
DOI: 10.1002/chem.200500649

TiO2 Nanoparticles in Mesoporous TUD-1: Synthesis, Characterization and
Photocatalytic Performance in Propane Oxidation

Mohamed S. Hamdy,[a] Otto Berg,[b] Jacobus C. Jansen,[c] Thomas Maschmeyer,[d]

Jacob A. Moulijn,[a] and Guido Mul*[a]

Introduction

The development of a selective direct route for partial oxi-
dation of propane is of major industrial importance, as it
would allow for an efficient use of this ubiquitous feedstock
in important large-scale applications, such as polymer syn-
thesis. Regarding the development of catalysts to effect such
reactions, many of the reported approaches rely on thermal

activation at elevated temperature. Photocatalysis at ambi-
ent temperature is an alternative that could, in principle, be
highly selective. Photooxidation of light alkanes and alkenes
over titania[1–5] and silica-supported titania with UV irradia-
tion has indeed been reported.[6–8] Photocatalytic, UV-driven
oxidation of light alkanes and alkenes over titania[1–8] is
largely nonselective, while over silica-supported titania rea-
sonable selectivities in, for example, propane oxidation to
acetone have been reported.[6–8] It should be mentioned that
in these studies usually a variety of wavelengths, emitted by
for example, mercury and deuterium lamps, was used to ac-
tivate the catalysts.

The high activity and low selectivity of bulk titania as a
photocatalyst has been explained by a relatively high con-
centration of holes (h+), which are associated with surface
O atoms. These holes are highly mobile, thus allowing multi-
ple electron transfers, which are required for complete oxi-
dation of organic molecules to CO2 and water.[8] When a
semiconductor is prepared in the form of sufficiently small
particles or isolated sites (which is possible on amorphous
high surface-area supports (SiO2) or in micro- or mesopo-
rous materials), the insulating nature of the support is pro-
posed to limit the transport of the holes and, thus, the
number of electron transfers that are accessible to each ad-
sorbed organic molecule in an oxidation process.[8] When
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Abstract: A series of TiO2-TUD-1 sam-
ples was synthesized with a variable Ti
loading in the range Si/Ti=100, 20, 2.5,
and 1.6, by using a one-pot surfactant-
free procedure. The materials obtained
were characterized by elemental analy-
sis; X-ray diffraction (XRD); N2 sorp-
tion measurements; high-resolution
TEM (HR-TEM); 29Si NMR, UV-visi-
ble and Raman spectroscopy. As a
function of increasing metal loading
either isolated Ti atoms, or (above a Ti
loading of ~2.5 wt-%) combinations of

isolated Ti atoms and anatase (TiO2)
nanoparticles were obtained; both
were incorporated in the highly porous
siliceous matrix. The photocatalytic
performance of these materials was
tested by studying the propane oxida-
tion process following irradiation at l=
365 nm, selectively activating the ana-

tase nanoparticles. In comparison to
commercial anatase powder, TiO2

nanoparticles in TUD-1 showed high
photochemical selectivity towards ace-
tone, the sample with a Si/Ti ratio of
1.6 being the most selective. Size and
confinement effects are consistent with
the difference in performance of the
TUD-1 materials and TiO2, limiting the
number of electron transfers available
for each propane molecule.
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micro- or mesoporous materials are used, confinement of
the particles is expected to further enhance selectivity.

In the present study incorporation of TiO2 in a new meso-
porous material developed at the Delft University of Tech-
nology (TUD-1) was evaluated for the selective light-acti-
vated oxidation of propane to acetone. TUD-1 is a form of
mesoporous amorphous silica with a 3D spongelike struc-
ture.[9] The functionalization of TUD-1 with a low loading of
titanium (denoted Ti-TUD-1) has been reported previous-
ly[10] and it showed high activity in cyclohexene epoxidation.
In the present study, it will be shown that one of the advan-
tages of using TUD-1 as a support is that a high loading of
titanium can be achieved, while maintaining a high disper-
sion of TiO2 in the form of nanoparticles. These nanoparti-
cles have a narrow size distribution, due to the growth con-
ditions within the aggregates of a templated sol–gel synthe-
sis. A further consequence is that these nanoparticles are lo-
cated on accessible surfaces of the mesopore. In this paper,
we report an extensive characterization of the TiO2 nanopar-
ticles embedded in a TUD-1 mesoporous silica matrix. It
will also be shown that nanoparticle-containing TiO2-TUD-1
can be more selective in the photooxidation of propane to
acetone than commercially available microcrystalline ana-
tase; this result is based on activity evaluation using IR
spectroscopy. In contrast to previously reported studies on
the use of SiO2-supported TiO2 catalysts, in which multiple
wavelength excitation was applied, irradiation was per-
formed in this work at a distinct wavelength of l=365 nm.
Implications for the structure/activity correlation of the
nanoparticles are discussed.

Results and Discussion

TiO2-TUD-1—a new mesoporous material : All TiO2-TUD-1
samples (nomenclature in Table 1) were prepared at room
temperature by using triethanolamine (TEA) as a bifunc-
tional template, which acts as a mesopore-directing agent
and as a complexing ligand[11] for titanium-active sites on
the mesoporous wall. The Si/Ti ratio in the synthesis gel and
in the calcined product are plotted in Figure 1, the latter
being determined by instrumental neutron activation analy-
sis (INAA), a technique for elemental analysis. The Si/Ti
ratio in the final product after calcination is close to that
present in the synthesis gel, which indicates that most titani-
um cations are incorporated in the final solid product.

Moreover, this demonstrates that the outcome of the synthe-
sis is highly predictable.

29Si NMR spectroscopy is a well-established tool for the
characterization of crystalline silicate minerals, allowing for
the detection of heteroatoms incorporated in the frame-
work;[12] in principle this should also be possible for mesopo-
rous amorphous materials. The 29Si magic angle spinning
NMR (MAS NMR) spectrum of calcined siliceous TUD-1 is
shown in Figure 2, together with sketches of the Si-bearing
structures responsible.[14] The principal peak, centered at d=
�110 ppm, is usually labeled Q4 and assigned to Si(�O�)4

units that do not involve silanol (SiOH). The shoulder at
d=�102 ppm (Q3) is assigned to silicon nuclei with a single
silanol group, Si(OH)(�O�)3. A signal at d=�90 ppm (Q2),
characteristic of Si(OH)2(�O�)2, is very weak in TUD-1.
Also shown in Figure 2 is the spectrum of TiO2-TUD-1, nor-
malized to the same peak intensity. As TiO2-TUD-1 con-
tains fewer Si nuclei, its signal-to-noise ratio is lower. In the
region of Q4, Q3, and Q2 the observed band shapes are iden-
tical. The only deviation that might be assigned to the
heteroatomic structure Si�O�Ti(�O�)3 is a weak shoulder
in the region d=�122 to �132 ppm. In general, however,

Table 1. Elemental analysis and the N2 sorption measurements of TiO2-
TUD-1.

Sample Si/Ti ratio
in synthesis
mixture

Si/Ti ratio
after
calcination

SBET
[a]

[m2g�1]
Vmeso

[b]

[cm3g�1]
Dmeso

[c]

[nm]
Color

Ti-1 100 105 628 1.1 9.1 white
Ti-20 5 4.6 741 0.5 3.6 white
Ti-40 2.5 2.3 570 0.36 3.5 white
Ti-60 1.6 1.4 516 0.28 2 white

[a] Specific surface area. [b] Mesopore volume. [c] Mesopore diameter.

Figure 1. Elemental analysis in terms of Si/Ti molar ratio in the synthesis
gel versus the Si/Ti molar ratio in the final products.

Figure 2. 29Si NMR spectra for TUD-1 (upper) and TiO2-TUD-1 (lower,
offset).
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most of the silica in TiO2-TUD-1 is chemically similar to
that in pure TUD-1.

Figure 3 shows powder X-ray diffraction (XRD) patterns
of various samples of TiO2-TUD-1. Different Ti loadings are
denoted by a relative weight percent of Ti, with the corre-

sponding Si/Ti ratio reported in Table 1. All samples show a
single intense peak at 1–2.58 2q, which corresponds to a
short-range correlation of nuclear density at a distance of
45–47 L. The peak is instrument-limited on the small-angle
side, but with increasing Ti content it weakens, broadens,
and shifts to larger angles. This implies that the short-range
order is increasingly disrupted, and that the remaining struc-
tures are smaller and more heterogeneous. This indicates
that TiO2-TUD-1 is a noncrystalline, mesostructured materi-
al. The intensity of the peak decreases with increasing Ti
loading as a result of the influence of titania particles on the
integrity of the mesoporous structure. Crystalline TiO2 (ana-
tase or rutile) could not be detected with XRD.

Figure 4 shows N2 sorption isotherms of the TiO2-TUD-1
samples. All TiO2-TUD-1 samples show type IV adsorption

isotherms, indicating their mesostructured character[15] with
narrow pore-size distribution. One can distinguish two char-
acteristic types of hysteresis loops. In the first case, (i.e., Ti-
1) the loop is relatively narrow, the adsorption and desorp-
tion branches being almost vertical and nearly parallel. This
indicates that the isotherm is governed by delayed capillary
condensation, with uniformly sized pores filling and empty-
ing in a narrow pressure range. At higher Ti loading (Ti-20,
Ti-40, and Ti-60) the hysteresis loop becomes broad, the de-
sorption branch being steeper than that of the adsorption
branch at relative pressures of about 0.4–0.5. This feature is
characteristic of mass-transfer-limited filling and emptying
of nonuniform pores. The presence of TiO2 nanoparticles
clearly affects the internal structure and connectivity of
TUD-1.

In Table 1 porosity measurements of the TiO2-TUD-1
samples (calculated from the adsorption branch of the N2

adsorption–desorption isotherms using the Barrett–Joyner–
Halenda formula) are summarized: the surface area of the
samples ranges from 500 to 750 m2g�1, the mesopore volume
decreases with Ti loading from 1.1 to 0.28 cm3g�1, and the
mesopore diameter from 9.1 to 2 nm. These trends are in
agreement with those observed in the corresponding series
of XRD patterns.

Figure 5 shows diffuse reflectance UV-visible spectra of
different TiO2-TUD-1 samples. All spectra contain an ab-
sorption band centered at 220 nm, which is attributed to the

charge-transfer transition associated with isolated Ti4+

framework sites in tetrahedral coordination.[16] The other
peak around 320–350 nm indicates the presence of polytita-
nium (Ti�O�Ti)n clusters.[17] The intensity of this peak in-
creases with Ti loading, consistent with the formation of a
crystalline TiO2 phase in addition to the titanosilicate phase.
This crystalline phase is nevertheless not apparent in the
powder XRD patterns (above), indicating large Debye–
Scherrer broadening consistent with their small size.

To clarify the distribution of crystalline titania within the
various TiO2-TUD-1 samples, a high-resolution transmission

Figure 3. XRD patterns of TiO2-TUD-1 samples.

Figure 4. The N2 adsorption isotherms for different TiO2-TUD-1 samples.

Figure 5. The UV-visible spectra for TiO2-TUD-1 samples.
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electron microscopy (HR-TEM) study was performed. The
images of Ti-1 (Figure 6) show only the spongelike 3D struc-
ture characteristic of TUD-1 mesoporous materials; this is a

strong indication for the complete isolation of Ti atoms
inside the framework. In contrast to highly ordered materi-
als, like MCM-41, the apparent pore size is not directly pro-
portional to that obtained from the nitrogen-sorption ex-
periments. It appears significantly smaller, due to the super-
position of many disordered pores within the focal depth of
the microscope. In the images of Ti-20, Ti-40, and Ti-60 the
spongelike mesoporous matrix is still apparent. More impor-
tantly, the diffraction fringes of TiO2 nanocrystals are ob-
served. These appear as evenly distributed, uniform inclu-
sions, rather than bulky crystals or heterogeneous aggre-
gates. The size of the nanoparticles is comparable to that of
the pores in TUD-1. This suggests that nanoparticle growth
is limited by the pore diameter, and therefore these particles
nucleate and grow within existing pores of the matrix.

In Figure 7 a HR-TEM image of the Ti-40 sample is pre-
sented. The major d-spacings are indicated and for compari-
son those for anatase and rutile are also presented. The re-
sults suggest that the crystalline phase is anatase, although
the d101 value deviates to some extent.[18] In Figure 8 the
Raman spectra of dehydrated Ti-1 and Ti-60 samples are
compared with those of anatase and rutile. Based on Raman
spectra of the anatase and rutile reference materials, it can
be inferred that these samples were not entirely single phase
(rutile contained some anatase phase, and anatase some

rutile phase). However, for phase identification of the
TUD-1 catalysts these samples served their purpose. Ti-1
did not show any Raman resonance in the frequency range
in which anatase and rutile peaks appeared; this is consis-
tent with results from other characterization techniques. The
Raman spectrum of Ti-60 matches that of anatase, demon-
strating conclusively the presence of anatase as nanosize
crystals in TiO2-TUD-1.

The photocatalytic performance : The reaction of propane
with molecular oxygen was used to evaluate the photocata-
lytic performance of TiO2-TUD-1. Control experiments
were carried out to demonstrate that oxygen gas, titanium
loading, and near-UV irradiation were all necessary for the
appearance of propane oxidation products. In these blank
runs no products were observed in the IR spectrum after
100 minutes.

Exposure of the Ti-1 and Ti-20 samples to near-UV light
in an atmosphere of propane and molecular oxygen had a
minimal effect, consistent with the absence of electronic ab-
sorption at 365 nm (cf. Figure 5). Samples Ti-40 and Ti-60
absorb light at the excitation wavelength; this resonance
was previously assigned to anatase inclusions. At the applied
wavelength of 365 nm, the specific absorbance of Ti-60 is

Figure 6. HR-TEM images for Ti-1 (top) and Ti-40 (bottom).

Figure 7. HR-TEM image of a Ti-40 sample. The inset gives the standard
d-spacing of bulk rutile and anatase[18] compared with the measured
values.

Figure 8. Raman spectra of TiO2-TUD-1 compared with those of rutile
and anatase.
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greater by a factor of two (cf. Figure 5). Difference spectra
before (a) and after irradiation (b) are shown in Figure 9
(10 mWcm�2 at 365 nm, 28 8C); this is typical for the Ti-60
catalyst. Because the background was recorded after dosing,
the vibrational modes of propane are not apparent. The
bands which appear during irradiation can be assigned as
follows.

The strongest band at 1685 cm�1 is characteristic of a car-
bonyl C=O stretching vibration. This, the C�C�C asymmet-
ric stretching frequency at 1388 cm�1, and the C�H bending
mode at 1435 cm�1 are due to adsorbed acetone. For com-
parison, the spectrum of acetone adsorbed on TUD-1 is
shown in the inset of Figure 9. The band at 1572 cm�1 and
the shoulder of the band at 1435 cm�1 are attributed to
asymmetric and symmetric stretching modes of the carboxyl
group (COO�), respectively. Acetate and/or formate species
are the most probable carriers of this group and were re-
ported to be formed by alkane and alkene oxidation over
various transition metal oxides such as Cr2O3.

[19] In fact, for
formate the symmetric stretch overlaps with the 1388 cm�1

bending mode of adsorbed acetone, and the 1433 cm�1 ab-
sorption is typically correlated with the presence of acetate
species .[19] For detailed information on surface oxidation of
adsorbed C3 species on TiO2 to acetate and formate species
the reader is referred to the work of Mul et al.[20] Finally, the
peak at 1630 cm�1 can be assigned to the bending mode of
water by comparing it with the spectra of reference systems
(not shown). The development of the product spectra by
photochemical activity of Ti-40 and Ti-60 is shown in
Figure 10.

The product spectra can be quantified by deconvolution
and integration of the component peaks, their areas being
proportional to the number of molecules present. The con-
stants of proportionality (integrated IR cross section) are

known, allowing calculation of the activity and selectivity of
the photochemical reaction. Any systematic errors due to
the deconvolution procedure or uncertainty in the IR cross
sections are internally consistent among the measurements
given here, so comparisons are justified. The rate of total
product formation, based on the photometric results, is plot-
ted as a function of exposure time in Figure 11 for various
TUD-1 samples. These quantities are specified per unit ex-
ternal surface area of the sample wafer (see Experimental

Figure 9. FTIR difference spectra of adsorbed species arising from pro-
pane oxidation over Ti-60 at a) zero time (dark) and b) after 100 minutes
of photoexcitation. The inset shows a spectrum of acetone adsorbed di-
rectly from the gas phase.

Figure 10. FTIR spectra of adsorped species arising from propane oxida-
tion over Ti-40 (top) and Ti-60 (bottom).

Figure 11. Propane consumption ([Acetone] + [Carboxylate/2]
(mmolcm�2)) over different TiO2-TUD-1 compositions.
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Section); the corresponding in-
ternal surface available for ad-
sorption is orders of magnitude
greater.

Figure 11 shows that the ac-
tivity of Ti-60 is significantly
higher than that of Ti-40. As
both samples absorb strongly at
the excitation wavelength, and
the transmitted power is negli-
gible, most of the light is absor-
bed. The difference in specific
optical absorption will affect
the penetration depth of this ra-
diation, but the IR photometry
effectively sums over the entire
sample thickness. With this in
mind, the photon efficiency of
the catalyst pellets can be esti-
mated as follows: over the
100 minute reaction period a
total of 1.1M1023 UV pho-
tonsm�2 were incident on vari-
ous samples, all of which were
opaque at the excitation frequency. On Ti-60 this gives 1.1M
10�6 molcm�2 of products, or 1.8M1020 moleculesm�2. There-
fore, the quantum yield of photochemical products is in the
order of 0.002.

The acetone production rate, as summarized in Table 2, is
a factor of five higher in Ti-60 than in Ti-40. This suggests
that the smaller particle size present in the Ti-60 sample
(~2 nm) versus the Ti-40 sample (~3.5 nm), and the associ-
ated higher number of available Ti�O surface sites, contrib-
utes to the significantly higher performance of Ti�60. In ad-
dition to the rate of product formation, Table 2 also lists the
selectivity. It shows that the Ti-60 sample is not only more
active, but also more selective towards acetone in the oxida-
tion of propane (vide infra).

Besides comparing the various TUD-1 samples in perfor-
mance, it is particularly interesting to compare the perfor-
mance of TiO2-TUD-1 with pure bulk anatase TiO2 (Hombi-
kat) under the same reaction conditions. In Figure 12 the
spectra of Ti-60 and two anatase samples at comparable
conversion are shown. For the bulk anatase samples, the
product spectra are dominated by carboxylate absorption
frequencies. In contrast to any of the TiO2-TUD-1 materials
adsorbed CO2 was also generated during the reaction (asym-

metric stretch at 2355 cm�1), as well as aldehyde species (C=
O stretch at 1736 cm�1). The formation of aldehydes has
been reported previously by Yoshida and co-workers,[6,7] al-
though the data are largely confusing and no explanation is
given. The differences in product distribution between the
two Hombikat samples are most likely the result of a differ-
ent surface hydroxyl-group concentration and surface area
and porosity of the samples, induced by the thermal pre-
treatment at 873 K. Pure anatase phases (Hombikat) clearly
favor over-oxidation products, up to and including complete
oxidation to H2O and CO2.

The selectivity to acetone as a function of total product
formation is also given in Figure 12. Over the whole pro-
pane conversion range investigated, the TUD-1 samples are
much more selective toward acetone than bulk anatase
phases, while Ti-60 seems to be the most selective catalyst.
The low selectivity for the anatase samples is in good agree-
ment with literature data. Among others, Brigden et al.[4]

and Haeger et al.[5] reported complete oxidation to CO2

under conditions relevant for environmental pollution con-
trol applications, that is, with a large excess of O2 of about
200 relative to the alkane and alkene concentrations. In fact,
a similar O2 over propane ratio of 140 was employed in the

present study to prevent, as
much as possible, a rapid deac-
tivation of the catalysts.[4,5] Still,
in Figure 11 some deactivitation
of the Ti-60 catalyst can be ob-
served, which is explained by
the large amount of acetone
and carboxylate accumulating
on the catalyst surface. In view
of the large oxygen excess, it is

Table 2. The activity measurements of propane oxidation over different TiO2-TUD-1 samples.

Sample Surface rateM103

[mmolcm�2min�1]
[Acetone]
[mmolcm�2]

[Carboxylate]
[mmolcm�2]

Ac/Ca[a] Acetone
selectivity%[b]

Ti-1 0 – – – –
Ti-20 0.26 0.02 0.01 1.48 –
Ti-40 2.23 0.17 0.1 1.74 63
Ti-60 10.64 0.73 0.67 1.09 77

[a] After 100 minutes. [b] After reaching same product amount, that is, 0.23 mmolcm�2.

Figure 12. Left, surface acetone selectivity (%) as a function of total amount of acetone and carboxylates pro-
duced. Right, FTIR spectra of adsorbed species arising from propane oxidation over Ti-60 compared with
pure bulk anatase (Hombikat and Hombi-600) after reaching the same amount of products, that is,
~1.1 mmolcm�2.
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indeed remarkable that a surface selectivity in the range of
50–60% can be achieved with the TUD-1 catalysts. Appa-
rently, the physical constraints imposed by the TUD-1
matrix—constraints on anatase particle morphology and per-
haps adsorbate mobility—can bias the photocatalytic reac-
tion toward the desired partially oxidized products. Indeed,
the average smaller particle size and pore diameter deter-
mined for the Ti-60 catalyst compared to the Ti-40 sample is
in agreement with this hypothesis, in view of the higher se-
lectivity obtained with the former system. It should also be
mentioned that the present study was conducted with
365 nm near–UV light only, rather than with the entire spec-
trum of deuterium and mercury lamps;[4,5] the use of one
wavelength might be beneficial for selective product forma-
tion. The effect of the applied wavelength on product selec-
tivity is currently under investigation.

Besides the use of TiO2 for total oxidation of alkanes in
environmental applications, Yoshida and co-workers have
reported selective oxidation of propane over SiO2-supported
TiO2 catalysts in two different publications.[6,7] By comparing
the activity data it appears that the same materials were
used in both studies, while the reported product distribution
differs significantly. In particular, for the catalyst labeled I-
TS, studied by Tanaka et al. ,[7] a remarkably high selectivity
to acetone of 95% was reported, while a selectivity of 57%
was reported by Yoshida et al.[6] for the same material under
comparable conditions. Regardless of the true performance,
in view of the relatively high propane-to-oxygen ratio em-
ployed by Yoshida, it appears that Ti incoporated in TUD-1
is a better catalytic system for selective oxidation of hydro-
carbons than Ti supported on amorphous silica, especially if
one considers the absence of aldehyde formation on the
TUD-1 catalysts. The difference in aldehyde selectivity ob-
served for pure TiO2 phases and Ti-TUD-1 remains an unre-
solved issue, and needs further investigation.

Finally, in contrast to what is reported for zeolite Y,[21] the
primary surface reaction products, acetone and water, could
be partially removed by evacuation at room temperature.
Figure 13 shows the FTIR spectra for desorption of the

products from the TiO2-TUD-1 surface. Almost 30% of ace-
tone and 10% of water was removed by evacuation after
90 minutes; however, carboxylate species did not show any
significant desorption from the catalyst surface. The relative-
ly easy desorption of acetone is a potentially favorable prop-
erty of TUD-1 in an eventual practical process. Further
evaluation of the surface properties of the carboxylates is
necessary to design such a process. As a final note, the use
of visible-light-active materials or even the reaction without
illumination, as discussed by Lefferts,[21] is economically
more favorable than the reported UV-driven TiO2 catalysis.
Activity data of visible-light-sensitive Cr-TUD-1 will be re-
ported shortly, indicating that the Cr system is also highly
selective in the photooxidation of propane to acetone.

Conclusion

Different active sites can be generated during the synthesis
of Ti-containing TUD-1 mesoporous materials. Isolated tet-
rahedrally coordinated Ti4+ species (Ti�(OSi)4) are formed
when the Si/Ti ratio is lower than ~2.5. When the fraction
of Ti atoms is increased further, nanoparticles of TiO2 are
synthesized inside the pores of TUD-1; the isolated species
is also formed. The crystalline phase has been identified as
anatase. By using 365 nm near-UV irradiation, which selec-
tively activates the anatase nanoparticles, photooxidation of
propane was induced. TiO2-TUD-1 shows higher selectivity
towards acetone than commercial anatase, the sample with a
Si/Ti ratio of 1.6 being the most selective. The products
could be partially removed from the TiO2-TUD-1 surface at
room temperature by evacuation, which opens up the design
for a continuous process.

Experimental Section

Materials synthesis : A series of TiO2-TUD-1 samples with different Si/Ti
ratios (100, 5, 2.3, and 1.6) were synthesized in a one-pot surfactant-free
procedure based on a sol–gel technique. Triethanolamine (TEA) func-
tions as a bifunctional template and tetraethyl ammonium hydroxide
(TEAOH) as the base.[9–11] In a typical synthesis procedure, using a molar
composition of 1SiO2:xTiO2:0.3TEAOH:1TEA:11H2O, a mixture of
triethanolamine (97%, ACROS) and deionized water was added drop-
wise into a mixture of tetraethylorthosilicate (+98%, ACROS) and tita-
nium(iv) n-butoxide (99%, ACROS) while stirring. After stirring for a
few minutes, tetraethyl ammonium hydroxide (35%, Aldrich) was added.
Finally the mixture was aged for 24 h under atmospheric conditions,
dried for 24 h at 371 K, hydrothermally treated at 455 K for 8 h, and cal-
cined at 873 K for 10 h (ramp 1 Kmin�1).

For comparison, two samples of TiO2 Hombikat (pure anatase phase;
99% Aldrich) were used to photocatalyze the oxidation of propane. The
first sample (Hombikat) was used as obtained. The textured properties of
this sample were as follows: the surface area was 337 m2g�1, pore volume
was 0.46 cm3g�1, and the pore size was 2.2 nm. The second sample
(Hombi-600) was calcined before being used at 600 8C for 10 h[22] and the
textured properties can be summarized as follows: surface area was
51 m2g�1, pore volume was 0.26 cm3g�1, and the pore size was 1.4 nm.

Catalyst characterization : Powder XRD patterns were measured on a
Philips PW 1840 diffractometer equipped with a graphite monochromatorFigure 13. The FTIR spectra recorded during evacuation.
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using CuKa radiation (l=0.1541 nm). The samples were scanned over a
range of 0.1–808 2q with steps of 0.028. Nitrogen adsorption and desorp-
tion isotherms were recorded on a QuantaChrome Autosorb-6B at 77 K.
The pore size distribution was calculated from the adsorption branch
using the Barret–Joyner–Halenda (BJH) model.[23] Samples were previ-
ously evacuated at 623 K for 16 h. The Brunauer–Emmett–Teller (BET)
method was used to calculate the surface area (SBET) of the samples,
while the mesopore volume (VmesO) was determined by the t-plot
method according to Lippens and de Boer.[24] Instrumental neutron acti-
vation analysis (INAA) was used for chemical composition determination
(elemental analysis), which was performed at the Interfaculty Reactor In-
stitute (IRI), Delft. The “Hoger Onderwijs Reactor” nuclear reactor,
with a thermal power of 2 MW and maximum neutron flux of 1017 neu-
trons s�1 cm�2, was used as a source of neutrons and the gamma spectrom-
eter was equipped with a germanium semiconductor as the detector. This
method can be applied to solid samples and was used because of difficul-
ties encountered when dissolving the samples. The method proceeded in
three steps: irradiation of the elements with neutrons in the nuclear reac-
tor, followed by a period of decay, and finally measurement of the radio-
activity resulting from irradiation. The energy of the radiation and the
half-life period of the radioactivity enabled a highly accurate quantitative
analysis.[25] 29Si MAS NMR experiments were performed with a magnetic
field of 9.4 T on a Varian VXR-400 S spectrometer operating at
104.2 MHz with pulse width of 3.2 ms. Zirconia rotors (4 mm) were used
with a spinning speed of 8 kHz. Chemical shifts were measured with re-
spect to tetramethylsilane (TMS) as an external standard at d=0 ppm.
1000 scans were collected using a sweep width of 20000 Hz and an ac-
quisition delay of 20 s. UV-visible spectra were collected at ambient tem-
perature on a CaryWin 300 spectrometer using BaSO4 as a reference.
Samples were ground carefully, heated overnight at 180 8C, and then
scanned from 190–800 nm. The UV-visible absorption data were convert-
ed to Kubelka–Munk units. The laser Raman spectra were obtained by
using a Renishaw Raman imaging microscope, system 2000. The green
(l=514 nm) polarized radiation of an argon-ion laser beam of 20 mW
was used for excitation. A Leica DMLM optical microscope with a Leica
PL floutar L500/5 objective lens was used to focus the beam on the
sample. The Ramascope was calibrated using a silicon wafer. Samples
were dehydrated in situ in an airflow of 100 mLmin�1, by using a temper-
ature programmed heated cell (Linkam TS1500). Spectra were collected
in the range 180–1600 cm�1. HR-TEM was carried out on a Philips
CM30UT electron microscope with a field-emission gun, operated at
300 kV, as the source of electrons. Samples were mounted on a copper-
supported carbon polymer grid by placing a few droplets of a suspension
of ground sample in ethanol on the grid, followed by drying under ambi-
ent conditions. EDX elemental analysis was performed on a LINK EDX
system.

Propane photooxidation : Near-UV light was obtained from a 500 W ca-
pillary Hg arc (Philips SP500). The intense Hg emission at 365 nm was
isolated by means of a monochromator and glass filters, resulting in a
bandwidth of approximately 15 nm. Output was measured with a thermo-
pile power meter (Scientech 360001).

Thin wafers of TiO2-TUD-1 weighing approximately 15 mg were formed
at 3 tonscm�2 on an automatic press (SPECTA). These were mounted on
a copper sample holder that incorporated a resistive heating element and
type-K thermocouples. The holder, in turn, was mounted in the optical
tail of a stainless steel high-vacuum system (base pressure 6M10�8 mbar).
The tail was positioned in the sample bay of a purged FTIR spectropho-
tometer (Bio-Rad 176C). All spectra were averaged over 200 scans at
8 cm�1 resolution. By using CaF2 windows and protecting the detector
with a germanium plate, FTIR spectra could be obtained during UV irra-
diation. The optical layout is illustrated in Figure 14.

All samples were activated by heating under high vacuum to 500 8C
(ramp 15 Kmin�1). 500 8C was maintained for 30 minutes, during which
time changes in the IR spectrum—primarily due to the desorption of
water—ceased. After cooling to 25 8C, the vacuum chamber was loaded
with 2.75 mbar propane and 400 mbar molecular oxygen (this propane/
oxygen 1:140 ratio was used for all experiments). These molar quantities
are large compared with the amount of adsorbed photochemical prod-

ucts. Thus, the reactions occurred with a large excess of gas-phase re-
agents at effectively constant concentration. Finally, we note that the ab-
sorption of UV light caused an observable heating of the sample wafers.
This heating was greater under high vacuum than with the reagent gases
present. Evidently the principal heat-loss mechanism under reaction con-
ditions was not lateral thermal diffusion to the copper sample holder, but
rather contact with the background gas. A temperature-dependent shift
of the O�Si�O absorption intrinsic to TUD-1 was calibrated against re-
sistive heating of the entire sample holder under high vacuum. Using
these shifts as an in-situ temperature gauge, the radiative heating effect
was found to be less than 20 K.

IR absorption spectroscopy : Distribution of the photochemical reaction
products is not expected to be uniform within the sample wafer. As such
pressed powders absorb and scatter visible light strongly, there will be a
gradient of radiation intensity and hence reaction rate, as a function of
depth into the sample (parallel to the direction of the infrared beam).
The products may or may not redistribute by diffusion. On the other
hand, the UV-light image was diffuse and larger than the IR focus, so
that the photochemical products were uniformly distributed in the direc-
tion transverse to the infrared beam. Under these circumstances a suit-
able instrumental measure of product concentration is the 2D “column
density” in the transverse direction, or moleculescm�2. For linear-absorp-
tion measurements it is immaterial how a given number of molecules are
distributed in the longitudinal direction. Therefore the Beer–Lambert
law may be written as Equation 1, in which I0 and I are the incident and
transmitted light intensity as a function of frequency n, A is the absorb-
ance, C is the column density (moleculescm�2), and s is the molecular
absorption cross section (cm2molecule�1).

ln½IoðnÞ=IðnÞ� ¼ 2:303AðnÞ ¼ CsðnÞ ð1Þ

Integrating over frequency gives Equation 2, in which Ã is the integrated
absorbance (band area) and s̃ is the integrated molecular cross section
(cm per molecule)

~A ¼ C~s=2:303 ð2Þ

The latter is proportional to the transition dipole moment, and so forth.
By systematic dosing, we measured s̃=3.24M10�17 cm per molecule for
the C=O stretch of acetone adsorbed to TUD-1. For carboxylate species
we used a value typical of adsorbed formate and acetate ions: s̃=4.7M
10�17 cm per molecule.[26]

As the IR spectra of the products overlap, it was necessary to separate
these by deconvolution. Good fits could be obtained in the region of in-
terest (1520–1720 cm�1) by the sum of three Gaussian bands and a linear
baseline, as shown in Figure 15. With the center frequency of the water
band fixed at 1635 cm�1, the other frequencies, widths, and amplitudes
were optimized by a nonlinear least-squares fitting procedure. It is the
areas of these component Gaussian bands that were used to calculate the

Figure 14. Schematic optical layout for photocatalytic evaluation.
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column density (C) of the adsorbed species. The yield of acetone and car-
boxylates can then be computed using the component band areas and
Equation (2).
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Figure 15. FTIR spectra of adsorped species and their deconvolution.
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