorption/desorption equilibrium
was reached. Degradation process of methyl orange was monitored with a Cary 3E UV-Vis-
spectrophotometer. The photocatalytic degradation of methyl orange solution was followed
by measuring the absorbance value at A = 464 nm, which allowed access to the methyl orange
concentration. Analytical uncertainty on methyl orange concentration was mainly due to the
filtration step and has been evaluated to be 1.5 ug L.

3. Results and discussion

3.1 Structural investigation:

Figure 1 depicts the evolution of the SAXS pattern as a function of the heating temperature
for the bare TiO> and upon the addition of Si** from 1 to 20 mol.%. The SAXS pattern (of the
extracted TiO; is characteristic of a mesostructured titania as reported previously [27,28] and
upon heating the mesostructure begins to collapse at 600°C. Indeed, after treatment at this
temperature a large and not well resolved peak is observed on the SAXS pattern. If the
calcination is performed above 600°C, no reflection is detected any longer, reflecting the
complete collapse of the mesopore framework. Whatever the Si** loading, before thermal
treatment the SAXS pattern of the extracted TiO: is characteristic of mesostructured materials
with a broad peak located between 9.2 to 10.6 nm, depending on the Si** mol.%. After
thermal treatment, all the SiO»-TiO2 materials present a similar behavior. First, we note a
decrease of the d-spacing value because of the network shrinkage upon heating. This
phenomenon can be attributed to the condensation of the OH groups and to the probable
crystallization of the walls. For example, for mesostructured titania prepared with addition of
5 mol.% of Si**, the d-spacing varies from 10.0 to 8.3 nm when the heating temperature is
raised to 600°C. Secondly, around 700°C a second peak located at higher d values (17.9 nm
for 1 mol.% of Si**) appears. The lower the Si** content, the more pronounced is this peak. It
is characteristic of a correlation distance, which can be related to the presence of crystalline
particles. This suggests that the mesostructure collapses, leading to particles with quite
homogeneous size. Finally, if the heating temperature is further increased, the correlation
distance also increases, meaning that the particles growth, and at the same time the broad



peak, characteristic of the mesostructure disappears. Thus, the mesopore network has
completely collapsed. However, the higher the Si** content, the more this phenomenon is
delayed (Tablel). For example, after heating at 700°C, no mesostructure can be detected from
the SAXS pattern of the TiO: containing 1 mol.% of Si**, whereas the peak at 8.2 nm still
reflects the persistence of the mesopore network after heating at 800°C even at 900°C for the
titania prepared in the presence of 20 mol.% of Si** (Fig. 1).
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Figure 1: Evolution of the SAXS pattern as a function of the heating temperature of bare TiO2
and TiO> containing 1, 5, 10 or 20 mol.% of Sit,



Table 1: Collapse temperature (Tc) of the mesostructure, temperature of crystallization into
nanosized anatase (Ta), temperature at which the rutile polymorph is detected (Tr)
as a function the Si content (mol.%).

e
e Te (°0) Ta (°C) Tk (°0)
0 600 380 700
1 500 500 300
5 700 500 :
10 700 600 :
20 900 700 :

The crystallization of the walls and the growth of the particles as a function of the heating
temperature is further confirmed by the XRD (Fig. 2) analysis.
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Figure 2: Evolution of the X-Ray diffractogramms as a function of the heating temperature of
bare TiO» and TiO: 1, 5, 10 or 20 mol.% of Si**.



As it can be observed from Figure 2, after heating the bare mesostructured TiO> at 380°C,
mainly amorphous phase is obtained and after calcination at 500°C, the peaks at 26 = 25.35
(101), 38.30 (103)(004)(112), 48.10 (200), 54.01 (105), 55.09 (211) and 63.23° (204) clearly
reveal the presence of anatase. In the presence of Si**, whatever its content, after heating the
mesostructured material at 380°C only amorphous phase is also obtained. For the TiO>
prepared in the presence of 1 mol.% of Si** and after calcination at 500°C, the characteristic
reflections of anatase are detected (Fig. 2). These peaks are quite broad, reflecting the
formation of nanosized anatase. Increasing the heating temperature, the diffraction peaks
become narrower, more intense and better resolved, indicating the enhancement of the
crystallization degree and/or the growth of the particles. After heating at 800°C, diffraction
peaks attributed to the rutile polymorph are detected at 20 = 27.5 (110), 36 (101), 41 (111),
54.5 (211) and 57° (220). It should be noted that no trace of rutile is detected for
mesostructured titania containing 10 or 20 mol.% of Si**, and besides anatase, we can also
detect the presence of TiO»-f. Indeed, for example for TiO, prepared in the presence of 5
mol.% of Si** and after heating at 600°C, the peaks located at 28 = 14.5, 29.5, 33.4, 44.1 and
58° can be attributed to the (001), (-401)/ (111), (310)/(-311), (003) and (-404)/(-711)
reflections of TiO»-B [40,41]. However, higher the Si** content is, higher the temperature at
which TiO»-3 appears is. For example, this phase appears after heating at 600°C and 700°C
for TiO2 containing 5 and 20 mol.% of Si*", respectively. Moreover, the higher the
heteroelement content is, the more stable TiO>-f is. TiO»-f3 disappears after calcination at
800°C, when 5 mol.% of Si** have been added but it is still visible after heating after 900°C if
the loading of Si** is increased to 20 mol.%. From the XRD analysis we can conclude that a
delay is noted in both the amorphous to anatase (Table 1) and anatase to rutile (Table 1)
transformations when the quantity of Si** is raised. Indeed, nanosized anatase is detected after
calcination at 500°C and it is transformed into rutile at 800°C when 1 mol.% of Si** is
introduced during the synthesis of the mesostructured TiO,. However, when the loading of
Si** reaches 20 mol.% the material remains amorphous until 700°C and the rutile polymorph
is not detected, even after a treatment at 900°C. The variations of the Raman spectra as a
function of both the heating temperature and the Si** loading support the conclusions arising
from XRD. As a matter of fact, the bands at 141, 194, 393, 514 and 639 cm™', for the bare
TiOz (Fig. 3), are attributed to the Eg, B1g, A1g or Big, and Eg modes of anatase, respectively
[42]. After heating at 800°C, besides the vibration of anatase the combination band, the Eg
and Ajg of rutile [43] appear at around 229, 445 and 605 cm™ (Fig. 3), respectively. For the
TiO> material containing 1 mol.% of Si**, a similar behavior is noted. If the Si** loading is
further increased, whatever the heating temperature, the vibrations due to rutile are not
observed. By contrast, the ones of TiO»-3 appear. As example, for the material containing 5
mol.% of Si**, the vibrations at 479, 364 and 237 cm’! appearing after heating at 700°C are
attributed to this polymorph of titania [41]. However, since Raman is seven times higher
sensitive for anatase than TiO»-f [44], it is difficult to detect the vibrations of TiO>-3 when
these two forms of titania coexist.

To explain the stabilization of the mesostructure and the delay in crystallization with the
increase of the Si** content, we can consider the « glass effect ». This concept has been
introduced by Li et al. [45]. It consists in introducing an amorphous component designated as
«glass», which acts as a glue for titania nanocrystals. The «glass» is incorporated either
directly as an amorphous component [45] or by co-assembly with the amphiphiles molecules
and the titania precursor [46]. In this study, samples have been prepared by co-condensation
of Ti(OiPr)s and TMOS in the presence of the surfactant molecules. During the material
preparation after evaporation of the solvent, titanium and silica are uniformly distributed
within the P123 cylinders of the hexagonal phase and after treatment under ammonia
atmosphere and surfactant extraction by ethanol.
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Figure 3: Evolution of the Raman spectra as a function of the heating temperature of bare
TiO: and TiO: 1, 5, 10 or 20 mol.% of Si**.

Amorphous matrix composed of titania and silica is obtained. During the heating process,
titanium aggregates, which are surrounded by silica, are formed. Increasing the heating
temperature, while titania particles begin to crystallize, silica remains amorphous. The latter
acts as a binder between the anatase particles and their growth is therefore slowed down. By
this way, the mesostructure is reinforced and its collapse occurs at higher temperature. The
higher the Si** content, the more the « glass effect » predominates. The observation of the
TiO2-B can be also related to the « glass effect » which prevents from the transformation of
TiO»-f into anatase. Indeed, TiO2-f3 is a low temperature-phase compared to anatase, and the
TiO»-B-anatase transition occurs at temperature higher than 550°C under normal pressure
[47]. Stabilization of TiO>-f3 up to 900°C by amorphous SiO; is also reported by Kogure et al.
[47]. The authors succeeded in forming this phase by annealing a sol-gel derived SiO>-TiO>
amorphous film on a silicon wafer at 900°C in air.



3.2. Textural properties:

As long as the heating temperature remains below the one at which the mesostructured
collapses, a type 1V isotherm with H1 hysteresis loop is obtained by manometry nitrogen
adsorption/desorption (Fig.4). After the mesostructure collapse, involved by the
crystallization of the walls, the hysteresis loop progressively turned to H3. It should be noted
that the temperature at which this change occurs is delayed with the increase of the
heteroelement quantity (Fig. 4).
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Figure 4: Nitrogen adsorption-desorption isotherms as a function of the heating temperature
of bare TiO, and TiO» 1, 5, 10 or 20 mol.% of Si**.
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Figure 5: Mesopores size distributions as a function of the heating temperature of bare TiO2
and TiO» 1, 5, 10 or 20 mol.% of Si**.

Table 2: Variation of the mesopore diameter (nm) in function of the Si** loading and of the
heating temperature.

. 4+ .
Si (m(l)‘l)%%“g Extracted 380 (°C) 500 (°C) 600 (°C) 700 (°C) 800 (°C) 900 (°C)
0 9.4 8.9 72 6.7 ; ; -
1 10.1 7.7 5.8 53 6.7 ; ;
5 8.9 7.8 6.2 5.1 4.5 4.3 3.9
10 7.4 6.3 6.4 5.1 4.5 52 5.0
20 7.4 4.4 4.4 4.1 35 35 33

10



For the extracted samples or before the mesostructure collapse, the maximum of the mesopore
size distribution is shifted towards lower mesopore diameters with the increase of the
heteroelement content (Fig. 5, Table 2). The mesopore diameter of the extracted
mesostructured titania containing Si** progressively decreases from 10.1 to 7.4 nm when Si**
amount is varied from 1 to 20 mol.% (Table 2). This can be first due to the deformation of the
lattice caused by the substitution of Ti** by the heteroelement [48]. The partial substitution of
Ti** by Si** is supported by the UV-Vis spectra. As example, after heating at 380°C (Fig. 6),
the UV-Vis spectrum of the bare TiO> exhibits a broad band that can be decomposed in two
parts. The first contribution at around 245 nm arises from a ligand to metal charge transfer
transition in isolated TiOs units. It corresponds to the band transition from Ti 3d to O 2p
levels. The second contribution at 320 nm corresponds to small TiOx clusters [49]. The shifts
noted in the presence of Si** reflects the partial substitution of Ti**". Since no pore blocking is
noted on the desorption branch of the isotherms reported in Figure 4, we can also assume that
the SiO> formed by the extra framework heteroelement envelops the mesostructured TiO>
crystallites. The higher the Si** content is, the higher the proportion of SiO; is. Thus, we can
assume that the surfactant cylinders are squeezed by the progressive addition of the
heteroelement. This phenomenon involves a decrease of the mesopore diameter of the
partially substituted mesostructured TiO,. Finally, this variation of mesopore diameter with
the increase of the Si** molar percentage also indicates the progressive transition to a different
porous material induced by a higher influence of the heteroelement chemistry on the synthesis
reactions. Indeed, reactivity of tetramethylorthosilicate (TMOS) is quite different than the one
of titanium isopropoxide [50].

240 290
208 4

¢
20% i

-log (R)

200 300 400
Wavelength (nm)

Figure 6: Diffuse reflectance UV-Visible spectrum of the bare mesostructured titania and
containing 1, 5, 10 or 20 mol.% of Si**. Samples have been heated at 380°C.

When the mesostructure has begun to collapse, the dV/dD values decrease, the pore size
distribution becomes very broad (Fig. 5). For all samples, because of the walls crystallization
the specific surface area and the pore volume gradually decrease with temperature (Fig. 7).
After heating at high temperature, the specific surface area of the materials prepared in the
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presence of 10 or 20 mol.% of Si** remains relatively high, respectively 130 and 170 m?/g
after heating at 900°C (Fig. 7.). This further shows the protector effect of SiO».
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Figure 7: Variation of the specific surface area (A) and of the pore volume (B) as a function
of the heating temperature of TiOx containing 1, 5, 10 or 20 mol.% of Si**.

3.3. Photodegradation of methyl orange:

From the UV spectra, the band gap values have been calculated using the Kubelka-Munk
function from a plot of (ahv)? versus photon energy (hv), where a stands the adsorption
coefficient. The band gap (E) is determined by extrapolating the straight-line portion of
(ahv)!? = 0 axis. The intercept of the tangent of the plot gives the value of E. Results are
depicted in Figure 8. In a general way, increasing the heating temperature leads to a decrease
of E. For example, for TiO> containing 1 mol.% of Si**, E varies from 3.21 to 2.95 eV if the
heating temperature is changed from 380 to 900°C. This behavior can be correlated to various
factors. First, as observed by SAXS and XRD, with the increase of the heating temperature,
the anatase particles grow. Their size (diameter = 2R) has been determined with the Scherrer
equation (Table 3) and compared to the Bohr radius of the exciton (aponr), which has been
taken equal to 3.2 nm according to the study reported by Baldini et al. [S1]. As the radius of
the particle approaches the Bohr radius of the exciton, quantization of the energy bands
becomes apparent and a blue shift in the exciton transition energy can be observed [52].
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Figure 8: Variation of the energy band gap (E) as a function of the heating temperature of
TiO; containing 1, 5, 10 or 20 mol.% of Si**.

Table 3: Crystallites sizes of anatase 2R (nm) determined with Scherrer equation in function
of the Si** loading and of the heating temperature.

s 44+ 3
Si** loading 380 (°C) 500 (°C) 600 (°C) 700 (°C) 800 (°C) 900 (°C)

(mol.%)

0 2 8 10 71R 543R 291R
1 - 5P 8P 15 35R 34R
5 - 3 5B 6P 118 20R
10 - - 2 48 gk 13
20 - - - 3B 5B 7B

- : no observable anatase crystallites

R rutile

p . B-Ti02

It is reported that if R > aponr, @ weak confinement regime is noted, whereas a strong one is
observed if R < aponr [53]. Increasing the heating temperature from 380 to 900°C, the size of
the crystallites (2R) increases from 5 to 34 nm (Table 3). The R values become higher than
apohr and in that case the size quantification effect is reduced as a consequence the band gap
decreases. Second, the variation of E also reflects the contribution of TiO»-3, which has a
bandgap energy lower than the anatase phase [54]. Third, for the titania prepared in the
presence of 1 mol.% of Si*, rutile is detected after heating at 800°C. The narrow bandgap
energy of rutile around 3.0 eV [55] contributes to further decrease E for this sample. Due to
the fact that, with the increase of Si** content, both the appearance of rutile and the growth of
the anatase particles are delayed due to the « glass effect » (Table 3), for a given heating
temperature, overall, materials prepared with a higher Si** content have a higher energy
bandgap value. For example, after heating at 700°C, the size of the anatase crystallite
decreases from 15 to 3 nm by increasing the Si** content from 1 to 20 mol.% and E increases
from 3.13 to 3.23 eV.

The dependence of the heating temperature on the time course of the photocatalytic
degradation of methyl orange, used as a model dye, is illustrated in Figure 9 for titania
synthesized in the presence of 1 (Fig. 9A) and 10 (Fig.9B) mol.% of Si*', respectively. Each
curve shows the bulk concentration of methyl orange as a function of the irradiation time.
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Figure 9: Relative methyl orange concentration versus irradiation time. The photocatalysts
have been prepared in the presence of 1 (A) or 10 mol.% (B) of Si**. Materials have been
heated at 380 (H), 500 (@), 700 (A), 800 (<) or 900 °C (%). P25 (O) and anatase 10 nm
(V) are used as pure TiO> reference materials.

For materials containing 1 mol.% of Si** (Fig. 9A), the lowest photocatalytic activity is noted
after heating at 380°C. This can be relied to the fact that for this sample, only amorphous
phase has been detected by XRD and Raman. Indeed, the amorphous phase comprises
numerous defects, i.e., impurities, dangling bonds, and microvoids that can behave as
recombination centers for the photoinduced electron/hole (e—/h+) pairs [56]. If the heating
temperature is increased, the efficiency in decolorizing the dye solution also increases until it
reaches its maximum after heating at 800°C. In that case, after 90 minutes, 80% of the dye
solution is discolored, and it is completely discolored after 180 min. This enhancement of the
photocatalytic efficiency can be correlated with the appearance of the anatase particles and
their growth as observed by XRD. Indeed, the photocatalytic activity of TiO> is mainly
attributed to its anatase phase and it is reported that higher crystallinity enhances drastically
the photocatalytic activity of TiO> materials [56,57]. The presence of nanocrystalline anatase
decreases the number of lattice defects and then facilitates the electron transport for reacting
with water and methyl orange molecules adsorbed on the TiO> surface along the mesopore
structure, leading to much better photocatalytic performance [58]. After heating at 800°C, the
rutile phase begins to appear and it induces a decrease of the bandgap energy to 2.95 eV after
heating at 900°C (Fig. 8). The lower value of E is an unfavorable parameter for photocatalysis
under UV radiation. This favors the recombination of electron/hole pairs and the
photocatalytic efficiency of the material decreases.

Looking at the activity of the mesostructured titania containing 10 mol.% of Si** (Fig. 9B),
samples heated at 380 and 500°C show the lowest photocatalytic activity with a maximum of
20% discoloration of the solution after 240 minutes. As the heating temperature increases, the
efficiency for the discoloration of the solution also increases. With about 80% of discoloration
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after 240 minutes, the maximum is obtained for the material heated at 900°C. Once again, the
increase in efficiency is in accordance with the crystallization of anatase. Indeed, as explained
above, thanks to the « glass effect », increasing the Si** content delays the crystallization of
the mesopore framework and the complete transformation of TiO»-[3 into anatase.
The curves C/Co as a function of irradiation time for commercial TiO> sample (P25 : 70%
anatase, 30% rutile from Evonik and pure anatase from Alfa Aesar) are also reported in
Figure 9 for comparison. Whatever the heating temperature and the Si** content, the
photoactivity of mesostructured titania containing Si** is lower than P25. This difference can
be partly explained by the different amounts of anatase in the mesostructured TiO» solids but
also by the synergic positive effect of the anatase/rutile mixture on the photocatalytic activity
of TiO,. Indeed, it has been shown that a mixture of anatase and rutile crystallites had better
photocatalytic activity than that of pure anatase or pure rutile [59]. Compared to commercial
anatase from Alfa Aesar, the photoactivity of mesostructured TiO» containing 1 mol.% of Si**
and heating at temperature higher than 380°C is in the same range of order or higher than the
one of the commercial titania. This can be attributed to the growth of the anatase particles as
observed by XRD and Raman analysis. Indeed, crystallite size was also reported as a
predominant factor for photocatalytic activity with improvement of the photocatalysis
efficiency when crystallite size decreases. If the mesostructured TiO: contains 10 mol.%,
since the crystallization of the walls and the growth of the particles are delayed, whatever the
heating temperature, the photocatalytic activity is lower than the one of commercial anatase
from Alfa Aesar.
Results reported here for methyl orange are in good accordance with the ones obtained by
Kusakabe et al [60] for the photodegradation of methyl blue using silica-loaded mesoporous
titania composite. The authors report that highest activity is obtained for low silica content
composite. However, the authors have not made correlation between the photocatalytic
activity and the crystallographic phase formed or with the bandgap energy, which has not
been evaluated.
The degradation experiments by UV irradiation of methyl orange solutions containing the
TiO»-based photocatalysts are expected to follow the pseudo-first-order kinetics with respect
to the methyl orange concentration in the bulk solution (C):

B % = appc (D)
Integration of that equation, considering that C = Cp at t = 0, with Cp being the initial
concentration in the bulk solution after dark adsorption and t the reaction time, leads to:

CO —
1n(€j =kt

where kapp stands for the apparent pseudo-first-order rate constant.

The values of kapp can be obtained directly from the regression analysis of the linear curve in
the plot. All the results are shown in Figure 10. For materials containing 1 mol.% of Si**, the
photocatalytic rate constant first increases up to a heating temperature of 500 °C and then
when the anatase phase is present, it remains almost constant around a value of 0.022 min™.
Its value slightly decreases after heating at 900°C, when rutile has appeared. By contrast,
when titania containing 10 mol.% of Si*" is used as photocatalyst, kapp continuously increases
but its value is much low than the one obtained using mesostructured TiO: containing 1
mol.% of Si**. For the photocatalysts obtained after heating at 900°C, there is a factor of 10
between the two values of Kkapp which are 0.020 and 0.002 min’!, respectively. In these
materials, the delay in the crystallization evidenced by XRD and Raman is therefore
detrimental to the discoloration of the dye solution since the appearance of the most
photoactive phase, anatase is delayed as the growth of the particles.
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Figure 10: Variation of the degradation rate as a function of the heating temperature. The
photocatalysts have been prepared in the presence of 1 or 10 mol.% of Si**. Lines are just a
guide for the eyes.

4. Conclusions

When preparing mesostructured TiO», because of the intrinsical crystallization of
anatase, the mesostructure collapses and most of the porosity is lost after being heated at 300-
350 °C. Here, to reinforce the mesostructured framework, TiO>-SiO> composites have been
prepared by the co-condensation of titanium isopropoxide and tetramethylorthosilicate in the
presence of the triblock copolymer Pluronic P123.

Results obtained by SAXS, X-Ray diffraction, Raman spectroscopy and manometry
nitrogen adsorption-desorption show that, thanks to the protector role played by the
amorphous SiO; surrounded the titania crystallites and by comparison with the bare
mesostructured titania, the crystallization is delayed and the growth of the anatase particles is
limited. The transformation from anatase to rutile also occurs at higher temperature and the
TiO2-B phase is stabilized. However, as a consequence of the beneficial effect of presence of
the heteroelement on the thermal stability of titania, the efficiency of the prepared materials
for the discoloration of methyl orange solution under UV light is inhibited since the latter
delays both the appearance of anatase and the growth of the particles. Indeed, the
photocatalytic efficiency of TiO; in solution is strongly associated to its anatase phase and
higher crystallinity enhanced drastically the photocatalytic activity.
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Figures caption

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Evolution of the SAXS pattern as a function of the heating temperature of bare
TiO, and TiO; containing 1, 5, 10 or 20 mol.% of Si**.

Evolution of the X-Ray diffractogramms as a function of the heating
temperature of bare TiO> and TiO: 1, 5, 10 or 20 mol.% of Si*t.

Evolution of the Raman spectra as a function of the heating temperature of bare
TiO; and TiO; 1, 5, 10 or 20 mol.% of Si**.

Nitrogen adsorption-desorption isotherms as a function of the heating
temperature of bare TiO> and TiO: 1, 5, 10 or 20 mol.% of Sit.

Mesopores size distributions as a function of the heating temperature of bare
TiO; and TiO; 1, 5, 10 or 20 mol.% of Si**.

Diffuse reflectance UV-Visible spectrum of the bare mesostructured titania and
containing 1, 5, 10 or 20 mol.% of Sit, Samples have been heated at 380°C.
Variation of the specific surface area (A) and of the pore volume (B) as a
function of the heating temperature of TiO> containing 1, 5, 10 or 20 mol.% of
Si*.

Variation of the energy band gap (E) as a function of the heating temperature
of TiO containing 1, 5, 10 or 20 mol.% of Si**.

Relative methyl orange concentration versus irradiation time. The
photocatalysts have been prepared in the presence of 1 (A) or 10 mol.% (B) of
Si**. Materials have been heated at 380 (H), 500 (@), 700 (A), 800 (<) or
900 °C (¥). P25 (O) and anatase 10 nm (V) are used as pure TiO» reference

materials.
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Figure 10: Variation of the degradation rate as a function of the heating temperature. The
photocatalysts have been prepared in the presence of 1 or 10 mol.% of Si*.

Lines are just a guide for the eyes.
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Table 1: Collapse temperature (Tc) of the mesostructure, temperature of crystallization into
nanosized anatase (Ta), temperature at which the rutile polymorph is detected (Tr)

as a function the Si content (mol.%).

Si #* loading
Tc (°C) Ta (°C) Tr (°C)
(mol.%)
0 600 380 700
1 500 500 800
5 700 500 -
10 700 600 -
20 900 700 -
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Table 2: Variation of the mesopore diameter (nm) in function of the Si** loading and of the

heating temperature.

Si #* loading
Extracted 380 (°C) 500 (°C) 600 (°C) 700 (°C) 800 (°C) 900 (°C)

(mol. %)
0 94 8.9 7.2 6.7 - - -
1 10.1 7.7 5.8 53 6.7 - -
5 8.9 7.8 6.2 5.1 4.5 4.3 3.9
10 7.4 6.3 6.4 5.1 4.5 52 5.0
20 7.4 4.4 4.4 4.1 3.5 3.5 3.3
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Table 3: Crystallites sizes of anatase 2R (nm) determined with Scherrer equation in function

of the Si** loading and of the heating temperature.

Si #* loading
380 (°C) 500 (°C) 600 (°C) 700 (°C) 800 (°C) 900 (°C)

(mol. %)

0 2 8 10 71R 543R 291R
1 - 5P 8P 15 35R 34R
5 - 3 5B 6P 118 20R
10 . - 2 4B 8B 13
20 - - - 3B 58 78

- : no observable anatase crystallites

R': rutile

P B-TiO,
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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