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Conversion of methanol on rutile TiO,(110) and
tungsten oxide clusters: 2. The role of defects
and electron transfer in bifunctional oxidic
photocatalysts+

Lars Mohrhusen, (2 * Jessica Krauter® and Katharina Al-Shamery

The photochemical conversion of organic compounds on tailored transition metal oxide surfaces by UV
irradiation has found wide applications ranging from the production of chemicals to the degradation of
organic pollutants e.g. in waste water treatment. Here, we present a systematic surface science-based
study of the UV photoconversion of methanol on a rutile TiO,(110) surface. Under the used conditions,
the dominant photoreaction is the photo-oxidation forming formaldehyde, that is drastically boosted by
the presence of adsorbed oxygen as well as (sub-)surface defects such as oxygen vacancies and Ti**
interstitials. Moreover, a photostimulated and Ti** mediated C-C coupling was observed leading to
the production of ethene. We have further deposited tungsten oxide clusters on the rutile surface
and examined the impact on the methanol photochemistry. In this case, the C-C coupling can be
suppressed. Surprisingly, especially for high Ti** contents the population of the photochemical pathway
is quenched in favor of the population of the thermal reaction yielding more methane from the deoxy-
genation reaction. So, the common concept that long time charge separation is efficient by combining
two photocatalysts with similar band gaps, but different work functions in order to enhance photo-
chemical yields is apparently too naive for certain systems. We attribute the loss of photoproducts with
tungsten oxide coadsorption to the “pinning” of Ti** centers and a related enhancement of electron
density near the oxide clusters which makes a concomitant recombination of the photochemical relevant
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1. Introduction

Photochemical reactions on transition metal oxide based semi-
conductors play nowadays an indisputable role in heterogenous
photocatalysis. Particularly titanium dioxide attracted the interest
of many researchers, either as rutile, which is the most stable
configuration, anatase, or mixtures of both. The probably most
popular example is the degradation of organic pollutants by UV
photo-oxidation at a mixture of rutile and anatase known as
P25."* However, not only total oxidation can occur but a con-
trolled photochemistry yielding valuable products can be realized
by adjustment of the reaction properties (such as irradiation
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1 Electronic supplementary information (ESI) available: Fig. S1: Spectroscopic
characterization of the used UV source; Fig. S2: Fragmentation patterns of
methanol and possible reaction products; Fig. S3: Additional TPR spectra for
small amount of Ti*"; Fig. S4: Deconvolution of m/z = 18 trace; Fig. S5: Additional
TPR spectra without oxygen coadsorption; Fig. S6-S8: Additional TPR traces for
mj/z = 28 and 44. See DOI: 10.1039/d1cp01176f
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holes with the excess surface electrons more likely.

wavelength and power, mass transport etc.)."* Here, surface
science studies under well-defined conditions are of particular
interest when aiming for a comprehensive understanding. For
instance, we have recently investigated the photo-oxidation of
isopropanol towards acetone.® Several other examples including
the photo-oxidation of ethanol to acetaldehyde,’ the photo-
oxidation of carbon monoxide,” and the photochemistry of
methanol at TiO, single crystals®® and titania nanomaterials'®
are available in the literature.">'* By now, defects such as oxygen
vacancies, Ti’" interstitials and other reduced sites are recognized
to be an essential key to increase and further control the reactivity
in thermal reactions towards oxygen and oxygen-containing
molecules.”*?° Their role in photochemical reactions, however,
has not been studied so intensively in comparison.**>'* Therefore,
we first focus on the methanol photochemistry on a rutile TiO,(110)
surface as a function of the Ti** content.

In a subsequent step, we mimic a mixed oxide-oxide bifunc-
tional catalyst by deposition of tungsten oxide clusters on rutile
TiO,(110). Such clusters on various supports were already
tested in theoretical and experimental studies for thermal
alcohol or aldehyde conversion reactions.* > Surprisingly, the
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photochemistry of these clusters has not been investigated
yet although both materials (WO; and TiO,) are promising
candidates for photochemical reactions. Moreover, the band
gap of bulk WO; (2.8 V) is smaller than the one of rutile TiO,.*?
However, as the (WO3;), clusters appear more like molecular
quantum dots, they exhibit an expanded band gap (or HOMO-
LUMO gap, respectively) of approx. 3.4 eV.**>*?> Hence, (WO3);
clusters can be directly excited by UV light (A < 365 nm) to act
as a photocatalyst similar to TiO,.>**® Due to the relatively high
work function of WOj3, the LUMO of (WOj3),, clusters is expected
to be below the conduction band of rutile TiO,.>* Therefore,
photogenerated charge carriers are expected to be efficiently
separated. Photoelectrons should accumulate at the low-lying
LUMOs of tungsten oxide clusters, while holes travel to the
TiO, surface. Indeed, improved photocatalytic properties were
reported for real WO;/TiO, catalysts for degradation of several
organic molecules. The authors of these studies, which were
performed under technical relevant reaction conditions, com-
monly refer additionally to the higher surface acidity as well as
to beneficial effects on the exciton lifetime.?”4°*

Here, we present a systematic temperature programmed
reaction spectroscopy (TPRS) based study of the photo-oxidation
of methanol on such surfaces. We highlight the drastically
increased photoproduction of formaldehyde in presence of high
Ti** contents on bare TiO, and present the photostimulated C-C
coupling route forming ethene from two molecules of methanol.
After deposition of the tungsten oxide cluster, the thermal
chemistry is more dominant than for bare TiO,. We shall
combine these results with our recent finding, that an electron
transfer between TiO, point defects and tungsten oxide clusters
is possible under accumulation of surface near Ti*" sites and
formation of partially anionic clusters.*®

2. Experimental

All results were obtained using a home-built UHV chamber
(base pressure below 107 '® mbar) as described elsewhere in
detail.*” High purity compounds (here, oxygen (Air liquide,
99.999%), argon (Air liquide, 99.999%) and methanol (Fisher
Scientific, 99.99% (HPLC grade)) can be adsorbed onto the
sample via a directional pinhole doser or chamber backfilling
via a leak valve. Before use, methanol was cleaned by at least
five freeze-pump-thaw cycles. All TPR spectra were recorded
using a temperature ramp of 2 K s .

For all experiments, rutile TiO,(110) single crystals (10 x
10 x 1 mm?®, Surface Net GmbH) were used. Clean (110) (1 x 1)
surfaces were produced by repeated cycles of argon ion
bombardment (20 minutes at 300 K, 1 keV, 2 pA cm > at
5 x 107" mbar argon background pressure) and subsequent
annealing at 880 K for 15 minutes in UHV. Since this procedure
leads to a partially reduced material, it will be called one
“reduction cycle” in the following.”” The surface quality was
frequently checked by low energy electron diffraction (LEED).

An individual evaporation chamber allowed deposition of
tungsten oxide clusters by electron beam evaporation from bulk
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WO, and subsequent sample transfer in vacuo (<10~ ° mbar).
Again, the system is described elsewhere in more detail.*® Here,
identical conditions, devices and evaporating materials were
used. Therefore, the surface characterization may be directly
transferred from that publication.’**® Before use in TPRS
experiments, the clusters were initially heated to 880 K (2 K s™ %,
keeping 880 K for 1 minute) to remove possible residual con-
taminants from the cluster evaporation. Based on XPS and TPRS
experiments, a significant role of surface hydroxylation by water
adsorption from the chamber background can be excluded.*>

For the photochemical reactions, adsorbates were irradiated
with UV light at the base temperature (approx. 110 K) and
reaction products were analyzed by means of TPRS. In recent
reports, monochromatic high-power UV-LED setups in or ex
vacuo appear very convenient for this purpose due to their high
intensity in combination with low costs, easy operation and
small size.*®*° Therefore, we have established a home-built
UV-LED device following a design by Brummel et al.*’ that can
be mounted on the chamber viewports and allows UV irradia-
tion of the sample. Here, a commercial UV-LED (Seoul Viosys
CUNGAF4A, nominal wavelength of 365 nm, 2.75 W) was used.
We have additionally characterized the system and found good
agreement with the LED specifications, see ESI,{ Fig. S1.
In detail, the used UV light consists of two spectral contribu-
tions (4, = 368.8 nm, FWHM = 11.7 nm; /, = 380.1 nm, FWHM =
27.3 nm, 4, is dominating). For our setup, the photon flux at the
sample position was determined by a THORLABS S130C
photodiode-based power meter to be >1.5 x 10" s~ cm ™2
or >8 mW cm™?, respectively. During UV irradiation, only a
slight temperature increase (below 3 K) was detected, and no
signs for a significant photodesorption of either oxygen, methanol
or other products were observed. Unless stated otherwise, an
irradiation time of 30 minutes was used.

3. Results

The photoconversion of methanol adsorbed at a preoxidized
rutile TiO,(110) surface was realized by UV irradiation at 110 K
and subsequently followed by TPRS. To prepare a mixed oxide-
oxide model catalyst, we have deposited tungsten oxide clusters
onto the rutile TiO,(110) surface by evaporation of bulk WO;
powder from an electron beam evaporator. WO; is known to
form ring shaped (WOj3), clusters at roughly 1120-1300 K,
whereas n = 3 appears as the dominant compound.’®~>*
We have thoroughly characterized the produced system com-
bining X-ray photoelectron spectroscopy (XPS), LEED and probe
molecule temperature-programmed desorption (TPD) spectro-
scopy in another recent work.*® Since we use the same equipment,
materials and devices, we have identical conditions to previous
experiments. At this point, we refer to the original publication®® for
a detailed description and the accompanying work regarding the
thermal chemistry of methanol on this system.*> Here, we just
summarize the major findings relevant for this work: up to
7.1 WO; nm™?, a layer of stoichiometric clusters (W oxidation
state +VI) is formed in direct interaction with the titania surface.
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At higher coverages, also a small fraction of oxygen deficient
substoichiometric clusters appear. Up to 28 WO; nm™ >, acces-
sible fivefold-coordinated titanium sites (Tis.) were found as
apparent in water TPD, but the amount decreases with the
cluster coverage. So, the clusters appear as an unordered, open
layer that grows in a three-dimensional motif. No significant
cluster decomposition was found by XPS up to 900 K on TiO,.
Exclusively for highly reduced TiO,, Ti*" sites from the bulk
accumulate at the surface near the clusters between 500 and
800 K. Based on W4f spectra, the parallel formation of anionic
[(WO3),. [~ like structures is suggested due to electron transfer
from defect sites towards the clusters. Such electron rich species
have been predicted in a number of DFT-based studies.*3%345°

All following experiments were performed as a function of
the tungsten oxide cluster coverage as well as the amount of
bulk Ti*" interstitials. For this purpose, two different titania
substrates were used. One is only slightly reduced and therefore
exhibits a small amount of Ti*" defects (light blue, 10-15
reduction cycles; Ti**/Ti*" ratio <4.2%). The second sample
contains a large amount of Ti** bulk defects (dark blue, >80
reduction cycles; Ti**/Ti** ratio >7.5%). While we have not
measured Ti2p XPS for the samples used here due to sample
size limitations, we refer to the Ti**/Ti*" ratio calculated from
Ti2p spectrum deconvolution of samples that were analogously
prepared with a similar number of reduction cycles under the
same conditions in our group.*®

3.1 Methanol photo-oxidation on rutile TiO, and tungsten
oxide clusters

In the following we will take a closer look at the UV photo-
conversion of methanol in the presence of oxygen on the system
introduced above. We observe drastic changes by the presence
of Ti*" interstitials. Therefore, we shall first compare results for
low and highly reduced TiO,. In a second step, we discuss the
effect of tungsten oxide clusters.

Fig. 1 shows selected m/z traces of the recorded TPR spectra
after preadsorption of 75 L O, and a saturation coverage of
methanol at 110 K followed by UV irradiation (30 minutes,
nominal wavelength 365 nm, photon flux >1.5 x 10'®s™ ' em™?).
Here, a rutile sample with a large amount of bulk Ti** was used.
The corresponding TPR spectra for TiO, samples with a small
bulk Ti*" content are to be found in the ESI,} Fig. S3. Under the
chosen conditions, we expect the maximal conversion for the first
oxidation step based on similar experiments for isopropanol
photo-oxidation on preoxidized rutile TiO, with a small amount
of Ti**.? However, it may not be excluded that extended irradiation
times may lead to the formation of subsequent products or
increased total oxidation.

In all spectra the typical desorption signals for unconverted,
molecular methanol are observed. They can be easily identified
in the m/z = 15, 18, 29, 30, 31 traces with respect to the
fragmentation pattern (Table 1 and Fig. S2 in the ESIY).
In detail, we observe such features peaking around 140 K, 175 K
and 290-300 K. These are well known and can be assigned to
desorption of the physisorbed multilayer (140 K), desorption of
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hydrogen bonded methanol from bridging oxygen (Oy,) sites
(175 K) and desorption of methanol from Tis, sites (290-300 K).

These features are similar for small (Fig. S3 in the ESI{) and
large amounts of (bulk) defects. However, in consent with
earlier results, the Tis. desorption feature is somewhat shifted
to higher temperatures for the highly reduced TiO, sample.*?
Within this work, a methanol coverage was used that leads to a
saturation of all adsorption sites (namely, Oy, and Tis.) and
therefore is called saturation coverage in the following. Thus,
many of our spectra exhibit small shoulders of the desorption
feature at 140 K due to an emerging multilayer, but the
percentage is small. All three major molecular desorption
features are in well agreement with the literature’>*® and will
not be further discussed.

Before we explain the desorption of valuable products
(formaldehyde, methane and ethene), we shall first discuss
the desorption trace of water (m/z = 18). The formation of
methoxy species and therefore water removal is one of the
central steps not only for the thermal, but especially for the
photochemical conversion as we show at a later point. After
dissociation of OH and CH bonds by either bridging oxygen
atoms or other oxygen species, the desorption of water is the
most important channel to remove hydrogen from the surface.
This also involves the disproportionation of two surface hydroxyls
forming one molecule of water and a remaining oxygen adatom.
Moreover, water can either be released by simple desorption of a
molecular adsorbate (observed in water TPD at 178 K for hydrogen
bonded to Oy, and 262 K for desorption from Tis. sites*®) or
during a reaction at the surface, for example in case of C-H
dissociation forming formaldehyde. One should note, that based
on the fragmentation pattern, small contributions in the m/z = 18
trace can also originate from molecular methanol desorption
(Fig. S2, ESIt). Moreover, artefact signals can occur due to thermal
changes of equipment such as the Feulner cup. Indeed, the
recorded m/z = 18 traces are superpositions of all these contribu-
tions. The possible assighment of an example water trace is
further given in the ESI,} Fig. S4.

Although a significant amount of methanol desorbs
unreacted, we will now focus on additional desorption features
which arise from methanol photoconversion products. The
dominant photochemical reaction is the photo-oxidation under
formation of formaldehyde, that desorbs at 252 K (Fig. 1a) as
seen in m/z = 29 and 30, but not significantly in 31 or 15 (see
also Table 1). This is labeled as LT (low-temperature) form-
aldehyde in the following. Also, the concomitant desorption of
water (m/z = 18) can be seen at that temperature. Comparative
experiments without oxygen preadsorption did yield by far less
formaldehyde (see Fig. S5 in the ESI}). Furthermore, it is
important to note that the formation of formaldehyde increases
substantially on titania with a high Ti*" density (+120%)
compared to low reduced TiO, (Fig. 2 and Fig. S3, ESIt). In
comparison to the thermal formaldehyde formation (dark
reaction), the formaldehyde desorption is strongly enhanced
after UV irradiation and peaking at slightly lower temperature
(see Fig. 2; —11 K). This shift may be due to a higher density
of the product in the photochemical case. Hence, repulsive
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Fig. 1 Temperature programmed reaction spectra after UV irradiation (30 minutes, nominal wavelength 365 nm, photon flux > 1.5 x 10 st cm™2) of a
saturation coverage of methanol with preadsorption of 75 L O, at 110 K. (a) Obtained from the pristine, highly reduced rutile TiO,(110) surface and
(b) from the same surface after deposition of 3.5 WOz nm~2 flashed to 880 K before adsorption of methanol and oxygen at 110 K.

Table 1 List of major and minor contributors with the respective frag-
ments for selected m/z traces as used in Fig. 1. The bold labeled traces are
candidates to easily identify compounds. Anyway, it is often necessary to
review more than one m/z trace to surely identify the desorbing com-
pound. Moreover, effects on other traces due to the natural isotopic
distribution (especially by *C) are mostly neglected. The fragmentation
patterns obtained from the NIST database® are included in the ES, Fig. S2

Major Minor
m/z contributor  Fragments contributor ~ Fragments
15 Methane CHj, (**CH,) Ethane CH;, (**CH,)
Methanol CHj, (**CH,) Formaldehyde *CH,
18 Water H,0 Methanol H,0°
26 Ethene HCCH, H,CC — —
Ethane HCCH, H,CC
29 Methanol HCO Ethene H,'*CCH,

Formaldehyde HCO
Ethane H;CCH,, (H,"*CCH,)

30 Formaldehyde H,CO — —

Methanol H,CO, HCOH
Ethane H;CCH;3
31 Methanol H;CO, H,COH — —

% H,0 is not a direct fragment of methanol, but can be detected in
traces likely arising from recombination in the mass spectrometer.

intermolecular interactions become more important, similar to
classical coverage-dependent peak shifts in TPD spectra.?>

In the high temperature region above 400 K, no formalde-
hyde desorption was observed for both TiO, substrates after UV
irradiation. Two smaller features for the desorption of methane
(m/z = 15) around 540-580 K and 600-640 K are present.
Compared to the dark reaction, the formation of methane

This journal is © the Owner Societies 2021

(m/z = 15) is drastically reduced by UV irradiation (see Fig. 2c).
Together with our earlier finding, that the methane formation in
the deoxygenation route proceeds via an alkoxy (here methoxy)
intermediate,” this suits perfectly with a systematic methanol
photo-oxidation study by the Henderson group, showing that only
the methoxy-species can be photo-oxidized on rutile TiO,(110).”*
Hence, methoxy-fragments are widely photoconverted to yield
formaldehyde and are therefore missing after UV irradiation to
serve as the relevant methane precursor.

In the presence of a high amount of Ti**, photo-stimulated
reductive C-C coupling under the formation of ethene desorb-
ing at 576 K (m/z = 26) becomes a noticeable contribution.
As m/z = 29 and 30 do not exhibit any feature at this tempera-
ture, ethane formation can be excluded. It is noteworthy, that
several other photochemical products such as dimethyl ether or
methyl formate'® were not observed here, while the authors are
not aware of a study demonstrating photo-stimulated C-C
coupling starting from methanol under ethene production.
Interestingly, the ethene formation is not accompanied by a
significant water desorption. Assuming that water is the only
possibility to remove hydrogen from the C-H dissociation from
the surface implies that the C-H dissociation step must have
been accomplished already at lower temperatures and here only
the remaining (dioxo-)methylene fragments recombine under
the desorption of ethene. Hence, a two-step reaction is observed
here involving C-H dissociation followed by reductive coupling.
This was not yet reported for ethene production starting from
methanol. However, experimental (TPRS, HREELS, XPS and
FTIR) as well as theoretical studies already showed the coupling
of two dioxomethylene moieties forming ethene after form-
aldehyde adsorption on the rutile (110) surface.>>****° While
in thermal (dark) reactions only a small fraction (approx. 2%)*>
of formaldehyde undergoes this reaction, the ethene yield was

Phys. Chem. Chem. Phys., 2021, 23,12148-12157 | 12151
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Fig. 2 Overview on photoreaction products. (a) Low temperature desorption of formaldehyde after photo-oxidation, demonstrated by the ratio of
m/z = 29 to m/z = 31, that is proportional to the desorption of formaldehyde under the given conditions. The original TPR spectra were obtained after
UV irradiation (30 minutes, nominal wavelength 365 nm, photon flux > 1.5 x 10%* s™* cm™2) of a saturation coverage of methanol with preadsorption of
75 L O, at 110 K. (b) Integral area of the formaldehyde desorption as shown in a. (c) Methane desorption features at elevated temperatures in the
m/z = 15 trace. (d) Integral area of the methane desorption features in ¢ (m/z = 15).

found to be increased by UV irradiation.*®**° Wall and coworkers

indicated that the thermal reaction of formaldehyde towards
ethene appears defect-related, but in contrast to this work they
have also found the absence of ethene formation in the presence
of additional oxygen adsorbed on the surface.”** The oxygen
preadsorption in turn was mandatory for this pathway in this
work. Moreover, for the photochemical reaction starting from
methanol, the impact of defects was not observed yet. The role of
Ti** may be expanded by the fact that Ti*" sites can easily abstract
or dissociate available oxygen. This was for example shown by the

12152 | Phys. Chem. Chem. Phys., 2021, 23, 12148-12157

group of Besenbacher in a STM based study in which Ti*" sites
were observed to dissociate oxygen under subsequent formation
of TiO, islands.*® Analogously, Ti*" sites are expected to facilitate
the C-O dissociation, suiting the trend for the thermal deoxygena-
tion reaction forming methane.">'” One should note that Ti*"
appears involved in almost all steps of the ethene formation
starting from methanol (O-H dissociation, C-H dissociation,
C-0 dissociation). Therefore, the ethene yield is likely amplified
not in a linear way but drastically more. So, UV excitation appears
as a promising approach to induce such Ti** mediated C-C
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coupling reactions in order to utilize methanol as a building block
for larger valuable compounds.

After deposition of 3.5 WO, nm 2 on the TiO, surface, the
TPR spectrum reveals that the thermal chemistry becomes
more dominant especially for large amounts of Ti** (Fig. 1b).
Similar to the results of bare TiO,, a low temperature partial
oxidation forming formaldehyde (desorption feature around
246 K in m/z = 29 and 30, not 31 and 15) was detected, but in
smaller amounts. On the other hand, the thermal products
(particularly methane) are more important. Here, the high-
temperature (HT) desorption of methane (612 K, m/z = 15) after
UV irradiation is more pronounced compared to the absence of
clusters. No significant production of ethene via C-C coupling
was observed. Also a weak signal of formaldehyde desorption at
642 K was found. For small Ti*" contents (ESIL} Fig. S3), this
HT formaldehyde desorption is fully absent, while only one
relatively broad desorption feature of methane was found
(567 K). In all cases, no significantly enhanced formation of
total oxidation products such as CO or CO, was detected. These
would be expected to desorb around 135 K (C0O)*"** as well as
137 K and 166 K (CO,).®® Since we do not observe significant
signals at these temperatures in the m/z = 28 and m/z = 44 trace,
we exclude total oxidation to be of importance here (see ESI,
Fig. S6-S8).

3.2 Analysis of the product distribution

In the following, we want to analyze trends for the two domi-
nant products (methane and formaldehyde) as a function of
cluster coverage and the bulk Ti** content. For methane this is
quite straightforward, since in all our spectra, methane is the
only desorbing compound above 400 K that exhibits a m/z = 15
fragment. So, we can simply integrate the desorption feature. In
case of formaldehyde, this is a bit more challenging, because
the m/z = 29 trace, that is the most intense fragment for
formaldehyde, also contains contributions from methanol.
For this reason, we follow the m/z = 29 to m/z = 31 ratio to
monitor the formaldehyde formation (Fig. 2a and b). Based on
the fragmentation pattern, this ratio is proportional to the sum
of methanol and formaldehyde partial pressures divided by the
one of methanol and therefore measures the formaldehyde
production. We have additionally tried to extract the actual
methanol fragmentation pattern from the multilayer desorption
features and thereby tried to correct the m/z = 29 trace from
methanol contributions, but this was found to be inconsistent
with the results visible in the raw spectra probably due to the
complex spectra and background correction issues.

Fig. 2 illustrates the trend for the formaldehyde (a and b)
and methane (¢ and d) production. Here, the trends shown
before become more evident: the LT formaldehyde yield is
always higher for high Ti** contents. It is furthermore roughly
doubled by UV irradiation. However, deposition of tungsten
oxide clusters results in a decrease of the formaldehyde for-
mation in comparison to the pristine TiO, in this temperature
regime, particularly drastic for high Ti** contents. In all cases,
the LT formaldehyde yield after UV irradiation drops with
increasing tungsten oxide coverage. For 28 WO; nm %, no
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significant LT formaldehyde desorption was measured at all.
The methane formation shows reverse trends (Fig. 2¢ and d).
In case of the highest formaldehyde yield, the methane produc-
tion is amongst the lowest one within our experiments. While
the formaldehyde desorption after UV irradiation decreases
from 0 WO; nm > to 7.0 WO; nm™” for titania with a large
bulk Ti*" content, the methane formation increases concordantly.
In case of a low amount of bulk Ti**, the effects of cluster
deposition are smaller, but still some anticorrelation between
methane and formaldehyde production is visible. Hence, against
intuition, the deposition of submonolayer tungsten oxide clusters
can surprisingly modify the methanol photo-oxidation in favor of
the thermal deoxygenation at titania.

4. Discussion

Besides unconverted desorption of molecular methanol, three
important (photo)conversion products are identified from our
results: first, formaldehyde as the most important photo-
oxidation product which desorbs around 250 K. On the way
towards formaldehyde, the C-H dissociation is the important
reaction step, that can be done by photochemical reactants
(namely photogenerated holes and radical species produced
thereby)." In consent with our results, Henderson et al. found,
that only methoxy-fragments can participate in this photo-
reaction.”® Methoxy moieties, that do not undergo this step
during the UV irradiation, are converted in the second impor-
tant reaction route: the thermal deoxygenation reaction forming
methane.® Therefore, we observe anticorrelation between the
deoxygenation and partial photo-oxidation reaction yields.
Moreover, after C-H dissociation, the remaining fragments
can react with each other forming ethene in a reductive coupling
reaction. Nevertheless, a large amount of methanol still desorbs
unconverted.

4.1 Photochemistry at bare TiO,

First, we shall discuss results for pristine TiO, in the absence
of tungsten oxide, starting with formaldehyde as the most
important photochemical partial oxidation product of methanol
coadsorbed with oxygen. Based on our own, recent FT-IRRAS
results,”” we assume, that formaldehyde is not present in its
molecular form but desorbs from a dioxomethylene-like precursor
species. This is consistent with the findings within this work,
because based on theoretical and experimental studies, remaining
methanol is claimed to react with molecular formaldehyde via
hemiacetal intermediates forming methyl formate. This was
not observed here.”'*®* Independent on the reduction degree,
the formaldehyde yield is approximately doubled after UV
irradiation compared to the corresponding dark reaction.
Remarkably, the partial photo-oxidation appears very sensitive
to the presence of Ti** sites. In case of high Ti** amounts
present, the photochemical formaldehyde yield is more than
doubled compared to the sample with a small concentration of
defects. While we cannot rule out other options, some possible
reasons shall be discussed at this point:
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(1) Based on our own water desorption traces and concor-
dant FT-IRRAS and TPRS experiments available in the literature,
the presence of Ti*" and oxygen boosts the formation of methoxy-
species by O-H dissociation due to the available charge with a
certain mobility.”'>*>®® In turn, the formaldehyde yield is
increased because methoxy-fragments were identified by Henderson
as the photoactive species.””® This also includes the impact of
electron-rich oxygen species, which can be formed due to charge
transfer from reduced titania sites towards adsorbed oxygen
according to recent results from the Diebold group.’” In that
AFM based study they further showed, that such species are
similar to photogenerated oxygen species and concordantly
acting as Lewis bases. Hence, protons can be easily abstracted
to form surface hydroxyl species. Indeed, the interaction of
oxygen with the TiO, surface was found to be stronger for high
Ti*" contents in a STM and O, TPD based study by the group of
Besenbacher."®

(2) An enhanced light absorption causing a better photon
efficiency would be another option. This may be due to popu-
lated states in the band gap (approx. 1 eV below the Fermi
level*®°®) which lower the effective band gap. Therefore, the
lower energetic parts of our UV irradiation (see ESL Fig. S1 for
details) may additionally contribute to the formaldehyde yield.

(3) Another possible option is an improved exciton lifetime
due to the higher conductivity of the TiO, substrate in case of
higher Ti** contents. After exciton generation, a prompt recom-
bination is commonly the most important photoinhibition
pathway." This may be prevented, if a fast electron-hole separa-
tion can be realized, for example due to a high conductivity
throughout the bulk crystal. Similarly, concomitant hole trap-
ping at surface defect sites may be beneficial for the photo-
catalytic efficiency."*' Indeed, photogenerated holes exhibited
longer lifetimes on anatase TiO, nanoparticles due to inter-
action with adsorbed oxygen in combination with Ti*" defect
sites.®® This matches our finding that the presence of oxygen
appears crucial for the photo-oxidation. Also defect induced
localized surface states may contribute to this effect. However,
these are only a few possible options, which we cannot further
judge from our data.

4.2 Impact of tungsten oxide clusters on photochemical
reactions

In contrast to bare TiO,, for tungsten oxide cluster coverages up
to 7.0 WO; nm ™ still the thermal chemistry is more dominant
after UV irradiation. Compared to the photo-stimulated reaction
without any clusters, the photo-oxidation yield is drastically
attenuated for high bulk Ti*" contents for coverages up to
7.0 WO; nm 2. At high coverages (28 WO; nm™?), no photo-
oxidation at all was observed.

It is striking, that the photo-oxidation quenching is drasti-
cally more important for high Ti** contents, while it is only
mildly observed for low Ti*" densities. This is surprising, since
both semiconductors (TiO, and WOj3;) are actually photo-
catalysts themselves and the TPRS results with bare TiO, show,
that reduced states can improve the photo-oxidation yields.
Hence, possible causes for the low activity of tungsten oxide
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clusters on rutile TiO, have to be discussed. One possible
reason may be, that Ti*" sites become “pinned” near the
tungsten oxide clusters due to their electronic interaction. This
is in line with an accumulation of surface near Ti*" as reported
before.*® So, after exciton generation, the holes, that are known
to travel towards the TiO, surface due to band bending effects,
should easily recombine with these surface near sites. Therefore,
virtually no surface-near holes would be available for the
oxidation reaction. The same would apply in case of exciton
generation in partially anionic tungsten oxide clusters. Further,
we want to mention selected experimental reports dealing with
wet-chemically synthesized WO3/TiO, composite materials.
Based on UV-Vis absorption and photo-electron spectroscopy
experiments combined with measurements of degradation
rates of organic pollutants, it was claimed that photogenerated
electrons can be trapped at tungsten oxide (under generation of
W*) while holes favor the titania substrate, likely because the
conduction band edge of WO; is expected slightly below the
one of rutile TiO,.*>”%”" Consequently, the partial covering of
accessible Tis. sites may also contribute to the photo-oxidation
deactivation especially in case of high coverages. Finally, we
cannot rule out other effects such as band bending, that also
can drastically change the photochemical efficiency."

We likely exclude other reasons for the depleted LT formal-
dehyde formation: As only the methoxy-fragment is photoactive
according to Shen and Henderson,”® one could think of a lack
of methoxy adsorbates after tungsten oxide cluster deposition.
We exclude this possibility, because a significant formation of
methane instead of formaldehyde is observed in presence of
the clusters. As we have shown recently, this reaction also
proceeds via methoxy intermediates, that are, thus, sufficiently
available."” We also rule out the possible oligomerization of
formaldehyde, that was reported at WO; catalysts below 100 K.>**
We do not expect this to be limiting here because the methane
desorption proves that remaining methoxy sites are present which
indicates that less formaldehyde was produced than on bare TiO,.
Moreover, Dohnalek et al. point out, that at least two monolayers
of formaldehyde are required to yield reasonable amounts of
oligomers.”>*" Even if all formaldehyde would be present at the
surface in its molecular form (which is not expected), the coverage
is much less than two monolayers. Finally, we exclude a possible
UV shielding of the TiO, surface by tungsten oxide material,
because it is well known that the penetration depth of UV light
(at least 160 nm) is much higher than the expected tungsten oxide
layer thickness even for high coverages."”>

5. Conclusion

The photochemical conversion of methanol with oxygen pre-
adsorption was examined at the rutile TiO,(110) surface as a
function of the Ti*" content. The partial oxidation of methanol
forming formaldehyde is the relevant photochemical reaction
on bare TiO, for the used conditions (30 minutes UV irradiation
at 110 K, nominal wavelength 365 nm, photon flux >1.5 x
10'® 5" em™?). Within this time regime, total oxidation appears
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not to be of significant importance. High bulk Ti** densities do
not only enhance the partial photo-oxidation efficiency signifi-
cantly, but also yield fair amounts of C-C coupling products
(here ethene) implying a certain mobility of adsorbates at the
TiO, surface.

In a second step, a mixed oxide-oxide bifunctional catalyst
was mimicked by deposition of tungsten oxide clusters on top
of the TiO, substrate. Surprisingly, the deposition of tungsten
oxide clusters inhibits the photo-oxidation compared to bare
TiO, and therefore favors the thermal conversion routes. This
photo-oxidation quenching is drastically more important for
high Ti*" densities. Besides covering of the Tis. sites by the
clusters, one suggested reason for this is the accumulation of
charge near the surface in form of “pinned” Ti** sites appear-
ing next to the tungsten oxide clusters and partially anionic
clusters itself. Both electron rich species may act as recombina-
tion sites for holes.
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