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Abstract

The one pot synthesis of dual mesoporous titania (2.3 and 7.7 nm) has been achieved from a
mixture of fluorinated and Pluronic surfactants. The small and the large mesopores networks
are templated respectively by a fluorinated-rich liquid crystal and a Pluronic-rich liquid
crystal, which are in equilibrium. After calcination at 350°C the amorphous walls are
transformed into semi-crystalline anatase preserving the mesoporous structure. Results
concerning the photodegradation of methyl orange using the calcined photocatalysts highlight
that the Kkinetic rate constant (k) determined for the dual mesoporous titania is 2.6 times higher

than the k value obtained for the mono-modal ones.

Keywords : Titania; Dual mesoporosity ; Nano-sized walls, Surfactants mixture; Liquid

crystals.



1. Introduction

Titania is a semiconductor widely used for its photocatalytic properties, but also as catalyst or
as promoter or carrier for metals and their complexes'™. For example, titanium dioxide is the
most commonly used catalyst support for gold based catalysis since it allows controlling both
the size and the shape of the deposited Au nanoparticles®. It also enhances the
hydrodesulfurization (HDS) of transition metal sulfides (TMS) by transferring electronic
density towards the TMS®. However, the low specific surface area of conventional titania
limits the loading of the adsorbed active species, involving a low catalytic efficiency’. The
photocatalytic properties of TiO, are due to the fact that when the photons energy of incident
light is larger than the band gap of the TiO; particles, electrons and holes are generated in the
conduction and valence bands, respectively, and migrate to the TiO- particle surface®. The
activity of TiO, depends on several parameters such as its crystallographic structure, the
particles’ size and porosity>*!. Since photocatalysis and catalysis are surface processes, a
huge literature is devoted to the control of the titania’s properties to enhance its activitylz'ﬂ.
Among the different characteristics, many efforts are focused on the increase of the specific
surface area. To reach this goal, TiO, can be dispersed onto porous support with very high
surface area such as ordered mesoporous silica and, in that case, the photocatalytic activity of
the supported TiO, can be considerably superior to that of the powdered TiO, particles*®?.
For example, we have reported the preparation of TiO,-SiO, nanocomposites by the post-
synthesis impregnation of a titanium precursor onto SBA-15 silica matrices and subsequent
thermal treatment at 400 °C in air®. The photoactivity of the prepared materials was
evaluated by following the degradation of methyl orange in water under UV irradiation.
Results showed that the methyl orange degradation rate in the presence of the composites

containing 28 and 44 wt% of crystallized anatase was similar to the one in the presence of

commercial fully crystallized anatase?”. Another approach consists in synthesizing pure



mesoporous titania>™". In that case, thanks to the higher surface area, the access to the active
sites is favored™® and as a consequence the photoactivity efficiency is enhanced. In addition,
the continuous particle framework of mesoporous TiO, may be also beneficial compared to
separate individual nanoparticles, in particular for catalyst recovery and to avoid the toxicity
related with the release of nano-sized crystalline particles. Mesoporous titania can be obtained
through either hard or soft templating methods. In the case of the hard templating pathway*
17.2325 Tj0, is the replica of a mould such as ordered mesoporous silica. The main advantage
is that the crystallization step to get anatase, which is the most active phase for photocatalysis,
can be performed at high temperature since the mould prevents collapse of the mesostructure.
Therefore, a benefic effect on the photocatalyst efficiency is noted®*. However, this procedure
is time consuming, non eco-friendly (it usually requires hydrofluoric acid to remove the hard
template) and it is quite difficult to completely fulfill the mesopores of the hard template with

the titania precursor. The soft templating route™> 1”223

is based on the co-assembly of the
titania precursor and surfactant, as made for the synthesis of ordered mesoporous silica.
Nevertheless, the main difficulty is to control the alkoxide precursor hydrolysis and
condensation that are much faster than for silicon. To reach this goal, different strategies have
been developed and for example this control can be achieved by the use of mixed inorganic
precursor or hydrolysis controlling agents, such as acetylacetone, or hydrogen peroxide?’2°,
However, one main drawback still persists. It concerns the limitation of the crystallization
temperature around 400°C, which is far under the required temperature (550°C) to completely
transform amorphous TiO; into anatase. Because of the important role of titania in catalysis
and photocatalysis, as reminded above, up to now many efforts are still devoted to the
synthesis of mesoporous titania with enhanced efficiency®***. Besides the control of the

specific surface area, another trend to improve the performances of the mesoporous TiO,

catalysts deals with the introduction of a second level of porosity. Indeed, the hierarchal



combination of pores can reduce transport limitations and blockage, resulting in higher
activities and better control over selectivity®. For example, Yuan et al. shows that, thanks to
this property, Pd/Al,O3 catalyst with a macro-mesoporous network exhibits higher activity
and hydrogenation selectivity than the commercial catalyst®. If in literature hierarchical

3741 such as

macro-mesoporous titania have also been obtained by using different strategies
the combination of particles agglomeration and the sol gel process®’, or by polymer-induced
phase separation® to create the macropore network, few reports deals with meso-mesoporous

TiO, catalysts**°

, and to the best of our knowledge, none of them talk about the soft
templating pathway by using surfactant mixtures as template. Indeed, Lee et al. have reported
the synthesis of bimodal mesoporous titania (first pore size ~ 4-5 nm and the second one ~50
nm) through the replication of citric acid-templated mesoporous silica, composed of silica-
nanospheres framework*. Zhao et al. used hexagonal anatase TiO,-SiO, nanocomposites as
precursor to give birth to the second mesopore networks via an etching method. The pore size
distribution shows two peaks at 2.5 nm (secondary network) and at 4.5 nm (primary
network)*. Bimodal porous titania with small mesopore in the range 2-30 nm and large
macro-mesopores between 50-80 nm have been obtained by Chen et al. from IImenite
(FeTiOs) precursor*. The formation of the bimodal titania from FeTiOz implies different
steps: ball milling of the precursor with activated carbon, annealing, leaching by acid and

finally calcination in air. Zhang et al.*

used a mixture of polyethylene glycol and P123 to
prepared mesoporous titania with two mesopore sizes (5.5 and 8.7 nm). The obtained
mesoporous materials exhibit low specific surface area around 80 m2/g and taking into
account the error on the measurement no significant variation is detected between materials
prepared from the pure PEG 6000, the pure P123 and the P123/PEG600 mixture. The same

trend is noted concerning the particle’s size. In addition, the mesoporosity does not arise from

a template effect but it is rather due to the calcination process ant that it can be attributed to an



interparticular porosity. More recently based on a multi-templating approach based on a solo
nonionic surfactant P123 and peroxotitanic acid, Ru et al. have prepared bimodal meso-
mesoporous titania*®. The authors assume that under their conditions at high concentration
some P123 micelles coalesce. These coalesced micelles are responsible of the formation of
the larger mesopore size. As a result, the recovered porous TiO; exhibits two mesopores sizes.
The first one at around 7 nm arises from the P123 micelles and the second one at higher
values (between 10 and 16 nm, depending on the synthesis conditions) is due to the coalesced
micelles*. However, no detailed investigation has been performed to support this mechanism.
In addition, the pore size distributions are very broad and the two maxima clearly appear only
when the BJH method is applied on the desorption branch of the isotherm.

A versatile method to get meso-mesoporous materials consists in using surfactant mixtures*’”
2 |n particular, thanks to the difference in polarity between the hydrocarbon and
fluorocarbon, chain mixtures of hydrogenated and fluorinated surfactants are well adapted for
the synthesis of such materials and this methodology has been applied to the preparation of
meso-mesoporous silica® 2. Here, we combined this approach with the synthesis route that
our group has developed for the synthesis of order mesoporous titania with semi-crystalline

framework>>>*

to design dual mesoporous titania templated by polyoxyethylene fluoroalkyl
ether [R75(EO)q)/ P123 mixtures. After surfactants removal the recovered porous materials
were completely characterized by SAXS, TEM, DRX, Manometry nitrogen
adsorption/desorption, ATG, UV. The beneficial effect of the presence of the two mesopores

for photocatalysis has been demonstrated by evaluating the capacity of the obtained materials

to photo-degrade the methyl orange.



2. Materials and methods

2.1. Materials preparation: Mesoporous TiO, has been synthesized using mixtures of
RFg(EO)s and P123 as templates via the sol-gel method combining the approaches developed
by our group to prepare dual mesoporous silica materials®* and ordered mesoporous TiO, with
semi-crystalline walls®*>*. Samples are designed as Px/F100-x where X is the weight content
in percent of Pluronic in the surfactant mixture. To transform the amorphous walls into semi-
crystalline anatase particles a calcination was carried out at 350°C during one hour under
oxygen. To reach this temperature samples have been heated at 1°C/min under nitrogen with a
temperature level of one hour at 150°C.

2.2. Characterization : After synthesis, the dual mesoporous titania have been characterized
by SAXS, TEM, DRX, Manometry nitrogen adsorption/desorption, ATG, UV. Detailed
techniques about the equipments used and analysis procedures are given in references 54-56.
The photocatalytic efficiency of the obtained titanium oxides has been estimated according to

a methodology that we have previously reported®”.

3. Results and discussion

3.1. Evidence of the coexistence of the two mesopores networks

After extraction of the surfactant, the SAXS pattern (Fig. 1A) of the material prepared with
the pure RT(EQ)s is characteristic of a wormhole-like structure since only one broad
reflection is observed at 5 nm (Fig. 1A). Even if there is no pore ordering, this kind of pattern
indicates that the channels have a regular size. The position of the peak gives an indication of
the average pore-pore distance in the disordered wormhole framework, which lacks long-
range crystallographic order. By contrast, the peaks corresponding to d-spacings of 10.8 and
6.3 nm (Fig .1A) detected on the SAXS pattern of the materials templated by the pure P123

copolymer can be attributed to (100) and (110) plane reflections that indicate a hexagonal



mesopore ordering with a cell parameter ap of 12.5 nm (ag = 2 dloo/\/§). Looking at the SAXS
patterns of the materials prepared from the R"3(EO)o/P123 mixture, besides the peak
corresponding to a d-spacing of 5.4 nm, a supplementary reflection corresponding to a d-
spacing of 14. 3 nm appears when the P123/R"3(EO)s weight ratio reaches 20/80. This
indicates the presence of a second mesopores network. Increasing the Pluronic content, the
intensity of this reflection also increases, while the one corresponding to the d-spacings of 5.4
nm decreases. For P40/F60, a third reflection corresponding to a d-spacing of about 7 nm
appears and its relative position with respect to the first one, characterizes a hexagonal
channel array. Thus, a hexagonal network of large pore, characterized by a d-spacing of 14.3
nm for the (100) plane reflection, coexists with a smaller disordered pore network (d-spacing
of 5.4 nm for the (100) plane reflection). Beyond 60 wt% of P123 in the surfactant mixture
the small mesopores are not clearly observed by SAXS.

After calcination at 350°C, the same trend can be drawn from Figure 1B. However, we can
note that the small mesopore network is damaged by the calcination process, whereas the
larger one is not significantly affected. Indeed, while no important modification in the pattern
is noted for the TiO, materials arising from the pure P123, on the one of PO/F100 the broad
peak is less resolved, suggesting the beginning of the pore collapse. For both materials, the
pore arrangement is confirmed by the TEM images depicted in Figure 2. Indeed, photos of
P100/F0 show the hexagonal stacking of the channels or the honeycomb structure whereas for
PO/F100 only disordered pores are present (Fig.2A). Even after calcination, as shown by
Figures 1B and 2, the coexistence of the two networks is still maintained when porous titania
are synthesized from the R™g(EO)s/P123 mixtures (Fig. 2A and 2C). In addition, from the
lower resolution TEM images depicted in Figure S1, the particle’s size has been evaluated to:

220 nm, 211 nm, 237 nm, 176 nm and 330 nm for P100FO, P70F30, P50F50, P30F70 and



POF100, respectively. From the TEM images, the average sizes of the small and large
domains have also been evaluated to 40 nm and 54 nm, respectively.

Nevertheless, a slight contraction of both channel arrays is noted. For example, the d-spacing
values of the large and the small mesopores vary from 13.8 and 5.4 nm to 10.9 and 4.5 nm,
respectively after calcination of the materials prepared with a P123/R (EO)s weight ratio of
30/70. This phenomenon can be attributed to a condensation of the Ti-OH group but also to
the crystallization of the walls. Indeed, for all samples, the presence of nano-sized crystallites
domains is observed by TEM in dark field (Fig. 2B).

Except the nitrogen adsorption desorption isotherm of TiO, prepared from the pure
fluorinated surfactant, which is between type I and type 1V, all other extracted samples have a
type 1V isotherm (Fig. 3A), characterizing mesoporous materials according to the IUPAC
classification®®. The isotherm of PO/F100 suggests a supermicroporous materials with
mesopore size around 1.8 nm in Fig. 4A. It is interesting to note that reaching a
P123/R4(EO), weight ratio of 20/80, two inflection points at relative pressure p/po = 0.3 and
p/po = 0.7-0.8 are detected on the adsorption branch of the isotherm (Fig. 3A). Since the pore
diameter is related to the relative pressure via the Kelvin’s equation, this reflects the presence
of mesopores with two different diameters. Higher the relative pressure at which the capillary
condensation occurs, higher the mesopore size is. When the proportion of P123 in the
surfactant mixture is raised, the inflection point at p/po = 0.3 gradually disappears (Fig. 3A).
So, in the material, the smaller mesopores network becomes a minority. The dual
mesoporosity is confirmed by the mesopore size distribution displayed in Figure 4A. In fact,
from P30/F70 to P80/F20, two maxima at around 2.3 and 9.7 nm are clearly observed (Fig.
4A). In addition, the ratio between the two mesopores populations is progressively reversed as
the Pluronic weight percent in the surfactant mixture increases. At low P123/R"5(EO)s weight

ratio the small mesopores predominate while the opposite tendency is noted at high P123
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content (Fig. 4A). After calcination at 350°C, the porous materials behave in a similar way
(Fig. 3B and 4B). However, shrinkage of the mesopore occurs and the diameter of the small
and the large mesopores changes from 2.3 and 7.7 nm to 1.8-2 and 7.7 nm (Table 1). From
Table 1 it can also be noted that, upon calcination, both the specific surface area and the
mesopore volume decrease. It should be also outlined that with the increase of the
P123/R"5(EO)s weight ratio, the total pore volume is enhanced. For example, Vp is changed
from 0.16 to 0.5 cm®/g and from 0.19 to 0.42 cm®/g when the P123/R"5(EO)s weight ratio is
varied from 20/80 to 90/10 after extraction and extraction followed by calcination,
respectively. It is also worthy to note that for P30/F70, P50F50, P70/F30, P80/F20 materials
after extraction and extraction followed by calcination and for P100/FO material after
extraction the shape of the hysteresis at the desorption in the larger mesopores clearly
characterizes a catastrophic desorption of nitrogen at p/po of about 0.5, indicating pores with
bottlenecks. For the extracted P100/FO material, the presence of residual surfactant in
mesopores after ethanol extraction can explain this phenomenon. Concerning materials
obtained from a mixture of surfactant P123/R (EO)s,, the pore deformations can result from
defaults in the P123 liquid crystals due to the presence of R (EO)s surfactant molecules. In a
general way the specific surface area values are high and they slightly decrease when the
P123 content is increased (Table 1).

To explain the formation of these dual-mesoporous materials we should have a look at the
RFg(EO)o/P123/water phase diagram. In a previous study dealing with the preparation of
hierarchical silica materials®?, we have reported that the liquid crystal domain is mainly
composed of a biphasic mixture of one fluorocarbon-rich Hi" in equilibrium with one
Pluronic-rich H;" hexagonal phase. Here, according to the procedure developed for the

53,54

synthesis of mono-modal mesoporous TiO,”>>", to achieve the one pot preparation of the dual

mesoporous titania, the surfactants were first dissolved in a mixture of ethanol and
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hydrochloric acid (12N). Then titanium isopropoxide was added before water. After stirring,
the mixture was placed under vacuum to evaporate the solvent and the propanol produced
during the hydrolysis of the titania precursor. During this step, two organic-inorganic
mesophases, one templated by H;" and the other by H,", are formed. During the treatment
under ammonia atmosphere, the condensation of titania source occurs both around the two
kinds of liquid crystals. After surfactant removal, dual-mesoporous materials having two
mesopores networks are obtained. However, the quantity of titanium isopropoxide is likely
not optimum to get two ordered mesopores networks. This hypothesis is supported by results

previously reported in the literature®**°

about the formation of mono-modal mesoporous TiO,.
For example, in a paper dealing with the preparation of wormhole-like mesoporous titania by
using P123 as surfactant and tetrabutyl orthotitanate (TBOT) as titanium source, Hung et al.>®

have reported that the wormhole-like structure is recovered only for P123/TBOT molar ratios

located in the range from 0.013 to 0.025.

3.2. Capacity of the dual mesoporous TiO; for the photodegradation of methyl orange

Since the photoactivity depends on the crystallographic structure of TiO,, before performing
the photocatalysis tests, the one of the nano-sized crystallite domains appeared after
calcination has been identified both by Raman and XRD. Raman spectra of all samples
exhibit a very intense band at 150 cm™ and three other vibrations at 394, 506 and 630 cm™.
They can be attributed to Eg, Byg, Aig Or Big, and E; modes, respectively of anatase. The
position of the first band can be correlated to the size of the particles. Indeed, in bulk anatase,
this mode appears around 143 cm™ and it is shifted towards higher wavenumber in
nanocrystalline materials®®**. So, here we can conclude that after crystallization the wall of
the dual mesoporous materials are semi-crystalline. The position of Eg indicates that the

crystallites’ size is below 10 nm®***. The presence of the anatase is further confirmed by
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Figure 5B, which depicts the diffractograms of the samples. Peaks characteristic of anatase
are clearly detected. Applying the Scherrer formula®, the mean size of the crystalline domains
[D = 0.9 A/(w cos6), w is the width at half maximum of the (101) peak] has been estimated
between 3 and 5 nm. This value is in accordance with the nano-size suggested by the position
of the Eg vibration on the Raman spectra and with the TEM images in dark field reported
Figure 2B. However, two broad reflections having a very low intensity, at around 26 =30 and
20 = 44°, are also observed and attributed to the presence of amorphous TiO,. Therefore,
from XRD and Raman analyzes, the particles observed by TEM in dark field (Fig. 2B) can be
identified as anatase. As a consequence, one can expect that the dual mesoporous titania
exhibit a photocatalytic activity. Indeed, the photocatalytic activity of TiO, is one of its
distinctive features, mainly attributed to its anatase phase.

For photocatalysis, another parameter that should be considered is the band gap energy value,
which can be deduced from the UV spectra (Fig. 6A). The UV-Vis spectra of all the
synthesized materials exhibit a broad band that can be decomposed in two parts. The first
contribution at around 225 nm arises from a ligand to metal charge transfer transition in
isolated TiO4 units. It corresponds to the band transition from Ti 3d to O 2p levels. The
second contribution at 320 nm corresponds to small TiO; clusters. The energy band gap (E)
can be evaluated®**° using the Kubelka—Munk formalism. The graphs obtained for PO/F100,
P50/F50 and P100/FO are given as examples in Figure 6B. Except the mesoporous titania
prepared from PO/F100, which has a bang gap at 2.6 eV, no significant change of E is noted
with the increase of the Pluronic content. As a matter of fact, for the dual mesoporous titania,
E remains around 2.9-3.0 eV (Fig. 6C), value closed to the one of the pure anatase, which is
3.2eV.

Then, the mesoporous titania have been tested for the photo-degradation of methyl orange

(MeO), used as a model dye. The degradation of the colorant as a function of irradiation time
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is shown on Figure 7A. Looking at the mono-modal materials a slightly higher activity is
observed for the TiO, templated by pure P123. Indeed, after 210 minutes 70 and 75 % of the
dye are degraded by PO/F100 and P100/FO, respectively. Both photocatalysts have semi-
crystalline framework with anatase particles between 3 and 5 nm. As a consequence, this
difference can be related to the smaller pore diameter (2.0 versus 7.7 nm) and the smaller pore
volume of the porous TiO; prepared from the pure fluorinated surfactant. Indeed, considering
the size of methyl orange, 1.5 nm x 0.55 nm ®, it can also be assumed that its diffusion inside
the channel of PO/F100 is not facilitated and that a partial pore blocking occurs. The lower
value of the bang gap (2.6 versus ~ 3.0 ev) is also an unfavorable parameter for photocatalysis
under UV radiation.

Whatever the P123/R (EO)q weight ratio, it is clear from Figure 7A that the dual mesoporous
titania exhibit a higher activity than the mono-modal ones. Indeed, while 90% of the colorant
are removed within 180 minutes when P20/F80 is used as catalyst, 60 and 76% of methyl
orange are photo-degraded in the same period by PO/F100 and P100/FO, respectively. The
degradation efficiency reaches around 95% after180 minutes under UV light for P50/F50 and
P60/F40. These dual mesoporous TiO; are therefore about 1.5 times more efficient than the
mono-modal ones. Using a model of pseudo-first-order reaction >’ the degradation rate (k) has
been calculated (Fig. 7B). Both mono-modal mesoporous TiO, have a similar k value around
5%x10° min™, suggesting that the lower mass transfer ability of PO/F100 can be partially
compensated by the beneficial effect of higher specific surface area on the photodegradation
efficiency. Indeed, a larger surface area provides more active sites for adsorbing methyl
orange molecules and consequently the two photocatalysts show similar activity.

The variation of k with the P123/R5(EO)s weight ratio can be divided into two parts (Fig.
7B). It increases as a function of the Pluronic content in the surfactant mixture, used to

synthesized the dual mesoporous titania, to reach a maximum value of 1.3x102 min™ for the
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P50/F50 and P60/F40 catalysts; i.e. 2.6 times higher than for the mono-modal mesoporous
TiO,. After that, the rate constant gradually decreases. To shed some light about these
variations, we have also considered the density of OH groups at the surface of the
photocatalysts. Indeed, the photodecomposition of the organic compounds implies the
formation of radicals OH®, which are created by the reaction at the catalysts’ surface of holes
with the hydroxyl groups and the catalyst’s performances can be correlated to the number of
OH groups at the surface®®. The OH surface density in the porous TiO, was calculated from
the thermogravimetric curves (not shown) by considering the weight loss (Am) that occurs
after the desorption of both the water molecules physisorbed at the surface of titania and the
strongly bound water on titania. The latter are mostly desorbed at around 250°C and
completely by 300°C under static air®*. The OH surface density of the mesoporous TiO, can
be calculated from the following equation :

Am2N,
SBET m MHzO

OH (/nm?) =
where m, Sget, Na and Myyo stand for the weight of samples, the specific surface area, the
Avogadro’s number and the molecular weight of water, respectively. From Figure 8, which
depicts the values of OH surface density, it is observed that the concentration of OH groups
increases as a function of the P123/R5(EO)s weight ratio to reach the density obtained for a
fully hydroxylated TiO, surface®*®, which is around 12-14 OH/nm2 for P50/F50 then it
remains almost constant.

From PO/F100 to P60/F40, the enhancement of the photocatalysts efficiency observed
with TiO; synthesized from the surfactants mixtures can be related to both the increase of the
OH density from 4 OH/nm? for PO/F100 to around 13 OH/nm? for P60/F40, which favors the

formation of radicals OH® at the photocatalyst’s surface®® and to the presence of the dual

mesoporosity. Indeed, it should be reminded that SAXS and nitrogen adsorption desorption
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analyses have evidenced that two mesopores networks coexist in the porous titania up to a
P123/R"5(EO)s weight ratio of P60/F40 and that the proportion of the large mesopores
increases from PO/F100 to P60/F40. Therefore, for these catalysts, the wormhole-like network
templated by the fluorinated-rich liquid crystal and the ordered mesopore network, induced by
the P123-rich liquid crystal, have a synergic effect. They favour the diffusion of the dye
molecules inside the channels and their accessibility to the anatase crystallites, which are the
active sites. The larger mesopores also contribute to reduce the limitation of the transport of
the methyl orange molecules and provide more pathways for products to escape*?#®.

From the results reported here, one question arises: can similar results be obtained simply by
mixing the two mono-modal TiO, with different pore sizes? To answer this question, we have
prepared a catalyst by mixing 50% of PO/F100 with 50% of P100/F0. The mixture has been
then grinded in an agate mortar. The obtained composite exhibits a type IV isotherm and a
pore size distribution with two maxima at 1.8 and 7.7 nm (Fig. 9). They correspond to the
diameter of the materials templated by pure R"(EO)s and pure P123. The specific surface
area, the mesopore volume and the band gap are 340 m2/g, 0.25 cm®/g and 2.95 eV,
respectively. So the features of the obtained material are similar to the ones of P50/F50. From
Figure 7A and 7B, it is interesting to note that even if its efficiency for the degradation of
methyl orange is higher than the one of the mono-modal mesoporous TiO,, 90% of the dye
removed within 210 minutes and 84% within 180 minutes, it is lower than the one of the dual
mesoporous catalysts prepared in one pot by using the R™s(EO)e/P123 surfactants mixtures
(95% for P50/F50). In addition, the constant rate determined for P50/50 is 1.3 higher than the
one of the composite (circle one Fig. 7B), obtained by mixing PO/F100 and P100/F0. This
means that, when preparing through the one pot procedure, the two mesopores networks are

likely connected (Fig. 2C).
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From P60/F400 to P1000/F0, a decrease of the kinetic constant is noted. It cannot be
due to a decrease of the OH density, which is constant. Looking at the different parameters
this behaviour should be rather correlated to both the progressive disappearance of the small
mesopore networks and to a decrease of the specific surface area. Indeed, from the SAXS and
nitrogen adsorption-desorption analysis it has been observed that beyond 60 wt.% of Pluronic,
the smaller mesopore networks disappears and in the meantime the specific surface area

progressively decreases to reach 250 m2/g for P100/F0, i.e about 100 m2/g less than P50/F50.

4. Conclusions

The one pot synthesis of dual mesoporous titania have been performed by using mixtures of
polyoxyethylene fluoroalkyl ether R"5(EO)y [CsF17C2H4(OCH,CH,)sOH] and Pluronic P123
[(EO)20(PO)70(EO)20] liquid crystals as templates. SAXS results show that a wormhole-like
channel array of small mesopores coexists with a hexagonal pore ordering of large mesopores.
The dual porosity is confirmed by the mesopore size distribution

Raman and XRD show that the transformation of the amorphous titania walls into nano-sized
anatase walls occurs after calcination at 350°C. With the increase of the P123 in the surfactant
mixture, used to prepare the dual mesoporous TiO,, the OH density increases and no
significant change of the band gap energy is noted.

The photodegradation of methyl orange highlight that thanks to the coexistence of the two
mesopore networks, the dual mesoporous titania are more efficient than the mono-modal
mesoporous ones. Indeed, within 180 minutes, they able to degrade 1.5 times more methyl
orange molecules than the mono-modal mesoporous TiO,. The degradation constant rate is
also 2.6 times higher.

The dual mesoporous TiO, are therefore of interest for wastewater treatment and air

purification. Besides this, it is also expected that the obtained materials have potential
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applications in heterogeneous catalysis, for example as support for sulfided CoMo catalysts,

which are active for hydrodesulfurization.

Supporting Informations: This information is available free of charge via the Internet at

http://pubs.acs.org/. TEM images with lower resolution (S1).
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Figures caption

Figure 1:

Figure 2 :

Figure 3 :

Figure 4 :

Figure 5:

Figure 6 :

Figure 7 :

Figure 8 :

Figure 9:

SAXS pattern of the porous TiO, after extraction of the surfactants (A) and
extraction followed by calcination at 350°C (B).

Representative TEM images of the porous TiO, synthesized from
RF3(EO)e/P123 mixtures after extraction followed by calcination at 350°C. A :
TEM images, B: TEM in dark field and C : High magnification.

Nitrogen adsorption-desorption isotherms of the porous TiO, after extraction of
the surfactants (A) and extraction followed by calcination at 350°C (B).
Mesopore size distributions obtained by the BJH method applied to the
adsorption branch of the isotherm of the porous TiO, after extraction of the
surfactants (A) and extraction followed by calcination at 350°C (B).

Raman spectra (A) and XRD patterns (B) of the porous TiO, after extraction
followed by calcination at 350°C. * : reflection attributed to amorphous TiO,.

Diffuse reflectance UV-Visible spectra (A), example of (ahv)Y?

versus photon
energy (B) and variation of the energy band gap (C), as a function of P123
content, for the porous TiO; after extraction followed by calcination at 350°C.
On Figure C line is just a guide for the eyes.

Change in the concentration of methyl orange (MeQO) as a function of the
irradiation time (A) and variation of the degradation rate (B), as a function of
P123 content, for the porous TiO, recovered after extraction followed by
calcination at 350°C. On Figurer B line is just a guide for the eyes.

Variation of the OH surface density (OH/nm?) for the porous TiO,. Line is just
a guide for the eyes.

Nitrogen adsorption-desorption isotherm (A) and pore size distribution (B) of

the titania composite obtained by mixing 50% of PO/F100 with P100/FO.
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Table 1 : Specific surface area (S ger), pore volume (Vp) and pore diameter (&) as a function

of the P123/ R™5(EO)s weight ratio.

Amorphous porous TiO,

Porous TiO, after calcination

P123/ R"3(EO)q Vp Vp
Sget (M?) @ (nm)  Sger (M?) @ (nm)
weight ratio (cm®/g) (cm®/g)

PO/F100 370 0.13 2.0 305 0.15 2.0
P10/F90 476 0.25 2.3 375 0.2 2.0
P20/F80 300 0.16 2.7-10.5 253 0.12 2-8.5
P30/F70 306 0.2 2.7-9.7 344 0.19 2.2-9
P40/F60 488 0.38 2.3-9 386 0.26 2-9.7
P50/F50 452 0.42 2.5-8.7 350 0.3 2-7.7
P60/F40 371 0.36 2.2-9.8 292 0.3 1.8-7.6
P70/F30 378 0.5 2.4-8.7 290 0.6 1.8-7.6
P80/F20 394 0.55 2.4-9.2 332 0.45 1.8-7.8
P90/F10 380 0.5 9.0 280 0.42 1.7
P100/F0 310 0.44 9.7 252 0.37 1.7
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Figure 1
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Figure 2
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Figure 3
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Figure
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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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