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ABSTRACT

A series of complex organic-inorganic mesoporous materials were successfully synthe-
sized by a microwave-assisted method that allowed the preparation of periodic meso-
porous organosilicas (PMOs) with Ti (IV) forming part of the structure (Ti-PMOs). Materials
were characterized using N, adsorption—desorption isotherms, powder X-ray diffraction
(XRD), transmission and high resolution transmission electron microscopy (TEM and
HRTEM), Raman, infrared, UV—visible diffuse reflectance (UV—vis RDS), X-ray photoelec-
tron (XPS), photoluminescence (PL) and electrochemical impedance (EIS) spectroscopy, and
transient photocurrent measurements. Samples labeled Ti10-PMO, Ti20-PMO and Ti40-
PMO (with Si/Ti molar ratio of about 10, 20 and 40), showed crystal-like characteristics
and high specific surface area (742—829 m?g™). Ti-PMOs were studied in the photocatalytic
H, evolution from an aqueous ethanol solution under UV—visible irradiation. Ti-PMOs
showed a better photocatalytic behavior than PMO and this is related with the presence
of tetrahedral Ti(IV) in the PMOs network. Ti-PMOs displayed a lower barrier for the elec-
tron transfer and a more efficient charge separation than PMO. The highest H, production
was obtained with Ti20-PMO photocatalyst; after 4 h of irradiation, 2042 umol H, ge; were
obtained, which was about 20 times higher than that obtained with a reference commercial
TiO, (P25).
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

considered a highly desirable source for renewable hydrogen
production [1-5]. Research for efficient photocatalytic sys-
tems is a hot topic under continuous progress; diverse semi-

Nowadays there is a severe concern regarding climate change

conductor materials, mainly those based on TiO, [6,7], have

and the use of fossil fuels in the energy scenario. This has
attracted considerable interest in both the use of renewable
sources, including biomass, and the development of new en-
ergy vectors, such as H,. In this context, the photocatalytic
production of hydrogen from biomass-derived alcohols is

been widely studied as photocatalysts for hydrogen
production.

The high surface area, uniform porous array and long-
range structure of ordered mesoporous materials make
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them interesting candidates to be used as photocatalysts [8].
The incorporation of titanium in the framework of meso-
porous zeolites such as MCM-41 has revealed these materials
as promising catalysts for different photocatalytic processes
[9,10]. Hybrid materials such as metal organic frameworks
(MOFs) have been also envisaged as versatile materials for
designing heterogeneous photocatalysts [11]. In these sys-
tems, the capability of transferring the photogenerated elec-
trons avoiding the electron—hole recombination is of main
importance; a strong ligand—metal charge transfer (LMCT)
could avoid the recombination of photoinduced electron—hole
pairs, favoring the photocatalytic action of the material [12].
Titanium-containing MOFs (Ti-MOFs) and TiO,/MOF compos-
ites have been considered appropriate photocatalysts for
different processes [13,14]. A synergic effect between different
conjugated porous polymers (CPPs) and TiO, in CPP-TiO,
hybrid systems has been demonstrated useful for hydrogen
evolution using methanol as sacrificial agent [12,15].
Periodically ordered mesoporous organosilicas (PMOs) are
also hybrid materials [16—19], in which titanium could be
introduced and be used as photocatalysts [20]. PMOs are
hybrid organic-inorganic porous materials with Oqs-Si-R-Si-
0,5 units covalently bonded forming the pore walls. Consid-
ering that the presence of m-conjugated bridging groups could
make these materials appropriate for light absorption, har-
vesting, and photo-induced electron and hole transportation
[21—23] and that the presence of Ti(IV) centers could improve
their photocatalytic properties, in this work we report the
synthesis and characterization of new Ti-containing biphe-
nylene-bridged PMOs materials (Ti-PMOs) with Ti wt%<2.
The Ti-PMOs reported in this work have crystal-like wall
structure and high surface area, they are studied in the pho-
tocatalytic transformation of aqueous ethanol solutions
without the assistance of noble metal co-catalyst. The use of
sacrificial ethanol allows the use of a biomass-derived sub-
strate and could have several advantages in terms of sus-
tainability. In particular, bioethanol is highly attractive
because its production is well established due to its current
use as biofuel in internal combustion engines. Besides H,
production, the sacrificial (ethanol) oxidation process could
rend other valorized compounds, such as acetone or 2,3

—\ S~

butanediol, as we have recently reported using other TiO,-
based photocatalysts [24—26]. The effectiveness in the pho-
tocatalytic H, production of the new Ti-PMOs studied in this
work, which depended on the Ti content, is related with the
lower barrier for the electron transfer and the higher charge
separation efficiency produced by the presence of Ti(IV) in the
PMOs framework.

2. Materials and methods

2.1. Synthesis and characterization of photocatalysts
Biphenylene-bridged Ti-PMOs, with Si/Ti molar ratios of about
10, 20 and 40 (Ti10-PMO, Ti20-PMO and Ti40-PMO) were pre-
pared on the basis of the method proposed for the
biphenylene-bridged silsesquioxane silica with crystal-like
pore walls, using 4,4'bis(triethoxysilyl)biphenyl and octade-
cyltrimethylammonium chloride as surfactant in basic media
[27]. In the present work, Ti was introduced by addition to the
initial synthesis mixture of the appropriate amount of tetra-
butyl titanate in 2-propanol solution, and the suspension was
heated at 100 °C with microwaves. After filtration, the sur-
factant was removed and the product dried at 100 °C. For
comparative purposes, a non-containing Ti sample (PMO) was
also prepared. Scheme 1 depicts the synthetic procedure,
additional details are given in the Supplementary Material
(Experimental methods).

The composition of photocatalysts was determined from
chemical analysis and the materials were characterized by
different techniques: N, adsorption isotherms (Sggr), powder
X-ray diffraction (XRD), transmission and high resolution
electron microscopy (TEM-HRTEM), Raman and infrared
spectroscopy, and UV—vis diffuse reflectance (UV—vis DRS), X-
ray photoelectron (XPS) spectroscopy. The photo-
electrochemical properties were determined by photo-
luminescence (PL) and electrochemical impedance (EIS)
spectroscopy and transient photocurrent measurements.
Complete details for the instruments used for the character-
ization are given in the Supplementary Material (Experimental
methods).
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Scheme 1 — Synthetic route of Ti-PMOs.
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Table 1 — Titanium content, textural properties and band gap values of Ti-PMOs and PMO.

Sample Ti (Wt%)  Si/Ti(mol/mol) BET (m’g ') porevolume (cm®g ') pore diameter (nm)  Band gap (eV)
Til0-PMO 1.65 10.83 829 0.84 4.2 3.65
Ti20-PMO 0.82 22.84 806 0.63 3.6 3.83
Ti40-PMO 0.52 35.48 742 0.52 3.1 3.91
PMO — — 871 0.69 2.9 3.95

2.2. Photocatalytic tests

The tests were carried out at atmospheric pressure and 293 K
in a water-cooled jacketed glass reactor of 300 mL capacity
under continuous gas flow operation. The reactor is equipped
with a medium pressure vapor UV—visible mercury arc lamp
(Ace-Hanovia), placed inside the reactor in a water-cooled
quartz tube submerged in the substrate solution, and a
condenser at the outlet, kept at 258 K. Before the photo-
catalytic reaction, the photocatalysts were degassed under
vacuum at 373 K for 12 h, and then transferred to the photo-
reactor. In all cases, 370 mg of photocatalyst and 250 mL of an
ethanol(,q) (25% Vv/v) solution previously purged with Ar, were
used. After 30 min of stirring under Ar flow and dark condi-
tions, the suspension was irradiated and after 10 min of light-
on, the outlet flow was periodically measured and sampled.
The evolved gaseous products were on-line analyzed by gas
chromatography using a gas micro-chromatograph Varian CP-
4900 with two channels and TCD detectors (detection limit for
H,, 50 ppm); the channels are equipped with M5A (10 m) and
PPQ (10 m) columns that use Ar and He as carrier, respectively.

The corresponding experiments under dark, and the blank
test without photocatalyst were carried out; no products were
detected in gas phase in any case.

The apparent quantum efficiency (AQE) is calculated with
respect the number of electrons used in the hydrogen gener-
ation [28]:

number of evolved H, molecules x 2
number of incident photons

AQE (%) = ( )x 100

The estimated number of incident photons capable to
generate a couple e /h™ was calculated from the measured
radiated watt density at the exterior wall of the quartz tube
(31.7 mW cm?) and the spectral lines having higher energy
than 3.65 eV for Ti-PMOs (2.76 x 10'® photons s*) and 3.1 eV
for TiO, (P25) (4.52 x 10'® photons s7%).

At the end of the reaction test (4 h), the filtered liquid
products were separately analyzed by gas chromatography
using a Bruker 450 GC equipped with CP-Sil 8 CB
30m x 0.25 mm CP5860 and WAX columns and a FID detector.

3. Results and discussion
3.1 Characteristics and properties of Ti-PMOs

Table 1 shows the Ti content and several textural character-
istics of the new biphenylene-bridged Ti-PMOs, and PMO
materials. All Ti-PMOs were mesoporous materials with high
surface area (742—829 m?g™"), the corresponding adsorption/
desorption N, isotherms are depicted in the Fig. S1; Ti-PMOs

show surface areas slightly lower and pore diameter slightly
higher than the sample without Ti, PMO (871 m?g™?, 2.9 nm
pore size). For Ti-PMOs, the higher Si/Ti ratio, the lower sur-
face area and pore diameter values.

Figs. 1 and 2 show the XRD patterns of samples in the low-
angle zone (0.2<26 < 5°) and in the medium scattering angles
(26 = 4-50°), respectively. XRD patterns of PMO correspond
well with that expected for biphenylene-bridged silsesquiox-
ane with a mesoscopically ordered structure and molecular-
scale periodicity in the pore-walls [27]. XRD patterns of Ti-
PMO samples point out that Ti-PMOs mostly keep the struc-
tural characteristics of PMO with the incorporation of Tiin the
PMO framework. The presence of a peak at about 26 of 2° in-
dicates the presence of mesoscopically ordered structures
[27]; however, the corresponding d spacing increased with the
Ti content (d = 41.8 A, 44.6 A and 49.9 A for Ti40-PMO, Ti20-
PMO and Til0-PMO, respectively), this could be indicative of
the introduction of Ti in the framework of PMO. For Ti10-PMO,
with the highest content of Ti, the intensity and the shape of
the peak (Fig. 1) indicate a partial loss of the ordered structure.
Besides the peak at about 26 of 2°, XRD patterns of PMO and Ti-
PMOs show five well-defined peaks at medium scattering
angles (26 = 4-50°) (Fig. 2). The corresponding d spacing
values, which are similar for PMO and Ti-PMO samples are
11.5A,5.94,3.9A,2.9A and 2.5 A. A periodicity with a spacing
of 11.5 A and higher-order reflections could account for the
patterns in Fig. 2 [27]. We propose that both the ordered
mesoporous structure and the crystal-like molecular-scale
periodicity of the pore walls [27], are kept in a major extension
at least in the new Ti40-PMO and Ti20-PMO samples.

Ti20-PMO was analyzed by TEM-HRTEM. Fig. 3a clearly
shows the presence of uniform mesoporous channels

—Til0-PMO
— Ti20-PMO
Ti40-PMO
—PMO
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Fig. 1 — XRD patterns of Ti-PMOs and PMO in the low-angle
region (0.2°<260 < 5°).
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regularly distributed. In Fig. 3b, uniform and parallel channels
with wavy contrast of 4.5 nm can be seen. The electron
diffraction pattern in the inset of Fig. 3b shows spots at 45 A
corresponding to the size of the parallel channels; the
diffraction ring at 10.8 A is consistent with the molecular
periodicity of biphenylene groups determined by XRD.

Raman and infrared spectra of Ti-PMOs were very similar
to those of PMO, Figs. S2 and S3, respectively. Raman bands of
the bridged-biphenyl groups can be identified in Ti-PMOs and
PMO spectra (Fig. S2). The spectra are dominated by the v(ring-
CC) band at 1599 cm™?, other bands at 1512 cm™! and
1135 cm ™" assigned to 3(C—H); ». and at 1282 cm™, assigned to
central v(C—C), are also clearly visible in all cases [29].

Infrared spectra of PMO and Ti-PMOs samples are more
complex (Fig. S3). Besides the main wide band assigned to
Si—0—Si (1110-990 cm ) the presence of other clear and well
defined bands characteristic of biphenyl groups can be
observed: 3073 and 3027 cm™* (u(C—H)), 1602 and 1003 cm™*
(v(ring-CC)), 1385 cm ™' (o(ring-CH)), 1200 cm ' (inter ring
stretching vibration), and 807 and 703 cm™* bending CC and
CH, respectively [29—-31].

The diffuse reflectance UV—vis spectra of PMO and Ti-
PMOs are also very similar (Fig. 4). Although the broad band
centred at 250—300 nm is related with the presence of biphe-
nylene groups [32—34], for Ti-PMOs, one can expect that iso-
lated tetrahedral Ti*" species in the Ti-PMOs structure could
also contribute to it [20,35]. The Til0-PMO photocatalyst that
contains the highest Ti content shows a shoulder in the band,
which extends above 300 nm, this shoulder could be related
with the presence of octahedral Ti** species [36].

The UV—vis DRS analysis can be used to obtain the band-
gap values. The Kubelka—Munk formalism was used to
convert the reflectance into the equivalent absorption coeffi-
cient, F(R,,), and the band-gap values (Table 1) were calculated
using the Tauc plot, (F(R.)-hv)” (n = 0.5) versus hv, following
the approach reported in [37] (Fig. S4). Note that the band-gap
values of the photocatalysts were above those of pure TiO,
anatase, rutile, or P25, 3.2 eV, 3.0 eV and 3.1 eV, respectively
[38—40], and the band gap of Ti-PMOs, slightly decreases with
the Ti content.

—PMO

— Ti40-PMO
Ti20-PMO
Til0-PMO

Intensity (a. u. )

0 20 30 40 50
2Theta (deg. )

Fig. 2 — XRD patterns of Ti-PMOs and PMO in the
20 = 4-50° zone.

Fig. 3 — TEM images of the Ti20-PMO sample: a) in the
inset, [001] incidental beam parallel to the channels in the
marked zone (inset); b) in the marked zone, [100] incidental
beam perpendicular to the channels. In the inset, electron
diffraction pattern with spots at 4.5 nm and ring diffraction
at 1.08 nm.

Ti-PMOs materials were characterized by XPS; for Til0-
PMO and Ti20-PMO, two peaks corresponding to Ti 2ps/, and
Ti 2py/, levels can be clearly observed (Fig. 5); the intensity of
the Ti 2p spectrum corresponding to the sample Ti40-PMO is
very low and does not allow an appropriate analysis of the Ti
species on the surface. The Ti 2p;/, peak of Ti20-PMO, centred
at 459.7 eV, can be related with the presence of tetrahedral
Ti(IV) [41-43], according to the intercalation of Ti(IV) in the

—Til0-PMO
— Ti20-PMO
— Ti40-PMO
—PMO

Absorbance (a. u.)

gl L i s i d bk o i ki

200 250 300 350 400 450 500

I W O S R

Wavenumber (nm)

Fig. 4 — UV—visible diffuse reflectance spectra of Ti-PMOs
and PMO.
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PMO framework. The spectra of Til0-PMO with the highest Ti
content can be deconvoluted into two components. The
component at the highest BE is related with the presence of
tetrahedral Ti(IV); the component at about 458 eV could indi-
cate the presence of octahedral Ti(IV) in Ti1l0-PMO [41—43], in
agreement with the UV—vis DRS results.

The photoluminescence emission spectra of Ti-PMOs and
PMO are shown in Fig. 6. For PMO, a broad emission peak with
maximum at about 440 nm is observed, whereas for Ti-PMOs,
a peak with maxima at 360—370 nm with a shoulder at higher
wavelengths was obtained. The excimer emission of biphe-
nylene groups could account for the observed bands, sug-
gesting interactions between close biphenylene groups
[22,23,44]. One could propose that in Ti-POM materials, the
presence of Ti*" into the framework of the POM modifies in
some extension the interaction within vicinal biphenylene
bridge groups.

The PL analysis of our materials (Fig. 6) shows that the
intensity of the band depends on the Ti(IV) content of the
samples, following the order PMO > Ti40-PMO >> Til0-
PMO > Ti20-PMO. The PL band intensity is usually related to
the recombination rate of photo-induced charge carriers [45].
In general, the weaker the PL band intensity, the lower the
recombination rate of the photo-induced charges; that is, the
generated photoelectron has longer lifetime.

Fig. 7 shows the transient photocurrent responses spectra
of Ti-PMOs and PMO samples under a simulated solar light
irradiation with a pulse light on-off process; the larger
photocurrent value represents the higher photoelectron yield.
Ti-PMOs samples show much larger photocurrent density
than PMO, with the order: Ti20-PMO > Til0-PMO > Ti40-
PMO >> PMO. The photocurrent density significantly in-
creases with the introduction of small amounts of Ti into the
PMO framework and shows a maximum for Ti20-PMO (0.82 Ti
wt%) (Fig. 7).

Fig. 8 shows the EIS Nyquist plots of Ti-PMOs and PMO,
which were obtained in dark (Fig. 8A) and under simulated

3 5 Ti10-PMO
Ti2p,, |  Ti2py,
i Ti20-PMO
= !
3 !
o ’\./
g ? ! 5
5 : :
E 1 I
A ; : Ti40-PMO
1 J 1 E 1
475 470 465 460 455 450

Binding Energy (eV)

Fig. 5 — Ti 2p XP spectra of Ti-PMOs.

——PMO

——Ti40-PMO
Ti20-PMO
——Til0-PMO
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. 1 N 1 :
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Fig. 6 — PL emission spectra of Ti-PMOs and PMO.

solar light irradiation (Fig. 8B). In all cases, the arc radius under
illumination (Fig. 8B) is smaller than in dark conditions
(Fig. 8A), this indicates a decrease of the barrier for the transfer
of photogenerated electrons under irradiation. Moreover, in
both cases, under illumination and in dark conditions, Ti-
PMOs samples show smaller arc radius than PMO. This
clearly indicates that the presence of Ti species in the
framework of PMO reduces the transport resistance of the
photogenerated electrons. In both conditions, the Nyquist arc
radius follows the order: PMO >> Ti40-PMO > Til0-
PMO > Ti20-PMO. This order corresponds well with that of
photocurrent values and PL results. These results indicate that
the introduction of a low amount of Ti into the framework of
PMO produces an increase of the photoelectron yield and of
the charge separation efficiency. Besides, a decrease of the
barrier for the electron transfer is noted.

For Ti-PMOs photocatalysts, upon light absorption, a LMCT
process could occur with a long-lived excited charge separa-
tion state, transferring the electron from the organic entity to
the Ti** center [46]. The radiative decay process from the
excited state to the ground state could be slow down when
highly dispersed Ti species having a tetrahedral coordination
are introduced into the PMO framework. These effects were
more significant for the sample Ti20-PMO, which showed by
XPS the presence of only tetrahedral Ti** species into the PMO
framework and kept the ordered mesoporous structure and
the crystal-like molecular-scale periodicity of the pore walls;
although Ti40-PMO and Ti20-PMO have similar structural
characteristics, the amount of Ti*" in the later is higher. On
the other hand, in Til0-PMO, which had a higher titanium
content, a partial loss of the ordered structure took place and
the presence of octahedral Ti** likely PMO extra-framework
species was determined.

3.2. Photocatalytic behavior

The photocatalytic production of H, from aqueous solutions of
ethanol was determined as indicated in the Materials and
methods section.

Fig. 9 shows the total amount of H, produced during the 4 h
of photocatalytic test. As can be observed, the Ti-PMOs pre-
sented higher activity than that of PMO; the amount of H,
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Fig. 7 — Photocurrent response of Ti-PMOs and PMO.

produced followed the order: Ti20-PMO > Ti1l0-PMO > Ti40-
PMO > PMO, which is in very good agreement with the pho-
toelectrochemical results discussed above. The TiO, reference
(P25) photocatalyst was much less active than the hybrid
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Fig. 8 — EIS Nyquist plots of Ti-PMOs and PMO: A) in dark;
B) under irradiation.

materials (Fig. 9). The sequence was kept when the H, yield
per m? is considered (Fig. S5). The Ti centre in the hybrid Ti-
PMOs material can facilitate the photogenerated charge sep-
aration and electron transfer for H' reduction, meanwhile the
holes oxidize the alcohol. Among the Ti-PMOs, Ti20-PMO,
produced the highest amount of H, (Fig. 9). The photocatalytic
behavior of Ti20-PMO can be related with its photo-
electrochemical characteristics; Ti20-PMO showed the lowest
intensity of PL band (Fig. 6) and the lowest transport resistance
(Fig. 8), which are related with a lower velocity of charge
recombination, thus resulting in the highest transient
photocurrent response (Fig. 7). As stated above, we relate
these characteristics of Ti20-PMO with the presence of well
dispersed tetrahedral Ti** centers into the PMO framework. A
high dispersion of tetrahedral Ti*' in other Ti-containing
mesoporous materials such as Ti-MCM-48 and Ti-MCM-41
has been previously related with a high photocatalytic activ-
ity in H, production [47,48].
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Fig. 9 — Total amount of H, produced from ethanol,q) 25%
v/v with Ti-PMOs, PMO and P25 photocatalysts during 4 h
of test; T = 293 K.
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Fig. 10 — H; production rate (mmol/h.gr;) from ethanol
25% v/v with Ti-PMOs and reference TiO,(P25)
photocatalysts during 4 h under UV—vis irradiation;

T = 293 K.

The calculated AQE values are shown in Fig. S6. AQE values
are very useful to compare the performance of different cat-
alysts for the same reaction. Nevertheless, AQE depends on
the experimental conditions of the photocatalytic test,
including for a given catalyst the excitation wavelength; this
hinders a straightforward comparison of different data in the
bibliography [49]. However, within the photocatalysts studied
in this work, it is shown that Ti-PMOs are much more efficient
photocatalytic systems than TiO, (P25); moreover, the intro-
duction of Ti in the PMO framework enhances the photo-
catalytic activity. The highest AQE was 0.36% for Ti20-PMO
photocatalyst, which is remarkably higher than that obtained
for TiO, (P25) (0.02%) under the experimental conditions used.
In order to rationalize the photoactivity of Ti-PMOs, Fig. 10
shows the rate of H, production referred to the Ti content
during the 4 h of photocatalytic test. As can be observed Ti-
PMOs are much more effective than reference TiO,. Among
Ti-PMOs, Ti10-PMO exhibited the lowest H, production rate
per Ti centre. For this sample, with the highest Ti content

CH,CH(OH)CH(OH) CH,

Fig. 11 — Photocatalytic ethanol transformation over Ti-
PMOs photocatalysts.

among the Ti-PMOs materials, besides tetrahedral Ti(IV), the
presence of octahedral TI(IV) species was found.

Finally, it can be observed a rather stable H, production
rate for Ti-PMO photocatalysts during the photocatalytic test;
no apparent deactivation occurs along the reaction time
analyzed (Fig. 10). In order to verify this aspect, Ti-PMOs were
characterized by several techniques after the photocatalytic
transformation of ethanol aqueous solution. XRD patterns of
fresh and used catalysts were similar (Fig. S7), indicating that
both the ordered mesoporous structure and the crystal-like
molecular-scale periodicity of the pore walls resulted un-
modified after the photocatalytic test. Moreover, no relevant
variation of the adsorption/desorption N, isotherms (Fig. S8)
and BET surface area (Table S2) took place. The infrared
spectra of fresh and used catalysts were also similar (Fig. S9).
These results point to a good stability of the Ti-PMO materials
under the conditions of photocatalytic test.

In the photocatalytic study carried out in this work, besides
H,, 2,3-butanediol and minor amounts of CO, CH, C,H, and
CH3CHO were obtained (Table S1); O, or CO, were not detec-
ted. The formation of 2,3-butanediol using ethanol as a
sacrificial reagent has been proposed via the coupling of two
a-hydroxyethyl radicals (- CH(OH)CHs) [50] (Eq. (1)), (Fig. 11).

2-CH(OH)CH; — CH;CH(OH)CH(OH)CHs (1)
The formation of «-hydroxyethyl radicals (Eqg. (2)) has been

proposed to be the first step for the formation of acetaldehyde
(Eqg. (3)) and 2,3-butanediol (Eq. (1)) [24—26,50].

CH5CH,OH + h* — -CH(OH)CH; + H* ©)
-CH(OH)CH; + h* — CH3CHO + H* 3)
2H" +2e~ — H, )

We relate the 2,3-butanediol formation with the pore
characteristics of Ti-PMOs photocatalysts as it has been
shown for other TiO,-based systems; a higher amount of 2,3-
butanediol has been found when Pt/TiO, photocatalysts with
a smaller pore size (in the range 4.5—30 nm) have been used
[25].

The no obtention of acetic acid or CO,, points that suc-
cessive oxidation pathways of acetaldehyde are minor.

4, Conclusions

New Ti-containing periodic mesoporous organosilicas with
biphenylene moieties, Ti-PMOs (Si/Ti = 10—40 mol/mol), were
prepared following a simple microwave-assisted method. Ti-
PMOs showed high surface-areas (742—829 m®g™), pore size
about 3—4 nm, molecular-scale periodicity in the pore walls
and mesoscopically ordered structures.

The Ti-PMOs hybrid materials were active in the photo-
catalytic transformation of aqueous ethanol (25% v/v) without
assistance of noble metal co-catalyst. The main products ob-
tained were H, and 2,3-butanediol. Both, the total H, produced
and the H, produced per m? were higher when Ti-PMOs
photocatalysts were used compared to PMO and reference
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P25. Ti20-PMO showed the best photocatalytic behavior, it
produced about 508 pmol H, gok h~! with an apparent quan-
tum efficiency of 0.36%; Ti20-PMO showed a stable H, pro-
duction rate during the photocatalytic test. The presence of
tetrahedral Ti(IV) centers in Ti20-PMO framework is related
with a lower velocity of (e7/h*) charge recombination, an
easier charge transfer and a higher photocatalytic activity.
After the photocatalytic test, structural and textural charac-
teristics of Ti-PMOs were kept.
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