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Abstract

Photocatalysis has emerged as a large research field during the last decades, but even on
much investigated systems like titania, a molecular understanding of the surface chem-
istry and the role of the co-catalyst is still lacking. To aquire a better understanding, the
photochemical and photocatalytic reactivity of alcohols was studied on bare and Ni or
Pt cluster-loaded rutile TiO2(110) under well-defined conditions in ultra high vacuum.
The photochemistry of tertiary alcohols was investigated on bare and Pt-loaded titania.
Both proved to be suitable catalysts for the selective photoconversion of the substrates.
It was shown that the photochemical pathway is determined by the semiconductor, and
is therefore analogous to that of primary and secondary alcohols. Pt as co-catalyst
induces an additional thermal desorption pathway facilitating Ho evolution. Notably,
tertiary alcohols can be photoconverted without Hs formation on the bare surface in a
truly catalytic way, which is not the case for primary and secondary alcohols.
Furthermore, catalyst deactivation was investigated for the photoconversion of methanol
on bare titania. When photooxidizing primary alcohols on bare TiO2(110), a rapid de-
cline in photocatalytic activity is commonly observed. A deactivation mechanism under
constant illumination was proposed in the scope of this work. The loss in photoactivity
was ascribed to the fact that hydrogen cannot desorb from the TiO2(110) surface at
room temperature in the absence of a co-catalyst. Since the photoconversion of alcohol
surface species yields surface hydrogen species and is thermally reversible, hydrogen ac-
cumulation shifts the reaction equilibrium to the reactant site.

For the first time, Ni clusters were used as co-catalysts for methanol photocatalysis
on TiO2(110), where they showed the same reactivity as Pt clusters in methanol pho-
toreforming. A truly catalytic photoconversion of the alcohol is enabled by hydrogen
recombination and desorption at the metal co-catalyst. Contrary to Pt, the Ni-loaded
photocatalyst deactivates over time due to the formation of surface carbon species under
illumination. The activity can be partially restored by thermal treatment.

The findings of this work extend the mechanistic understanding of surface processes
in photocatalysis and the role of the co-catalysts, contributing to a rational design of
tailored photocatalysts.
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Zusammenfassung

Die Photokatalyse hat sich wahrend der letzten Jahrzehnte zu einem grofien Forschungs-
feld entwickelt. Dennoch fehlt sogar auf ausgiebig untersuchten Systemen wie Titan-
dioxid ein molekulares Verstéandnis der Oberflichenchemie und der Rolle des Co-Katalysa-
tors. Um ein besseres Verstdndnis zu bekommen, wurde die photochemische und pho-
tokatalytische Reaktivitdt von Alkoholen auf reinem sowie mit Pt- oder Ni-Cluster-
beladenem Rutil TiO2(110) unter sehr definierten Bedingungen im Ultrahochvakuum
untersucht. Die Photochemie tertidrer Alkohole wurde auf reinem und Pt-beladenem Ti-
tandioxid untersucht. Beide Systeme erwiesen sich als geeignete Katalysatoren fiir die se-
lektive Umsetzung der Edukte. Es wurde gezeigt, dass der photochemische Reaktionsweg
durch den Halbleiter bestimmt wird und daher analog zu dem primérer und sekundéarer
Alkohole verlduft. Pt als Co-Katalysator ermoglicht einen zuséatzlichen thermischen Des-
orptionsweg, welcher Ho-Entwicklung ermoglicht. Tatsdchlich kénnen tertidre Alkohole
auf der reinen Oberfliche echt katalytisch photochemisch umgesetzt werden ohne Hg zu
bilden, was bei priméren und sekundéiren Alkoholen nicht der Fall ist.

Zudem wurde die Katalysatordeaktivierung bei der Photoumsetzung von Methanol auf
Titanoxid untersucht. Bei der Photooxidation primérer Alkohole auf reinem TiO2(110)
wird allgemein eine rasche Abnahme der photokatalytischen Aktivitdt beobachtet. Ein
Deaktivierungsmechanismus unter konstanter Beleuchtung wurde im Rahmen dieser Ar-
beit vorgeschlagen. Der Verlust an Photoaktivitat wurde auf die Tatsache zuriickgefiihrt,
dass Wasserstoff bei Raumtemperatur nicht von der TiO2(110)-Oberfliche desorbieren
kann, wenn kein Co-Katalysator vorhanden ist. Da die Photoumsetzung alkoholischer
Oberflachenspezies Wasserstofl-Oberflachenspezies bildet und thermisch reversibel ist,
verschiebt die Akkumulation von Wasserstoff das Reaktionsgleichgewicht auf die Seite
der Edukte.

Zum ersten Mal wurden Ni-Cluster als Co-Katalysatoren fiir die Methanol-Photokatalyse
auf TiO2(110) verwendet, wo sie dieselbe Reaktivitdt wie Pt in der Methanol-Photo-
reformierung zeigten. Eine echt katalytische Photoumsetzung des Alkohols wird durch
Wasserstoffrekombination und -desorption am Metall-Co-Katalysator erméglicht. Im
Gegensatz zu Pt deaktiviert der Ni-beladene Photokatalysator im Laufe der Zeit auf-
grund der Bildung von Kohlenstoffspezies auf der Oberflache. Die Aktivitdt kann zum
Teil durch Hitzebehandlung wiederhergestellt werden.

Die Ergebnisse dieser Arbeit erweitern das mechanistische Verstandnis von Oberflachen-
prozessen in der Photokatalyse und von der Rolle des Co-Katalysators, womit sie zu
einem verstandigen Design mafigeschneiderter Photokatalysatoren beitragen.
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1 Introduction

The energy transported as sunlight to the earth’s surface is hardly utilized anywhere
near its full potential by mankind, even though its total amount of energy exceeds the
demands of modern civilization by orders of magnitude.[1, 2] In fact, solar collectors for
generating thermal and electrical energy are the only wide-spread commercial technol-
ogy used to harvest a small fraction of this tremendous energy supply. In the chemical
industry, light energy is hardly used for processes on a large scale, which is surprising
for several reasons. First, utilizing sunlight for converting abundant molecules into valu-
able substances is long-known by the name of photosynthesis, with the natural process
occurring in plants as a role model reaction. Second, the continuing reliance on fossile
feedstocks as fuel for cumbustion engines is irresponsible not only from an ecological but
also from an economical point of view, since these feedstocks are a starting point for
modern functional materials. While there are many technologically advanced alterna-
tives for fuels (e.g. Li ion batteries, hydrogen, or materials derived from biomass), there
are hardly any alternatives for these synthetic building blocks.[3] Third, the industrial
processes which modern society relies on are extremely energy-intensive. For example,
the Haber-Bosch-Process, which is an essential technology for worldwide food supply,
consumes more than 1% of the world’s daily energetic demand.[4] For these reasons,
utilizing more energy from sunlight seems not only advisable but virtually imperative.
In this regard, heterogeneous photocatalysis is a potential key methodology. For ex-
ample, photocatalytic CO2 reduction to synthesize small organic molecules,[5] water
splitting for hydrogen evolution,[6] or decomposition of toxic organic compounds in
water[7, 8] have been shown to be well feasible. The upscaling of these bench-scale
processes would certainly help in tackling the problems listed above. However, a major
drawback is the low efficiency of photocatalysts developed so far, independent of the reac-
tion they have been designed for.[9] Their improvement is therefore strictly necessary for
applicability, and potentially very rewarding given the possibilities. Hydrogen evolution
by photo(electro)catalytic methods would be an economically competitive technology if
the catalytic efficiency was sufficiently high. By reaching solar-to-hydrogen ratios of at
least 5% to 15% (depending on the process and catalyst design), the prices for photo-
catalytically generated hydrogen would be as low as 1.60$ to 4.10$ per kg Hy and thus
cost-competitive with fossil-based fuels.[10]

One of the most promising photocatalyst materials is rutile TiO2 due to its low cost,
abundance, stability, and non-toxicity. However, the band gap of titania lies in the UV
range and is therefore not suitable for the utilization of sunlight, which contains only
a small portion of UV irradiation.[11] Nevertheless, TiO2 is a prominent model system
due to the aforementioned advantages and well-suited for investigating photocatalytic
principles. It has been thoroughly investigated in the last decades, and it can be em-
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ployed for a number of photocatalytic reactions. Among them, the photoreforming of
alcohols is of particular interest. Not only are alcohols hydrogen carriers and precursors
for biomass; they also provide a rich chemistry due to a variety of different bonds, and
their oxidation products are of considerable chemical and economical value as synthetic
building blocks.[12]

The optimization of the photocatalytic performance of titania, most often as rutile or
anatase powder, is usually conducted by screening different co-catalyst materials in a re-
action of choice. This approach is problematic from two points of view. On the one hand,
most studies lack the normalization of their results to certain parameters or descriptors,
making literature results difficult to compare.[13] On the other hand, the heterogeneity
of the titania powder particles and their surfaces impede the elucidation of structure-
performance relationships, which are crucial for the optimization of photocatalysts.

In this respect, the surface science approach offers an alternative for the mentioned prob-
lems. By conducting photochemical reactions on model systems in ultra high vacuum
(UHV) on atomically defined semiconductore single crystal surfaces, the comparabil-
ity of results as well as the possibility of elucidating chemical surface mechanisms and
the impact of certain physical parameters is given.[14, 15] Importantly, the co-catalyst,
which usually comprises metal(oxide) nanoparticles or clusters, can be investigated more
thoroughly as well. This approach towards fundamental understanding of photocatalytic
processes therefore allows to construct a holistic picture of the investigated reaction.

In this dissertation, the photocatalytic oxidation of alcohols on Pt and Ni cluster-loaded
rutile TiO2(110) is studied. The photoreactivity of tertiary alcohols is investigated on
bare and Pt-loaded TiO2(110). The observations are mechanistically explained and
compared to primary and secondary alcohols. Additionally, the deactivation of the
photocatalyst by primary alcohols in the absence of co-catalysts is elucidated. An al-
ternative explanation to those found in the literature is provided based on the results.
Furthermore, Ni clusters are examined as co-catalyst for hydrogen evolution and possbile
alternative to Pt. Their suitability as co-catalyst material for photocatalytic hydrogen
evolution by methanol photoreforming is demonstrated and the differences between Ni
and Pt as co-catalyst material are discussed.



2 Scientific Literature on Titanium Dioxide
Photocatalysis

This chapter gives an overview on titania photocatalysis, especially with respect to its
crystalline (110) facet and its reactivity towards alcohols. The aim is to summarize the
key results from the vast amount of publications on the topic, in order to put the findings
of this thesis into context.

2.1 General Remarks

The first internationally published experiments using titanium dioxide as photocatalyst
date back to the middle of the 20th century.[16] However, only when Fujishima and
Honda presented their findings on photoelectrochemical water splitting using a titania
electrode, the topic gained considerable momentum.[17] During the following decades,
numerous papers on titania-based photocatalysis and water splitting have been published
by scientists from different fields, such as semiconductor and surface physics, chemical
kinetics, inorganic synthesis or chemical engineering.[18] Apart from different focuses of
the studies, this has also caused some inconsistencies in terminology and methodology,
which has been criticized by some authors as it complicates the comparison of results in
the literature.[19, 20, 13]

Titania has three crystalline modifications, two of which - anatase and rutile - are com-
monly investigated for photocatalytic applications. In this regard, they differ in the size
of their band gap, which amounts to 3.2 eV for anatase and 3.0eV for rutile, correspond-
ing to an excitation wavelength of 413nm and 387 nm, respectively.[11] Rutile is the
thermodynamically most stable modification. Many ways of preparing various titania
photocatalysts have been introduced, and due to the complexity of the chemical systems,
different interpretations and reaction mechanisms have been proposed (a summary can
be found e.g. in a review by Bahnemann and coworkers[18]). P25 (Degussa) is the
most often applied photocatalyst in studies under applied conditions. According to the
manufacturer, it comprises a mixture of rutile and anatase particles. However, Ohtani
and coworkers also found a small fraction of amorphous TiOg in their samples.[21] Apart
from this inherent inhomogeneity given by the mixture, the authors found evidence that
samples taken from a batch are not homogeneous compared to each other, making the
comparison of results in the literature on P25 questionable.[21]

In contrast, surface science studies on titania single crystal facets have elaborated re-
liable, reproducible recipes for catalyst preparation. The basic structure and surface
properties of single crystalline TiOy have been comprehensively reviewed by Diebold.[22]
This accounts particularly for the TiO2(110) facet (see figure 2.1), which is in general
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the most investigated one. Structurally, it consists of a plane of oxygen anions and
titanium cations, arranged in alternating rows in the [001] direction. On top of every
second Ti row lies another chain of oxygen ions, whose species are called bridge-bonded
oxygen (BBO) since they "bridge” two oxygen rows below. The titanium species under-
neath the BBO-row resemble the 6-fold coordinated bulk Ti** cations (Tis.), whereas
the "uncovered” Ti species are 5-fold coordinated Ti** cations (Tis.). In addition, cer-
tain defects are always present. A fraction of the BBOs is missing, and the Ti species
underneath are accessible for potential adsorbates which take the position of the miss-
ing BBO. Furthermore, reduced Ti* species are present on or underneath the surface
plane as so-called interstitials. Moreover, adsorbates like single oxygen species on top
of Tise (Oqq) or hydrogen (bound to BBO as hydroxyl) are commonly present and af-
fect the reactivity.[23, 24, 25, 26, 27] Importantly, a specific preparation procedure to
obtain desired properties of the TiO2(110) surface will never exclusively yield one defect
type, but simply change the ratios between all types described above. This makes the
elucidation of (photo-)catalytically active sites difficult, since the impact of one partic-
ular defect species can be seldomly completely excluded. For example, adsorbing O2 on
the titania surface or annealing it in oxygen atmosphere oxidizes the surface, but some
BBO vacancies still remain.[28, 29, 30] Under UHV, different treatments are conductible

BBO Vac. Tisc BBO Oad Oad Tiec

J— [110]
e O O species g Ti species

[001]

Figure 2.1: Ball and stick model of the rutile TiO2(110)—(1 x 1) surface with BBO vacancies
and O, adatoms. Black spheres represent BBO species, grey spheres in-plane O
ions, pink spheres O,q adatoms and red spheres Ti cations. Adapted from [31].

for preparing the TiO2(110) surface. For studies on chemical reactivity, the surface is
usually oxidized (0-TiO2(110)) or reduced (r-TiO2(110)). Treating the surface with Oq
will result in an oxidized surface, als already mentioned.[32, 33, 28] The degree of oxi-
dation is determined by the temperature during exposure,[34] and leads not only to the
partial healing of BBO defects but also to the creation of O44.[29, 35] The chemistry of
O on titania, that is, the different kinds of oxygen species and their interaction with
other molecules, is not trivial.[31] Furthermore, the elucidation of structure-reactivity
relationships is challenging, since scanning tunneling microscopy (STM) studies have to
be taken with care due to Og dissociation induced by the tip.[36] The reduced surface is
most commonly obtained by sputtering and annealing the crystal in UHV. Apart from
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the removal of surface contaminations, this leads to the creation of BBO vacancies and
to the surface or sub-surface migration of Ti interstitials.[37, 28] Both the reduced and
the oxidized surface have been thermo- and photochemically investigated, although the
reduced surface has received more attention since it is structurally and chemically better
defined.

Independent of the surface preparation, the behavior of the material under illumination
determines the photoreactivity to a major degree. In order to gain fundamental insights
into titania photocatalysis, one has to consider the chemical properties of the surface as
well as the basic aspects of semiconductor physics.

2.2 Fundamentals of Semiconductor Photocatalysis

In surface science studies on semiconductors, it is important to consider that the chem-
istry occurs on extended surface facets of a single crystal, whose electronic structure has
considerable impact on the photoreactivity.[38] One of the most important concepts is
that of semiconductor band bending, which may result from adsorbates, defects, mate-
rial contacts or external fields (for details see the comprehensive review by Zhang and
Yates[39]). Briefly, the band bending concept describes a continuous, smooth shift of
the upper and lower energies of valence and conduction band, respectively, from the
bulk towards the surface. This shift occurs naturally due to the alignment of the fermi
levels at the junction of semiconductor and the chemical environment at the surface.
This description allows to implement local changes of charge distribution into the band
model.

Independent of its modification or surface facets, titania is naturally an n-type semi-
conductor due to the oxygen and titania defect species described above, which cause an
accumulation of negative charges on the surface as depicted in figure 2.2. The Fermi
level alignment of surface and bulk of the n-type semiconductore results in an upward
band bending.[40, 41, 42] Furthermore, these surface and subsurface defects also gen-
erate states within the band gap.[28, 43| By irradiating the semiconductor with light
whose photon energy is above the band gap, electrons are being excited from the valence
band into the conduction band. A formally positive charge (a so-called (photo-)hole)
remains in the valence band to ensure charge balance. With respect to titania, the issue
of diffusion dynamics of electron and hole, as well as the question of how ”excitonic”
they behave, is not comprehensively resolved.[14] In a simplified but useful picture, the
charge carriers are considered to be point charges which diffuse inside the crystal un-
der the influence of the electrostatic forces. The impact of the upward band bending
in n-type TiOq attracts holes towards the surface, whereas electrons are being repelled
and travel preferentially towards the bulk. Upon their arrival at the surface, holes may
quench negative surface states, thus flattening the upward band bending and lowering
its impact on electron and hole migration.[44, 45] Then, charge carrier recombination
becomes predominant for the majority of electrons and holes in the bulk as well as on
the surface.[46, 47]

The electronic structure and hence the band bending is obviously altered when chemi-
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cal processes occur on the photocatalyst, e.g. by the adsorption of reactants or metal
particles as co-catalysts. Nevertheless, these influences can hardly be quantified or even
disentangled in situ, which is why the simplified band bending scheme described above
is being applied to qualitatively explain chemical experimental results as well. In this
sense, the photocatalytic reactivity of titania can be regarded to be hole-driven (i.e. the
initial reaction step being an oxidation) due to the upward band bending.

Surface |[¢——————» Bulk

— — CBE
3# Es

-~

3 Y_ \VBE
hv > Eq4 \IT" hv > Eg s !*E

Figure 2.2: Schematic representation of band bending and charge carrier dynamics in titania
upon illumination with light whose energy hv is above the band gap E,. 1: The
negatively charged defects at the surface cause an upward band bending, i.e. a
repulsive and attractive potential for electrons and holes, respectively. Therefore,
electrons travel preferentially towards the bulk and holes towards the surface. 2:
When the negative surface states have been extinguished by the holes, the formerly
bent bands are flattened. Electrons and holes diffuse towards the surface and the
bulk to finally recombine, releasing the absorbed light energy as heat. CBE: Con-
duction band edge; VBE: Valence band edge.

Surface [¢——————» Bulk

The work which started the gold rush on titania photocatalysis was actually based
on electrochemistry.[17] The vast majority of follow-up works adapted the mechanistic
picture even if no bias were applied or the reaction environment was fundamentally
different.[18] As described above, the absorption of light whose energy exceeds the band
gap leads to the creation of an electron-hole pair (eq. 2.1) in the semiconductor, which
induce the reduction (compound A in eq. 2.2) and oxidation (compound B in eq. 2.3)
of adsorbates, respecitvely.

hv — e~ +h* (2.1)
e +A— A" (2.2)
ht + B — Bt (2.3)

Consequently, photocatalytic hydrogen evolution was generally imagined to occur by a
reduction of protonic surface species on TiO2(110) according to

2HY +2¢” — Hy (2.4)



2.3 Alcohols on Bare TiO(110)

For every proton reduced according to eq. 2.4, one photohole has to be consumed in
order to fulfill charge balance. Alcohols are organic compunds which are easily oxidized,
and have therefore been used as hole scavengers in photocatalysis, in order to enhance
the yield of hydrogen evolution reactions by more efficient charge carrier separation and
photohole consumption.[48, 49, 50, 51] However, this approach has received considerable
criticism. On the one hand, the fate of the hole scavenger after its oxidation remains
largely unknown in most studies, but further reaction steps which affect the overall out-
come cannot be ruled out. On the other hand, alcohol hole scavengers are often active
for Hs evolution themselves, but usually their contribution to an overall Ho yield is not
taken into account.[52, 53, 54]

Apart from that, alcohols have become substrates of interest themselves for photochem-
ical conversion. Their intrinsic potential as hydrogen carriers, their valuable oxidation
products and their role as precursors for more complex organic substrates was being
acknowledged in the recent years.[55, 56, 57, 58, 59] On TiO2(110), Dohnélek, Hender-
son and others have set a solid foundation for alcohol (photo-)chemistry. In this regard,
methanol is to a high degree represantative for compounds of this class, as discussed in
the following.

2.3 Alcohols on Bare TiO-(110)

With respect to scanning probe techniques, the Dohnalek group presented the first atom-
ically resolved STM images of methanol adsorbed on Ti02(110).[60] It became clear that
methanol dissociates in BBO vacancies not by C-O but via O-H bond scission, yielding
adsorbed methoxy and hydroxyl species. At methanol coverages below the BBO concen-
tration, the pairs remained in stationary vicinity. If the amount of methanol exceeded
the BBO density, molecularly adsorbed methanol on the Ti rows was mobile and facil-
itated hydroxyl migration at room temperature. This suggested transport mechanism
is similar to the one proposed by Wendt et al. for water-assisted hydroxyl migration
on reduced TiO2(110).[61] The adsorption behavior of alcohols deduced from the ex-
perimental results were confirmed by theoretical investigations. The groups of Kresse
as well as Petrik and co-workers found the dissociative adsorption in BBO-vacancies
to be thermodynamically favorable, while molecular and dissociative adsorption on the
Tisc sites were shown to be energetically close.[62, 63] Qualitatively, the same results
were obtained by the Dohnélek group for 2-butanol instead of methanol with respect
to adsorption, diffusion and dissociation behavior.[64] In accordance, Besenbacher and
coworkers investigated ethanol on TiO2(110) by means of STM. They found molecular
and dissociated ethanol on Tis. sites and dissociated ethanol in BBO vacancies.[65]

Considering thermal reactivity studies, Gamble et al. had found the same ethanol sur-
face species by means of temperature programmed desorption (TPD) and X-ray pho-
toelectron spectroscopy (XPS) as in the work by the Besenbacher group mentioned
above. Ethanol desorbed both as molecular alcohol and as thermal decomposition prod-
ucts, respectively.[66] Henderson et al. conducted a systematic study of methanol on



2 Scientific Literature on Titanium Dioxide Photocatalysis

TiO2(110).[67] The TPD spectra yielded prominent features at 150, 165, 295, 350, and
480 K. The low-temperature peaks were both assigned to multilayer desorption. The
295 K feature was assigned to molecularly adsorbed methanol on Tis. sites. The high
temperature peak as well as the shoulder at 350 K was attributed to recombinative des-
orbtion of dissociated methanol in BBO vacancies and from Tis,. sites, respectively. If the
surface had been exposed to Oy before methanol adsorption, the residual oxygen species
enhanced methanol dissociation and the thermal conversion of the alcohol to formalde-
hyde above 600 K. Partially dissociated methanol on defective and nondefective sites
was also found by Farfan-Arribas and Madix after room temperature adsorption. The
thermal conversion of remaining methanol to formaldehyde at high temperatures was
also observed, in line with Henderson’s results.[68] A representative TPD spectrum with
the mentioned features is shown in figure 2.3.

Subsequently, the Dohnéalek group found the adsorption and dissociation behavior
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Figure 2.3: TPD spectrum of 1.5 ML methanol on reduced TiO2(110) recorded in the course of
this thesis. While the multilayer peak is absent due too the low coverage, the four
features highlighted by the arrows are in good agreement with the literature.[67, 68]
Deviations in the desorption temperature from the literature values can be traced
back to experimental differences such as heating rate, heat transfer, or location of
the thermocouples.

described above for a number of aliphatic Cy to Cg alcohols on TiO3(110). They elu-
cidated different temperature- and moity-dependent reaction pathways, namely dehy-
dration, dehydrogenation and recombination.[69] In good agreements with these results,
Farfan-Arribas and Madix created oxygen vacancies on TiO2(110) by means of electron
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bombardment and found that ethanol, 2-propanol and n-propanol adsorb dissociatively
at room temperature by O-H bond cleavage. This resulted in the formation of the re-
spective alkoxy species and a hydroxyl group with a BBO. Heating the sample led to
recombination and high-temperature decomposition of the alcohols. The amount of dis-
sociated and decomposed molecules scaled with the number of defects.[70]

By extending the investigations to secondary and tertiary alcohols, it was found that
the dehydration reaction to alkenes was favored over dehydrogenation to aldehydes with
increasing chain length and chain number.[71] Furthermore, the absolute coverage also
decreased according to the same trend, which was mainly ascribed to an increasing steric
hinderance.[72]

The gist from the studies above is that the adsorption and dissociation behavior of al-
cohols appears to be qualitatively equal for the molecules of this compound class. Upon
adsorption on the reduced TiO2(110) surface, the alcohol dissociates in BBO vacancies
and partially also on Tis. sites:

ROH — ROuq + Hyg (2.5)

The same reaction behavior can therefore be expected when introducing new alcohols
to be studied on TiO2(110). This is an important axiom for the photochemistry in this
work, as discussed in section 4.

2.3.1 Methanol Photochemistry on Bare TiO,(110)

In 2010, Yang and coworkers published a photochemical study of methanol on TiO2(110)
based on STM, theory and time-dependent 2-photon photoemission experiments. They
claimed that molecularly adsorbed methanol on Tis. sites dissociates under UV irradia-
tion at a wavelength below 400 nm by O-H bond cleavage to form a methoxy species and
a hydroxyl group with a neighbouring BBO.[73] In a follow-up study, the dissociation
rate was observed to be an order of magnitude faster on a defective surface compared to
a stoichiometric one.[74]

A photochemical TPD study by Henderson strongly suggested that methoxy species are
at least an order of magnitude more reactive than adsorbed methanol for hole-mediated
oxidation, in agreement with later computational studies.[75, 76] Upon hole capture, a
C-H bond from methoxy was cleaved, forming the aldehyde which desorbed molecularly
during post-illumination TPD (PI-TPD), and a BBO-H (see figure 2.4). The latter can-
not be desorbed as molecular hydrogen by recombination on two BBO-H, but as water
with an oxygen atom from the titania surface.[77] Shen and Henderson extended the
photochemical investigation of methanol to the presence of co-adsorbed water. The lat-
ter promoted neither the thermal nor photochemical conversion of methanol to methoxy.
However, the photo-oxidation of methoxy to formaldehyde was hampered by water ad-
sorbed on BBO rows, which led the authors to the conclusion that these sites accept
the hydrogen from the light-induced C-H bond cleavage.[78] Shen et al. furthermore
highlighted the importance of diffusion for methanol chemistry on TiO2(110). In order
to thermally decompose to methoxy on reduced TiO3(110), methanol has to migrate to
an H-accepting site. This was not possible at 100 K, and formaldehyde formation was
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Figure 2.4: Schematic illustration of alcohol photochemistry on TiO2(110) using methanol as
an example based on the literature results discussed in the text. Upon adsorption,
the alcohol partially dissociates to form the photoactive alkoxy species. Upon illu-
mination, the alcohol is oxidized by a homolytic a-H bond cleavage. At sufficiently
high temperatures (e.g. at room temperature), the aldehyde/ketone desorbs into
the gas phase, whereas the hydrogen species remain on the surface.

not observed at cryogenic temperatures. The reactivity was enhanced when oxygen was
co-adsorbed at cryogenic temperatures (providing more H-accepting sites), and further
increased when the sample was heated above 200 K where methanol diffusion on Tis.
occurs.[79]

Phillips et al. evidenced that formaldehyde can be converted further to methyl for-
mate on TiO2(110) by light-induced coupling of methoxy with formaldehyde.[80] The
methyl formate yield could be enhanced by pre-oxidizing the surface, since this step
led to a higher fracion of thermally dissociated methanol. Methyl formate formation
was corroborated by other groups[81, 82, 83] and had also been evidenced in a study
at ambient conditions on anatase particles.[84] Walenta et al. adressed the question of
how much formaldehyde formed from methoxy under illumination is further converted
to methyl formate. Using kinetic description and modeling, they correlated the methyl
formate yield to the surface residence time of the intermediate formaldehyde. This res-
idence time is governed by the sample temperature, since elevated temperatures favor
formaldehyde desorption over its consecutive reaction.[85]

The findings by the Friend group put the interpretation of the previously mentioned
combined STM and 2-photon photoemission study by Zhou et al. into question.[73] Evi-
dence for two distinct photochemical steps was found in the photoemission spectra. This
was the basis for the presumption of photon-induced dissociation of molecular methanol
to methoxy. One may speculate that the two photon-induced features observed spec-
troscopically could stem from the formaldehyde and methyl formate surface species, not
from photochemically dissociated methanol. This accounts all the more since the sample
was cooled in the presence of oxygen, which increases methyl formate production by en-
hanced preceding thermal methoxy formation.[80] The fact that no methyl formate was
evident in STM according to Zhou et al. could be traced back to the stark contrast in
methanol coverage between their spectroscopic and scanning probe experiments. While
the STM images were recorded at a coverage of 0.02 ML, the photoemission spectra were
taken at 0.16, 0.50, and 1.00 ML (i.e., at least the eight-fold coverage than for STM).
Nevertheless, the groups of Huang and Yang evidence photochemical O-H bond cleav-
age in other spectroscopic studies, but assigned the superior photoactivity to methoxy
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groups.[86, 87, 88, 89, 88|

In summary, while methanol O-H bond may be photochemically broken, the majority of
studies presume a defect-mediated thermal dissociation of this bond.[75, 76, 77, 78, 79,
80, 90, 91, 92] Indeed, thermal O-H dissociation of methanol was later also confirmed by
Yang’s group, too.[93] Importantly, they also found that the photon-driven reaction to
formaldehyde is thermally reversible even at low temperatures, which will be discussed
in the couse of section 3.2.[94]

2.3.2 The Photochemistry of Secondary Alcohols on Bare TiO,(110)

Compared to the considerable interest in the recent years in methanol photocatalysis on
TiO2(110), photochemical studies on higher alcohols in an ideal environment are com-
parably rare. Brinkley and Engel reported the formation of small amounts of acetone
from isopropanol on the reduced surface. They claimed that BBO vacancies are not
the photoactive site, but enhance the reaction yield. [95, 96, 97] In a photochemical
study combining Fourier-transform infrared spectroscopy (FTIR), TPD, and PI-TPD,
Al-Shamery and coworkers observed the formation of propane and propene as thermal
products and acetone as photoproduct. UV illumination before temperature treatment
was found to inhibit propene and propane formation for the benefit of acetone.[98] Ker-
shis and White investigated ethanol and 2-propanol in a combined TPD and pump-probe
laser ionization study on TiO2(110). They detected methyl radicals whose energy was
close to those from decomposed acetaldehyde and acetone, respectively. The authors sug-
gested that both alcohols are at first photo-oxidized to the corresponding aldehyde or
ketone via C-H cleavage by the photohole, and subsequently oxidized further by another
hole which cleaves a C-C bond.[99] Friend and coworkers investigated the photochemistry
of isobutanol. After the thermal formation of surface isobutoxy species, a hole-mediated
oxidation yielded isobutanal. Depending on the temperature, the aldehyde desorbed or
underwent another oxidation step to yield propane and CO.[100]

The parallels between the photoreactivity of primary and secondary alcohols on TiO2(110)
are strong, although the final product spectra are different. The latter are evidently af-
fected by the presence of adsorbed oxygen species. However, the first photon-driven
reaction is in principle identical, which is the oxidation of the surface alkoxy species to
the corresponding aldehyde or ketone. This step seems to be independent of the moi-
eties. Depending on the temperature, the oxidation product desorbs or is photo-oxidized
further to substrate-specific products.[80, 100] The first oxidation step is therefore the
same as for primary and secondary alcohols, and differences in selectivity emerge in the
second photo-oxidation step.

2.3.3 The Photochemistry of Tertiary Alcohols on Bare TiO,(110)

While the literature on photochemistry of secondary alcohols is already moderate com-
pared to primary ones, even fewer studies exist for tertiary alcohols. Even in the liquid
phase only few papers were published on this topic, in which tertiary alcohols are often
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merely among a selection of reactants but are not systematically examined as a com-
pund class.[101, 102, 103, 104, 105, 106, 107] This might be due to the fact that tertiary
alcohols are commonly considered to be inert towards oxidation, especially in a selective
manner.[108, 109] Recently, Heiz and coworkers investigated the photo-oxidation of tert-
butanol on TiO3(110) in UHV. Similar to ketones,[99] the hole-mediated oxidation of
the alcohol led to the ejection of a methyl radical into the gas phase at low temperatures.
Near room temperature and above, isobutene formation by dehydration of the alcohol
was evident.[110, 83] These studies suggested on the one hand, that the photoreaction
pattern of tertiary alcohols at elevated temperatures is more complex than for primary
and secondary alcohols. On the other hand, the photoreactivity seems similar at low
temperatures. Instead of cleaving a C-H bond, a C-C bond is cleaved upon hole capture,
leading to the corresponding ketone, as in the case of primary and secondary alcohols.
For tertiary alcohols, systematic studies on the nature of the photochemically active site
are scarce, while for primary and secondary alcohols the issue is still under discussion.

2.4 The Photochemically Active Site

State-of-the-art spectroscopic techniques are not sufficiently sensitive to enable an ex-
act in situ discrimination between different sites of the TiO2(110) surface under illu-
mination. Therefore, a direct identification of the sites where adsorbed molecules are
photoconverted has not been accomplished so far. Nevertheless, one can make a set
of considerations deduced from the results of alcohol photochemistry discussed above.
An illustration of the discussed defects and the alcohol species on TiO2(110) is given in
figure 2.5.

The results of many STM and TPD studies suggest methoxy to be the photochemically
active species. Since alcohols adsorb dissociatively in BBO vacancies, it seems obvious
to presume those surface sites to be photochemically active centers.[70, 65, 67, 60, 64, 69,
71, 77, 78, 79, 80, 91, 92] This assumption is consolidated by the fact that the amount
of alcohol molecules photoconverted at low temperatures (which suppresses diffusion)
is 5 - 20% of its total coverage, corresponding to typical values of the atomic surface
concentration of BBO vacancies.[95, 77, 81, 92, 110] One may argue that in PI-TPDs,
thermal products formed in BBO vacancies are still detectable even after maximal low
temperature photoconversion, suggesting that at least some of these sites are not photo-
chemically active. However, it must be taken into account that the adsorbates become
mobile during the heating process. Since photoproducts such as aldehydes or ketones
usually desorb at lower temperatures than alkoxy species, the thermal alcohol decompo-
sition products detected in PI-TPDs may well stem from alkoxy diffusion into vacancies
where a photoproduct was previously adsorbed.[79, 111, 80, 99, 92] After the refilling of
BBO sites upon diffusion, further photoconversion at these defects is certainly possible.
These arguments against considering the BBO vacancies to be photochemically active
sites therefore do not hold.
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CHSOBBO

Figure 2.5: Schematic illustration of the surface sites, defects, and methanol adsorbates present
on Ti05(110).[23, 24, 25, 26, 27] The ideal TiO5(110) surface consists of Ti** and
BBO sites. Additionally, defects (sub-surface Ti interstitials (Ti;,:), BBO vacan-
cies, Oqq, hydroxyls (H on BBO)) are present. These defects influence the adsorp-
tion states of methanol, leading to methoxy groups on the Ti rows (CH307;5.) and
in BBO vacancies (CH30 ppovac) next to molecular methanol (CH3OHy;s.).

Apart from BBO vacancies, some authors speculated that subsurface species such as Ti
interstitials or lattice oxygen defects may also affect or be active sites for the titania
photochemistry.[112, 113] Indeed, many studies suggest a strong impact on the elec-
tronic structure as well as the thermal TiO2(110) surface chemistry by these defects.[31,
114, 115, 116, 117, 28, 43, 118] However, direct evidence is difficult to obtain as the de-
tection of these subsurface species on titania is challenging by means of scanning probe
techniques.[119] Furthermore, the creation of e.g. Ti subsurface interstitials is facilitated
by bulk reduction of the titania crystal, as is the creation of BBO vacancies. Since both
species are therefore interconnected in their creation, their individual impact on the sur-
face photochemistry can hardly be disentangled, and their effect on the photochemistry
is ambiguous.[14]

Apart from defect sites, there is also evidence for regular Tis. surface sites being photo-
chemically active. It should be noted that although nominally equal, the chemical sur-
rounding of the Ti ions in the troughs may vary significantly due to the near presence of
e.g. defects, hydroxyls or adsorbed oxygen. In this regard, the photoreactivity of Tis. re-
mains elusive, since many studies on this issue were conducted on an oxidized TiO2(110)
surface.[77, 78, 80, 120] As mentioned before, even on the reduced TiO2(110) surface
defects and adsorbates are present. An impact on Tis. sites can also not be excluded
in studies on the reduced surface.[121] Recently, Diebold and coworkers investigated
the UV-induced photoreactivity of adsorbed oxygen species on reduced TiO2(110) using
atomic force microscopy. They found that molecular oxygen was photoreactive both on
Tis. sites (hole-induced direct desorption) as well as BBO vacancies (electron-induced
dissociation).[122] Naturally, a direct comparison of oxygen and alkohol photochemistry
should be taken with care. Nevertheless, no work has hitherto ruled out that regular Ti
sites can be photochemically active.
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Regardless of what the photoactive sites may be, it is clear that the surface reactiv-
ity is to a certain degree determined by band bending, which dictates the main charge
carrier dynamics.[39] As described above, band bending is caused by negative surface
states such as BBO vacancies (double negative charge) or Ti interstitials (single negative
charge).[123, 124, 125, 126] Notably, hydroxylating the surface by water adsorption fills
the BBO vacancies, but does not seem to alter their electronic structure.[127, 28] Upon
02 adsorption and dissociation, charge from the BBO vacancies is being transferred to
the oxygen adatoms.[127, 128, 129] Due to the locally different electronic structure, it is
clear that the interaction and (photo)chemistry of molecules is significantly dominated
and impacted by these sites as well.[130, 131, 132] However, quantifying the effect on
charge carrier dynamics and hence the chemical impact of a defect site is difficult since
charges near the surface are probably not strictly localized. The fact that sub-surface
electrons may be delocalized to a certain degree has for example led to the concept of
polarons (electrons which strongly interact with the surrounding crystal lattice), and
their further sub-division into near- and wide-range polarons.[133, 134, 135, 136, 137]
Therefore, an assignment of which defect or lattice ion is photochemically active and
which is not is difficult, all the more since the defects described above all carry negative
charges and can therefore potentially attract holes.

2.5 Alcohol Photochemistry on Metal-Loaded TiO,(110)

In the liquid phase, hydrogen production from titania powder in aqueous environments
was early shown to be possible, albeit very slow, while the presence of a metal co-
catalyst accelerated the reaction significantly.[138, 139] Hydrogen evolution from water
or alcohols is also hardly feasible on bare TiO2(110) in UHV. Pure photocatalytic water
splitting has so far not been observed, and only very small amounts of hydrogen were
detected at best during methanol photoreforming.[140]

The deposition of metal particles on the TiO2(110) surface facilitated Hy production
from photochemical methanol reforming. Using a laser ablation cluster source, Heiz
and coworkers demonstrated in two studies that small Pt clusters deposited on rutile
TiO2(100) facilitated truly photocatalytic methanol refomring to yield molecular hy-
drogen and the corresponding carbonyl compound as depicted in figure 2.6.[83, 141]
Assuming a dissociative adsorption of the alcohol on a negatively charged surface state,
the authors described the oxidation of the alkoxy as a hole-mediated homolytic a-H
cleavage, followed by the thermal desorption of the aldehyde or ketone. The Pt co-
catalyst was suggested to subsequently facilitate thermal hydrogen recombination and
desorption. Finally, the photoelectron was proposed to traveled to the adsorption site
and re-establish the initially negative surface state extinguished by the hole. This last
step is not only crucial for maintaining the charge balance, but also for re-establishing
the upward band bending which had been flattened by the consumption of the photo-
hole. This is illustrated by schematically extending the common band bending scheme,
as illustrated in figure 2.7. The fact that the Pt clusters facilitated hydrogen evolution
thermally and not photochemically implies that photocatalytic methanol conversion on
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TiO2(110) is a one-photon-process, in line with a linear (i.e. first order) dependency of
hydrogen yield on the photon flux.[141] While contradicting the electrochemical picture
of hydrogen formation by the reduction of surface-bound protons by photoelectrons,
which would require a higher-order dependency on the photon flux, this finding agreed
with other results in the literature.[53, 142]

In a subsequent study, Walenta et al. provided evidence that the Pt clusters are cov-
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Figure 2.6: Photocatalytic reaction mechanism for methanol conversion at a co-catalyst-loaded
r-TiO2(110) surface as described in the text. Upon adsorption, a methoxy and hy-
droxyl species [2] is formed thermally. The latter diffuses across the surface at suffi-
ciently high temperature[3]. Upon illumination, methoxy is oxidized by a photohole
[4] yielding formaldehyde [5], which eventually desorbs thermally. The thus formed
atomic hydrogen diffuses on the surface [6] and recombines with another hydrogen
at a co-catalyst, desorbing as Hs [7]. The negatively charged surface states (e.g.
BBO vacancies or Ti** interstitials) of the n-type semiconductor get replenished by
the photoelectron [8]. The catalyst remains unchanged after the completion of the
cycle [1]. The reaction mechanism facilitates an overall charge-neutral stoiuchio-
metric reaction comprising thermal and photochemical steps. Adapted from [141].

ered by carbon monoxide under the reaction conditions, which supposedly originates
from methanol decomposition. Since the catalyst showed no signs of deactivation over
hours of steady-state photocatalytic methanol conversion, the authors assumed a pro-
tective effect of the CO adsorbates.[85] On the same system, Hao et al. observed a
significant increase in the reaction rate for higher Pt loadings.[143] The groups of Idriss
and Yang further reported photocatalytic hydrogen evolution from methanol on gold
cluster-covered TiO2(110). Idriss and coworkers interpreted their results based on an
electrochemical picture assuming the clusters to be charge carrier traps, and concluded
that the reaction rate did not scale with cluster density or size.[144] In contrast, Yang and
coworkers claimed Hz evolution during photocatalytic methanol conversion on TiO2(110)
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to occur thermally on the Au clusters, in agreement with the catalytic cycle proposed
by the Heiz group.[145, 141]
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Figure 2.7: The band bending scheme adapted to the photocatalytic cycle proposed by Walenta
et al.. The photoactive methoxy group is bound to a negatively charged surface
state, which causes an upward band bending. The adsorbate affects the surface
density of states, as indicated by the dashed lines and the hemisphere. A photo-
hole created by illumination migrates to the surface state, and by its consumption
reduces the electron density there, leading to a C-H bond cleavage. Formalde-
hyde subsequently desorbs, the reduction of negative surface charge creates a band
flattening and enables the diffusion of photoelectrons to the surface, where it re-
generates the initial negatively charged surface state. Black dotted line: actual
occupation, grey dotted line: previous occupation.

16



3 Experimental Methods

The UHV is depicted in figure 3.1. It consists of an analysis and a reaction chamber
with a laser vaporization cluster source attached to it. The chambers are differentially
pumped, with a pressure between 1-10~ ! mbar at the skimmer and 2-10~" mbar in the
main chamber when depositing clusters. The main chamber has a base pressure of less
than 1-10'mbar and is equipped with a liquid Na-cooled (z,v, 2, ¢)-manipulator, a
sputter gun, an Auger electron spectrometer, a quadrupole mass spectrometer (QMS),
leak valves, a molecular beam doser, and a gasline of in-house design. Photocatalytic
experiments were conducted using the second harmonic (241.8 nm) of an optical para-
metric oscillator pumped by the third harmonic of a Nd:YAG laser. The cluster source
has a base pressure lower than 2-10 8 mbar at the quadrupole bender and is operated
using a frequency-doubled Nd:YAG laser. More details about the setup are given below.

3.1 Cluster Source

The laser vaporization cluster source enables the generation of small clusters with a
defined and variable number of atoms between 1 amu to 16 000 amu.[146] These clusters
are deposited on the TiO2(110) surface under soft-landing conditions (<1 eV /atom).[147]
At a constant cluster current, the deposition time is adjusted to deposit a desired amount
of atoms in the range of 0.1 % to 2% of a monolayer with respect to the total number
of surface atoms. Hence, cluster size and coverage can be controlled independently.

The second harmonic of a diode-pumped Nd:YAG laser (DPPS Spitlight, 100 Hz, 6 W,
9ns pulse width) is focused onto a hypocycloidically rotating metal target disc (99.95%
purity for Pt (ESG Edelmetalle); the purity of the Ni target was checked by mass
scans). Synchronous to the laser pulses, the produced metal plasma is mixed with of
He gas (5.0 for Pt, 6.0 for Ni, Air Westfalen), whose inlet is triggered by a piezo valve
with pulses of 40ps in length (3bar to 4bar gas pressure at the piezo). The metal
plasma is thermalized by the He pulses, and the mixture expands adiabatically into
the vacuum thorugh a nozzle of 3mm in diameter. The mixing of plasma and rare
gas pulses and their expansion counterpropagating to the laser beam leads to cluster
cation formation and their cooling below room temperature.[148] Using Einzel lenses,
the ions are first guided through a linear octupole (HT Transceiver TS-5700, Kenwood)
operating at radio frequency. Subsequently, a 90° quadrupole bender deflects the cations
rectangularly towards the main chamber. This way, the neutral clusters are separated
and dumped onto a glas slab. The cations are guided through a quadrupole mass filter
(QMF) (150 QC, Extrel) which facilitates the selection of certain cluster sizes in a
mass range of 1amu to 16000 amu assuming singly charged particles. Alternatively,
the QMF operates in radio frequency mode, serving as high pass filter and facilitating
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the deposition of clusters of a certain size distribution. The clusters enter the main
chamber through a gate, where they reach the single crystal surface in direction of the
surface normal. An intact landing without fragmentation is ensured by the soft-landing
conditions mentioned above. Upon landing, the cluster cations are neutralized, which
is measured as electric current using a picoammeter (Keithley 6487). A home-written
LabVIEW programm converts the neutralization current to the total cluster surface
coverage (in % of all surface atoms) during the deposition. The cluster current typically
amounts to 100 pA to 300 pA for size-selected and 2nA to 5nA for unselected clusters.

3.2 Analysis and Reaction Main Chamber

The UHV main chamber (base pressure lower than 1-107% mbar) consists of a liquid
No-cooled (z, y, z, ¢)-manipulator (VAB Vakuum), a sputter gun for surface purification
and TiO2 reduction (IQE 11/35, Specs), an Auger electron spectrometer for surface
analysis (CMA 100, Omicron Nanotechnology), an electron-ionization QMS (QMA 430,
Pfeiffer Vacuum), leak valves (Pfeiffer Vacuum), a molecular beam doser for directed
water dosage, and a gasline of in-house design (base pressure 5-10~® mbar) which allows
for the dosage of all other substrates through the leak valves. All liquids are purified by
freeze-pump-thaw cycles prior to their use, and the absence of contaminants is checked
by dosing the reactant into the chamber and performing QMS mass scans. A transfer
chamber with a (z, ¢)-manipulator (Ferrovac MDG40) with a transfer tool enables the
exchange of samples.

The manipulator carries three sample holders, two of which are identical. All three
are heated resistively using wires made of a W-Re alloy (26% Re, Omega Engineering).
The temperature is monitored using a calibrated readout of a twisted thermocouple
(type C).[149] The two identical sample holders are based on a design by the Yates
group[150, 151] and hold cylindrical TiO2 single crystals (SurfaceNet GmbH) of 1 mm
in diameter with the (110) facet exposed. Two notches are cut vis-a-vis into the sides
of the crystal. This way, Ta plates of 0.125 mm thickness clamp the crystal onto a Ta
heating plate with a gold foil of 0.025 mm thickness in between. The thermocouple is
inserted directly into a hole drilled sideways into the crystal without any adhesive. The
samples of these holders are not compatible with the load lock and cannot be mounted
or removed without breaking the vacuum. They were used for the study discussed in
section 4.1.

The second sample holder is also made of Ta and carries exchangeable Ta plates into
which the actual sample is put. The latter have a cutout spacing to carry TiOg single
crystals (SurfaceNet GmbH, 10mm x 10mm x 0.3mm with the (110) facet exposed),
with a gold foil of 0.025 mm thickness in between. The crystal is stabilized by two Ta
sheets spot-welded vis-a-vis onto the exchangeable Ta plate. This system was used for
the studies discussed in section 4.2 and 4.3.
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Figure 3.1: Sketch of the experimental setup used in this work which is divided into two parts:
the laser vaporization cluster source for the generation of Pt or Ni clusters as co-
catalysts (top) and the analysis chamber for surface preparation, characterization,
and reactivity measurements (bottom). Adapted with permission from [83]. Copy-
right 2018 American Chemical Society.

3.3 Laser System for Photocatalytic Studies

Photocatalytic experiments were conducted using the second harmonic (241.8 nm) of an
optical parametric oscillator (premiScan ULD/400, GWU) pumped by the third har-
monic of a Nd:YAG laser (Spitlight 1200, 20 Hz, Innolas). Idler and signal beam are
separated using a Pellin-Broca prism. The resulting laser beam has a wavelength of
241.8 nm and a pulse energy of 500 1J to 1000 nJ after exiting the prism and being de-
flected by a metal mirror (protected Al). The power can be further lowered using a
grey filter. The UV beam is then guided into the UHV chamber with two mirrors and a
periscope (CVI Melles Griot), where it reaches the single crystal at an angle of 30° with
respect to the surface normal. The pulse energy on the crystal surface is approximatively
1/3 of the energy measured after the deflection mirror behind the laser housing exit.

3.4 Sample Preparation

The reduced TiO2(110) surface is generally obtained by cycles of Ar ion sputtering
(1.0keV, 5-10 % mbar, 12 pA ion current, 20 min) and vacuum annealing (800 K, 10 min).
A hydroxylated surface is prepared from the reduced surface by dosing water onto the
sample using the molecular beam doser (usually 420 mbar 420 mbar backpressure at
the micro-capillary plate for 4 min) at cryogenic temperatures and a subsequent short
annealing at 350 K. The surface purity is confirmed using Auger electron spectroscopy
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(AES) and the thermal reactivity is checked by means of water and methanol TPD.
The photochemical activity is probed by the photocatalytic conversion of 2-methyl-2-
pentanol.

3.5 Temperature Programmed Desorption

The reactant of choice is adsorbed onto the crystal surface at cryogenic temperatures
using a leak valve and Langmuir dosing or the molecular beam doser in case of water.
The sample is then placed at a distance of approximately 2 mm below the skimmer of the
QMS in a line of sight geometry. For PI-TPD measurements, the sample is irradiated
at a wavelength of 241.8 nm for a certain duration prior to heating. The heating ramp
is performed resistively and monitored using a temperature readout (Eurotherm 2408)
with a rate of 0.8 K/s. The desorbing species are monitored by the QMS.
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Figure 3.2: Principle behind the photocatalytic measurements with the example of methanol
photoreforming on Pt-loaded TiO3(110). The reaction is started by UV illumination
(yellow background) at a certain background pressure of the reactant. Upon light
exposure, the traces of the desorbing reaction products are detected in the QMS.
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3.6 Photocatalytic Measurements and Photon-Stimulated Desorption

3.6 Photocatalytic Measurements and Photon-Stimulated
Desorption

For photon-stimulated desorption (PSD) measurements, the reactant is dosed onto the
crystal at cryogenic temperatures. The sample is moved to a fixed distance below the
skimmer of the QMS in a line of sight geometry and heated to a temperature of choice.
The crystal is illuminated and the desorption products are detected by the QMS.

For photocatalytic experiments, the crystal is first brought to the same position as for
PSD experiments and heated to the desired temperature. The reactant is then con-
tinuously dosed into the chamber using a leak valve in a way that a certain substrate
background pressure is established. The TiO2(110) surface is illuminated and the des-
orbing photoproducts are detected by the QMS as depicted in figure 3.2.
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4 Results - Publication Summaries

This chapter includes short summaries of the journal articles published in the course of
this thesis. The focus is set on the chemical and physical insights obtained from the
results.
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4 Results - Publication Summaries

4.1 Reactions in the Photocatalytic Conversion of Tertiary
Alcohols on Rutile TiO,(110)

According to chemistry textbooks, tertiary alcohols are very difficult to oxidize in the
liquid phase under ambient conditions.[109] Only specifically functionalized substrates,
often combined with an appropriate catalyst, are suitable for selective oxidation. How-
ever, Walenta et al. demonstrated the selective photo-oxidation of tert-butanol on
Pt,/TiO2(110) in UHV.[141] More complex tertiary alcohols can be photoreformed in a
similar way, with the selectivity depending on the respective moities and chain lengths.
As discussed in section 2.3, tertiary alcohols adsorb to a certain extent dissociatively
on the TiO2(110) surface, yielding a hydroxyl species and the corresponding alkoxy
molecule.[71, 72] Here, it is found that under UV light, a photohole mediates the ho-
molytic C-C bond cleavage between the carbonyl carbon and a hydrocarbon chain. Gen-
erally, this oxidation step forms a ketone and an alkyl radical species. The selectivity is
determined by the length of the individual chains attached to the carbonyl group. The
ketone desorbs into the gas phase at sufficiently high temperatures. On bare TiO2(110),
the alkyl radical recombines with the hydrogen species that stems from the dissociative
adsorption of the alcohol, and desorbs as alkane. On Pt-loaded titania, an additional
pathway is facilitated, which becomes more dominant at elevated reactant pressure. The
Pt clusters enable the recombinative adsorption of surface hydrogen species to form Ho,
while the alkyl surface species may also recombine with each other to yield the corre-
sponding longer-chain alkane.

Since the bare titania surface facilitates the recombinative desorption of the alkyl and
hydrogen surface species, i.e. all reaction products are removed from the equilibrium.
Thus, the photo-oxidation of tertiary alcohols can be conducted on TiO2(110) catalyt-
ically in the absence of any co-catalyst. This is different to primary and secondary
alcohols, where an «a-H is cleaved in the oxidation step. The thus formed hydroxyl
species cannot desorb from the surface as Hs in the absence of metal cluster co-catalysts
such as Pt and hence poison the surface (see section 4.2).

The chain lengts of the tertiary alcohol determine the selectivity of photo-oxidation step.
Methyl groups are not cleaved at all in the presence of longer alkyl moities. The pho-
toreforming of 2-methyl-2-butanol and 2-methyl-2-pentanol, both of which contain two
methyl groups, exclusively yields acetone next to propane and ethane, respectively. The
photoconversion of 3-methyl-3-hexanol allows both the ethyl and the propyl group to be
cleaved, yielding the respective alkanes next to ethane and propane in molecular ratio of
2:1. The tendency of bond cleavage can be qualitatively estimated from thermodynamics
by comparing their free energies of formation in the gas phase.

Apart from different selectivities, the presence of Pt clusters generally also enhances the
overall reaction rate, expressed by the TOF. Yet while the selectivity changes due to the
presence of platinum (which allows an additional reaction pathway), it does not change
further by increasing coverages of this co-catalyst.
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Abstract: According to textbooks, tertiary alcohols are inert
towards oxidation. The photocatalysis of tertiary alcohols
under highly defined vacuum conditions on a titania single
crystal reveals unexpected and new reactions, which can be
described as disproportionation into an alkane and the
respective ketone. In contrast to primary and secondary
alcohols, in tertiary alcohols the absence of an a-H leads to
a C—C-bond cleavage instead of the common abstraction of
hydrogen. Surprisingly, bonds to methyl groups are not cleaved
when the alcohol exhibits longer alkyl chains in the a-position
to the hydroxyl group. The presence of platinum loadings not
only increases the reaction rate but also opens up a new
reaction channel: the formation of molecular hydrogen and
a long-chain alkane resulting from recombination of two alkyl
moieties. This work demonstrates that new synthetic routes
may become possible by introducing photocatalytic reaction
steps in which the co-catalysts may also play a decisive role.
Open access funding enabled and organized by Projekt
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The selective oxidation of alcohols to aldehydes and ketones
is a fundamental topic in various fields of chemistry ranging
from heterogeneous catalysis to synthetic organic chemistry.™
In contrast to the facile oxidation of primary and secondary
alcohols, tertiary alcoholstypically do not react analogously,
due to the required cleavage of a C—C instead of a C—H bond
to establish the carbonyl functionality.”) As tertiary alcohol
oxidation is generally difficult, in particular in a selective
manner, publications on this subject are thus scarce and often
a broad product spectrum results.'*>3 Conventional synthetic
methods often rely on auxiliary compounds or quantitative
amounts of oxidants to enable the reaction in the first place.!
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Often the conversion is conducted with the use of toxic metal
oxides such as chromium(VI) oxides.”’

An alternative approach for alcohol reforming is photo-
catalysis using semiconductors.” For example, Teichner and
co-workers successfully photooxidized 2-methyl-2-butanol by
means of UV irradiation on a nonporous anatase catalyst in
the presence of oxygen. The proposed reaction pathways take
place via olefin intermediates, leading to the reaction
products acetone, ethanal, and 2-butanone.’!

In general, titania is by far the most used material in
photocatalysis due to its reaction properties and availability.”
While it is commonly applied in a nanostructure form (e.g. as
P25), the material’s structural complexity often prevents the
elucidation of exact reaction mechanisms.”’ As in thermal
catalysis, defined single-crystal surfaces under highly defined
conditions in ultra-high vacuum (UHYV) are more suitable for
this purpose.l'” In heterogeneous photocatalysis, rutile TiO,-
(110) surfaces have been comprehensively employed in
alcohol conversion thermally™! and photochemically.!?!
Thus, this material represents the best-suited model system,
even though other titania systems (e.g. anatase) may exhibit
better photoactivities.

For this report, we investigated the photochemical
reaction behavior of longer-chain tertiary alcohols (3-
methyl-3-hexanol, 2-methyl-2-pentanol, and 2-methyl-2-buta-
nol) on bare and platinum-loaded rutile TiO,(110) in an UHV
environment in the absence of oxygen and water. We
demonstrate that the alcohols undergo unexpected and new
photocatalytic reactions, which enable general mechanistic
insights. Furthermore, we show that the rich chemistry of
tertiary alcohols makes them an interesting model system for
photocatalysis. For example, they enable the elucidation of
the behavior of alkyl radicals on surfaces, important for the
photo-Kolbe reaction™ and the Fischer-Tropsch process.
In the latter, TiO, represents a common support material.!*”

The UV illumination of a TiO,(110) crystal, decorated
with a defined coverage (0.1 % monolayer (ML)) of platinum
clusters ranging in size range from Ptg to about Pt,s, leads to
a photocatalytic reaction of 3-methyl-3-hexanol, which results
in a complex fragmentation pattern in the mass spectrum.
However, a detailed analysis reveals (see Figure S2) that only
two parallel reactions occur, both of which are an oxidation to
a ketone and a corresponding alkane (2-pentanone and
ethane, 2-butanone and propane, see Scheme 1). While the
formation of higher alkanes is observed, a reaction yielding
methane is not. Monitoring mass traces specific for a partic-
ular molecule (Figure 1) demonstrates that the reaction is
truly catalytic under illumination and formation of unwanted
surface species leading to catalyst poisoning does not occur.
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Scheme 1. Reaction scheme for the photoreforming of 3-methyl-3-
hexanol on Pt,/r-TiO,(110) and on r-TiO,(110) under UV illumination.
The reaction can be seen formally as a hole-mediated disproportiona-
tion yielding an alkane and the respective ketone; however, this does
not occur for the formation of methane.
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Figure 1. Photocatalytic products of 3-methyl-3-hexanol photoreforming
on Pt,/r-TiO,(110) (0.1% monolayer (ML) cluster coverage). Signals
for 3-methyl-3-hexanol (m/z 73), propane (m/z 29), 2-butanone (m/z
72), ethane (m/z 30), and 2-pentanone (m/z 86) are shown at 340 K
under a 3-methyl-3-hexanol background pressure of 1.7x 107 mbar.
The gray region highlights the period of UV laser irradiation. The initial
burst of the signal originates from higher surface concentrations of the
alcohol before the start of the illumination. Note that the traces are
offset for clarity. The traces demonstrate that two different photo-
catalytic reactions occur in parallel yielding a ketone and the respective
alkane.

Compared to the photoreforming of other alcohols, the
observed reaction pathways are unexpected. The absence of
an a-H precludes the common C—H cleavage to form H, and
the respective aldehyde or ketone, as detected for primary
and secondary alcohols.>!® Therefore, the ejection of radicals
and concomitant stoichiometric production of H, is expected
in analogy to tert-butanol photoreforming.'”! Neither radical
abstraction nor significant molecular hydrogen formation is
detected for prolonged reaction times. Instead, this reaction,
which to the best of our knowledge has never been described
before, can be viewed as a photocatalytic disproportionation

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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yielding higher alkanes and the respective ketones. Interest-
ingly, reaction products originating from the cleavage of the
methyl group are not observed (Figure S9). In the same way,
dehydration reactions, common in thermal reactions, also do
not occur (Figure S9). The same reaction is observed for
tertiary alcohols with two methyl groups at the a-C position
(namely, 2-methyl-2-butanol and 2-methyl-2-pentanol), for
which only the long carbon chain is abstracted with 100 %
selectivity (see Figures S3 and S4). Consequently, the for-
mation of acetone and the respective alkane results exclu-
sively. This demonstrates the generality of our findings. The
same products are observed under ambient conditions even
for 2-methy-2-butanol, but the presence of oxygen and water
leads to additional by-products.”!*!

This new reaction can be explained with the mechanism
we suggested for the photoreforming of alcohols on TiO, in
the gas phase.'” The photoactive alkoxy species, which are
already formed upon surface adsorption in the dark>!
undergo a hole-mediated oxidation reaction, resulting in the
cleavage of a C—C bond. The role of alkoxy compounds as the
photoactive species on TiO,(110) in alcohol photoreforming
has been demonstrated convincingly in the works of Hender-
son and others.'>?! Methyl radical ejection observed with
tert-butanol demonstrates that the photocatalytic oxidation
reaction occurs via a homolytic C—C bond scission. In contrast
to methyl groups, longer alkyl chains such as ethyl and propyl
exhibit stronger interactions with the TiO, surface in their
adsorption geometry and thus remain on the surface. This is in
perfect agreement with their absence in the mass spectra.

These surface alkyl radicals undergo recombination in
a consecutive thermal reaction step with hydrogen atoms
originating from the dissociative adsorption of the alcohol.
This reaction is also facilitated on bare TiO,(110) (i.e., in the
absence of Pt) in contrast to the recombination of two
hydrogen atoms. Consequently, photoreforming of higher
tertiary alcohols occurs in a photocatalytic manner even
without any co-catalyst (Figure 2a) and on a hydroxylated
surface (as shown in Figure S13 for 2-methyl-2-pentanol
photoreforming), in contrast to a-H-containing alcohols. For
the latter, surface hydroxylation results in the poisoning of the
photocatalyst.'’") The deposition of small amounts of Pt
clusters significantly increases the overall reaction rate, with
higher loadings leading only to a small increase in the
turnover frequency (TOF) (Figure 2a). This trend is in good
agreement with findings from methanol photoreforming in
UHV!! and with colloidal systems.!

In good accordance with the interpretation of the photo-
oxidation on the semiconductor and a consecutive alkane
formation, the selectivity of the reaction of 3-methyl-3-
hexanol remains unaffected by the degree of Pt coverage
(Figure 2b). It also remains constant at temperatures (Fig-
ure S8b) between 230 and 360 K, further demonstrating the
photocatalytic nature of the reaction. In order to explain the
observed selectivity of pentanone to butanone of about 2:1
(i.e., the preferred cleavage of ethyl over propyl and the
general absence of methyl), the thermochemistry of the
reactions may be used to obtain qualitative insights. All three
possible reactions displayed in Scheme 1 are endothermic by
about 20 to 30 kJmol™ (see the corresponding chapter in the

Angew. Chem. Int. Ed. 2019, 58, 14255-14259
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selectivity of the reaction; pentanone and an ethyl radical are
preferentially formed over butanone and a propyl radical.
Therefore, thermodynamic values may be used as a rule-of-
thumb to predict preferential bond cleavage in similar
photoreactions.

Performing the reaction at different pressures (3 x
10~% mbar to 5 x 10 mbar) with the Pt-loaded photocatalyst
does not affect the branching ratio for the two reactions
(Figure S8a). The overall TOFs exhibit typical 1* order
behavior when the reaction is limited by reactant adsorption
and 0" order in the case of limitation by product desorption
(see Figures S5 and S6). Similarly, the illumination-dependent
TOFs (see Figure S7) suggest a first-order behavior at lower
irradiation illumination intensities, which transfer into a sat-
uration regime (zeroth order) at higher photon fluxes, as in
the photoreforming of other alcohols.!'’*! However, and more
importantly, for platinum-decorated TiO,(110) an additional
side reaction becomes evident at higher pressures. This
is best illustrated for 2-methyl-2-pentanol photoreforming

b) (Scheme 2), for which all reaction products can clearly be
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T |
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g | Scheme 2. Reaction scheme for the photoreforming of 2-methyl-2-
5 002 7 pentanol on bare r-TiO,(110) and Pt,/r-TiO,(110) under UV illumina-
2 4 tion. While on bare titania only the hole-mediated disproportionation
% 0.01 yielding acetone and propane occurs, a second reaction pathway is
X - enabled for Pt-decorated TiO, above 2.0x 1077 mbar alcohol pressure.
% 1 In the latter reaction, hydrogen recombines on the Pt clusters and two
~ 0.00 Lt ) | . \ ) | . L , | propy! radicals recombine forming hexane.
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Figure 2. Photocatalytic conversion of 3-methyl-3-hexanol on Pt-deco-
rated r-TiO,(110). In (a) the TOF of the ketones (sum of 2-butanone
and 2-pentanone) is shown for different Pt, cluster coverages. In (b)
the selectivities for 2-pentanone and 2-butanone based on the TOFs
are displayed for bare r-TiO,(110) and for different Pt loadings on r-
TiO,(110). A monolayer ML refers to the surface atoms. 0% ML
stands for the bare r-TiO,(110). While the deposition of Pt clusters
does not affect the reaction’s selectivity, it initially increases the TOF.
However, higher loadings do not have a similar effect.

Supporting Information). Model reactions for the photo-
catalytic C—C bond cleavage suggest that the formation of
methyl radicals requires significantly more energy than ethyl
or propyl formation (see details in the Supporting Informa-
tion). In addition, longer-chain alkyl moieties than methyl
exhibit stronger interactions with the surface. These radicals
are therefore not detected in the gas phase, in contrast to the
ejection of methyl radicals in tert-butanol photoreforming.
For ethyl and propyl formation, the difference in thermo-
chemistry is less pronounced compared to methyl. However,
reactions yielding ethyl are generally more endothermic than
propyl formation. This trend is reflected in the observed

Angew. Chem. Int. Ed. 2019, 58, 1425514259
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quantified and their analysis is not affected by isobaric
interference. As deposited platinum clusters enable the
efficient thermal recombination of hydrogen atoms,'” the
surface coverage of alkyl increases in the steady state with
increasing pressure. Consequently, the recombination product
of two radicals (i.e., hexane) accompanied by H, formation is
detected at 5x 10 mbar of alcohol pressure (Figure 3a).

As the formation of H, is not facilitated on bare titania,
this side reaction is not observed in the absence of a co-
catalyst (Figure 3b). Consequently, this result also demon-
strates that with the addition of noble-metal clusters, not only
unwanted consecutive reactions (as for example the hydro-
genation of ketones recently studied mechanistically by
electrochemistry®), but also an intrinsically different out-
come of the photoreaction cycle must be considered in
applied systems.

To summarize, we discovered a new reaction for the
photoreforming of tertiary alcohols on rutile, which can be
described as hole-mediated disproportionation yielding an
alkane and the respective ketone. Surprisingly, the abstraction
of methyl groups does not occur and only a-C bonds to longer
alkyl chains are selectively cleaved, in contrast to the reaction
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Figure 3. Photocatalytic products of 2-methyl-2-pentanol photoreform-
ing on a) Pt,/r-TiO,(110) (0.1% ML cluster coverage) and b) r-TiO,-
(110). Propane (m/z 29), acetone (m/z 58), hydrogen (m/z 2), and
hexane (m/z 86) signals are shown at 336 K under a 2-methyl-2-
pentanol background pressure of 5.0x 107 mbar. The gray region
highlights the period of UV laser irradiation. Note that the traces are
offset for clarity. In contrast to bare TiO,(110), the co-catalyst-loaded
semiconductor enables another side reaction, alkyl radical recombina-
tion and molecular hydrogen formation.

of tert-butanol. The thermochemistry of radical formation
may supply a qualitative measure to predict the selectivity of
the photoreaction. As the recombination of the alkyl radical
and hydrogen is enabled on bare titania, in contrast to the
recombination of two hydrogen atoms, the reaction is fully
catalytic even without a co-catalyst. While already small
amounts of Pt clusters on the rutile crystal increase the overall
reaction rate, they also induce another reaction pathway
yielding molecular hydrogen and the recombination product

of two radicals observed at increasing pressures.

The observed mechanisms may explain the variety of
product distributions from ambient pressure and liquid
photoreforming studies and have set mechanistic research in

photocatalysis on a solid foundation.
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Supporting Information:

Experimental Overview

The details of the experimental setup are described below and also elsewhere.5! In brief,
measurements are performed with a complex UHV apparatus featuring a laser vaporization
cluster source for the deposition of clusters with an atomically precise number of atoms.5?
The cluster coverage is controlled by the deposition time and determined by recording the
neutralization current with a picoammeter. The UHV chamber is equipped with an Auger

spectrometer and an ion gun for Ar" sputtering for the preparation of a defined semiconduc-

tor surface. The sample is mounted on a sample holder,? which is attached to a heatable and
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liquid-N,-coolable manipulator in order to set the sample on a selected and defined temper-
ature. The TiO,(110) crystal is cleaned following established procedures of sputtering and
annealing cycles. The degree of surface reduction and absence of platinum is determined
by H,O temperature-programmed desorption and the evaluation of traces of water® and
H,,% respectively. The Pt/TiO,(110) model catalysts have been thoroughly characterized
by a variety of local and integral techniques.>® Photocatalytic measurements are performed
by illuminating the sample with a Nd:YAG-pumped, frequency-doubled OPO laser beam
at 242nm in an alcohol background. Product evolution is followed by a quadrupole mass

spectrometer placed in line of sight with the photocatalyst.

Experimental Details

The setup consists of a laser vaporization cluster generation source and an ultra-high vacuum
(UHV) setup. For cluster generation, a focused beam of the frequency-doubled of a Nd:YAG
(532 nm, 100 Hz, Spitlight DPSS, Innolas) ablates a rotating Pt target (99.96% purity, ESG
Edelmetalle, Germany). The resulting plasma is cooled by the expansion of a He gas pulse
(He 6.0, Air Westfalen) into the vacuum. The cationic cluster beam is guided and bent
into a quadrupole mass filter (QMF; Extrel, USA), which enables either the selection of a
particular cluster size or the guidance of the clusters in ion-guide mode.5? For this study, the
latter mode was used and was operated as high-pass filter transmitting only ions larger than
Pt,. The settings resulted in a cluster size distribution with a maximum from Pt;; to Pt
(see S1). 0.1% monolayer (ML) of Pt clusters (respective to surface atoms) were deposited
onto a Ti0,(110) single crystal under soft landing conditions (< 1eV /atom in kinetic energy).
Cluster loadings were determined by recording the cluster neutralization current during the
deposition with a picoammeter (Keithley, 6587). For experiments with different cluster
coverages, the desired amount of platinum, which is specified in the presented data, was

deposited by varying the deposition time (in the order of minutes). The as-obtained Pt-
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decorated TiO,(110) catalysts have been been well-characterized in previous works by means

of scanning probe microscopy and photoelectron spectroscopy.365
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Figure S1: Size-distribution of platinum clusters from Pt; to Pt3; with a maximum from Ptq;
to Pty3 from the laser vaporization cluster source. The solid black line denotes the cut-off
mass of the quadrupole mass filter during deposition.

In the UHV setup, a base pressure lower than 9.8-107'! mbar is achieved. The sample in
the chamber is mounted on a sample holder,* which is attached to a (¢,x,y,z)-manipulator
(VAB Vakuum GmbH) in order to enable the movement of the sample to different positions.
The sample holder enables liquid nitrogen cooling and the resistive heating of the crystal. For
analysis, an auger spectroscope (MDC, HLM-275-3), an electron ionization quadrupole mass
spectrometer (EI-QMS; QMA 430, Pfeiffer Vacuum GmbH) and a home-built photoionization
time-of-flight mass spectrometer (PI-TOF-MS) are attached to the main chamber. The
chamber is further equipped with a leak valve (Pfeiffer Vacuum) for Langmuir dosing and a
molecular beam doser in order introduce reactant gases into the vacuum via a gas line. The
vapor pressure of 3-methyl-3-hexanol (99%, Alfa Aesar), 2-methyl-2-pentanol (99%, Sigma
Aldrich) and 2-methyl-2-butanol (> 99%, Sigma Aldrich) is exploited in order to introduce

the reactants in the reaction chamber via a leak valve twith a constant background pressure.
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The surface of the rutile TiO,(110) single crystal (SurfaceNet GmbH) is prepared by cycles
of Ar™ (100% N60; Air Liquide) sputtering (1 keV, 4 - 10=° mbar for several hours), oxygen
(> 99%; Westfalen) annealing (800 K, 1-107% mbar, 20 min) and vacuum annealing (800 K,
10 min) until no contamination is observed by Auger electron spectroscopy with a respective
spectrometer (Omicron Nanotechnology). The absence of Pt is further confirmed by the
evaluation of the H, trace in a H,O thermal programmed desorption (TPD) experiment.®
The resulting light blue TiO, has a bridge-bonded oxygen (BBO) vacancy concentration
of 6 + 1% of Ti lattice sites, which is determined by H,O TPD.5* All the experiments are
performed on such a reduced TiO,(110) crystal. Photoexcitation experiments are conducted
with a frequency doubled OPO laser (GWU, premiScan ULD/400), which is pumped with
the third harmonic of a Nd:YAG (Innolas Spitlight HighPower 1200, 7 ns pulse width, 20 Hz
repetition rate), in order to achieve a wavelength of 242 nm (with a power of 3.6 + 0.3 mW
at the crystal surface, if not otherwise noted). Product identification is performed with the
above-mentioned QMS with mass scans under catalytic conditions (see for example figure
S2) and the recording of specific mass traces for the quantification of the reaction rates (see
for example figure S11). The QMS ion current is calibrated via the desorption integral of a
saturation coverage of the Ti-lattice sites with methanol in a TPD experiment.

The turnover frequency (TOF) values are calculated by integrating the baseline cor-
rected signals of the QMS. These are further corrected with the m/z-dependent transmis-
sions through the QMS, electron impact ionization cross sections (ICS) as well as with a
factor considering ion fragmentation which are taken from reference mass spectra. The frag-
mentation pattern are obtained from recording the mass spectra of the respective molecules.
The ICS values and the m/z-value of the respective fragment used for the quantification are

given in table S1.



Table S1: Electron impact ionization cross sensitivity values at 70 eV and m/z-value of the
respective fragment used for quantification.

substance  ICS [A?] m/z fragment

2-butanone  12.9510 72
2-pentanone  15.2510 86
propane 11.6510 29
ethane 8.39510 30
acetone 10.2510 58
hydrogen  1.0215!! 2
hexane 20.8510 86

Evaluation of Mass Spectra

The products are identified by the evaluation the mass scans. Firstly, a mass scan I over
the whole mass range with potential product masses, is carried out at a certain alcohol
background pressure, which is given in the caption of the respective figure. This mass scan
I includes the fragmentation pattern of the alcohol and possible contaminations from the
residual gas in the UHV chamber (mainly H,, CO, CO, and H,0). Secondly, the sample
is illuminated and a mass scan II under steady-state condition is recorded. This mass scan
IT includes the fragmentation pattern of the alcohol and its photo products. Subtracting
mass scan I (dark) from mass scan II (illuminated) reveals a mass scan of the photocatalytic
reaction. These spectra are named as difference spectra an are shown in Figure S2a, S3a
and S4a. Positive values indicate that these masses arise from photo products and negative
values originate from the consumed alcohol. In order to demonstrate that the resulting mass
peaks are due to the presence of the ketones and the respective alkanes, self-recorded mass

spectra of the reactant and products are added or subtracted from the difference spectrum
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a).

In a first step, from spectrum a) to b), the mass spectrum of the alcohol is added to the
difference spectrum. This results spectrum b), which only includes reaction products (i.e.
positive signals). Subsequently, the mass peaks of one product after the other is subtracted
from b) so that a baseline spectrum d) is obtained. Before every addition or subtraction,
the mass spectrum is normalized to a unique mass fragment of the respective molecule. All
the products can be clearly identified and it can be demonstrated, that no other products

result.
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Figure S2: Mass spectra for the product analysis of the photocatalytic reforming of 3-methyl-
3-hexanol (0.1% ML Pt, /TiO,, 300K, alcohol background pressure 1.7 - 107" mbar). The
difference spectrum is shown in a). Positive peaks originate from the products (2-butanone,
propane, 2-pentanone and ethane), and the negative peaks stem from consumed 3-methyl-
3-hexanol. Spectrum b) is obtained by adding the mass spectrum of 3-methyl-3-hexanol to
the difference spectrum (both spectra were normalized to m/z = 73 prior to the addition).
c) depicts the mass spectrum after the subtraction of the spectra of 2-butanone (normalized
to m/z = 72) and propane (normalized to m/z = 44). Spectrum d) shows a baseline after
subtracting the spectra of 2-pentanone (normalized to m/z = 86) and ethane (normalized
to m/z = 28) from spectrum c).
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Figure S3: Mass spectra for the product analysis of the photocatalytic reforming of 2-methyl-
2-butanol (0.1% ML Pt_/TiO,, 263K, alcohol background pressure 2.0 - 10~" mbar). The
difference spectrum is shown in a). Positive peaks originate from the products (acetone
and ethane), and the negative peaks stem from consumed 2-methyl-2-butanol. Spectrum b)
is obtained by adding the mass spectrum of 2-methyl-2-butanol to the difference spectrum
(both spectra were normalized to m/z = 59 prior to the addition). ¢) depicts the mass spec-
trum after the subtraction of the spectrum of acetone (normalized to m/z = 43). Spectrum
d) shows a baseline after subtracting the spectrum of ethane (normalized to m/z = 28) from
spectrum c).
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Figure S4: Mass spectra for the product analysis of the photocatalytic reforming of 2-methyl-
2-pentanol (0.1% ML Pt_/TiO,, 321K, alcohol background pressure 2.0 - 10~" mbar). The
difference spectrum is shown in a). Positive peaks originate from the products (acetone and
propane), and the negative peaks stem from consumed 2-methyl-2-pentanol. Spectrum b)
is obtained by adding the mass spectrum of 2-methyl-2-pentanol to the difference spectrum
(both spectra were normalized to m/z = 59 prior to the addition). ¢) depicts the mass spec-
trum after the subtraction of the spectrum of acetone (normalized to m/z = 58). Spectrum
d) shows a baseline after subtracting the spectrum of ethane (normalized to m/z = 29) from
spectrum c).
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Figure S5: Pressure-dependent Turnover Frequencies (TOFs) for photocatalytic reforming of
a) and d) 3-methyl-3-hexanol, b) and e) 2-methyl-2-pentanol, ¢) and f) 2-methyl-2-butanol
over 0.1% ML Pt_/TiO,. The photocatalytic experiments are performed at 253 K, so that
the temperature is above the desorption temperature of the ketones and alkanes and below

the desorption temperature of the alcohol.

The TOF exhibit a 1% order behavior until

the regime changes from reactant adsorption to product desorption limitation. The latter
results in a 0% order behavior. In a), b) and c), the pressure-dependent TOFs are plotted
on a logarithmic scale and in d), e) and f), a section of the TOFs are plotted linearly to
demonstrate a linear rise before the saturation behaviour.
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Pressure-dependent TOFs for photocatalytic reforming of a) and d) 3-methyl-
b) and e) 2-methyl-2-pentanol, ¢) and f) 2-methyl-2-butanol over 0.1% ML

Pt /TiO,. The catalytic experiments are performed at 336 K, so that the temperature is
above the desorption temperature of the ketones and alkanes and below the desorption
temperature of the alcohol. The TOFs exhibit a 1% order behaviour since the reaction is
limited by reactant adsorption at 336 K. Due to higher temperature, a desorption limited
regime is not reached, which is different to figure S5. In a), b) and c), the pressure-dependent
TOFs are plotted on a logarithmic scale and in d), e) and f), a section of the TOFs are
plotted linearly to demonstrate a linear rise with increasing alcohol pressure.
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Figure S7: Power-dependent TOFs for photoreforming of 3-methyl-3-hexanol on 0.1% ML
Pt /Ti0,(110) at 336 K in an alcohol background pressure of 8.4 - 10~" mbar. The reaction
exhibits a first-order dependence, which transfers into a zeroth-order regime at higher illu-
mination intensities. This behavior, which is similar to the reaction of other alcohols,S'?
supplies evidence for a one photon process. Note that the overall apparent quantum yield
ranges from 0.67 % for low illumination intensities (0.74 W) to 0.11 % for higher photon
fluxes (2.64 mW), when the calculations follow the generally applied procedure via the num-
ber of evolved molecules per second with respect to the photon flux®'?°* and assuming the
usually assumed two-photon process for a direct comparison with literature values.
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Figure S8: Photocatalytic conversion of 3-methyl-3-hexanol on 0.1% ML Pt_/TiO,(110). In
a),the selectivities for 2-pentanone and 2-butanone based on the TOFs from figure S5 and
figure S6 are displayed for different reactant pressures at two different temperatures 253 K and
336 K, respectively. The two temperatures typify the temperature regime limited by product
desorption, respectively by reactant adsorption. In b), the selectivities for 2-pentanone
and 2-butanone are shown for different temperatures. It is found, that the selectivities are
temperature and concentration independent.
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Figure S9: Photocatalytic alcohol reforming of 3-methyl-3-hexanol on Pt /TiO,(110) (0.1%
ML cluster coverage). The masses m/z = 2 for hydrogen, m/z = 98 for the dehydration
products, hexene and methylene hexane, and m/z = 100 for 3-hexanone are displayed at
340K under a 3-methyl-3-hexanol pressure of 1.7 - 10~"mbar. The blue region highlights
the period of UV irradiation. It can be clearly seen that neither of these products are
quantitatively formed. Note that the decrease in the m/z = 98 during illumination is due to
the consumption of the alcohol (the substrate), which exhibits a fragment of this particular
mass in its fragmentation pattern.
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Figure S10: Photocatalytic products of 3-methyl-3-hexanol photoreforming on bare
r—Ti0,(110). 3-methyl-3-hexanol (m/z=73), propane (m/z=29), 2-butanone (m/z=72),
ethane (m/z=30), and 2-pentanone (m/z=86) signals are shown at 360 K under a 3-methyl-
3-hexanol pressure of 1.7-10~" mbar. The blue region highlights the period of UV irradiation.
Note that the traces are offset for clarity.
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Figure S11: Photocatalytic products of 2-methyl-2-butanol photoreforming on 0.1% ML
Pt,/TiO,(110). 2-methyl-2-butanol (m/z=73), hydrogen (m/z=2), ethane (m/z=30), and
acetone (m/z=58) signals are shown at 330 K under a 2-methyl-2-butanol pressure of 2.0 -
10~" mbar. The blue region highlights the period of UV irradiation. Note that the traces are
offset for clarity. Under these reactions conditions, a third reaction product next to acetone
and ethane, namely hydrogen is observed.
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Figure S12: Photocatalytic products of 2-methyl-2-pentanol photoreforming on 0.1% ML
Pt,/TiO,(110). 2-methyl-2-pentanol (m/z=87), propane (m/z=29), and acetone (m/z=58)
signals are shown at 253 K under a 2-methyl-2-pentanol pressure of 2.0 - 107 mbar. The
blue region highlights the period of UV irradiation. Note that the traces are offset for clarity.
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Figure S13: Photocatalytic products of 2-methyl-2-pentanol photoreforming on
hydroxylated-TiO,(110). Propane (m/2=29), acetone (m/2=58) and molecular hydrogen
(m/z=2) signals are shown at 270 K under a 2-methyl-2-pentanol background pressure of
1.7 - 1077 mbar. The hydroxylated-TiO,(110) crystal was exposed to water at cryogenic
temperatures and annealed to 270 K. This leads to hydroxyl groups on the surface, while
residual water molecules are being desorbed.S' The photoreaction occurs very similar to
that on reduced-TiO,(110) (see Fig. 3a) showing that the hydroxylation does not lead to
significant changes in the reaction behavior. Note that the traces are offset for clarity.
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Figure S14: a) Isothermal photoreaction experiment of 5 L 3-methyl-3-hexanol on r-
TiO,(110) at 340 K. The catalyst is exposed to 3-methyl-3-hexanol at 150 K and then brought
to 340 K. Upon illumination (blue region), propane (m/z=44 ), 2-butanone (m/z=72), ethane
(m/z=30), and 2-pentanone (m/2=86) are formed.

b) Temperature programmed desorption spectroscopy (TPD) experiment after the isother-
mal photoreaction at 340 K. It is found that no alkanes and ketones appear in the TPD spec-
trum, which shows that the photoproducts have desorbed completely during illumination.
Furthermore, no other photoproducts are detected. Only the formation of small amounts
of dehydration products (m/z=98) are observed. They originate from the thermal water
elimination of alcohol residues, a general property of the thermal reactivity of alcohols,S'6
and may lead to three different structural isomers for which an unambiguous assignment
cannot be given by EI-QMS. (Note that in both plots the traces are offset for clarity.)
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Figure S15: a) Isothermal photoreaction experiment of 5 L 2-methyl-2-pentanol on r-
TiO,(110) at 340 K. The catalyst is exposed to 2-methyl-2-pentanol at 150 K and then
brought to 340 K. Upon illumination (blue region), propane (m/z=29) and acetone
(m/2=58) are formed.

b) Temperature programmed desorption spectroscopy (TPD) experiment after the isother-
mal photoreaction at 340 K. It is found that acetone and propane do not appear in the
TPD spectrum, which shows that the photoproducts have desorbed completely during il-
lumination. Furthermore, no other photoproducts (e.g. product from alkyl recombination,
i.e. hexane (m/2=86)) are detected. Only the formation of small amounts of dehydration
products (m/z=84) are observed. They originate from the thermal water elimination of
alcohol residues, a general property of the thermal reactivity of alcohols,%! and may lead to
three different structural isomers for which an unambiguous assignment cannot be given by
EI-QMS. (Note that in both plots the traces are offset for clarity.)
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Figure S16: a) Isothermal photoreaction experiment of 5 L 2-methyl-2-butanol on r-
TiO,(110) at 340 K. The catalyst is exposed to 2-methyl-2-butanol at 150 K and then
brought to 340 K. Upon illumination (blue region), ethane (m/z=30) and acetone (m/z=58)
are formed.

b) Temperature programmed desorption spectroscopy (TPD) experiment after the isother-
mal photoreaction at 340 K. It is found that acetone and ethane do not appear in the
TPD spectrum, which shows that the photoproducts have desorbed completely during illu-
mination. Furthermore, no other photoproducts are detected. Only the formation of small
amounts of dehydration products (m/z=70) are observed. They originate from the ther-
mal water elimination of alcohol residues, a general property of the thermal reactivity of
alcohols, 5% and may lead to three different structural isomers for which an unambiguous
assignment cannot be given by EI-QMS. (Note that in both plots the traces are offset for
clarity.)
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Figure S17: Auger Electron Spectrum of the reduced-TiO,(110) after the isothermal pho-
toreaction experiment of 5 L 3-methyl-3-hexanol at 340 K followed by a thermal programmed
desorption from 340 — 800 K, shown in S14. No carbon containing species (expected at 272

eV) are detected.
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Thermochemistry

Table S2: Standard enthalpy of formation (AH?F) for molecules, which may be formed in
different reactions.

Molecule AH]? [kJ /mol]
methane —74.6517
ethane —84.0517
propane —103.8517
butane —125.6517
pentane —146.95%7
hexane —167.15%7
acetone —217.1817
2-butanone —238.5517
2-pentanone —259.0517
3-hexanone —277.6518
2-methyl-2-butanol —329.3518
2-methyl-2-propanol —352.1519
3-methyl-3-hexanol —372.8519
atomic hydrogen 217.998517
methyl radical 146.427520
ethyl radical 119.8752
propyl radical 100.8752
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Table S3: Standard enthalpy of reaction (AHp) calculated from the standard enthalpy of
formation (AH$) of the respective reactants and products.

Reaction AH3, [kJ/mol]
2—methyl—2—butanol — methane + 2—butanone 16.2
2—methyl—2—butanol — ethane + acetone 28.2
2—methyl—2—butanol —  butane + acetone 98.8
2—methyl—2—propanol — methane 4+ 2—pentanone 18.5
2—methyl—2—propanol —— propane + acetone 31.2
2—methyl—2—propanol — % hexane + acetone 102.9
3—methyl—3—hexanol —— methane + 3—hexanone 20.6
3—methyl—3—hexanol —— ethane + 2—pentanone 29.8
3—methyl—3—hexanol — propane + 2—butanone 30.5

All potential overall reactions are endothermic and elementary reaction steps are considered
to require even more energy due to the cleavage of C-C bonds (see below).

The thermochemistry of three different model reactions is evaluated (see Table S4) in
order to relate it to the selectivity of 3-methly-3-hexanol photoreforming. First, the required
energy for a radical formation from the respective alkane via a C-H bond cleavage is cal-
culated. Second, the scission of a C—C bond is addressed by the evaluation of the heat of
reaction for the formation of two radicals from the respective alkane. Third, it is assumed

that the reaction of the alcohol leads to a ketone, an alkyl radical and atomic hydrogen.
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Table S4: Standard Enthalpy of Reaction (AHY) for three model reactions in order of
evaluate the selectivity in 3-methyl-3-hexanol photoreforming (values calculated from Table

S2).

Reaction AHS, [kJ/mol]

Model Reaction 1

CH, —» CH, + H’ 439

Model Reaction 2

Model Reaction 3

3—methyl—3—hexanol — 3—hexanone + CH;" + H’ 460
3—methyl—3—hexanol — 2—pentanone + CH;CH, + H’ 452
3—methyl—3—hexanol — 2—butanone + CH;CH,CH," + H’ 453

The reactions yielding a methyl radical require significantly more energy than those for
the other two radicals. Reactions for the formation of propyl and ethyl radicals are very
similar in energy, but in every case the formation of ethyl is energetically favoured over
that of propyl. This is the same trend as for the observed selectivity in 3-methly-3-hexanol

photoreforming.
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4 Results - Publication Summaries

4.2 Origin of Poisoning in Methanol Photoreforming on
TiO,(110): The Importance of Thermal Back-Reaction
Steps in Photocatalysis

Alcohols are often used as model substrates for photocatalytic hydrogen evolution.[113,
152] The photo-oxidation process of primary and secondary alcohols on TiO2(110) in
UHYV yields one surface hydrogen (as hydroxyl) with a BBO) upon dissociative adsorp-
tion by O-H bond cleavage.[29] The hole-mediated oxidation yields another hydroxyl and
the corresponding aldehyde or ketone.[83] While the latter can desorb at room temper-
ature, hydrogen is accumulated on the surface during prolonged photoconversion since
Hy recombination does not occur.[141] In contrast, tertiary alcohols can be photocon-
verted catalytically on bare TiO2(110) since the surface facilitates the recombination
and desorption of hydrogen and alkyl surface species at room temperature (see previous
section). Related to hydrogen (i.e. hydroxyl) accumulation on titania is the apparent
deactivation of the photocatalyst during continuous or repeated methanol photoconver-
sion in UHV.[85] This “poisoning” has mostly been ascribed to electronic effects.[153]
For example, hydroxyl species may act as charge carrier traps and promote electron-hole
recombination. An alternative explanation was a flattening of the upwards band bend-
ing of the n-type semiconductor, which expectedly occured when the surface hydrogen
species are considered to be protons. A blocking of photoactive sites or mutual repulsion
of OH groups was also suspected as driving force behind catalyst deactivation.[154]

In this work, the steady state photoconversion of 2-methyl-2-pentanol is observed even
if the TiO2(110) surface had been poisoned by methanol photoconversion shortly be-
fore. In other words, the “poisoned” photocatalyst is actually catalytically active for the
conversion of the tertiary alcohol. If methanol is again used as reactant after 2-methyl-
2-pentanol photoconversion, formaldehyde formation remains negligibly small, i.e. the
surface is still “poisoned”. The physical and electronic effects listed above cannot ra-
tionalize these observations. A steric hindrance by surface hydroxyls would prevent
hydrogen abstraction from 2-methyl-2-pentanol and inhibit its dissociation and photo-
conversion. Furthermore, a flattened band or enhanced charge-carrier recombination is
not evident due to the steady-state photocatalysis of the tertiary alcohol, putting the
representation of surface hydrogen species as protons into perspective.

Instead, we consider the overall process of alcohol photoconversion on TiO2(110) in UHV
as a set of individual reaction steps. First, the alcohol adsorbs dissociatively to yield one
hydrogen as hydroxyl and the photoactive alkoxy species. Subsequently, hole-mediated
oxidation occurs, i.e. the abstraction of an alpha-H for primary and secondary alcohols
or the homolytic C-C bond cleavage in case of tertiary alcohols. Regarding the latter,
this step is not hampered by surface hydroxyls. For primary and secondary alcohols,
the thermal back-reaction of this photostep will, however, shift the equilibrium ratio to-
wards the reactants, lowering the yield in photoproducts. Indeed, the thermal reaction
of formaldehyde and hydrogen to methoxy has been observed by means of STM by Mao
et al. and is exothermic, contrary to the photoreaction.[94]
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ABSTRACT: Alcohol photoreforming on titania represents a perfect model system for
elucidating fundamental processes in the heterogeneous photocatalysis of semiconductors.
One important but open question is the origin of poisoning during the photoreaction of
primary alcohols on a bare, reduced rutile TiO,(110) crystal under ultrahigh vacuum
conditions. By comparing the photocatalytic properties of methanol and 2-methyl-2-
pentanol, it is demonstrated that the fading activity in methanol photoreforming does not
originate from the often-assigned increase of trap states for photon-generated charge
carriers. Instead, we attribute the apparent catalyst poisoning to an increased rate of
thermal back reactions, particularly to that of the photochemical oxidation step. While
overall back reactions are generally considered in photocatalysis, back reactions of
individual steps are largely neglected so far. Our work shows that their inclusion in the
reaction scheme is inevitable for the comprehensive modeling of photocatalytic processes.

KEYWORDS: photocatalysis, titania, poisoning, mechanism, alcohol reforming

utile titania is one of the most explored (and applied) oxidation mechanism of methoxy is driven by a direct hole

heterogeneous photocatalysts,’ but a complete under- transfer, leading to a C—H bond cleavage.'”~"” This yields
standing of the fundamental photochemical surface processes formaldehyde and a hydroxyl group with a bridging oxygen
is still lacking. Nevertheless, research on titania under atom (OHy,) from the lattice. The mechanism mediated by
ambient"” and vacuum conditions”* has already demonstrated photoholes was further suggested for other alcohols, since it
the value of this material not only for application but also as a comprehensively explains the formation of all corresponding
model system for the elucidation of fundamental effects in PrC’C111CtS~3’18_22 In the same sense, we have only recently
photocatalysis. One advantageous property of the model demonstrated that alcohol photoreforming on platinum-loaded
system TiO, is its availability as highly defined, single- TiO,(110) occurs through an unexpected (thermal) mecha-
crystalline material. Because of extensive research, the thermal nism for hydrogen formation succeeding the photoreaction'”**
surface chemistry is already fairly well understood, particularly and not by the usually assumed set of redox reactions.
on rutile TiO,(110). For example, the formation of species at Furthermore, we discovered a similarly unexpected reaction of

different sites and temperatures have been thoroughly tertiary alcohols,” corrpborating our PrOPOSEd mechanism.
elucidated.>™” This holds especially for alcohols,” "' which Although -the descrlbedg Photo-omdatlon. pathv{ay seems
are often employed as hole scavengers (i.e., sacrificial agents) generally valid for a?cohols,‘ important questions still .ne.ed to
in the testing of photocatalysts, with respect to their H, be resolved. In this .regard, the different photoactivity of
evolution performance for photocatalytic water splitting.'*~"* methano? an.d other primary alcohol§ on bar.e and cq—catalyst—
However, the surface chemistry of the materials represents a loaded t.1tan1a‘ over time still remains eluswe. Their photo-
property often neglected in photocatalysis, and certain conversion 13 trl,lly catalytic on Platlnum-deCQrated
henomena are, in most cases, related solely to charge carrier Ti0,(110), ™ while an upper limit in the conversion of
P . ! P . v arge © different primary alcohols is observed on the bare semi-
dynamics. Studies about TiO,(110) single crystals in particular ! P! 5’18127 . o
highlight the importance of such an understanding.” The conductor. These conversions range between 5% and
knowledge about thermal phenomena is crucial for disen-
tangling photocatalytic and thermal reaction steps for a Received:  April 9, 2020
comprehensive understanding of catalytic processes. In this Revised: ~ May 29, 2020
regard, Henderson identified thermally formed methoxy as the Published: June 25, 2020
photoactive species in methanol photo-oxidation on

Ti0,(110)."> Consistent with the upward band-bending

toward the TiO,(110) semiconductor surface, the photo-

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscatal.0c01615
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Figure 1. Photochemical reaction of methanol and photocatalysis of 2-methyl-2-pentanol on r-TiO,(110) at 300 K in an alcohol background of § X
10~® mbar in consecutive experiments. The blue region highlights the period of UV irradiation. (a) Photochemical product formation of methanol
oxidation on a freshly prepared r-TiO,(110). Upon UV excitation, methoxy species are oxidized to formaldehyde (m/z 30), which thermally
desorbs. The amount of formaldehyde decreases continuously as the photoreaction progresses. Note that the small spike in the hydrogen trace is
not stoichiometric by 2 orders of magnitude and is attributed to fragmentation in the ionization process.”> This state of the surface will be referred
to as “poisoned”. (b) The consecutive photocatalytic conversion of 2-methyl-2-pentanol on the poisoned r-TiO,(110). Upon UV illumination,
acetone (m/z 58) and propane (m/z 29) are formed catalytically without any deactivation. The initial spike of the signals of the photoproducts is
attributed to a saturation of photoactive alkoxy species in darkness. The catalyst is active over the entire illumination time of 30 min. The inset
shows the turnover frequencies (TOFs) of the products. (c) Consecutive photo-oxidation of methanol after photocatalysis of the tertiary alcohol.
Upon illumination, only very low amounts of formaldehyde are formed, and the activity of the freshly prepared surface has not been restored by the
reforming of the tertiary alcohol. Note that the traces are offset for the sake of clarity.

20% of the initial alcohol coverage and are attributed to result
from the accompanying hydroxylation of the surface.">'*** So
far, it is most commonly believed that surface hydroxyls act as
electron traps and promote charge recombination.”® This
seems conceivable, because the photoconversion of methanol
amounts to ~20% at most.”” At these conversions, by far not
all Oy,-sites are covered by H atoms. Yet, another work only
recently ascribed the poisoning during the photoreaction to the
mutual repulsion of surface OH-groups, which inhibits the
formation of additional surface hydroxyls.”® Thus, the exact
role of OH,, in the photochemistry of methanol and other
primary alcohols remains unclear and deactivation phenomena
are likewise attributed to either a site-blocking or an electronic
effect (or both).>!®2326:28:29

In this Letter, we report strong evidence that thermal
backreactions are mainly responsible for the deactivation in
alcohol photo-oxidation. Instead of site-blocking or electronic
effects, we attribute the thermal back-reactions of carbonyl and
surface hydroxyls to cause this deactivation on bare, reduced
rutile TiO,(110) (r-TiO,(110))—an interpretation that is
based on the differences in the photochemistry of tertiary
(exemplified by 2-methyl-2-pentanol) and primary alcohols
(represented by methanol).

The deactivation of the photocatalyst in a steady methanol
background on r-TiO,(110) under illumination at room
temperature is shown in Figure la. While the reactant is
continuously replenished, the formation of formaldehyde as
the product of the photoreaction step decays over time. The
eventual photoinactive state of the catalyst, with respect to
methanol conversion, is referred to as “poisoned” in the
following. A similar poisoning is also observed for experiments

7748

with a repeated dosage of methanol (see Figure S1 in the
Supporting Information), in which the initial conversion
decreases to ~20%, compared to the first photoreaction
cycle. The absence of stoichiometric molecular hydrogen
desorption (Figure la), the second reaction product next to
formaldehyde, indicates hydroxylation of the titania surface.
This hydroxylation from photo-oxidation of primary alcohols
previously was observed directly by means of scanning
tunneling microscopy.””***" Therefore, the removal of this
hydroxylation, which is observed on TiO,(110) only,
facilitated in the presence of a Pt co-catalyst””*” or via the
desorption of water from recombining OHj,. occurring only at
higher temperatures, is inhibited at room temperature.” Thus,
the overall reaction is given as follows:

CH,OH + 20,, -3 CH,01 + 20H,, 1)
As shown in Figure 1b, the disproportionation of 2-methyl-2-
pentanol to propane and acetone occurs ghotocatalytically
even on the poisoned r-TiO,(110) surface.”” The abstracted
propyl group formed by photo-oxidation recombines with a
surface hydrogen (e.g, originating from the dissociative
adsorption of the alcohol), which opens up a reaction channel
chemically closing the photocatalytic cycle and enables the
overall net reaction:

hv
CR,OH — CR,0O1 + RH? ()
In contrast to the formation of molecular hydrogen from two
hydrogen surface species in the photoreaction of methanol, this
consecutive thermal reaction (i.e., alkyl and surface hydrogen
recombination) occurs at room temperature, averting further

https://dx.doi.org/10.1021/acscatal.0c01615
ACS Catal. 2020, 10, 7747-7752
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Figure 2. Photochemical reaction of 2-methyl-2-pentanol and methanol on r-TiO,(110) at 300 K in an alcohol background of § X 107° mbar. The
blue region highlights the period of UV irradiation. The TOFs of 2M2P photocatalytic conversion are in quantitative agreement on a freshly
prepared r-TiO,(110) surface and on one with prior methanol photoconversion. (a) Photocatalytic disproportionation of 2-methyl-2-pentanol on a
freshly prepared, bare r-TiO,(110). Upon UV illumination, acetone (m/z $8) and propane (m/z 29) are formed catalytically. The inset shows the
TOFs of the products. (b) Photochemical oxidation of methanol to formaldehyde (m/z 30) leading to a deactivation caused by surface
hydroxylation. (c) Consecutive experiment (immediately performed after experiment described in panel (b)) of photocatalytic conversion of 2-
methyl-2-pentanol on the poisoned r-TiO,(110). Upon UV illumination, acetone (m/z 58) and propane (m/z 29) are formed catalytically without
any deactivation. The inset shows the TOFs of the products, which remain unchanged from the freshly prepared to the poisoned surface. Note that

the traces are offset for the sake of clarity.

accumulation of hydroxyl groups on the surface and rendering
the reaction stoichiometric.”>

While the disproportionation reaction of the tertiary alcohol
is not hampered by the hydroxylation of the surface, the crystal
remains in its poisoned state for a succeeding methanol
photoconversion (Figure 1c). As the photoreforming of the
tertiary alcohol proceeds stoichiometrically, neither the
concentration of OH,, groups on the surface nor the
photoactivity toward methanol is altered.

In order to evaluate potential changes in the photocatalytic
behavior of the tertiary alcohol quantitatively, the activity of
the TiO,(110) crystal in this reaction is expressed by the
TOE.'9?* Clearly, the product formation remains quantita-
tively unaffected by a preceding methanol photo-oxidation
(Figure 2). This demonstrates that OH,, groups do not affect
the charge-driven process significantly enough to influence the
photochemical reaction itself.

Therefore, other effects must be taken into account for the
poisoning in photocatalytic methanol oxidation, which we
postulate to result mainly from the thermal back reaction of
formaldehyde with surface hydroxyls to methoxy. In order to
describe the complete reaction sequence occurring on the
titania surface thoroughly, at least three different steps must be
considered (see eqs 3—5):

CH;0H,4 + Oy, = CH;0,4 + OH,, 3)
ho
CH,04 + Oy, = CH,0,4 + OH,,
T 4)
CH,O0, + 20H,, - CH,01 + 20H,, (s)
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First, dissociation of the adsorbed alcohol into a methoxy
species and an OHj, occurs on r-TiO,(110) (eq 3).%%* This
represents the first reaction step,'” which must be considered
to be reversible by thermal recombination. Second, the
succeeding a-H abstraction is a photon-driven reaction,
initiated by holes migrating to the surface of the n-type
semiconductor (eq 4). This step embodies the oxidation of
methoxy to formaldehyde upon C—H bond cleavagels’w'23 and
the concomitant hydroxyl formation on the titania surface.”
Third, formaldehyde desorbs into the gas phase at room
temperature, whereas hydrogen remains bound to lattice
oxygen on the surface (eq 5). Low degrees of hydroxylation by
water adsorption (see Figure S7 in the Supporting
Information) do not lead to a detectable change in
photoactivity (see Figure S3 in the Supporting Information),
in excellent agreement with the literature,”” while continuous
alcohol adsorption and photoconversion is instead accom-
panied by surface hydroxyl accumulation. This favors thermal
back-reactions in the reaction network (see eqs 3 and 4). The
back-reaction of the a-H cleavage (eq 4) was indeed shown to
occur thermally™ and directly observed via STM by Mao and
co-workers.””?%*!  Furthermore, it is considered to be
exothermic, because of the overall endergonic (and endother-
mic) forward reaction (AxG°® = +59.8 kJ/mol = 0.62 €V).*°
Only the thermal desorption of formaldehyde may be
simplified to a formally irreversible reaction, because of the
low readsorption probability of the molecule at the reaction
conditions.

The photocatalytic conversion of 2-methyl-2-pentanol still
occurs after the hydroxylation of the TiO,(110) crystal

https://dx.doi.org/10.1021/acscatal.0c01615
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Figure 3. Turnover frequencies for the photoreforming of 2-methyl-2-propanol at 300 K on the freshly prepared r-TiO,(110), after methanol
poisoning and ethanol poisoning. It is found that, in each case, the photocatalytic reaction proceeds stoichiometrically and with the same activity.

(through methanol photo-oxidation), in contrast to the photo-
oxidation of methanol (Figure 1). This demonstrates that a
blocking of photoactive sites by OHj,, is not the main reason
for the decline in the photoactivity toward methanol. A mutual
repulsion of OH-groups is also unlikely decisive for poison-
ing,”® since this would also inhibit the dissociative adsorption
of the tertiary alcohol, preventing its photo-oxidation
completely. Similarly, the role of surface OH-groups as
potential trap and recombination sites for photon-generated
charge carriers seems improbable, because the amount of
hydroxylation does not have a quantifiable effect on the
photoreforming TOF of the tertiary alcohol. Instead, thermal
back-reactions should be considered for other photodecompo-
sition reaction (e.g, that of trimethyl acetate’®) apart from
changes in the behavior of the photogenerated charges.

The different surface chemistry of these alcohols under
illumination can comprehensively explain their different
behavior. However, the adsorption properties of methanol
and 2-methyl-2-pentanol are very similar to each other, based
on STM work for methanol and longer chain, branched
alcohols by Dohnalek and co-workers.*””*® Independent of
the nature of the photoactive site, both alkoxy species are
expected to occupy the same (photoactive) Ti-sites and
undergo a hole-mediated oxidation.'*** If dosed successively,
the respective alcohol concentration on the titania surface sites
is determined by the adsorption strengths of the alcohols and
their displacement kinetics (see Figures S4 and S5 in the
Supporting Information). Obviously, photoreforming of
tertiary alcohols (eq 2) occurs by a photochemical C—C
cleavage of the alkoxy (eq 6),”” in contrast to the photo-
oxidation of methanol (eq 4), where a C—H bond is
cleaved. >

ho
CR,OH + O,, = CR,0, + OH,, = CR,0, + R, + OH,,
T

— CR,O1 + RH{ + Oy, (6)
The potential thermal back-reaction of the photo-oxidation of
2-methyl-2-pentanol does not involve hydrogen atoms from
hydroxyls, which perfectly agrees with the alcohol’s unaffected
TOF upon an increasing hydroxylation of the TiO,(110)
crystal. This unaltered catalytic behavior further points to a
similar concentration of photoactive tertiary alkoxy species.
This suggests that increasing hydroxylation does not affect the
dissociative adsorption of the tertiary alcohol significantly.
While a similar thermal chemistry and gas phase acidities™” are
observed, there is a strong difference in the thermal back-
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reaction of the photo-oxidation, resulting in their different
catalytic behavior.

To generalize the findings, ethanol is investigated as another
poisoning agent. The photochemical oxidation occurs
analogously to methanol by the conversion of ethoxy to
acetaldehyde.'®*° The dissociative adsorption and the photo-
reaction thus lead to an accumulation of hydroxyls on the
surface and the TOF of acetaldehyde decreases over time
(Figure S6a in the Supporting Information)."® In a subsequent
photocatalytic oxidation of 2-methyl-2-pentanol (Figure S6b in
the Supporting Information), the same TOF as in all other
photocatalytic experiments of the tertiary alcohol is obtained
(see Figure 3). Consequently, charge carriers are not
responsible for the poisoning in alcohol photo-oxidation on
TiO,(110), which may also hold for other photodecomposi-
tion reactions.

In conclusion, the presented findings strongly suggest that
the limited conversion of primary alcohols on TiO,(110)
results from the back-reaction of the aldehyde with a surface
hydroxyl. The catalytic photoreforming of tertiary alcohols
demonstrates that the charge carrier dynamics are not altered
significantly enough to account for the poisoning effect.
Therefore, surface OH groups as trap states/recombination
sites have only a negligible effect on these photoreactions.
Instead, the different photo-oxidation chemistry of primary and
tertiary alcohols allows the assignment of the deactivation to
thermal back reactions. In methanol photo-oxidation, two
different thermal back reactions were identified, in which
hydrogen atoms from surface hydroxyl groups are involved in
the reaction scheme. Based on the differences and similarities
in the photoreaction steps of methanol and 2-methyl-2-
pentanol, we attribute the back-reaction from formaldehyde to
methoxy as being mainly responsible for the vanishing
photoactivity of TiO,(110) in methanol photoreforming. For
tertiary alcohols, the forward reaction represents a photo-
chemical C—C bond cleavage, instead of the splitting of a C—
H bond. Consequently, the thermal back-reaction is
completely different from that of primary alcohols.

While overall back-reactions are sometimes considered in
photocatalysis, as e.g. in the prominent example of Maeda et al.
in full water splitting,*' back-reactions of individual reaction
steps are so far largely ignored. Given the abundance of
hydroxyls on the titania surface in the liquid phase,” the similar
photochemical behavior of other TiO, surfaces,* modifica-
tions (i.e., anatase(101))**** and morphologies (i.e, nano-
wires) ™" suggests that similar effects may also play an
important role for these systems. Our work demonstrates that

https://dx.doi.org/10.1021/acscatal.0c01615
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individual back-reaction steps must be included in a
comprehensive modeling of photocatalytic systems.
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Experimental

The details of the experimental setup are described elsewhere.!* The experiments are
performed in an ultra-high vacuum apparatus with a base pressure of <9.8x10-!! mbar.
The quadratic rutile TiO,(110) single crystal (SurfaceNet GmbH, 9.95 mm x 9.95 mm x
0.3 mm) is mounted on a sample holder, which is heated by resistive heating and
cooled with liquid N, to set the sample on a defined temperature. The crystal is
prepared by several sputter-annealing cycles, which consist of Ar* sputtering (20 min,
1 keV, 1x10° mbar Ar), oxygen annealing (20 min, 800 K, 5x10 mbar O,) and vacuum
annealing (10 min, 800 K), until a clean and flat surface is obtained. The cleanliness is
verified by Auger electron spectroscopy (Omicron Nanotechnology). The defect
concentration and the flatness of the reduced surface is determined by H,O
temperature-programmed desorption experiments.* > The blueish TiO,(110) has a
bridge-bonded oxygen vacancy concentration of 6 + 1% ML with respect to Ti-lattice
sites (Fig. S7). Photochemical experiments are carried out by illuminating the sample
with a Nd:YAG-pumped (3" harmonic, Innolas Spitlight HighPower 1200, 7 ns pulse
width, 20 Hz repetition rate) frequency-doubled OPO (GWU, premiScan ULD/400)
laser beam at a wavelength of 242 nm with a power of 5.9 + 0.3 mW at the crystal
surface. Product evolution, as well as the purity of the alcohol background, are
monitored with a line of sight quadrupole mass spectrometer (QMA 430, Pfeiffer
Vacuum GmbH). Catalytic experiments are carried out in a defined alcohol
background pressure, where the chamber is filled with reactant via a leak valve. Single
coverage measurements are conducted via Langmuir dosing at cryogenic
temperatures. A representative set of raw data is shown in Fig. S8. 2-methyl-2-pentanol
(99%, Sigma Aldrich), ethanol (Chromasolv, 299.8%, Sigma-Aldrich) and methanol



(Chromasolv, >99.9%, Sigma-Aldrich) are degasified by several freeze-pump-thaw
cycles.
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Figure S1. Isothermal mass traces (m/z 30) of the photoreaction of 1 L methanol on r-
TiO,(110) at 300 K for consecutive dosages. In experiment 1), 1 L methanol is adsorbed
on the freshly prepared crystal at 130 K, the sample is thermalized to 300 K, and UV
illumination starts at t =0 s. Upon excitation, an immediate formation of formaldehyde
is observed. The methoxy is oxidized by the photo-hole forming formaldehyde, which
is thermally desorbing at the reaction temperature of 300 K. Other photoproducts, as
well as water, are not observed during illumination. In experiment 2) and 3), the
sample is cooled down to 130 K immediately after experiment 1). 1 L methanol is
adsorbed and the sample is thermalized to 300 K. Upon illumination, about 20% of the
initial amount of formaldehyde is observed in experiment 2) and 3). 2) and 3) show a
poisoning of the catalyst towards formaldehyde production with respect to
experiment 1). The blue region shows the time of UV illumination.
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Figure S2. Temperature-programmed desorption experiment after isothermal
photoreaction of 1 L methanol on r-TiO,(110) at 300 K, analogue to Figure S1). 1 L
methanol is adsorbed on r-TiO,(110) at 130 K, the sample is thermalized to 300 K and
illuminated with UV light for 5min. Subsequently, a temperature-programmed
desorption experiment shows remaining methanol and the expected water peak
around 530 K resulting from recombinative desorption of OHy,. No other products
were observed in TPD.
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Figure S3. Isothermal mass traces of formaldehyde (1/z 30) of the photoreaction of 1L
methanol on r-TiO,(110) and pre-hydroxylated TiO,(110) at 300 K. 1 L methanol is
adsorbed on the prepared crystal at 130 K, the sample is thermalized at 300 K, and UV
illumination starts at t = 0 s. The hydroxylated TiO,(110) is prepared by adsorbing a
saturation layer of water, heating the sample to 350 K, so that all molecular water is
desorbing, and is cooled down to cryogenic temperatures. For both surfaces, upon
excitation, an immediate formation of formaldehyde is observed. The methoxy is
oxidized by the photo-hole yielding formaldehyde, which is thermally desorbing at
300 K. Other photo-products, as well as water, are not observed at these conditions.
The blue region shows the time of UV illumination.
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Figure S4. Temperature programmed desorption experiments for methanol (black)
and 2-methyl-2-pentanol (orange) on a freshly prepared r-TiO,(110), respectively.
Alcohol exposures (1 L for methanol and 5 L for 2M2P) are carried out at 150 K with a
heating rate of 1.5 K/s.
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Figure S5. Photocatalysis of 2-methyl-2-pentanol on r-TiO,(110) at 300 K in an alcohol
background of 5x10-8 mbar after a dosage of 5 L (i.e. 5x10- mbar for 133 s) of methanol
at 300 K. The blue region highlights the period of UV irradiation. Upon UV
illumination, acetone (m/z 58) and propane (m/z 29) are formed catalytically without
any deactivation. The catalyst is active over the whole illumination time of 28 min.
Upon illumination, significant amounts of formaldehyde from methanol
photooxidation are not detected, showing that the tertiary alcohol replaces methanol
completely due to its higher binding energy (see Fig. S4). Note that the traces are offset

for clarity.
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Figure S6. Photochemical reaction of ethanol and 2-methyl-2-pentanol on r-TiO,(110)
at 300 K in an alcohol background of 5x10¥ mbar in consecutive experiments. The blue
region highlights the period of UV irradiation. a) Photochemical product of ethanol
oxidation on a freshly prepared r-TiO,(110). Upon UV excitation, ethoxy species are
oxidized to acetaldehyde (m/z29), which thermally desorbs. The amount of
acetaldehyde decreases continuously due to the hydroxylation of the titania surface.
b) Consecutive experiment of photocatalytic conversion of 2-methyl-2-pentanol on the
ethanol-poisoned r-TiO2(110). Upon UV illumination, acetone (m/z 58) and propane
(m/z 29) are formed catalytically without deactivation. The catalyst is active over the
whole illumination time of 50 min towards 2-methyl-2-pentanol conversion. The inset
shows the TOFs of acetone and propane. Note that the traces are offset for clarity.
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Figure S7. Temperature-programmed desorption of 1 ML H,O from reduced
TiO,(110). 1 ML H,O is dosed at 145 K with a molecular beam doser. Molecular water
is desorbing at 310 K from Ti-lattice sites. The broad feature at 530 K originates from
dissociatively adsorbed water in BBO vacancies forming two OHy, species. The
integral of the high temperature feature yields a BBO vacancy concentration of 6 + 1%
ML following the titration method established by Henderson.*
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Figure S8. Raw data of the isothermal photooxidation experiment with methanol as
shown in Fig. 1a.

Calculation of the turn-over-frequency

The evaluation of the turn-over-frequency allows for a quantification of the product
formation with the help of an unequivocal mass fragment. The baseline corrected
signal of the QMS is integrated in the steady-state regime. This value is corrected for
the m/z-dependent transmission through the QMS, the electron impact ionization
cross section (ICS), as well as with a factor considering the ion fragmentation taken

from a reference mass spectrum. The ICS values as well as the m/z-values are given in
table S1.

Table S1. Electron impact ionization cross section values at 70 eV and m/z-value of
the respective fragment used for quantification.

Molecule m/z fragment ICS [A]f
Acetone 58 10.2
Propane 29 11.6
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4.3 Nickel clusters on TiO5(110): thermal chemistry and
photocatalytic hydrogen evolution of methanol

For considerable hydrogen evolution on TiO2(110) photocatalysts, the presence of a co-
catalyst is necessary, as discussed in section 2.5. Most studies employed noble metal
transition metals such as Au or Pt.[50, 83, 145, 143, 141] Their implementation on
a larger scale is economically problematic due to the metals’ prices and abundancies.
Therefore, cheaper transition metals are sought which can fulfill the mechanistic role
of the co-catalyst equally well. Here, Ni is a promising candidate, being a typical
catalyst for hydrogenations in applied catalysis and for hydrogen-evolving reactions
in surface science.[155, 156, 157, 158] Furthermore, this metal has been successfully
employed as co-catalyst on powder TiOs in several studies on applied photocatalysis,
and different Ni and Ni oxide compounds were claimed to be the catalytically active
species.[159, 160, 161, 162] This work investigated Ni clusters on TiO2(110) with respect
to their thermal and photochemical reactivity towards methanol.

Methanol TPD experiments on Ni, /TiO2(110) showed that the alcohol desorbs in part
molecularly, but is to an extent also decomposed, yielding CO and molecular hydrogen
as desorption products. This proved the capability of Ni clusters to thermally evolve Ho,
which is not possible on the bare TiO3(110) surface. The decomposition of methanol
and the corresponding desorption products is similar to Pt,/TiO2(110) systems under
comparable conditions. Conducting several TPD experiments successively shows an al-
teration in the intensities of the desorbing species, with less Ho and CO being detected
for the benefit of molecular methanol until a stable ratio is reached. This suggests a
significant alteration of the Ni clusters during the heat treatment, which finally results
in a state which is thermodynamically stable against the elevated temperatures.
During methanol photocatalysis on Ni,/TiO2(110) in a constant alcohol background
under UV illumination, formaldehyde and hydrogen are found as reaction products at
room temperature. Ni- and Pt-loaded titania hence show a similar selectivity in photo-
catalytic methanol reforming. Therefore, the mechanism behind the product formation
most likely proceeds via the same steps. Apart from that, Ni, /TiO2(110) slowly deacti-
vates during methanol photoconversion, contrary to Pt,/TiO2(110), whose activity does
not decrease. Exposing the Ni-decorated titania to a methanol background before illu-
mination does not diminish its activity, i.e. the deactivation process takes place during
the photoconversion of the alcohol. Oy PSD experiments show that the presence of Ni
clusters does not deteriorate the activity of the photocatalyst.

In Auger spectra of Ni,/TiO2(110) after methanol photo-oxidation, the formation of
carbon is found. The carbon signal decreases after heating, but is persistent against fur-
ther temperature treatments. This strongly suggests a Ni-C species, which is probably
related to the deactivation observed during alcohol photocatalysis.

The results show that Ni clusters are in principle applicable as co-catalysts for pho-
tocatalytic hydrogen evolution from methanol on TiO2(110). However, the observed
deactivation is a drawback for potential applications, which is not the case for e.g. Pt
cluster co-catalysts.
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In heterogeneous photocatalysis, noble metals such as Au, Pt, or Pd are most commonly used as co-
catalysts to facilitate H, evolution, yet their costs are problematic for applications on a large scale. In this
work, we show that the cheaper, more abundant transition metal nickel as co-catalyst material reacts
accordingly, when being deposited as small clusters onto rutile TiO,. Different to noble metal systems the
photocatalysts undergo photocorrosion, depicted in a declining activity during the photoreforming of
methanol. The reaction being performed in an ultra-high vacuum environment allows for a more detailed
elucidation of the deactivation processes. Supported by reactivity studies under different conditions, Auger
electron spectroscopy reveals that coking of the clusters occurs, while nickel oxide formation is not
observed. The study thus shows that nickel co-catalysts are indeed prospective systems for the
photocatalytic hydrogen evolution reaction, similar to platinum clusters, but instead may also feature
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Introduction

Hydrogen is a key element in the intent to decarbonize major
sectors of the economy. It is not only an ideal substrate for
fuel cells which are used for transportation or for industry
energy supply,’ but its relevance has tremendously increased
since the development of hydrogen gas turbines,” which may
fill the gap of dispatchable generation in the carbon-free
energy ecosystem.” However, most of the world's hydrogen
production (>95%) is based on carbon-emitting processes,
such as steam reforming of natural gas.* Photocatalytic
hydrogen production from alcohols or water under mild
conditions is a sustainable approach to guarantee the rising
demand for hydrogen. This accounts all the more since the
development of bioalcohol generation from renewable
sources.”” In addition, photocatalytic alcohol reforming on
titania-based systems provides ketones and aldehydes as
valuable oxidation side products and even facilitates the
selective photocatalytic conversion of tertiary alcohols.® TiO,
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unexpected photon-driven deactivation pathways.

is the most often used and best understood semiconductor in
photocatalytic applications,” because single-crystalline studies
on TiO,(110) under highly defined conditions in ultra-high
vacuum (UHV) allow the investigation of fundamental
mechanisms in photocatalysis and the disentanglement of
thermal- and photochemical steps. The highly systematic
works by Henderson, Dohnalek and others have provided
reliable preparation recipes of the photocatalyst and its
surface.'"  These procedures provide a defined,
reproducible thermal and photochemical reactivity of the
TiO,(110) surface which is widely established in the
field.>"*° Loading the titania photocatalyst with a co-catalyst
is indispensable for the system to be able to significantly
evolve H,.”"?* For single crystals in UHV, laser-ablation
cluster sources have proven to be outstanding tools for the in
situ deposition of small, size-selected metal clusters.”® It
allows for a more precise size and coverage control than e.g.
evaporation techniques, since soft-landing of the clusters
ensures a destruction-free surface coverage.”® A very
prominent, stable and widely used co-catalyst is platinum.
The photocatalytic oxidation of methanol on (Pt-loaded) rutile
titania has been identified to be a hole-driven process.>**® On
the well-investigated TiO,(110) model surface, methanol is to
a certain extent adsorbed dissociatively by O-H bond
cleavage, yielding a photo-active methoxy and a hydrogen
species. Upon illumination this photo-active methoxy is
oxidized to formaldehyde through a C-H bond cleavage.*® In
a previous study, we demonstrated that Pt facilitates H,

This journal is © The Royal Society of Chemistry 2020
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evolution such that both abstracted hydrogen atoms
recombine thermally on the metal cluster.”’ Although
deviating from the widespread electrochemical 2-photon-
process, which includes H' reduction by an electron, this
pathway even comprehensively explains the photochemical
reactivity of tertiary alcohols.”” However, the high costs and
low abundance of Pt hamper its implementation into applied
systems on a larger scale. As its only role in the catalytic cycle
is the thermal hydrogen recombination, a more abundant
metal such as nickel, whose surface is able to thermally
desorb hydrogen,”®*° is a promising candidate for replacing
it. Single crystal studies reveal that methanol decomposes
thermally to H, and CO on nickel as it was observed for
methanol on Pt clusters.?*?!

The photocatalytic activity of Ni-loaded TiO, powder
mixtures in methanol- or ethanol-water mixtures has been
subject in several studies.*”*® Chen et al report a
comparable photocatalytic hydrogen production rate from
ethanol-water solutions for Ni/TiO, and Au/TiO,.*' In
contrast, Bahruji et al. present a vanishingly small rate of
hydrogen  production for  Ni/TiO, in  methanol
photoreforming.®® There is, however, no consensus about
whether metallic nickel, nickel hydroxide or nickel oxide is
the active phase. In addition, hydrogen production rates are
strongly dependent on the various preparation methods. The
different conditions and the heterogeneity of the employed
catalysts make it difficult to compare the results among each
other and to draw systematic conclusions. Apart from titania,
NiO, is used as co-catalyst on Ga,O; and various other
support materials for overall water splitting, where the
nickel-containing phase might act as hydrogen evolution
catalyst, although the focus of these works often lies on the
support and the exact role of the co-catalyst remains
elusive.*>** Those studies imply that the key factors limiting
the photocatalytic hydrogen evolution remain an open
scientific question. As in the case of noble metals, these open
questions can be approached from a fundamental level in
order to clarify the role of Ni clusters as co-catalysts for
heterogeneous photocatalysis.

In this work, we report the photocatalytic hydrogen
evolution from methanol reforming on Ni,-loaded TiO,(110)
using size-selected metal clusters in a water-free, anaerobe
environment under highly defined conditions in UHV. The
absence of a solution underlines the direct hole transfer
mechanism without involving any additional intermediate
species, which allows to draw a complete picture of methanol
photoreforming.

Conventional characterization methods cannot be applied
to ideal single crystals in UHV. For example, the TiO,(110)
sample is too thick for TEM analysis, and the cluster surface
concentration is too low for a detection by Raman
spectroscopy or X-ray diffraction. Instead, analytic procedures
typical for surface science studies are used. We apply
temperature programmed desorption (TPD) to investigate the
thermal reaction pathways and Auger electron spectroscopy
(AES) to characterize surface species. This method is

This journal is © The Royal Society of Chemistry 2020
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extremely surface sensitive and in some cases even allows a
better disentanglement of Ni and carbon species than e.g.
X-ray  photoelectron  spectroscopy  (XPS).*™*  The
photocatalytic activity is probed by well-defined reaction
conditions to unravel elemental processes on the catalysts
surface on a molecular level. The thoughtful choice of
defined reaction conditions then allows a disentanglement of
elemental thermal- and photochemical processes on a
molecular level on the catalysts surface.

Experimental

All experiments were carried out in a home built ultra-high
vacuum setup with a base pressure lower than 9.9 x 107"
mbar.® Briefly, it consisted of a liquid N,-cooled (x, y, z, ¢) -
manipulator (VAB Vakuum GmbH), an Auger spectrometer
(CMA 100, Omicron Nanotechnology GmbH), a sputter gun
(IQE 11/35, SPECS GmbH), a line-of-sight quadrupole mass
spectrometer (QMS) (QMA 430, Pfeiffer Vacuum GmbH), a
leak valve (Pfeiffer Vacuum GmbH), and a home-built gasline
(base pressure 5.0 x 10™° mbar). A laser vaporization cluster
source, which allowed the generation and in situ deposition
of metal cluster cations with an atomically precise number of
atoms, was connected with the analysis chamber. Generally,
the experimental parameters for the cluster deposition were
chosen to ensure soft-landing conditions to eventually yield
Ni° clusters on the reduced titania (Ni,/r-TiO,(110)) surface,
as determined by Aizawa et al. by means of Xray
photoelectron spectroscopy (XPS).**

For cluster generation, a focused beam of a frequency-
doubled Nd:YAG (532 nm, 100 Hz, Spitlight DPSS, Innolas)
ablated a rotating Ni target (99.96% purity, ESG Edelmetalle,
Germany). The as-generated plasma was cooled down by
pulses of He gas (He 6.0, Air Westfalen) synchronized with the
laser pulses. This way, the expansion of the cluster beam into
the vacuum was facilitated. The cationic cluster beam was
orthogonally deflected by a quadrupole bender and guided
through a quadrupole mass filter (QMF; Extrel, USA), which
enabled either the selection of a particular cluster size or the
guidance of the clusters in ion-guide mode. For this study,
the latter mode was used and the device was operated as
high-pass filter transmitting only ions larger than Ni,,. The
settings resulted in a cluster size distribution with a
maximum from Ni,, to Ni,; (see Fig. S1t). Cluster loadings
were determined by monitoring and integrating the cluster
neutralization current during the deposition with a
picoammeter (Keithley, 6587). The amount of metal clusters
deposited onto the titania surface was 1% of a monolayer
(ML) with respect to the total number of TiO,(110) surface
atoms on the crystal in every experiment if not indicated
differently. For experiments with different cluster coverages,
the desired amount of nickel, which was specified in the
presented data, were deposited by varying the deposition time
(in the order of minutes).

The rutile TiO,(110) crystal plate (Surface-net GmbH,
0.995 cm x 0.995 cm x 0.3 mm) was mounted in a

Catal. Sci. Technol., 2020, 10, 7630-7639 | 7631
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molybdenum sample holder, whose temperature was
controlled by resistive heating and liquid N, cooling and
measured by a thermocouple attached to the bottom of the
mounting plate. Crystal preparation and cleaning was done
by repeated cycles of Ar' (100% N60; Air Liquide) sputtering
(20 min, 1.0 keV, 1 x 10> mbar Ar), O, (=99%, Westfalen)
annealing (20 min, 800 K, 1.0 x 10™® mbar O,), and vacuum
annealing (15 min, 800 K). The cleanliness was confirmed by
AES. With this procedure a reduced, blue, conductive crystal
was obtained containing a constant surface defect density of
6 + 1%, determined by H,O TPD.">"°

The reactants were dosed by Langmuir dosing at 150 K in
the case of TPD, photon-stimulated reaction (PSR) and
subsequent post-illumination TPD (PI-TPD) experiments. The
TPD and PI-TPD measurements used a heating rate of 1-2 K
s™'. For the PSR experiment, the reactant-covered crystal was
thermalized to 250 K prior to an illumination of 10 min at
250 K. Subsequently a PI-TPD was performed. For catalytic
studies, the crystal was illuminated in a constant methanol
background pressure of 5.0 x 1077 mbar at 300 K. Mass
signals in the QMS of thermal and photochemically
desorbing species were identified by a fragmentation pattern
analysis. The ion signals were corrected for the fragmentation
contribution taken from reference mass spectra,’® the
transmission through the QMS, and the electron-impact
ionization cross section. Methanol (absolute, HPLC grade,
99.8%, Sigma-Aldrich) was purified by several freeze-pump-
thaw cycles and repeated flushing of the gasline prior to use.
Its purity was confirmed by QMS analysis at a constant
methanol background pressure.

The light source for the illumination of the photocatalyst
was a frequency-doubled optical parametric oscillator (242
nm, GWU, premiScan ULD/400), pumped by the third
harmonic of a Nd:YAG (Innolas Spitlight HighPower 1200, 20
Hz repetition rate, 7 ns pulse width). A pulse energy of 600 +
50 pJ of the incident light beam guaranteed the saturation of
the absorbing crystal with photons. No laser induced thermal
heating effects were observed.

Results
Thermal chemistry on Ni-decorated titania

The thermal reactivity of methanol on Ni cluster loaded
reduced-titania was investigated by means of TPD. Five
consecutive methanol TPD spectra were taken in order to
observe possible changes induced by the heat treatment,
shown in Fig. 1 in comparison to a methanol TPD spectrum
on bare r-TiO,(110).

The bare surface (dashed lines) yields only one peak of
the methanol fragment m/z 31 at ~340 K, which corresponds
to the desorption of molecular methanol, as expected in this
temperature range for an exposure of 1 L.'* The TPDs on
Ni,/r-TiO5(110) (solid lines) show the same peak, whose
intensity is initially lower but increases consecutively in the
following experiments. Additionally, the cluster-loaded
surface shows an H, signal (~370 K) as well as a high
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Fig. 1 Five consecutive TPD experiments with 1 L of methanol from
150 to 600 K on Ni,/r-TiO5(110) (solid lines) and an identical TPD
experiment on bare r-TiO(110) (dashed lines) with traces for hydrogen
(m/z 2), carbon monoxide (m/z 28) and methanol (m/z 31) are shown.
The brightness of the graphs increases in the consecutive running
order of the TPD experiments (see top legend). The signals are
corrected for ionization cross section, QMS transmission, and cracking
contributions by other molecules. After dosing 1 L of methanol onto
the surface at 150 K, the catalyst was heated to 600 K at a rate of 1-2
K s™.. After cooling to 150 K, the next TPD experiment was started
immediately. Note that the traces are offset for sake of clarity.

temperature CO peak (~470 K). These two TPD profiles in
Fig. 1 are in accordance with H, and CO TPD spectra
published by Raupp and Dumesic using Ni evaporated on
titania,”® and with CO TPD studies by the Anderson group
on Ni,/TiO, using size-selected clusters.>* Contrariwise to the
methanol feature, their intensities are initially highest but
decrease consecutively in the first three experiments. The
desorption temperatures of H, and CO observed in Fig. 1 are
close to literature desorption temperatures of these
molecules from Ni nanoparticles.***°

Photochemistry on Ni-decorated titania

In order obtain insights into the photochemical properties of
Ni,/Ti0,(110), methanol photoconversion was investigated at
250 K. Isothermal PSR experiments are shown in the top of
Fig. 2.

Upon illumination of the photocatalyst with 1 L of
methanol adsorbed, the bare semiconductor surface (dark
lines) shows no desorbing species other than formaldehyde

This journal is © The Royal Society of Chemistry 2020
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(orange). In contrast, the formaldehyde trace and the H,
signal (blue) exhibit a sudden increase wupon the
illumination of the cluster-loaded semiconductor. Since both
quantitatively corrected formaldehyde traces are virtually
congruent, the molecule is detected in equal amounts in
both experiments. Methyl formate, which is a common
product upon irradiation at low-temperature, is not at all
detected.”

Since more strongly bound adsorbates will not desorb at
the chosen photoreaction temperature of 250 K, a PI-TPD was
conducted subsequently. The PI-TPD spectrum (bottom
Fig. 2) shows methanol desorption from both, the bare and
the cluster-loaded surface, in similarly high amounts,
whereas again no methyl formate and only negligible
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Fig. 2 Top: Isothermal photon stimulated reaction (PSR) experiments
with 1 L of methanol at 250 K on Ni,/r-TiO,(110) (bright graphs) and
the bare r-TiO,(110) (dark graphs), with traces for hydrogen (m/z 2),
water (m/z 18), carbon monoxide (m/z 28), formaldehyde (m/z 30),
methanol (m/z 31) and methyl formate (m/z 60) shown. The signals
are corrected for ionization cross section, QMS transmission, and
cracking contributions by other molecules. Note that the traces are
offset for sake of clarity. After dosing 1 L methanol onto the surface
at 150 K, the catalyst was heated to 250 K and illuminated for 10
min. Bottom: PI-TPD spectrum taken subsequently to the PSR
experiment at a heating rate of at a rate of 1-2 K s™*. Contrary to the
bare titania, the Ni loaded semiconductor facilitates both, thermal
and photochemical hydrogen evolution by methanol (photo)
conversion.
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amounts of formaldehyde are detected. In contrast to the
bare surface, Ni,/TiO,(110) PI-TPDs show broad features of
molecular hydrogen starting at 300 K as well as carbon
monoxide desorption starting at 350 K.

Photocatalysis on Ni-decorated titania

The photochemical investigations of Ni,/r-TiO,(110) were
extended to photocatalytic methanol oxidation under steady-
state conditions. The photocatalytic conversion was
conducted in a steady methanol background of 5 x 10~ mbar
near room temperature (300 K). The results are shown in
Fig. 3.

Upon illumination (yellow background), an increase in
both, the H, and formaldehyde trace, is observed, which
drops back to its former level as the light is turned off (white
background). Superimposing the quantitatively corrected
traces (see inset in Fig. 3) shows that the molecules are
generated in stoichiometrically equal amounts under
irradiation. The intensities of formaldehyde and hydrogen
traces taper off in parallel during repeated illumination
intervals over time, which can be regarded as a deactivation
process of the photocatalyst. This deactivation occurs in a
non-linear fashion, ie. the intensities of the traces under
illumination approach their respective baseline in the dark
asymptotically.
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Fig. 3 Products of methanol photoreforming on Ni,/r-TiO,(110) at 5 x
107 mbar alcohol background pressure at 300 K. The traces for
hydrogen (m/z 2) and formaldehyde (m/z 30) are shown. The signals
are corrected for ionization cross section, QMS transmission, and
cracking contributions by other molecules. The yellow background
highlights the illumination periods (242 nm), where the initial bursts
stem from an enhanced methanol concentration on the surface due to
its accumulation in the dark. Note that the traces are offset for sake of
clarity. The inset shows both graphs superimposed within the first ten
minutes. The equal area under the curves shows a stoichiometric
formation of H, and formaldehyde as the respective traces have been
corrected for their sensitivities. With increasing duration of the
experiment, deactivation of the catalyst is evident as hydrogen and
formaldehyde formation under illumination declines.
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While the photocatalytic activity thus approaches zero,
photocatalytic hydrogen and formaldehyde evolution is again
feasible after heat treatment of the catalyst as depicted in
Fig. 4. Annealing to 800 K recovers its photocatalytic activity
to a considerable extent, even though the initial activity after
cluster deposition is not reached. As in the case of the fresh
catalyst, the traces of hydrogen and formaldehyde are
congruent when superimposed as shown by the inset in
Fig. 4.

To elucidate a possible change in the elemental surface
composition in the course of the experiment, we employed
Auger electron spectroscopy (AES) as a very surface-sensitive
technique (Fig. 5). A loading of 3% ML of Ni clusters ensured
pronounced and visible signals of the metal. For clarity, the
insets show excerpts of the C KLL (left) and the Ni LMM
peaks (right).

In the Auger spectrum shortly after the deposition of Ni
clusters at 150 K (black), only the expected signals for Ti,
O, and Ni are detected.”” In the red spectrum recorded 16
h after catalysis a carbon peak is additionally observed
while the intensities of the Ni transitions have decreased.
As the carbon peak might originate from residual surface
methoxy or carbonyl species, the crystal was treated with
two cycles of annealing to 800 K and a spectrum was
recorded while cooling (blue and green). While the Ni
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Fig. 4 Products of methanol photoreforming on Ni,/r-TiO»(110) at 5 x
10”7 mbar alcohol background pressure at 300 K. The signals are
corrected for ionization cross section, QMS transmission, and cracking
contributions by other molecules. The H, and formaldehyde trace
were recorded during the catalytic experiment after cluster deposition
(blue). Subsequently, the catalyst was annealed to 800 K, cooled to
room temperature and another catalytic experiment was conducted
(orange). The yellow background highlights the illumination periods
(242 nm). The initial bursts stem from an enhanced methanol
concentration on the surface due to its accumulation in the dark. Note
that the traces are offset for sake of clarity. With increasing duration of
the experiment, deactivation of the catalyst is evident in all curves as
hydrogen and formaldehyde formation under illumination declines.
Flashing the catalyst to high temperatures partially regenerates the
catalytic activity.
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Fig. 5 Auger spectra of Ni,/r-TiO»(110) (3% ML cluster coverage) taken
consecutively: directly after deposition (black), after two catalytic
experiments and storage in vacuo for 16 h (red), annealed to 800 K
and cooled to 270 K (blue); while cooling down after annealing to 800
K and recording from 700 K on (green). The insets show excerpts of
the spectrum with magnified C KLL peak (left) and Ni LMM peaks
(right), respectively. The peaks were assigned using ref. 47.

signals barely lose in intensity, the carbon signal persists
in the spectra.

While prolonged illumination in the presence of methanol
leads to deactivation, the impact of methanol exposure on
the catalytic activity was investigated in the absence of
illumination. Fig. 6 shows a direct comparison of the
hydrogen and formaldehyde traces between two catalytic
experiments, which were started either directly after the
cluster deposition (blue graphs) or after pre-exposing the
catalyst to a steady methanol background for one hour. The
congruency of the H, and formaldehyde traces from the two
experiments show their formation in quantitatively equal
amounts.

Discussion

Thermal chemistry on Ni-decorated titania

The TPDs of 1 L of methanol (Fig. 1) represent a direct
comparison of the purely thermal chemistry of bare and Ni-
decorated TiO,(110). During five consecutive methanol TPDs
on Ni,/TiO,(110), the declining intensity of the molecular
alcohol trace and rise of the H,/CO traces suggest that the
alcohol decomposes into the latter. The fact that both
decomposition products are absent in TPD spectra on bare
titania indicates that the metal clusters on Ni,/TiO,(110) are
their formation sites. On the other hand, both molecules
are more strongly bound to the surface than methanol,
which supplies evidence for Ni clusters being also their
desorption sites. On bare r-TiO,(110), surface CO already
desorbs below 200 K,*' while hydrogen does not desorb
molecularly but as water from surface hydroxyl

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Products of methanol photoreforming on Ni,/r-TiO,(110) at 5 x
10”7 mbar alcohol background pressure at room temperature,
corrected traces for hydrogen (m/z 2, dark colors) and formaldehyde
(m/z 30, bright colors) shown. The H, and formaldehyde trace were
recorded during the catalytic experiment after cluster deposition (blue)
and after cluster deposition followed by a constant MeOH background
exposure of 5 x 1077 mbar before illumination (orange). The initial
bursts stem from an initially enhanced methanol concentration on the
surface due to its accumulation in the dark. Note that the traces are
offset for sake of clarity. With increasing duration of the experiment,
deactivation of the catalyst is evident in all curves as hydrogen and
formaldehyde formation under illumination declines. As the
superimposed traces reach equal heights upon illumination (elevated
traces), product formation remains quantitatively unaffected by MeOH
pre-exposure.

recombination above 300 K.'®*°2 Ni clusters hence induce

additional surface reaction pathways to the thermal
reactivity of titania to facilitate thermal H, formation. Since
the desorption temperatures of H, and CO observed in
Fig. 1 are close to literature desorption temperatures of
these molecules from Ni nanoparticles,*””® decomposition
already takes place below the desorption temperature. An
impact on the clusters by the heat treatment is evident, too,
because the peak intensities change with repeated ramping
to 600 K.

Thermal H, evolution and strongly bound CO species
during methanol TPD have also been observed on Au/TiO,,>
Pt/TiO,(110)"7*" and other noble metal loaded oxides®**®
under ideal and applied conditions. The results from Fig. 1
confirm that Ni as co-catalyst can indeed react in the same
way. As the methanol peak shows reduced intensity on Ni,/
TiO, in the first experiments, it is conceivable that the
signals of hydrogen and carbon monoxide emerge at the
expense of the methanol signal's intensity, ie.,, H, and CO
are generated thermally by partial dehydrogenation of
adsorbed methanol in the presence of Ni. These results agree
with findings on transition metal surfaces, which can
thermally decompose methanol to CO and molecular
hydrogen.”®®® TPD experiments on Ni single crystals have
shown that methanol and intermediate methoxy species are
decomposed to H, and CO.>®! In the same sense, the results
herein show that methanol on Ni cluster-loaded titania

This journal is © The Royal Society of Chemistry 2020
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decomposes to H, and CO at the metal clusters (pursuant to
eqn (1)), which also serve as the desorption sites of these
thermal products.

[Nix/TiOp)
CH3;0H ——— CO + 2H,. 1)

The change in the peak intensities caused by the heat
treatment (Fig. 1), suggests a significant alteration of the
Ni clusters in the course of the experiments. A possible
scenario could be the diffusion of Ni clusters into the
titania bulk. However, this process usually occurs at
temperatures above 600 K,°>® which is the upper threshold
of the TPD experiments in this work and is hence
discarded as being relevant herein. While other studies in
the literature also report a significantly strong metal-
support interaction (SMSI) in Ni/TiO, systems at high
temperatures,”® Tanner et al. observed the growth of Ni
nanoislands on TiO,(110) via the Volmer-Weber mode
between 295 and 400 K.°> Based on their results, Anderson
and coworkers estimated the size of these islands to 30
atoms, which appears to be a stable number based on their
own TPD results in a temperature range from 150 to 600
K.>* The size distribution of the Ni clusters in this work
ranges from 12 to 27 atoms, and thus a growth of these
clusters to slightly larger sizes seems likely. Since the last
TPD spectra differ less strongly in intensity than the first
ones, a majority of the clusters has presumably achieved a
stable size after few TPD cycles, in excellent agreement with
the results from the literature. This suggests a modification
of the Ni clusters by the heat treatment until a
thermodynamically more stable conformation is reached,
which is accompanied by a lower amount of methanol
being decomposed to H, and CO.

Photochemistry on Ni-decorated titania

Generally, the photoactivity of the titania photocatalyst
appears unaffected by the presence of Ni clusters, because
the formaldehyde peaks in the PSR experiments (orange,
top of Fig. 2) and the methanol peaks in the PI-TPD
(bottom of Fig. 2) are of equal intensity and shape. The
latter stems from remaining alcohol species that have not
been photo-converted. Formaldehyde is formed in equal
amounts in the PSR spectra, which can be seen from the
quantitatively corrected QMS traces. As expected from
literature studies, TiO,(110) does not show H, evolution
under UV light,”® whereas the Ni cluster-loaded surface
leads to a rise of the H, trace upon illumination (top of
Fig. 2). This result clearly shows that Ni clusters facilitate
photochemical hydrogen evolution on TiO,(110) in
methanol photo-oxidation. Although this reactivity had been
observed with Ni nanoparticles on P25 in aqueous

3240 in UHV studies using rutile it was hitherto
8,17,21,66 ¢

systems,
only achieved with Au or Pt metal clusters.
methyl formate is not detected due to the short residence
time of formaldehyde on the surface at 250 K,"?' the
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overall photoreaction exclusively occurs via the following
equation:

[Nix /TiOp]

CH30H,q + hv——— CH,01 + H, 1. )

Since the same reaction products are formed in equal
amounts in both experiments (depicted in Fig. 2), it can be
concluded that the Ni clusters do not affect the
photoreactivity and -activity of the reduced titania surface
in the photo-oxidation of the alcohol.

The photocatalyst Ni,/TiO,(110) shows parallels to Pt,/
TiO,(110) in UHV as well as to Ni/TiO, in wet-chemical
systems. Despite of the photochemical similarities of metal
cluster-loaded titania in wet-chemical and UHV conditions, it
must be noted that the presence of a liquid environment
and, in particular, molecules other than the alcohol (e.g
water or oxygen) may facilitate additional reaction pathways
(e.g. an indirect hole transfer through the solvent).”?*°” Since
the photoreaction depicted in eqn (2) occurs analogously on
Pt,/TiO,, it is likely that the surface mechanism is identical,
although the rates of individual reaction steps may differ.>!

Similar as in the TPD experiments in the absence of
illumination (Fig. 1), the TPDs after irradiation of bare and
cluster-loaded titania also differ from each other (bottom of
Fig. 2). In the PI-TPDs, only the Ni cluster-loaded surface
shows H, and CO desorption, in agreement with the results
from the TPD series (Fig. 1). Obviously, only a fraction of H,
desorbs upon illumination at 250 K on Ni,/TiO,(110), as
significant amounts still desorb during the PI-TPD at higher
temperature. This indicates that the chosen temperature
hampers hydrogen recombination and desorption from Ni
sites.

Photocatalysis on Ni-decorated titania and auger analysis

Ni,/TiO,(110)  facilitates  steady-state = hydrogen and
formaldehyde by photocatalytic = methanol
conversion at room temperature as shown in Fig. 3. As no
further byproducts are detected, methanol photo-oxidation
takes place as described in eqn (2), in a manner as it is
known from Pt-loaded TiO,(110).>' Contrary to the latter (see
Fig. S2%), the intensities of both, the formaldehyde and
hydrogen trace under illumination, taper off over time. The
photocatalytic activity of Ni-loaded titania hence declines
during methanol photoreforming. Bare TiO,(110) also
deactivates during alcohol photoreforming, but the
deactivation pattern compared to Ni,/r-TiO,(110) is notably
different: 1-TiO,(110) does not show any photon-driven
hydrogen evolution (see Fig. 2 and S31) and deactivates more
rapidly due to the accumulation of hydrogen on the
surface."® 0, photon-stimulated  desorption  (PSD)
measurements on the bare and nickel-loaded titania surface
(see Fig. S41) indicate that nickel clusters do not block
photoactive sites to a significant extent (in parallel to Pt
clusters).>" Thus, the activity of the titania photocatalyst itself
is not severely affected by cluster decoration. The number of
photo-active sites is hence virtually equal to the bare r-

formation
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TiO,(110) surface, and deactivation most likely occurs by a
decreasing hydrogen recombination activity at the Ni
clusters. This might be caused by a chemical change of the
metal clusters, which are deposited in the metallic state due
to the soft-landing conditions.** Apart from deactivation, the
reactivity patterns (photochemical as well as thermal) of Ni,/
Ti0,(110) are virtually identical to that of Pt,/TiO,(110).*"

Possible mechanisms for a chemical change of the
clusters are sintering,”*®® encapsulation underneath the
surface,’>®* the formation of oxide species,** carbonaceous
deposits blocking the sites for hydrogen recombination or
carbide formation.®®”° In a first instance, encapsulation and
sintering can be ruled out as origin of deactivation, as these
processes would be significantly enhanced by higher
temperatures. However, the catalytic activity can in contrast
be restored to a certain degree by annealing (Fig. 5). The
decrease in intensity of the Ni peaks in the Auger spectrum
from before (black) to after photocatalysis (red) indeed points
toward a diminished cluster concentration on the surface.
However, the persistence of the Ni signal upon further heat
treatment (blue and green) indicates that a certain stable
conformation is eventually reached. This is in accordance
with the observed thermal chemistry (Fig. 1) and literature
results.”® The fact that the metal clusters are still detectable
although the photocatalytic activity for H, evolution has
vanished, indicates that the Ni surface concentration and H,
formation are not directly correlated. Therefore, a chemical
change of the Ni surface species seems the most probable
reason for the decline of the product formation rate.

An oxidation of the metallic Ni clusters to an oxide species
seems a plausible scenario for deactivation but is contradicted
by a more detailed analysis of all four Auger measurements and
thermodynamic considerations. Generally, Ni oxidation by
reduction of TiO, is unfavorable since the heat of formation of
NiO (-250 kJ mol ") is energetically higher than the change in
the standard free energy to form Ti** or Ti** (-364 kJ mol " and
-483 KkJ mol ™", respectively).”" Superimposing the spectra from
Fig. 5 with reference spectra of Ni’ and NiO (Fig. S41) clearly
demonstrates the dominance of metallic species in this series
of experiments. This is in excellent agreement with literature
results showing that metallic Ni is detected after various oxygen
treatments at high temperatures of the NizAl(111) surface in
UHV by means of Auger spectroscopy.’® Furthermore, a recent
operando XPS study on a bimetallic NiCu-TiO, photocatalyst for
H, evolution unequivocally shows the metallic state of both co-
catalyst metals.”> While Prahov et al. concluded that Ni’ atoms
are required to evolve H, in a wet chemical environment, based
on comparisons between the freshly reduced catalyst and after
its exposure to air,"” the observed decline in catalytic activity in
the present work is not attributed to the oxide formation of the
Ni co-catalyst.

On the other hand, the persistence of the carbon signal in
the spectra after photocatalysis (orange, bright and dark
green) points toward a strongly bound carbon surface
compound. Since all common organic species on titania
desorb upon heating to 800 K, the formation of strongly
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bound carbonaceous species on the Ni clusters seems
plausible based on general research on Ni catalysts.®®*”° In
contrast, carbon formation is not observed on Pt,/TiO,(110)
after a similarly long period of photocatalytic methanol
conversion (see Fig. S67). As carbon can be removed by heat
treatment as CO (Fig. 1), the residues on Ni clusters can be
removed thermally, but only to a certain extent. At the same
time, the catalytic activity is partially restored. The fact that
Ni,/TiO,(110) is not fully regenerated can thus be ascribed to
irremovable carbonaceous surface residues as indicated by
the still detectable C signal after repeated annealing (Fig. 5
dark green).

This scenario is supported by kinetic considerations on
the declining photoactivity of Ni,/TiO,(110). TiO, is known to
show formaldehyde formation but no H, evolution in
methanol photo-reforming due to the absence of suitable
recombination sites. If the rate of hydrogen recombination
and desorption is lower than the desorption rate of
formaldehyde, hydrogen accumulation on the surface will
result. This, in turn, changes the observed steady-state
behavior: surface hydrogen and formaldehyde species will be
converted back to methanol and methoxy rather than being
desorbed from the surface if the hydrogen concentration on
the surface becomes sufficiently high.'® This will occur with
an increasing probability as the H, recombination activity of
Ni decreases, which is likely induced by the formation of a
carbonaceous Ni species. The formation of C-species is
clearly documented by the Auger spectrum and most likely
linked to the declining catalytic activity. Furthermore, Ni
clusters are the most plausible site for the formation of
carbon species as the observed carbon deposits correlate with
the clusters’ presence at the TiO, crystal. Similarly, the
clusters also enable H, recombination in the photoreaction,
supplying evidence for the two mechanisms being
interconnected. Thus, prolonged illumination does not only
result in an increase in carbon residues on Ni, but at the
same time impedes H, formation and deteriorates the
photocatalytic activity.

Notably, the deactivation of the photo-catalyst indeed
seems to be a purely photon-driven process. In additional
experiments, Ni,/TiO,(110) was exposed to a constant
methanol background without illumination for one hour. The
photocatalytic formation of H, and formaldehyde was found
to be unaffected by prolonged methanol pre-exposure (see
Fig. 6). Consequently, the presence of molecular methanol in
the absence of UV irradiation does thus not lead to the
deactivation of the Ni co-catalyst. Hence, the deactivation
represents a phenomenon known as photo-corrosion and
appears to originate from intermediate species or products
rather than from molecularly adsorbed methanol only.

Conclusion

In summary, the work shows that nickel clusters can indeed
facilitate a thermal evolution of H, at room temperature and
thus enable the photocatalytic hydrogen evolution reaction
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on TiO,(110), similarly as observed for Pt clusters. However,
nickel-loaded titania exhibits deactivation over time for
prolonged illumination in a methanol atmosphere, which is
different to the alcohol photoreforming with platinum
clusters as co-catalysts. The decline in photoactivity is
attributed to photocorrosion, as the activity of the
photocatalyst is maintained upon exposure with the alcohol
in the absence of light. A closer look onto the changes of the
photocatalysts after reaction by Auger electron spectroscopy
reveals that carbonaceous species are being formed. In
contrast, an oxidation of the nickel clusters is not evident
and the clusters largely remain in their metallic oxidation
state. While the carbonaceous deposits can partially be
desorbed as CO at elevated temperature, only a partial
restoration of the photoactivity is possible. In general, nickel
clusters may thus represent a more benign alternative in
comparison to noble metal particles as hydrogen evolution
co-catalysts. However, additional reaction pathways leading
to the deactivation of the photocatalyst must be considered,
in particular in the presence of carbon-containing molecules.
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Figure S1. Mass spectrum of the cluster size distribution of Ni clusters from the laser vaporization source. The
spectrum is taken after the quadrupole mass filter and shows a size-distribution of Niwo up to Nizo. When depositing
in the ion guide mode, all masses lower than Nig are discarded.
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Figure S2. Products of methanol photoreforming on Pt,/r-TiO2(110) at 7x10® mbar alcohol background pressure at
267 K, corrected traces for hydrogen (m/z 2), and formaldehyde (m/z 30) shown. The colored background highlights
the illumination period, where the initial bursts stem from an enhanced methanol concentration on the surface due
to its accumulation in the dark. Note that the traces are offset for clarity. With increasing duration of the experiment,
no deactivation of the catalyst is evident.
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Figure S3. Products of methanol photoreforming on r-TiO2(110) at 5x10°7 mbar alcohol background pressure at
room temperature (RT), raw traces for hydrogen (m/z 2), water (m/z 18) formaldehyde (m/z 30), methanol (m/z 31),
and methyl formate (m/z 60) shown. The blue background highlights the illumination periods, where the initial bursts
stem from an enhanced methanol concentration on the surface due to its accumulation in the dark. Note that the
traces are offset for clarity. With increasing duration of the experiment, deactivation of the catalyst is evident as
formaldehyde formation under illumination declines.
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Figure S4. Normalized O2 photon-stimulated desorption (PSD) spectra on r-TiO2(110) and Nie-45/r-TiO2(110), trace
m/z 32 shown. For r-TiO2(110), after dosing 20 L of O2 at cryogenic temperatures, the crystal surface was
illuminated at 241.8 nm. For Niie-45/r-TiO2(110) after the experiment, the methanol background is turned off and
the sample was illuminated for another 15 min to deplete all the methanol from the photo-oxidation sites. The
illumination is turned off, the sample cooled down to 130 K and exposed to 20 L of oxygen, to saturate the surface.
Upon UV illumination, the same intensity and kinetics for the O2 PSD are observed as for the bare sample, indicating
that the number of photoactive sites stays constant and that the methanol at least in the active sties was completely
converted. (Note that the signals only slightly deviate in their maximum values from each other. This is caused due
to the uncertainty in the starting time of the illumination as well as deviations by the QMS when the recording data
points.)
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Figure S5. Excerpt of the Auger spectra of the Nix/r-TiO2(110) surface from Figure 5 in the manuscript, normalized
to the maximum peak intensity between 800 eV and 900 eV (Ni). Two reference curves outline the progression of
metallic Ni (black) and NiO (grey) references for comparison. The auger spectra were recorded with a primary
electron energy of 3 keV.
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Figure. S6. Auger Electron Spectra of the clean r-TiO2(110) surface (bottom) and Ptx/r-TiO2(110) after methanol
photocatalysis and subsequent annealing to 800 K (top). Only titanium and oxygen are observed for the r-TiO2(110)
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6 Conclusion & QOutlook

This work provides novel chemical insights into the photoreforming of alcohols on bare
and metal cluster-loaded rutile TiO2(110). New substrates as well as new co-catalysts
were investigated for the first time in TiO2(110) photocatalysis in UHV. In the course
of this work, chemical mechanisms and the role of Ni and Pt co-catalysts in the hetero-
geneous photocatalysis of alcohols on TiO2(110) was elucidated. Tertiary alcohols were
photooxidized at high selectivities on both bare and Pt-loaded titania. These results
were further used to elucidate deactivation mechanisms which occur during the photo-
conversion of methanol on bare TiO2(110). Furthermore, Ni clusters were employed to
facilitate hydrogen evolution during methanol photoreforming.

The photoreforming of tertiary alcohols on rutile TiO2(110) was shown to proceed as se-
lective oxidation, which can be described as hole-mediated disproportionation to form an
alkane and the respective ketone. The abstraction of methyl groups did not occur at all
if longer hydrocarbon chains were present, i.e. only a-C bonds to ethyl or propyl groups
were selectively cleaved. The thermochemistry of radical formation may be suitable to
explain the selectivity of the photoreaction. The recombination of the cleaved alkyl rad-
ical and surface hydrogen was enabled on bare titania, in contrast to the recombination
of two hydrogen atoms which requires a co-catalyst. Therefore, photoreforming tertiary
alcohols on bare TiO2(110) proved to be stoichiometric and was conducted catalytically
without any metal co-catalyst. Low amounts of Pt clusters on the rutile crystal en-
hanced the overall reaction rate. Furthermore, they opened another reaction pathway
at elevated pressures, which yielded molecular hydrogen and the recombination product
of two alkyl radicals.

This study on tertiary alcohols paved the way for the discovery of the mechanism behind
catalyst poisoning during the photoreforming of primary and secondary alcohols. On
bare TiO2(110), it was observed that the catalytic activity in methanol photoconver-
sion quickly ceased while that of 2-methyl-2-pentanol remained at a constant TOF. The
speculative origins of deactivation found in the literature, such as an alteration of charge
carrier dynamics or steric hindrances, fail to explain this behavior. Instead, the results
suggested the surface reactions to be reversible. The limited conversion of primary al-
cohols originated from thermal back-reactions of the aldehyde with an surface hydrogen
species (hydroxyls). Hydrogen as reaction product could not leave the surface at room
temperature, causing a shift in the chemical equilibria. The initially low concentration
of hydroxyls on the surface did not inhibit the photochemical formation of formalde-
hyde, but their concentration was enhanced by continuing methanol photoreforming.
This altered the equilibrium concentrations between photoactive methoxy and the pho-
toproducts formaldehyde/hydroxyl towards the reactant side. Tertiary alcohols were
photoconverted to a ketone and an alkyl radical. The latter could thermally recombine
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6 Conclusion & Outlook

with a surface hydroxyl species, yielding an alkane which desorbed thermally at room
temperature, much like the ketone. Since all reaction products were thus removed from
the equilibrium, no deactivation was observed. These findings showed that merely con-
sidering physical properties of a semiconductor is insufficient to comprehensively explain
the behavior of a photocatalyst. Chemical phenomena and equilibria on the surface are
equally important when describing heterogeneous photocatalysis on a molecular level.
The results as well as those in the literature unambiguously demonstrated the neces-
sity of a co-catalyst for hydrogen evolution on TiO2(110).[141, 83, 143, 145] To this
end, noble metals such as Pt or Au are usually employed, which is problematic from
an application point of view due to their high costs. To overcome this drawback, Ni
clusters were studied on titania in order to investigate their rectivity on methanol pho-
toreforming. The addition of this co-catalyst clearly facilitated hydrogen evolution at
room temperature, in the same way as it was known from Pt clusters. Yet different
to Pt, Ni-loaded titania deactivated over time, as evidenced by a steadily decreasing
hydrogen and formaldehyde formation. The deactivation was found to be caused by
illumination, since a prolonged exposure to a methanol background prior to illumination
showed no effect on the catalytic activity. Auger electron spectroscopy revealed the pres-
ence of carbon on the surface after methanol photoreforming, although the Ni clusters
remained in a metallic state. This suggested the formation of carbonaceous deposits on
the clusters. Heating the carbon-contaminated surface in vacuo partially restored the
catalytic activity. However, a persistent carbon peak remained in the Auger spectra,
and the highest initial photoactivity was not achieved again. The results show that Ni
clusters are suitable co-catalysts for hydrogen evolution on titania, but their eventual
deactivation is a disadvantage over Pt as co-catalyst material.

The studies conducted in the course of this work show on the one hand the importance
of co-catalysts and the necessity of a deliberate choice of material for photocatalytic
hydrogen evolution. On the other hand, it demonstrates the remarkable practical po-
tential of heterogeneous photocatalysis, which can significantly broaden the possibilities
of applied chemistry. To this end, further research has to be conducted on the surface
chemistry and mechanisms in heterogeneous photocatalysis.

Regarding alcohol photoreforming in UHV, still little is known about the stability and
chemically or physically induced alterations of the co-catalyst. For catalytic applications,
a more detailed knowledge in this respect is imperative for a target-oriented catalyst de-
sign. Therefore, future work should focus on a deeper chemical understanding of the
co-catalyst. For example, photocatalytic reactions are usually conducted at mild con-
ditions, but bringing the catalyst to elevated temperatures and pressures might be a
necessity when it comes to regeneration procedures, as demonstrated in the study on
Ni,; /TiO2(110). Therefore, the co-catalyst stability should be investigated under harsher
conditions. Naturally, the impact of compounds whose presence is expected during ap-
plied photocatalysis (e.g. O2, CO, HO, etc.) is of interest. Apart from that, it might be
worthwhile to conduct studies on possible effects arising from strong metal-support in-
teraction, which is a well-known phenomenon on metal-loaded titania.[163, 164, 165] One
the one hand, an encapsulation of the co-catalyst might of course lead to deactivation.
On the other hand, even encapsulated clusters may show an effect on the photocatalytic
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activity (e.g. by a permanent effect on charge-carrier dynamics) seems conceivable even
by encapsulated metal clusters. Thus, the influence of strong metal-support interaction
on photochemical reactions is not straightforward and therefore hard to predict. A de-
tailed understanding on this topic is of interest from both a fundamental as well as an
application point of view.[166, 167]

In the same manner, further efforts are necessary to identifiy the nature of interme-
diates during photocatalytic reactions. This accounts especially for adsorbates on the
co-catalyst during photocatalysis. For this purpose, infrared reflection absorption spec-
troscopy is a powerful tool for providing such insights.[168, 169, 98] For example, the
adsorption of methanol could be used to detect changes in the oxidation states of the
metal co-catalyst or the number of binding sites. Apart from that, the occurrence and
vanishing of certain intermediate species can be detected. Similarly, XPS would yield
information about oxidation and encapsulation state of the metal co-catalysts as well
as the TiO2(110) surface itself. Especially near ambient pressure XPS is a promising
technique in this respect, as it provides a chemical surrounding which is closer to applied
conditions than idealistic UHV studies.[170, 171, 172]

From a more general point of view, future studies on heterogeneous photocatalysis in
UHYV should not be solely based on titania, which is hitherto the only extensively inves-
tigated system under ideal conditions. TiO3 clearly has its limitations as photocatalyst,
which should be understood, accepted, and overcome by employing alternative systems.
For example, efficient water splitting has not yet been achieved on titania in UHV, most
probably due to its incapability of evolving oxygen. Even in the liquid phase, titania-
based photocatalytic water splitting was so far inefficient at best, although numerous
co-catalysts and preparation strategies have been tested. With respect to water split-
ting, alternative systems should be considered.[173, 174, 175, 176]

In this regard, strontium titanate (SrTiO3) is a very promising candidate to examine
for this reaction. It is commercially available as single crystal exposing different facets,
and various degrees of doping are obtainable with various cations. Notably, full water
splitting has already been achieved on SrTiOs-based powder photocatalysts. While no
photochemical experiments have been hitherto conducted in UHV, several thermal stud-
ies were performed with different substrate molecules, setting a solid foundation for an
understanding of photochemical surface chemistry.[177, 178, 179]
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ABSTRACT: Photocatalytic hydrogen evolution from methanol is a standard test reaction for LT D

photocatalyst materials. Surprisingly, the exact chemical mechanism is still widely discussed in

Methanol

the literature. In order to disentangle photochemical from thermal reaction steps and gain 2 2
insights on the atomic level, we use a Pt cluster-loaded TiO,(110) photocatalyst in very well-

defined environments. Using Auger electron spectroscopy, temperature-programmed
desorption/reaction, isotopic labeling, and isothermal photoreactions, it is possible to identify
the surface species present on the catalyst under photocatalytic conditions. Furthermore, an

initial conditioning of the photocatalyst is observed and attributed to thermal dehydrogenation

of methanol to CO species on the cluster. The analysis of the isothermal photoreactions reveals that the photo-oxidation kinetics are
not significantly affected by cocatalyst loading. The observed conversion and product distribution of formaldehyde and methyl
formate can be rationalized with kinetic parameters gained from the bare TiO,(110) crystal. The work leads to a detailed
mechanistic understanding of the surface species and paves the way for an educated microkinetic modeling approach, which may be
extended to a variety of noble metal cocatalysts and other TiO, modifications.

KEYWORDS: surface species, photocatalytic conditions, Pt cluster loaded TiO,(110)

B INTRODUCTION

Driving catalytic reactions with light has been envisioned for a
long time to replace fossil feedstock for hydrogen production,’
upgrade biomass to chemical feedstock,” or decompose waste
in an environmentally benign way.” In this regard, under-
standing the key factors limiting the photocatalytic hydrogen
evolution and fathoming the selectivity of the corresponding
reactions still remain a great scientific challenge, especially
because the concomitant oxidation products may influence the
hydrogen evolution reaction.” This effect has been observed
for the photo-electrocatalytic reforming of alcohol already
decades ago™ and is commonly known as “current
doubling”.*” Thus, a key role for the design of better
photocatalysts will be the understanding of the underlying
reaction mechanisms and identification of the kinetics of
photochemical and thermal reactions. In this regard, the
judicious choice of particular reaction conditions (e.g., the
temperature and reaction environment) may allow for the
disentanglement of the elemental processes on the catalyst
surface.

Methanol has been used frequently as a hole scavenger in
order to investigate the photocatalytic hydrogen evolution of
new catalyst materials.”"*” This approach is fostered by the
hope to improve the partial reaction of hydrogen evolution
separately from the (far more complex) oxidation of water. It
is, however, based on the (controversial) assumption that some

© 2020 American Chemical Society

W ACS Publications 4080

of the elementary steps are the same or similar to
photocatalytic water splitting.*'”"" For widely employed
titania-based catalysts, the presence of a cocatalyst on the
surface has been found to be inevitable for significant
photocatalytic hydrogen evolution under ideal and real
conditions.'”> The elucidation of the cocatalysts’ properties
and their exact role in the photoreaction thus represent
important goals in the understanding of photocatalysis in
general and for the photocatalytic hydrogen evolution in
particular.

Zaera and co-workers deconstructed the mechanism of the
photocatalytic hydrogen evolution reaction from a methanol/
water mixture and found that the role of the cocatalyst is the
promotion of the dimerization of surface hydrogen atoms
rather than to act as charge traps.”~'° Additionally, they
showed that a thermodynamic approach, only taking
conduction and valence band edges into account, is not
sufficient to understand hydro;en evolution from NiO,
cocatalysts supported on TiO,.'® Further evidence for the
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thermal hydrogen recombination on the cocatalyst has been
presented using H/D-exchange experiments on the photo-
catalyst material without illumination.'® Nevertheless, similar
systems are still often interpreted in a different way, and to
obtain stronger evidence for such a reaction mechanism, the
study of more defined systems has proven to be advantageous.
In this regard, platinum cocatalyst-loaded TiO,(110) synthe-
sized under ultrahigh vacuum conditions represents a very
well-defined model system to probe photocatalytic reactions.
Because rutile TiO,(110) is one of the best understood
materials under very well-defined conditions,'”'® the surface
physics of the semiconductor and thermal chemistry are very
well-known.'” "> We recently reported the hydrogen evolution
from photocatalytic alcohol reforming to occur catalytically
under ultrahigh vacuum conditions on Pt,/TiO,.”"** Similar
to the studies of Zaera and co-workers,'® molecular hydrogen
is evolved by thermal recombination of surface hydroxyls, but
in contrast to those studies, we ruled out the reduction of
protons by photoelectrons.””

In this study, we further deconstruct the photoreforming of
methanol in “snapshots” of the catalytic cycle in order to
determine the surface species present under catalytic
conditions and their stability. For this purpose, we use Pt-
loaded rutile titania (110) because of the advantages of the
system mentioned above. We apply Auger electron spectros-
copy, temperature-programmed desorption/reaction (TPD/
R), isotopic labeling, isothermal photoreactions, and a kinetic
analysis to unravel the surface species, their stability, and the
driving force for the observed selectivity under photocatalytic
conditions. Although only recently photochemical studies have
emerged for cocatalyst-loaded rutile Ti0,(110),** the
present work explicitly addresses the characteristics of the
cocatalyst under (photo)catalytic conditions and the resulting
material’s properties in photocatalysis (i.e., the selectivity and

stability).

B EXPERIMENTAL SECTION

Materials and Methods. All experiments were carried out
under ultrahigh vacuum conditions with a backpressure of <1
X 107" mbar in a home-built setup for studying photocatalytic
reactions.””>®> An overview of the apparatus is shown
elsewhere.”' Briefly, it consists of surface preparation methods,
including a sputter gun (SPECS IQE 11/35) and a molecular
beam doser,”® and surface analysis was performed with Auger
electron spectroscopy (CMA 100, Omicron Nanotechnology
GmbH). It is further equipped with a quadrupole mass
spectrometer (QMS, QMA 430, Pfeiffer Vacaum GmbH) and
a home-built time-of-flight mass spectrometer”” for the analysis
of reaction products. A load lock enables the transfer of
samples and a laser ablation cluster source®® creates metal
clusters from 1 up to 100 atoms, which can be mass-selected
and subsequently landed on various support materials.

Methanol (Chromasolv, >99.9%, Sigma-Aldrich), ethanol
(absolute, HPLC grade, >99.8%, Sigma-Aldrich), and H,O
(Milli-Q, 18.2 MQ-cm) were extensively degassed and further
purified by pump—freeze cycles. D, (99% purity, Westfalen,
Germany), O, (5.0, Westfalen), and CO (4.7, Air Liquide)
were used without further purification. All adsorptions were
carried out at 100 K sample temperature, unless otherwise
indicated. A Pt target (99.95% purity, ESG Edelmetalle,
Germany) was used for the generation of the Pt, clusters and
no contaminants in the clusters were found in the mass spectra
before each deposition.

4081

The reactivity measurements were carried out with an
electron ionization QMS. The molecules were identified by
their respective fragmentation patterns. Quantification with the
fragmentation pattern correction, QMS sensitivity, and
ionization cross section has been established in previous
studies.”"”*” TPD experiments were carried out with a heating
rate of 1.2 K/s from 100 K to the indicated temperature.
Isothermal photoreaction experiments were performed at
chosen temperatures of the photocatalyst, in which illumina-
tion was only started after the thermalization of the sample. As
a source for this illumination, a laser with a wavelength of 242
nm was used with an intensity of 4.6 mW/ cm?. As we
previously showed, the photoreactivity is independent on the
used wavelength (355 or 369 nm was also tested), as long as
the photon energy is above the band gap of rutile TiO, (3.0
€V).”> The time resolution in the photoreaction experiments is
limited by the detection time of the QMS and the number of
mass traces followed in the experiment. Typically, time
resolutions of a couple hundred milliseconds are achieved in
the experiments presented, as multiple reaction products are
recorded at the same time.

Catalyst Preparation and Characterization. The rutile
TiO,(110) single crystal (SurfaceNet GmbH) was cleaned by
cycles of sputtering (Ar, 1.0 keV, 1 X 1075 mbar, 20 min),
oxygen annealing (820 K, 1 X 107¢ mbar), and annealing in
vacuum (820 K), which is known to result in a flat and clean
surface as determined by Auger electron spectroscopy (Figure
S1) and H,0 TPD.***' The concentration of bridge-bonded
oxygen (BBO) vacancies was determined to be 6 + 1% with
respect to Ti-lattice sites (5.2 X 10'/cm?) based on the
evaluation of H,0 TPDs.*>?*!

The deposition of the Pt, (x = 8—32) clusters was facilitated
by the operation of the quadrupole in the ion-guide mode,
followed by the soft landing of the clusters on the TiO,(110)
single crystal at 110 K, as described in an earlier study.”” The
catalyst loading is controlled using a picoammeter (Keithley
6587) measuring the neutralization current of the cationic
clusters when being deposited on the surface. The total loading
is controlled using home-written software, integrating over the
current leading to a highly precise cluster coverage
determination.”

Unless specified differently, the Pt cluster coverage
investigated in this work was chosen to be 1% of a monolayer.
This value corresponds to a Pt cluster coverage of 1.5 X 108 e/
cm? or 0.15 e/nm? for the deposition of singly charged clusters
and assumes that every surface site (1.5 X 10'%/cm?) of the
single crystal represents an adsorption site. The size
distribution was decided to be the same as in our previous
studies.”"””* Furthermore, previous work with scanning probe
microscopy”” >’ and X-ray photoelectron spectroscopy’™*’
demonstrated that the clusters are randomly distributed on the
surface and do not bind to any specific defect site at room
temperature and below. The successful deposition of the
platinum cocatalyst is also observed in the Auger electron
spectrum at 64 eV (see Figure S1). The complete removal of
the Pt clusters from the surface requires an excessive cleaning
procedure with multiple sputter—annealing cycles because Pt is
very persistent on the surface because of strong metal support
interaction.”®*” The detection of molecular hydrogen from a
water TPD proved to be a highly sensitive indicator for the
smallest amount of Pt contaminations of the TiO,(110) single
crystal, which was also demonstrated by Geng et al.*’

https://dx.doi.org/10.1021/acscatal.0c00260
ACS Catal. 2020, 10, 4080—4091



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

-10 a)
2.0x10 — T T T T 1
lllumination
1.5x10™ =
< —— Hydrogen <
= —— Formaldehyde =
C C
e e
5 1.0x107" - 1 5
O O
c c
° o
5.0x10™
0.0 —‘N.\l_.ﬁﬁ
0 25 50 75 100 125
Time /s

-10 b)
2010 17T
lllumination
1.5x10™ E
—— Hydrogen
—— Formaldehyde
1.0x10™ e
5.0x10™
0.0 Mr.—v——
0 25 50 75 100 125
Time /s

Figure 1. Photochemical products of 1 L of CH;OH on r-TiO,(110) (a) and on Pt,/TiO,(110) (b) at 260 K. Upon UV illumination (shown as a
gray background), methoxy species are photo-oxidized to formaldehyde, which desorb thermally. In (a), only trace amounts of H, are formed upon
illumination, while the catalyst poisoning is observed in subsequent illumination cycles.”” The Pt-loaded photocatalyst (b) shows formaldehyde
desorption accompanied by significant production of H, during illumination. The hydrogen trace is offset to 5 X 107! A for clarity. Note that the
traces in this figure represent raw data of the masses m/z = 2 for H, and 30 for formaldehyde.

B RESULTS AND DISCUSSION

A side-by-side comparison (Figure 1) of the photochemical
reactions of methanol on the same semiconductor single
crystal shows almost exclusively formaldehyde production for
r-Ti0,(110) (Figure 1a). In contrast, H, evolution in addition
to formaldehyde formation is observed for Pt-loaded
TiO,(110) (Figure 1b). This behavior is known from previous
studies on bare TiO,(110)*"** and on DPt-loaded
Ti0,(110).>"** Clearly, the role of the Pt, cocatalyst is to
facilitate molecular hydrogen evolution from methanol during
illumination. This completes the dehydrogenation reaction of
methanol, which is in fact a hole-mediated disproportion, and
makes the reaction truly catalytic.”* To further investigate the
surface chemistry on the Pt cocatalyst, we used isotopically
labeled methanol-d; on the Pt-loaded photocatalyst and
monitored the isothermal photoreaction (Figure 2). Upon
the first illumination period at 260 K, desorption of
formaldehyde (mass 30) and all mass traces of molecular
hydrogen (mass 2, 3, and 4) are observed. All traces decay
almost to the baseline within an illumination time of 2 min.
Consecutive isothermal irradiation experiments on the same
surface resaturated with methanol (obtained by again dosing 1
L of CD;OH after the previous illumination) revealed that the
mass trace for formaldehyde remains unchanged in all dosing
illumination cycles. All hydrogen mass traces, although
persistent, are less intense than those in the first illumination
experiment. This observation points to conditioning of the
catalyst. As neither the intensity nor the decay kinetics in the
mass traces change in consecutive cycles of methanol dosage
and illumination, the conditioning of the catalyst seems to be
already completed after the first cycle. In the conditioned state,
deuterium atoms for D, formation exclusively originate from
the photo-oxidation reaction of the alcohol.

Catalyst conditioning proceeds most likely not photochemi-
cally but by a thermal mechanism. Initially, a significant
amount of hydrogen is on the surface, originating from either
the dissociative adsorption of CD;OH (i, hydrogen and
methoxy formation) on the TiO,(110) surface or the thermal
decomposition of methanol on the Pt, clusters. The second
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Figure 2. Consecutive isothermal irradiation experiments at 260 K on
a Pt,/TiO,(110) catalyst. The reaction is started by illumination after
adsorption of 1 L of CD;OH at cryogenic temperatures. Between
every photochemical experiment, the surface is recovered with 1 L of
methanol-d; at the reaction temperature, which is enough to saturate
the surface at 260 K. Upon illumination, formaldehyde (mass 30) and
hydrogen desorb (masses 2, 3, and 4). After an initial conditioning of
the catalyst, where an increased amount of hydrogen desorbs, further
illumination cycles result in stable intensities and decay kinetics for all
observed products. Note that the Pt, cluster coverage in this
experiment is 0.75% of a monolayer.

pathway yields carbon monoxide and hydrogen species, based
on prior work on Pt(111).** Both reactions must be
considered to give rise to the hydrogen traces in Figure 2.
The conditioning is largely finished after the first photo-
chemical reaction cycle, which shows that the time needed for
thermalization (in the order of some minutes) is longer than
the time scale of the methanol decomposition reaction. In
order to analyze the thermal chemistry on the Pt, cocatalyst, a
TPR experiment with isotopically labeled methanol CD;OH
on a Pt,/TiO,(110) photocatalyst was performed (Figure 3),
which is in good agreement with a very recent study of Hao et
al.”> Methanol adsorbed on the semiconductor surface shows
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Figure 3. TPR experiment from 100 to 700 K on a Pt,/TiO,(110)
photocatalyst with a CD;OH coverage of 1 L without illumination.
Upon Pt loading of the catalyst, hydrogen evolution around 250 K
from methanol dehydrogenation is observed. Additionally, an intense
peak of CO around 400 K is observed, which is assigned to CO
desorbing from the Pt clusters.”*® The traces are offset for clarity,
and the hydrogen species represent raw mass traces, while CO (m/z =
28), methanol (m/z = 35), and formaldehyde (m/z = 30) are
corrected for fragmentation patterns.

the well-known desorption chemistry of bare TiO,(110), with
the alcohol leaving the surface at mainly around 300 K, as
reported before.* ™" Some methanol, however, is adsorbed on
the Pt clusters and undergoes complete dehydrogenation to
CO, similar as in the reaction on a Pt(111) single crystal.43’47
In contrast, the TPD of the bare titania surface neither shows a
high-temperature CO peak nor thermal hydrogen evolution
during methanol desorption. Interestingly, only one broad
desorption feature of molecular hydrogen is obtained between
220 and 350 K, while Hao et al. observed an additional feature
around 550 K.** This difference may originate from different
preparation techniques of the Pt cocatalysts, yielding clusters in
a different size distribution and of potentially different
morphologies, both of which affect their local chemical
environment. Based on a careful analysis of all fragmentation

patterns, we rule out the formation of significant amounts of
any other products from methanol chemistry such as methyl
formate (Figure S2).

The TPR results present evidence that the active hydrogen
recombination cocatalysts in the photocatalytic reaction are
apparently not the bare Pt clusters. On the conditioned
catalyst, the clusters are rather covered by carbon monoxide,
which stems from methanol dehydrogenation.

The thermal evolution of molecular hydrogen from
methanol, which is not observed on bare TiO,(110),**
occurs at around 250 K (Figure 3) in agreement with H,
desorption from Pt clusters on other oxide supports (e.g,
$i0,)* and the D, desorption from Pt,/TiO,(110) (see
Figure S3). This indicates that the dehydrogenation chemistry
takes place around or below 250 K because the peak
temperature also matches the hydrogen desorption feature
upon D, adsorption (see Fig. S3). The same desorption
temperature is observed for the thermal hydrogen evolution
from surface hydroxyl recombination resulting from water
adsorption on Pt,/TiO,(110) (Figure $3).** As mentioned
before, molecular water dosed onto the Pt /TiO,(110) surface
dissociates in BBO vacancies on the surface and, consequently,
two surface hydroxyls are formed.”" These hydrogen atoms,
bound to BBO atoms on the TiO,(110) surface, are able to
diffuse®® and eventually recombine at the Pt clusters, while the
oxygen “heals” the surface defects (see also Figure S4). Other
than for bare TiO,(110), water desorption originating from
hydroxyl recombination around 450 K is not observed when
the cocatalyst is present on the surface (Figure S4).

In order to observe photochemical evolution of molecular
hydrogen formed on the Pt cocatalyst, an isothermal
photoreaction experiment is carried out at 250 K. It is
followed by a TPD run immediately after the illumination to
identify the surface species present on the photocatalyst
(Figure 4). Upon illumination, all possible isotopomers of
molecular hydrogen are observed (Figure 4a) accompanied by
formaldehyde desorption. No significant desorption of carbon
monoxide, water, or methanol is detected upon illumination.
The immediate increase also in the D, signal (mass 4) is
indicative for the diffusion of surface hydroxyls and the H atom
recombination being fast processes, which is in agreement with
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Figure 4. (a) Photon-stimulated reaction of 1 L of methanol (CD;OH) on a Pt,/TiO,(110) catalyst at 250 K. Upon illumination, formaldehyde
and hydrogen, which are products from methanol photoreforming, are observed. The traces are offset for clarity. (b) TPR after the isothermal
photoreaction (in a) from 250 to 700 K. The traces are again offset for clarity. Mostly, CO is desorbing as a result from thermal methanol
dehydrogenation. All the products desorbing are in excellent agreement with the thermal chemistry reported in Figure 3. The photochemical
reaction temperature was chosen to be below the onset of methanol desorption.

4083 https://dx.doi.org/10.1021/acscatal.0c00260

ACS Catal. 2020, 10, 4080—4091



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Conditioned Pt /TiO,(110)

310" —r T T T T

b)

CO-precovered Pt /TiO,(110)
3x10™"

Masses:
—2

2x10™

Intensity /arb. u.

1x10™

UVon 3

T T T T T
Masses:
—2

4
—30

- 2x10™

Intensity /arb. u.

+{ 1x10™

7}\IN\‘\f\‘u. =

40 60
Time /s

80 100

Figure S. Comparison between isothermal photoreaction experiments at 262 K showing that a conditioned Pt,/TiO, photocatalyst and an
artificially CO-saturated Pt,/TiO, lead to very similar desorption characteristics for methanol photocatalysis. (a) Photoreaction of the third cycle
(Figure 2) with the photocatalyst prepared without any treatment of the catalyst before the photo-experiments. In (b), the Pt,/TiO,(110) catalyst
is exposed to 10 L of CO at 110 K and then annealed to 155 K. At this temperature, physisorbed CO on TiO,(110) either desorbs™” or diffuses to
the Pt, clusters, where it chemisorbs and remains strongly bound.** Subsequently, 1 L of CD;OH is dosed onto the surface at 120 K after which the
catalyst is set to 262 K, where the photoreaction is carried out. The initial temperature for both experiments was chosen again to ensure the best
comparability of the measurements with the different pretreatments of the catalyst. Although the Pt clusters are saturated with carbon monoxide,
molecular hydrogen evolution is observed, and the intensities are similar to those on the conditioned catalyst (Molecular hydrogen is indicated by
the mass traces 2, 3, and 4, while the CDO" fragment of formaldehyde is identified by m/z = 30).

the literature.>’ A TPR measurement of the catalyst after the
isothermal photoreaction shows (Figure 4b) that all of the
formed formaldehyde is already thermally desorbed and that
the majority of the methanol molecules were either photo-
oxidized or dehydrogenated on the Pt cluster. The latter
pathway is supported by the desorption of CO observed
around 400 K.

To gain further insights into the hydrogen evolution and the
conditioning of the Pt cocatalyst, we artificially exposed clean
Pt,/TiO,(110) to a saturation coverage of CO directly after
cluster deposition, dosed methanol-d;, and carried out an
isothermal illumination experiment at 262 K (Figure S).
Formaldehyde and all hydrogen species were found to desorb
upon illumination, indicating that even a carbon monoxide-
saturated platinum cocatalyst is active for molecular hydrogen
evolution. The observed intensities and isotope distributions
(Figure S) of the molecular hydrogen evolution are in excellent
agreement with the isothermal photoreactions from the
conditioned catalyst, as shown in Figure 2. This behavior is
similar as in a previous study by Berto et al, in which
photocatalytic hydrogen evolution from water was observed
from CO-covered noble metal nanoparticles on a nitride-based
semiconductor.’” This result further infers that CO from
methanol dehydrogenation is most likely adsorbed onto the Pt
cocatalyst during the photoreaction and represents a spectator
species on the metal clusters for the photocatalytic hydrogen
evolution on a conditioned catalyst.

Although Pt loading clearly changes the reactivity of the
semiconductor by enabling hydrogen evolution, it may be
suspected that the cocatalyst also affects the photo-oxidation
reaction of methanol. To evaluate this potential influence of
the clusters in the photo-oxidation mechanism, the form-
aldehyde traces of the bare and the metal-covered surface are
compared in the following. The CH,O peak exhibits a lower
intensity and a smaller integral value on the bare semi-
conductor with respect to the Pt-decorated one (see Figure 1).
The well-known poisoning of the photoreaction of methanol
(see Figure 1a) on bare TiO,(110),”*°° which was first
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reported for ethanol,”® makes a kinetic analysis of the peak
height gratuitous because it does not represent the amount of
active sites directly. It is influenced by the deactivation
mechanism (i.e, the hydroxylation of the surface) from the
photoreaction on the bare catalyst and the decrease in the
coverage of methanol by the initial photoconversion. A
complete quantitative microkinetic description is therefore
not feasible, as shown by Phillips et al. previously.**

On the other hand, both photoreaction products can desorb
from Pt,/TiO,(110) at the reaction temperature (Figure 1b),
leading to a higher observed conversion for formaldehyde. To
dissect kinetic information, a qualitative comparison of the rate
constants can be performed. The overall photoreforming of
methanol can be written in the following kinetic description

d[methanol], d[formaldehyde],
dt B dt
= k X [h] X [methanol],

r=—

(1)

This expression includes that only the charges created from
one photon are needed to oxidize methanol to formaldehyde
because the dissociative adsorption of methanol is a thermal
process on the semiconductor surface.”’ This is in perfect
agreement with our postulated mechanism from catalytic
experiments”"*> and all the current doubling observations in
the literature for alcohol photochemistry on titania.”~’

Under constant illumination, one can simplify eq 1 further
by employing k' k x [hv]. Following the reaction
mechanism,”" #5758 the decay of the product can be
assumed in the first approximation to be of first order with
the methanol concentration, yielding the typical exponential
decay function

[methanol], = [methanol], X exp(—k't) (2)
with [methanol], being the initial methanol concentration in
photo-active sites.

As
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[formaldehyde], = [methanol], — [methanol],

3)
this results in the following expression for the integral product
yield

[formaldehyde], = [methanol], X (1 — exp(—k't)) (4)

and its differential form, which represents the signal in the
desorption measurements, being

d[formaldehyde],

dt ©)
Therefore, it is evident that the rate constants (k' and k for
constant photon fluxes) are reflected in the respective

exponential decays, which are very similar for the bare and
the cocatalyst-loaded semiconductor (Figure 6).

= [methanol], X k' X exp(—k't)

T T T T T T

—Ti0,
\ - - - - Pt/TiO,
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Figure 6. Isothermal illumination experiments at 260 K of the r
TiO,(110) surface and the Pt,/TiO,(110) catalyst of 1 L of methanol
with normalized intensities to compare the decays. It can be seen that
a loading with Pt cocatalysts does not change the exponential decay
significantly within the accuracy of the measurements. Illumination is
initiated at the time of O s.

Because the formaldehyde desorption is a thermal process, it
is crucial to keep the sample at the exact temperature of 260 K
(with an estimated error of +0.5 K) to avoid temperature-
related effects in the exponential decay. This is in particular of
importance as the reaction is quite complex with at least the
desorption and photoreaction being important reaction steps
(more details are given in Phillips et al. in the Supporting
Information).*” The complexity is also reflected in the decay of
the formaldehyde signal, which deviates from the simple first-
order behavior assumed above. Consequently, the detected
decline becomes multi-exponential and the rate constant
cannot be directly obtained. Nevertheless, the similarity of the
formaldehyde decays of the bare and Pt-loaded titania crystal
indicates that the photo-oxidation of methoxy species is the
rate-determining step in methanol photocatalysis and that the
thermal H-atom recombination is a consecutive thermal
reaction, as known from previous studies.”"**

Although the Pt cocatalyst is generally known to promote
the hydrogen evolution reaction, the qualitative analysis of the
apparent kinetics reveals that the photo-oxidation reaction
stays largely unaltered. Consequently, at least at this coverage
of 1% Pt, on TiO,(110), an electronic effect induced by the
cocatalyst (e.g., the controversial charge accumulation in the
metal particles'”'%****%°) on the photo-oxidation reaction is
not observed to play an important role.
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The photoreaction of methanol to formaldehyde and
molecular H, can be rationalized in a scheme corroborating
knowledge from semiconductor physics (Figure 7). Upon
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Figure 7. Photochemical mechanism upon illumination of the
methanol-covered Pt,/TiO,(110) catalyst proceeds via a direct hole
transfer to the methoxy species on the surface to form formaldehyde
and consecutive thermal hydrogen evolution. The cocatalyst for the
hydrogen evolution carries adsorbed CO species from the initial
thermal methanol dehydrogenation on the Pt cluster. Thermal steps
in the reaction mechanism are depicted in gray arrows, while the
known pathways for the photogenerated holes and electrons are
shown in the respective colors, blue and orange. Note that the
position of the Pt cluster does not reflect its position with respect to
the band energy diagram but rather a physical location on the surface.

excitation with UV light, an electron—hole pair is formed in the
TiO,(110) single crystal. Because the latter is an n-type
semiconductor, the holes formed in the space charge region are
subject to a driving force from a Coulomb attraction toward
the surface, while the electrons preferentially travel toward the
bulk. Methoxy species form thermally at a variety of defect
sites”*" including the negatively charged BBO vacancies.”*™**
In previous photocatalytic studies on a cocatalyst-loaded
TiO,(110) photocatalyst with methanol*"** and ethanol,”* the
dependence of the photocatalytic hydrogen evolution with
regard to the photon flux was found to be close to 1, meaning
that only one absorbed photon leads to the formation of one
H, molecule. This observation is in very good agreement with
the “current-doubling” effect that has been observed for the
same materials.'”®> Furthermore, methoxy species adsorbed
on the TiO,(110) surface were identified in systematic studies
as the photo-active intermediate by various groups,*"*>*7°%¢”
while a photon-driven O—H dissociation mechanism of
molecular methanol remains controversial.***%~7°
Furthermore, formaldehyde desorption from photo-oxida-
tion is observed at 250 K immediately upon illumination
because this molecule desorbs thermally around 240 K.”'
Hydrogen evolution is also observed around that temperature
(also see Figures 3 and S3). The methoxy species are directly
photo-oxidized by the photohole to form formaldehyde via a
split of the C—H bond.””°>”* The photoreaction from tertiary
alcohols evidences””” that the abstracted H species is most
likely a radical (in analogy to *CHj; from tert-butanol photo-
oxidation), while the extinguished charge corresponds to the
electron from the carbon atom in a Lewis-type formalism.
Although formaldehyde desorbs thermally, the hydrogen atoms
on the surface diffuse to the Pt cocatalyst and thermally
recombine.”” The dimerization on the metal cocatalyst of the
surface-bound hydro4gen species was also suggested to be
present in solution."”'®”®> Some CO is chemisorbed on the
cocatalyst from thermal methanol dehydrogenation on the Pt
clusters, but the cocatalyst is active for the photocatalytic
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hydrogen evolution nonetheless. The finding that the
cocatalyst loading does not alter the photo-oxidation kinetics
further corroborates the scheme in Figure 7 because the
hydrogen evolution in this picture is a fast, consecutive thermal
reaction to the photo-oxidation of the methoxy species.

The chemical catalytic cycle can be closed in this picture
because methanol reacts stoichiometrically to molecular
hydrogen and formaldehyde. The photocatalytic methanol
reforming can be rationalized using the following set of
reaction equations (eqs 6—8). Here, methoxy species are
photo-oxidized to formaldehyde, while molecular hydrogen
desorbs.

CH,0H —— CH,0* + H*

TiO,(110) (6)
CH,0* + hv ——— CH,0 1 +H*
TiO,(110) (7)
2H* — H
pe, ° (8)

The electronic catalytic cycle can be also closed because the
methanol predominantly dissociates on the negatively charged
surface states and gets subsequently oxidized by the photohole.
Closing this electronic cycle and, thus, leaving the catalyst
electronically unchanged require the recharging of the surface
states.””

Below 250 K, another reaction channel opens up under
catalytic conditions: formaldehyde gets photo-oxidized and
couples with methanol in a consecutive photoreaction to form
methyl formate and another H, molecule (eq 9)

CH,O + CH,0H + hw ————— HCOOCH, 1 +H,1
Pt,/TiO,(110)
)

In order to discriminate between photochemical and thermal
reaction steps in the low-temperature methanol photo-
oxidation pathway, the photoreaction may be carried out at
cryogenic temperatures, and postirradiation temperature-
programmed desorption (PI-TPD) experiments may then be
used to quantify the conversion of methanol and product
formation.*""**”* A methanol-covered, bare Ti0,(110) surface
facilitates under such conditions the formation of methyl
formate, which was demonstrated by isotopic labeling
experiments to occur via a transient formyl species, as
evidenced in the literature.”” The results from such PI-TPDs
on bare r-TiO,(110) and turnover frequencies (TOFs) from
methanol photocatalysis on Pt,/TiO,(110) are shown in
Figure 8. In (a), the PI-TPD from 15 min illumination of 1 L
of CD;OH at 100 K between 220 and 300 K is displayed. As
seen there, methyl formate desorbs around 235 K, form-
aldehyde desorbs around 245 K, and methanol desorbs around
275 K, which is consistent with the literature.**”*”> The full
PI-TPD after illumination of methanol on r-TiO,(110) is given
in Figure SS. The dependence of formaldehyde and methyl
formate production as a function of illumination time (Figure
S6) is in excellent agreement with a previous study.”*

The observed photo-oxidation products and their respective
desorption temperatures in the PI-TPD of methanol on r-
TiO,(110) (Figure 8a) are the same as observed under
catalytic conditions in the investigated temperature range from
230 to 273 K on the Pt,/TiO,(110) photocatalyst. This
supplies further evidence that the platinum cocatalyst does not
open another reaction pathway for photo-oxidation. On the
high temperature side, the overall product evolution is
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Figure 8. (a) Relevant TPD region of 1 L of CD;OH on the
TiO,(110) surface after 15 min of UV illumination at 100 K. The full
temperature range of the postirradiation experiment is shown in
Figure SS. (b) TOFs of methanol photocatalysis in a methanol
background pressure of 1 X 107° mbar on a Pt,/TiO,(110)
photocatalyst as reported in a previous study.”’ A direct correlation
between the observed product species under photocatalytic
conditions with peaks from postirradiation TPDs is suggested from
a joint interpretation of these results.

quantitatively lower because the majority of methanol already
desorbs at 275 K. Around 255 K, a peak in the formaldehyde
TOF is obtained (Figure 8b). In the PI-TPD (Figure 8a),
however, the majority of methanol still remains adsorbed on
the surface, while formaldehyde desorption is already
facilitated. Photocatalysis at even lower temperatures around
235 K changes the selectivity of the reaction, as methyl formate
is obtained from the sequential photo-oxidation of form-
aldehyde. The selectivity of the photochemical processes
clearly depends on available intermediates at the surface and
can be altered by the reaction temperature (Figure 8b).*' In
this regard, the PI-TPD can be used to calculate the surface
lifetime of adsorbates from their peak in TPD experiments.
The surface residence time of an adsorbate can be estimated by
the following expression, whose detailed derivation is given in
the Supporting Information

In(2)
—AH/RT
e

ti2

y X

(10)

In this regard, AH is the desorption energy, T is the
temperature, vy is the pre-exponential factor from the
Arrhenius equation, and R is the gas constant. The residence
times for methanol, formaldehyde, and methyl formate are
shown in Table 1 along with the observed selectivity of the
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methanol photoreforming on cocatalyst-loaded TiO,(110) at
the reaction temperature obtained from Figure 8b.

Table 1. Calculated Surface Residence Times of Methanol,
Formaldehyde, and Methyl Formate from PI-TPD
Experiments on r-Ti0,(110) and Observed Selectivities
from Methanol Photoreforming on Pt,/TiO,(110)

surface residence time/s observed selectivity/%

temperature/K  CH;OH CH,0 CH;O0CH CH,0 CH;00CH
235 497.80 18.48 3.52 56.1 439
244 103.93 4.45 0.85 77.7 223
252 28.36 1.36 0.26 91.1 8.9
258 11.29 0.59 0.11 99.9 <0.1
265 4.06 0.23 0.04 99.9 <0.1
273 1.35 0.09 0.02 100

The observed selectivity of photo-oxidation is dependent on
the probability of a consecutive photo-oxidation of the
formaldehyde intermediate on the surface, which is in
competition with thermal formaldehyde desorption.”’ To
visualize this dependence, the methyl formate TOF under
catalytic conditions on Pt,/TiO,(110) is shown as a function
of the surface residence time of both reactants, methanol and
formaldehyde, forming the ester (Figure 9). Because methanol
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Figure 9. Correlation of the calculated surface residence times from
Table 1 with the observed TOFs of methanol photoreforming from
Figure 8b. Photocoupling to methyl formate is only observed at
formaldehyde surface residence times of more than 1 s on the
semiconductor surface. By the nature of adsorption properties,
methanol has a surface lifetime that is an order of magnitude higher
compared to formaldehyde.

is abundant on the surface at the temperatures where
photocoupling to methyl formate is observed, formaldehyde
photo-oxidation is believed to be the selectivity-determining
step (eq 9). Only when formaldehyde is present for longer
than 1 s on the surface, significant methyl formate evolution is
observed (see Figure 9). This further emphasizes the
importance of the chemical reaction kinetics on photo-
reforming processes because the charge carrier dynamics
occur on much faster time scales of picoseconds for single
crystals’® and microseconds for nanoparticles.””

The importance of surface residence time on the observed
selectivity may reasonably be transferable to gas-phase, water-
free methanol reforming under more applied conditions, as
similar reaction pathwa_}ls and products formed are observed
under such conditions.”* ™ Furthermore, this may not only
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hold true for other rutile surfaces,”"* as a very similar thermal

and photochemistry for methanol has been observed on
anatase®™*” and brookite modifications.”””" The adsorption
properties and desorption temperatures for the alcohols and
their photo-oxidation products are very similar in general on
the investigated TiO, surfaces. Especially on anatase, the
majority phase’ in Degussa P25, the same photo-oxidation
pathway of methanol to methyl formate has been reported
recently.”

Stability is one of the major requirements for any future
application of photocatalysts.”* We reported that the Pt/
TiO,(110) model catalyst is highly stable and demonstrated
this for 4 h of methanol photoreforming at a temperature of
262 K, in which no decline in activity was observed.”'
However, while Pt /TiO, photocatalysts are generally
perceived as stable,® recent work from Haselmann et al.
reported a deactivation mechanism within the first hour for
small platinum loadings.” Chung et al. observed a similar
deactivation phenomenon after 30 min of photoreforming of
methanol on their Pt/TiO, catalysts based on Degussa P25, in
addition to an induction period lasting a couple of minutes.”
Therefore, we further investigated the stability under reaction
and vacuum conditions. A further sign of the long-term
stability of the Pt,/TiO,(110) photocatalyst under the
investigated conditions is demonstrated by the measurements
presented in Figure 10. The catalyst is not only stable for more
than 200 min as reported previously;>' there is also no decline
in activity in subsequent catalytic experiments (Figure 10a,b).
Furthermore, the storage of the photocatalyst in vacuo for 70 h
did not lead to any change in the catalytic activity, neither
qualitatively as in the formation of products (Figure 10c) nor
quantitatively as in the overall TOF (Figure 10d).
Furthermore, deactivation by unavoidable adsorption of
residual gases such as CO and H,O was not observed, which
happens because of the long exposure time of 70 h and despite
the low pressure of <1 X 107'% mbar. This again corroborates
the findings summed up in Figure 7 that the Pt cocatalyst gets
conditioned quickly and most likely by CO adsorbed on the Pt
clusters. These CO species may also contribute to the long-
term stability of the particle’” in a similar way as 7previously
observed for Pt clusters on an iron oxide support.”

B CONCLUSIONS

In summary, the extensive analysis of isothermal photo-
reactions, TPD, and postirradiation TPDs leads to a complete
picture of all the surface species present under photocatalytic
conditions in the gas phase. The results supply evidence that
the Pt cocatalyst, which acts as a center for thermal hydrogen
recombination,*'***%% is most likely covered by CO under
the reaction conditions. Although these spectator species do
not inhibit H, formation, they may even lead to the protection
of the cocatalysts giving rise to high stability, which is observed
for the photocatalyst. This observation may not only be
important for the interpretation of reactions under applied
conditions but also explain or tune the stability of cocatalysts
comprising other metals with a strong binding of CO, such as
Ni, Pd,*” and Ru.

Concerning the surface chemistry of the semiconductor, the
full understanding of all surface species and the determination
of thermal activation barriers and pre-exponentials set the
necessary foundation for a meaningful description by micro-
kinetic modeling or ab initio theory investigations. The surface
science experiments and their connection to catalytic
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Figure 10. Methanol (m/z = 32), hydrogen (m/z = 2), formaldehyde (m/z = 30), and methyl formate (m/z = 60) traces at 262 K in a methanol
background pressure of 7 X 107 mbar (a) and corresponding TOFs (b). The gray bars indicate the period of UV illumination. The presented
traces are in quantitative agreement with previous studies.”' Storing in vacuo at room temperature leads to the same catalytic activity as evidenced
in the raw mass traces (c) and the quantitative agreement in the TOFs (d). Note that at this temperature, the mass trace 60 of methyl formate is

too low in intensity for the calculation of a meaningful TOF.

conditions offer a new toolbox for photocatalysis research,
which can be exploited by chemical reaction dynamics and to
estimate selectivities under catalytic conditions. For example,
the latter may be governed by the residence time of
photoproducts on the surface enabling consecutive photo-
reactions, as we demonstrated for methyl formate formation.
We were further able to show that under gas-phase reaction
conditions, the photo-oxidation of methoxy is not affected by
the Pt cocatalyst loading in the 1% range and that the photo-
oxidation is the rate-determining step in the photocatalytic
hydrogen evolution from methanol.”” Clearly, the photo-
catalytic H, evolution cannot be analyzed decoupled from the
photo-oxidation reaction in this reaction network, where the
photogenerated charge is directly involved in the methanol
photo-oxidation. However, one may speculate that a strong
similarity in the hydrogen evolution mechanism between water
and methanol exists because both reactions presumably
proceed via the diffusion of hydroxyls and an eventual H
dimerization at the Pt cocatalyst.

A complete kinetic understanding of the thermal processes
on the catalyst surface will further set a path for a detailed
investigation under different illumination conditions and
semiconductor doping in very well-defined materials to
investigate the influence of charge carrier dynamics on
photocatalytic reactions. The kinetic insight from TPD
experiments for catalytic conditions shows that the chemical
surface reaction kinetics dominate the overall conversion and
selectivity in catalysis,"*” which holds true for photocatalytic
reactions as well.
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Fig. S1: Auger electron spectrum of the freshly prepared TiO2(110) semiconductor
(blue) and the Pt«/TiO2(110) catalyst (black) after photocatalytic experiments for 2 h
and 15 min of additional illumination at the reaction temperature without reactant
atmosphere. Within the detection limit, no significant carbon containing species
(expected at 272 eV) are detected on the surface. Platinum is detected around 64 eV,
while the characteristic peaks for titanium and oxygen are located between 350 and
525 eV.
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Fig S2: Temperature-programmed desorption of 1 L of methanol-ds on PtJ/TiO2(110).
The traces represent raw data and are not corrected. The observations are in excellent
agreement in all mass traces with the work of Hao et al.1, with the exception of the
absence of hydrogen at higher temperatures. We relate this difference in the
desorption of Hz to the co-catalyst due to different cluster loadings, cluster size and
treatment procedure, further supporting the role of the platinum clusters as
recombination sites for H2.>2 In both works, potential molecules such as methyl
formate-ds (mass 64), methane-ds (mass 19) and methane-ds4 (mass 20) are not
observed. Mass 35 (methanol-ds) and mass 32 (formaldehyde-d2) follow the trend
observed in Fig. 3, corroborated by the joint mass fragment 30 of methanol-ds and
formaldehyde-dz2. Mass 18 is mainly attributed to water as an impurity in the methanol
source and mass 19 is attributed to the scrambling products, since methanol
decomposition already sets in below the observed temperature of 275 K, evident by
the hydrogen signals (2, 3 and 4).
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Fig. S3: Temperature programmed desorption of 1 L of D2 on the TiO2(110) surface
(grey traces) and the Pty/TiO2(110) photocatalyst (red traces). On bare TiO2(110),
Deuterium does not adsorb on the surface at 100 K in agreement with literature.> On
the Pt cluster-loaded TiO2(110), Deuterium does adsorb on the Pt clusters and desorbs
in a broad feature around 240 K. A similar peak is observed for the HD trace, indicating

some HD scrambling in agreement with literature.5”
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Fig. S4: Temperature programmed desorption measurement of 1.31 ML of H20
adsorbed at 100 K on PtJ/TiO2(110). Water from the O-lattice sites desorbs around
160 K, while H20 from the Ti-lattice sites desorbs around 255 K. Hydrogen desorbs

between 180 K and 250 K in a peak centered around 210 K in very good agreement
with a previous report.?
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Fig. S5: Post-Irradiation TPD of 1 L of CD3OH on r-TiO2(110) after 15 min of UV
illumination at 110 K. Note, that methanol is oxidized to formaldehyde and in a second
photo-oxidation to methyl formate, in excellent agreement with a previous report.2
Methanol is identified by mass 35, formaldehyde by mass 30 and methyl formate by
mass 64. All traces are corrected for the fragmentation patterns.®1°
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Fig. S6: Product evolution of the PI-TPDs with varied illumination time at 110 K.
Methanol is adsorbed on the bare r-TiO2(110) surface and illuminated for a certain time
period with UV light. PI-TPD is used to quantify the photoreaction products.
Formaldehyde forms even at the shortest illumination times, while the consecutive
photocoupling reaction becomes more dominant at larger illumination times in very
good agreement with literature.® Note, that not all methanol can be converted in these
experiments, indicating a poisoning of the reaction at cryogenic temperatures.



The surface lifetime of a species can the estimated from an evaluation of the rate of
desorption from a surface. The rate of desorption is given by:

AH

—Z—f = vq X f(8) X exp RT

(Eq. S1)

While the exponential term (with the desorption energy AH) together with pre-
exponential factor v, reflects the temperature-dependent rate constant, f(6) considers
the concentration-dependence of the rate. Assuming a first desorption process and
that the desorption is coverage-independent, one can rewrite the formula to:

do _AH
—— = Vg X 0 X exp RT (Eq. S2)
AH
— [ 2 = [ vq X exp F dt (Eq. S3)
t =In (:7) o — (Eq. S4)

vqg X exp RT

Using the (gf/gl) = 2 by definition, the surface lifetime is then given by:
l
1
tyj2 = LBAH (Eq. S5)

Vg X e RT

The pre-exponential factors are determined by a method established by Campbell et
al. and can be obtained from the gas-phase entropies of the molecules.''"12 These pre-
exponential factors can be used in a Redhead formalism?*® to calculate and apparent
desorption enthalpy. All of these values are given in Table S1 and set the foundation
to calculate the surface residence time at a given temperature.

Table S1: Tabulated values for the gas phase entropy and the resulting pre-
exponential factors as well as the activation barriers.

Gasphase Pre-exponential Desorption
Molecule Entropy Reference FactoFr)v [s7] Enthalpy
So[ J/mol x K] d AH [kJ/mol]
Methanol 236.12 14 3.8771E+15 82.9786
Formaldehyde 219.00 15 2.2297E+15 75.4629
Methyl 282.31 15 1.1253E+16 75.3847
Formate
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Surface Reduction State Determines Stabilization and

Incorporation of Rh on a-Fe,05(1102)

Florian Kraushofer, Nikolaus Resch, Moritz Eder, Ali Rafsanjani-Abbasi, Sarah Tobisch,
Zdenek Jakub, Giada Franceschi, Michele Riva, Matthias Meier, Michael Schmid,

Ulrike Diebold, and Gareth S. Parkinson*

Iron oxides (FeO,) are among the most common support materials utilized in
single atom catalysis. The support is nominally Fe,O;, but strongly reductive
treatments are usually applied to activate the as-synthesized catalyst prior to use.
Here, Rh adsorption and incorporation on the (1102) surface of hematite
(0+Fe,05) are studied, which switches from a stoichiometric (1 X 1) termination to
a reduced (2 X 1) reconstruction in reducing conditions. Rh atoms form clusters
at room temperature on both surface terminations, but Rh atoms incorporate
into the support lattice as isolated atoms upon annealing above 400 °C. Under
mildly oxidizing conditions, the incorporation process is so strongly favored that
even large Rh clusters containing hundreds of atoms dissolve into the surface.
Based on a combination of low-energy ion scattering (LEIS), X-ray photoelectron
spectroscopy (XPS) and scanning tunneling microscopy (STM) data, as well as
density functional theory (DFT), it is concluded that the Rh atoms are stabilized in

form chemical bonds with the support,
which affects their electronic structure
and catalytic properties. To accurately
model such a system requires the atomic-
scale structure of the active site to be
known. This information is extremely
difficult to ascertain using current experi-
mental methods, particularly under reac-
tion conditions, and most theoretical
calculations assume a high-symmetry
site on an idealized periodic surface.l"¥11
Transmission electron microscopy (TEM)
images usually suggest that isolated
adatoms are located in cation-like sites
relative to the bulk structure,27 but
it is important to realize that, with this

the immediate subsurface, rather than the surface layer.

1. Introduction

Stabilizing ever smaller metallic clusters on inexpensive
metal oxide supports has been a long-standing goal of catal-
ysis research. So-called “single-atom” catalysts (SACs) rep-
resent the ultimate limit of this endeavor, but stabilizing
single atoms against agglomeration under reaction condi-
tions is challenging.'”l To be stable, the metal atoms must
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technique, neither the termination of the

support nor the binding coordination of

the adatom can be unambiguously deter-
mined. Some information is often inferred from ex situ X-ray
absorption spectroscopy (XAS) measurements, but these area-
averaging methods do not necessarily probe the active sites on
inhomogeneous samples, and rely on comparison of the SAC
sample to standard samples such as a metal oxide, which may
have very different coordination environments. In any case, the
reactive environment almost certainly changes the state of the
support surface, and with it the coordination environment of
the single-atom sites. In situ TEM and XAS are possible for
such systems,[®l but are not commonly applied.*’]

Iron oxides (FeO,) are popular support materials in hetero-
geneous catalysis because they are inexpensive and chemically
robust. In SAC studies, the as-synthesized support is nomi-
nally hematite (o-Fe,0;). Consequently, the o~Fe,03(0001) sur-
face with or without point oxygen vacancies is often chosen to
represent the FeO, support in SAC studies."* 1] However, the
atomic-scale structure of o-Fe,03(0001) remains particularly
controversial, even under highly controlled ultrahigh vacuum
(UHV) conditions.** There is evidence for a ferryl termination in
oxidizing conditions,?"??) and a whole host of long-range Moiré
reconstructions occur when the surface becomes reduced.?*23]
Eventually, when reduced more, the surface transforms to
Fe;04(111).24 Recently, we have studied the o-Fe,05(1102) sur-
face, which is non-polar and similarly prevalent as the (0001)
orientation on nanomaterial.?*?%l This surface exhibits two ter-
minations: a simple, stoichiometric (1 x 1) termination, and a
reduced (2 x 1) reconstruction containing surface Fe?*.2627]

In this paper, we explore how Rh adsorbs on these surface
terminations, and if stabilization is affected by oxidation and

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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reduction of the iron oxide support surface. Using scanning
tunneling microscopy (STM), XPS, and He* LEIS, we find that
Rh forms small clusters on both surface terminations upon
vapor-deposition at room temperature (RT), indicative of a low
surface diffusion barrier. Upon annealing, however, Rh atoms
are accommodated in the subsurface on both surfaces. On the
stoichiometric (1 x 1) termination, Rh is stabilized as single
atoms in the second cation layer when the sample is heated
to 400 °C, and does not diffuse further into the bulk. On the
reduced (2 x 1) termination, higher coverages of Rh initially
sinter to nanometer-sized clusters upon annealing in UHYV,
and these then dissolve into the hematite lattice with mild oxi-
dation at 520 °C. These observations imply a strong driving
force for Rh incorporation into the immediate subsurface of
hematite, indicating a potential route for redispersion of sin-
tered particles.

2. Experimental Results

First, we investigated the stability of small amounts of Rh on
o-Fe,04(1102)-(1 x 1) by depositing 0.025 ML Rh on the freshly
prepared surface at RT. In STM [Figure 1a], we clearly observe
small Rh clusters on an otherwise pristine surface. Based on
the expected number of Rh atoms per unit area after deposi-
tion, we can estimate that, on average, a cluster consists of
3—4 atoms. Figure 2a shows XPS results for the Rh 3d region
after deposition, and after consecutive heating steps at elevated
temperatures. The samples were cooled to RT to acquire XPS

Figure 1. STM images of 0.025 ML Rh on a-Fe,O5(1102). a) 0.025 ML Rh
as deposited on the clean o-Fe,O3(1102)-(1 x 1) surface at room tempera-
ture (Usamlme =43V, lynnel = 0.3 nA) and b) after annealing at 500 °C for
15 min in UHV (Ugample = ~2:8 V;_ lynnet = 0.1 nA). ¢) 0.025 ML Rh as
deposited on the clean o-Fe,05(1102)-(2 x 1) surface (U. sample = =3V,
luunnet = 0.1 nA) and d) after annealing at 300 °C for 10 min in UHV
(Usample = =2.8 V, lyynnel = 0.1 nA). The images are from the same meas-
urement series as the XPS results shown in Figure 2.
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and STM data between the heating steps. Additional STM
images from the annealing series are shown in Figure S1, Sup-
porting Information. Immediately after deposition, the Rh 3d
peak is relatively broad, with a maximum at =3078 eV [black
line in Figure 2a]. Since the Rh 3d;,, peak always exactly mir-
rors the 3ds,, peak with a shift of 4.8 eV and two thirds of the
intensity, we will only discuss the 3ds/, peak from here on.
When fitting the Rh 3d region, appropriate additional compo-
nents, fully constrained in position, area, and FWHM, were
added for the 3d;, peak.

After heating to 200 °C, the Rh 3ds;, peak sharpens and
shifts to lower binding energies [yellow line in Figure 2a].
This correlates with the formation of larger clusters in STM
[Figure S1b, Supporting Information]. At higher temperatures,
the peak splits into a component at the position associated with
the larger clusters at =3075 eV, close to that of metallic bulk
Rh,1?l and a component at higher binding energy. The evolu-
tion of the area ratio between these two components is shown
in Figure 2c (black). For simplicity, we refer to the second
component as the “oxidized” contribution, though it should be
noted that for the small clusters found initially, the shift could
also be explained at least in part by final state effects related
to the cluster size.?”3% Taking a possible asymmetry of the
metallic peak into account, with a tail toward higher binding
energy, would further reduce the fraction of oxidized Rh, so
the percentages of metallic Rh shown in Figure 2c should be
taken as a lower limit. After annealing to 550 °C, the metallic
component disappears and the Rh 3ds;, peak sharpens sig-
nificantly [red line in Figure 2a]. In this state, the peak con-
tains a single component at 309.3 eV, which can be assigned
to an oxidized Rh species. This binding energy is significantly
higher than the =308.6 eV that were previously reported for
bulk Rh,03,1283132 and is closer to that reported for RhO,.!
In STM, this development corresponds to a disappearance of
the clusters, and single bright features are instead observed
at negative sample bias [Figure 1b]. A few of these bright fea-
tures coexisting with clusters are observed in STM starting at
300 °C [Figure Slc—f, Supporting Information], in good agree-
ment with the appearance of the oxidized peak at 309.3 eV in
XPS [Figure 2a]. We attribute this to Rh being liberated from
the clusters and substituted into Fe sites in the hematite sur-
face. Some of these features are still grouped together locally
after annealing to 500 °C, suggesting that the incorporated Rh
remains in the vicinity of the original cluster due to slow dif-
fusion within the hematite lattice. However, after annealing for
longer times, a random distribution can also be achieved, as
shown in Figure S2, Supporting Information. Interestingly, we
found no further decrease in the XPS peak intensity even after
annealing for 2 h at 520 °C in 2 X 107 mbar O,, which indi-
cates that Rh does not diffuse further into the bulk under these
conditions.

In the annealing series shown in Figure 1 and Figure S2a-h,
Supporting Information, the consecutive heating steps were all
performed in UHYV, which results in the surface being mostly
reduced to the (2 x 1) termination after heating to 550 °C.
Patches of the (1 x 1) structure remain only at step edges
[Figure S1h, Supporting Information]. This is the expected
behavior, as annealing in UHV at these temperatures is the
normal preparation procedure for the (2 X 1) termination.2®!

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Analyzing the thermal stability using the Rh 3d region in XPS. a,b) XPS spectra (Al Ke, 70° grazing emission, pass energy 16 eV, offset verti-
cally for clarity) of the Rh 3d core-level peaks for 0.025 ML Rh on the o-Fe,O;3(1102)-(1 x 1) and (2 x 1) surfaces, respectively, as deposited at room
temperature and after successive annealing steps in UHV at different temperatures (at least 10 min per step). The spectra were acquired after cooling
back to room temperature. For the bottom-most spectrum in (a), the sample was annealed for 30 min at 520 °C in a background of 2 x 107® mbar O,.
c) Area percentages for peak fits to the spectra in (a) and (b) using two components for Rh 3ds ,. Fit results for the first two curves in (a) are shown

in the insets to (c).

In the presence of Rh, however, small patches of the reduced
(2 x 1) termination were found at step edges already after
heating to 400 °C [Figure Sle{f, Supporting Information],
which is insufficient to form the (2 x 1) termination in the
absence of Rh. The (1 x 1) termination could be restored eve-
rywhere by the final heating step at 520 °C in 2 x 10~ mbar
O, [Figure S1i, Supporting Information] without loss of Rh
signal in XPS [Figure 2a, pink]. Qualitatively, this is the same
end result as was obtained when heating in 2 x 10 mbar O,
directly after Rh deposition [Figure S2, Supporting Informa-
tion], which prevents the surface from being reduced in the
first place.

On the -Fe,05(1102)-(2 X 1) termination, the initial state
immediately after Rh deposition is similar as on the (1 x 1) ter-
mination, with small clusters observed in STM [Figure 1c]. The
behavior of the Rh 3d peak in XPS with increasing temperature
also qualitatively resembles the trends observed on the (1 x 1)
termination. The peaks were again fitted by a metallic and an
oxidized contribution. However, analysis of the peak intensity
ratios [Figure 2c] highlights some differences between the two
cases: On the (1 x 1) surface, the metallic contribution initially
increases up to 200 °C, corresponding to sintering without
incorporation. On the (2 X 1) termination, the metallic compo-
nent decreases from the very beginning, and disappears com-
pletely at 400 °C, at a lower temperature than on the (1 x 1)
termination (500 °C). In STM, images taken after annealing to
300 °C [Figure 1d] resemble those of the pristine surface, with
no visible signature of the Rh, although it remains present in
XPS. Additional STM data from this annealing series is shown
in Figure S3, Supporting Information.

As the Rh 3d peak in XPS does not weaken significantly even
at high annealing temperatures on either surface termination,
and since Rh-related protrusions remain clearly visible in STM
on the (1 x 1) surface, the obvious question is whether the Rh
is located directly in the surface layer. To answer this, we per-
formed LEIS with 1 keV He* ions on both terminations, an
exquisitely surface-sensitive technique. The spectra (Figure 3)
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clearly show a Rh peak directly following Rh deposition, but
no trace of Rh is found in LEIS after annealing. This strongly
suggests that incorporated rhodium is situated in the subsur-
face, rather than the surface layer, for both the (1 x 1) and the
(2 x 1) termination.

(a) — pristine (1x1) Rh
——0.025 ML Rh as deposited

2 0.100 ML Rh as deposited

2 ——0.100 ML Rh, annealed 520 °C in O,
2

2 °

© I

L

4

K

[ I 1
\ 900 950

pristine (2x1)
pristine (2x1), dosed 10 L H,0
——0.025 ML Rh, annealed 300 °C

LEIS Intensity

200 400 600 800
Kinetic Energy (eV)

1000

Figure 3. He" LEIS of as-deposited and incorporated Rh. LEIS measure-
ments (1keV He", 90° scattering angle) of a) Rh on the o~Fe,03(1102)-(1x 1)
surface and b) on the (2 x 1) termination. In panel (a), as-deposited Rh is
clearly visible as a peak at =920 eV for both the 0.025 and 0.1 ML coverage.
A magnified view of the Rh region is shown in the inset. The broad peak
below 500 eV is correlated with adsorbed water, as demonstrated by the
spectrum acquired after dosing 10 L H,O (1 L = 1.33 x 10" mbar X s)
on the clean (2 x 1) surface (b, pink). We attribute this peak to fast
hydrogen recoils (at 90° scattering angle, these must be either H* recoils
deflected at surface atoms or H* recoils created by He deflected at surface
atoms).
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a) The Rh 3d region in XPS (Al Ke, 70° grazing emission, pass energy 16 eV) after depositing 0.1 ML

Rh on the a-Fe,04(1102)-(2 x 1) surface, then successively annealed in UHV for 10 min at different temperatures. For the last spectrum (pink), the
sample was annealed for 1 h at 520 °C in a background of 2 X 10~® mbar O,. All spectra were acquired after cooling the sample to room temperature.

b) 40 X 40 nm? STM image (Usample =

—2.5V, liynnel = 0.1 nA) taken after heating the sample to 580 °C [red line in (a)]. Large clusters are found on

the surface, one of which is plotted in 3D as an inset (=1.1 nm apparent height). A LEED pattern of the surface with (2 x 1) periodicity is shown
in the top right. c) 40 x 40 nm? STM image (Usample = =3 V; lunnel = 0.1 nA) taken after annealing the sample at 520 °C in 2 x 107® mbar O, for 1 h.
The surface periodicity has changed to (1 x 1), as also seen in the LEED pattern (inset). Orange arrows indicate local agglomerations of brighter

features in the surface.

Finally, we explored how the findings for 0.025 ML of Rh
extend to a higher coverage (0.1 ML). On the stoichiometric (1 x 1)
surface, the results are essentially the same as for 0.025 ML, with
all Rh atoms ultimately being incorporated into the surface. An
STM image and the corresponding XPS data of 0.1 ML of Rh
incorporated in the (1 x 1) surface is shown in Figure S2, Sup-
porting Information. On the reduced, (2 x 1)-reconstructed sur-
face, however, we find a decidedly different behavior for 0.1 ML
Rh (Figure 4). In XPS [Figure 4a], the Rh 3ds,, peak progressively
shifts to 307.3 eV upon heating and remains there, in good agree-
ment with literature values for metallic Rh.?®! Fits of the Rh 3d
data are shown in Figure S4, Supporting Information, using the
same fitting procedure as described above for the low-coverage
case. The metallic component dominates at all times, but an oxi-
dized component is also present, most strongly after heating to
200 °C. In STM, this corresponds to sintering of Rh into large
clusters, as shown in Figure 4b after annealing to 580 °C in
UHV. The increased cluster height also explains the decrease of
the overall Rh intensity to 49% of the value after deposition, since
the photoelectron signal from Rh in deeper layers of the clus-
ters is attenuated by the layers above. Additional STM images for
the entire annealing series are shown in Figure S5, Supporting
Information. Assuming a spherical cap shape, we estimate
that the cluster visible in Figure 4b contains <1200 Rh atoms.
This is an upper bound for the actual number of atoms, as the
cluster shape is always convoluted with the tip shape in STM.
Interestingly, even for these very large clusters, Rh atoms can
still be completely dissolved and incorporated into the sur-
face upon annealing in oxygen, as seen in the STM image in
Figure 4c. Again, bright features within the lattice are visible, and
these are often agglomerated locally [orange arrows in Figure 4c].
Both STM and LEED [inset to Figure 4c] show that the surface
itself is transformed from the reduced (2 x 1) reconstruction to
the stoichiometric (1 x 1) termination, as expected after oxygen
annealing. In XPS, the Rh 3d peak [pink line in Figure 4a] again
shifts to 309.3 eV, as observed whenever Rh is incorporated into
the hematite lattice [Figure 2a,b].
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3. Density Functional Theory Calculations

To rationalize the stabilization of Rh in the subsurface, we
performed DFT calculations for the (1 x 1) termination,
with one Fe atom substituted by Rh in a (2 x 2) super-
cell. The substitution was tested for the first eight cation
layers, and relative energies are shown in Figure 5. We
find the first subsurface layer (C2) to be energetically most
favorable, with an energy gain of —0.49 eV compared to the
immediate surface layer. The second subsurface layer (C3)
is 0.14 eV worse than C2, and below that, the substitution
energy is already converged to a bulk value (0.12 eV worse
than C2). These energies explain why extended annealing
of the system does not lead to the diffusion of much Rh
into the bulk of the sample at the temperatures used in this
work.

Substitution of multiple Fe atoms in layer C2 by Rh was
tested in a (3 x 3) supercell. The substitution energy per Rh
atom stayed the same when a second Rh atom was placed in
either of the nearest-neighbor sites in the subsurface layer.
This means that there is neither repulsive nor attractive inter-
action between neighboring Rh atoms in these sites, and thus
no enthalpic preference to accumulate or disperse them, con-
sistent with the observation of areas with high Rh concentra-
tion in Figure 4c. However, random dispersion is favored to
maximize entropy.

In all tested configurations, the calculated spin magnetic
moments for Fe suggest that all iron remained Fe** (4 u3), with
no evidence of Fe?* (3.5 up).2% No direct conclusions about the
Rh charge state can be drawn from the spin magnetic moment
of Rh, which we always found to be close to zero. However,
the Rh ion in the preferred C2 configuration exhibits a Bader
charge of only +1.15 e, lower than in RhO, (+1.45 e) and in
Rh,0; (+1.22 e), which suggests a formal charge state of 3+ or
less. Based on the known overall charge of the slab and the fact
that no iron appears to be reduced, we therefore assign the rho-
dium as Rh3*.
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Figure 5. DFT results for Rh substitution in the o-Fe,05(1102)-(1 x 1) surface. a) Substitution energies of one Rh atom replacing one Fe atom in a given
layer, referenced to the substitution energy in the first subsurface layer (C2). b) Side view (looking along the [1107] direction) of the o~Fe,03(1102)-(1 x 1)
surface, as in ref. [26]. Cation layers C1-C4 are labeled on the right. Iron is drawn as brown (large), oxygen as red (small) spheres. One iron atom in
the first subsurface cation layer is replaced by Rh (grey), which corresponds to the most favorable substitution site according to panel (a). The surface
oxygen atom bound directly to Rh is marked by a dashed circle. The direction perpendicular to the surface is labeled as (1102) in round brackets because
there is no integer-index vector corresponding to that direction for the (1102) plane.

4, Discussion

Our results show that, in contrast to Fe;0,4(001),13% neither the
stoichiometric (1 x 1) surface nor the reduced (2 X 1) reconstruc-
tion of o-Fe,03(1102) stabilizes Rh adatoms at RT. However,
on the (1 x 1) termination at least, single atoms can incorpo-
rate into the hematite lattice via a thermally activated process.
This makes sense, because Rh,03, the most stable Rh oxide, is
isostructural with o-Fe,0;. Interestingly, our results show that
even large clusters can be re-dispersed by very mild oxidation,
and these atoms remain visible in STM [Figure 2b]. However,
the fact that no Rh signal remains in LEIS after incorporation
(Figure 3) strongly suggests that the Rh atoms are in fact not
situated in the topmost cation layer, but rather in the subsur-
face, in agreement with our DFT results. Since the presence of
the incorporated Rh atoms is most clearly visible in filled-states
images, where oxygen atoms are imaged,?®! we conclude that
we observe a modified density of states for the surface oxygen
atom that is bound directly to an Rh atom in the immediate
subsurface layer, marked by a dashed circle in Figure 5b. The
dopants are also visible at some positive bias values, as shown
in Figure S6, Supporting Information. This indicates that the
electronic structure of surface Fe atoms in the vicinity of sub-
surface Rh is also modified, since we have shown previously
that empty-states images show the surface iron atoms.?°!

The preference of Rh to assume a subsurface instead of a
surface site can be understood in terms of its preferred oxida-
tion state and its lower tolerance for undercoordinated environ-
ments compared to Fe. In its native oxides, Rh is always sixfold
coordinated, either as Rh(III) in Rh,0; or as Rh(IV) in RhO,.
Fe, on the other hand, appears as Fe(II) in both Fe;O, and FeO,
and has tetrahedral coordination to oxygen in the former. Cru-
cially, the Rh octahedra in Rh,0; have different preferred bond
lengths than Fe,3¥ which they can achieve more easily near
the surface in the Fe,0O; lattice, as the lattice strain induced by
substitution can be mitigated by surface relaxations. The Fe
octahedra in bulk hematite are trigonally distorted to a C3, sym-
metry?>3%] with two different bond lengths. However, in our
DFT calculations, Rh in the first subsurface layer can realize its
preferred, relatively uniform bond lengths of 2.05-2.08 A > as
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opposed to the hematite bulk Fe—O bond lengths of 1.97 A and
2.12 A, respectively. Together, these two effects favor the closest
cation site to the surface in which a sixfold bonding environ-
ment can be achieved, which is in the first subsurface layer.

As to how the Rh is oxidized, there are two possible routes:
When annealing in a background of oxygen, displaced iron
likely diffuses to form more hematite at step edges or as new
islands, as we have observed previously when depositing Ti
(which also replaces Fe in layer C2).®l When no gas-phase
oxygen is available, small amounts of excess cations may be
compensated without major reduction of the surface by diffu-
sion of Fe into the bulk, as has been documented for Fe;0,.[%
However, it is worth noting that when depositing Rh on the
(1 x 1) termination and annealing in UHV, we found small
patches of the (2 x 1) termination sooner than expected, after
heating to only 400 °C (Figure S1, Supporting Information).
This may be a compensation mechanism to help accommodate
reduced Fe that has been displaced by Rh incorporation.

Concerning the oxidation state of incorporated Rh, the very
high binding energy of 309.3 eV observed in XPS (Figures 2
and 4) may indicate an Rh*" state, as the peak position for
bulk Rh,0; is usually given as =308.6 eV.?#32 However, in
the absence of compensating O vacancies, this would require
the reduction of iron to Fe?*. We have shown previously that
introducing Ti*" dopants into the surface induces a localized,
oxidized restructuring of the surface, which allows all iron to
remain Fe3".’°l Rh induces no such restructuring, and when
annealing in oxygen to prevent partial reduction to the (2 x 1)
termination, we do not observe any signature of Fe?' cations
in grazing-emission XPS, even for 0.1 ML Rh [Figure S2b, Sup-
porting Information]. Furthermore, our DFT calculations show
no evidence for reduction of Fe** to Fe?* in the presence of Rh,
and Bader charge analysis indicates a Rh charge state closer
to that of Rh in Rh,0;. Based on these results, we assign the
incorporated thodium as Rh3', despite the unusually high
binding energy in XPS.

The incorporation of Rh in a sixfold coordinated environ-
ment in the subsurface means that it would likely be catalyti-
cally inactive. Similar behavior has been observed following
the calcination of Rh on anatase TiO, particles.l’”) One can
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therefore see why reductive treatment is required to activate
the catalysts following calcination.””) However, the fact that
lattice incorporation is favorable enough to abstract Rh even
from very large clusters may hold interesting possibilities for
regenerating SACs. Typical deactivation mechanisms involve
sintering and poisoning; both can be reversed if the catalyst is
redispersed by an oxidation step (which also burns off carbo-
naceous species). Note, however, that we could not recover the
Rh to the surface by reducing the (1 x 1)-terminated surface by
UHYV annealing, because Rh is also accommodated in the sub-
surface on the (2 X 1)-terminated surface. We have shown previ-
ously that Rh atoms are stabilized on Fe;0,(001),2% so perhaps
an even stronger reduction of the surface could recover surface
Rh species.

The behavior of Rh on the reduced (2 x 1) surface is dif-
ferent from that on the stoichiometric (1 x 1) termination. If
we start from a 0.1 ML deposition, the reduced (2 x 1) termina-
tion retains large Rh clusters at temperatures where the stoi-
chiometric surface has already taken all of the metal into the
lattice (Figures S2 and S5, Supporting Information). This sug-
gests that there is less energy gain for Rh incorporation on the
(2 x 1) termination, and that the energy gained by incorporation
of Rh is smaller than the cohesive energy in large, bulk-like
Rh clusters. This also indicates that reduction should help
with re-exposing the Rh atoms and activating them for catal-
ysis. On the other hand, the incorporation of small amounts
of Rh appears to be more facile on the (2 x 1) surface, as the
process begins at lower temperatures [Figure 2c]. Taking the
apparently lower thermodynamic driving force into account,
this suggests that the faster incorporation of low coverages on
the (2 X 1) termination [Figure 2c] is due to lower diffusion bar-
riers, perhaps due to the different, more open structure of the
0-Fe,03(1102)-(2 x 1) reconstruction.

The qualitative difference between the low and high Rh
coverage on the (2 x 1) termination can be explained by two
different effects. On the one hand, since incorporating Rh
requires it to be oxidized, Fe needs to be reduced simultane-
ously. Rh is more electronegative than Fe, so it is clear that Rh
can only reduce Fe from 3+ to 2+ (which are both common
oxidation states of Fe), not any further. Thus, for each incorpo-
rated Rh, three Fe atoms have to be reduced to Fe*. Unlike the
stoichiometric (1 x 1) surface, the (2 x 1) reconstruction already
contains large amounts of Fe?".[%l Rh incorporation will there-
fore be unfavorable unless diffusion of oxygen from the bulk
to the surface, or of excess Fe to the bulk, is fast. If bulk dif-
fusion is slow, displacing Fe upon Rh incorporation becomes
increasingly harder. This would offset the energy gained by Rh
incorporation, and would lead to a saturation behavior. On the
other hand, clusters may never reach a critical size in the low-
coverage case (Figure S3, Supporting Information), and thus
never become thermodynamically stable against incorporation.
Most likely, both effects need to be taken into account to cor-
rectly describe the behavior of Rh during the annealing series
performed here. However, insufficient bulk diffusion should
become less relevant at higher temperatures. We can therefore
conclude that once very large clusters are formed, as was the
case for our experiments with 0.1 ML Rh, an equilibrium state
is reached in which the clusters are indeed thermodynamically
stable against incorporation.
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These findings illustrate that it is important to account for the
reconstructions formed under reducing conditions, instead of
simply modeling the reduction by assuming that oxygen vacan-
cies are introduced. In prior DFT studies, the o~Fe,03(0001)
surface was usually modeled using the Os-termination capped
with a layer of the catalyst atoms (equivalent to an Fe-termina-
tion with the terminating Fe layer completely substituted by
the metal in question).'¥ In modeling CO oxidation, it has
been assumed that an oxygen vacancy can be formed next to
the SAC site, which can react with O, and CO, forming CO,
and repairing the vacancy. To complete the cycle, another CO
molecule reacts with a surface oxygen, forming a second CO,
molecule and recovering the oxygen vacancy."*1 However,
the reduced o+Fe,03(0001) surface exhibits an abundance of
reconstructions,?*23 and removing O from an already reduced
surface likely costs more energy. Of course, assuming a some-
what simplified model for the surface structure is necessary to
make calculations tractable, but it seems unlikely that the real
surface activated in reducing conditions would exhibit the bulk-
truncated termination with easily available oxygen.

Furthermore, stabilization of single adatoms will depend
strongly on both the oxidation state and the structure of the
actual surface. Adatom stabilization depends more strongly on
diffusion barriers than on pure binding energies, but generally,
oxidized surfaces tend to bind cations more strongly, as we have
seen on Fe;04(001).38 While defects can certainly act as trap
sites for metal adatoms, oxygen vacancies have been reported to
be ineffective at stabilizing metals such as Pt or Rh on TiO,.13%*!
For covalently bound cations, this is not surprising, since the
adatom loses a potential bond to the support, and bonding
may be weakened further if charge transfer is inhibited by the
presence of other reduced cations. A recent screening study of
a wide range of different transition metals on o-Fe,03(0001)
reports strongly covalent binding for all of them.% Therefore,
there is reason to assume that our finding of metal clusters
forming on the reduced, but not on the oxidized surface may
also be more generally applicable to FeO, surfaces.

Finally, for Rh specifically, it seems likely that the driving forces
of preferred sixfold coordination on one hand and lattice strain
on the other hand can be generalized to other hematite surfaces,
as well as to step defects. This may be helpful for stabilizing
and re-dispersing catalyst atoms. A similar route has been dem-
onstrated for Pt on ceria, where Pt can be abstracted from clus-
ters into highly coordinated, but catalytically inactive sites under
oxidizing conditions.”! However, whether an atom is situated
on the surface or in the first subsurface layer can be extremely
hard to distinguish in imaging techniques such as STM [as seen
in Figure 1b] or TEM, which is commonly used to identify atom
positions in nanoparticle studies.'>"I Special care should there-
fore be taken to avoid erroneous identification of catalyst activity
if the preparation leaves the single atom in an inactive subsurface
site, or if it moves there under reaction conditions.

5. Conclusion

We have studied the interaction of Rh with o-Fe,053(1102) both
on the stoichiometric (1 X 1) and the reduced (2 x 1) termina-
tion. Neither surface stabilizes single Rh adatoms, and small
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Rh clusters are found after deposition at RT. Low coverages
of Rh are incorporated in the substrate below 400 °C in both
cases and are stabilized in the subsurface. Larger coverages
of Rh sinter into clusters consisting of hundreds of atoms
on the reduced (2 x 1) termination, but can be dissolved and
re-dispersed by annealing in oxygen, which also transforms the
surface back to the (1 x 1) termination. The incorporated oxi-
dized Rh species substitute Fe in the first subsurface layer. We
assign the features imaged with increased apparent height in
STM as surface O atoms bound to the subsurface Rh.

6. Experimental and Computational Methods

All results presented in this work were collected in a UHV setup
consisting of a preparation chamber (base pressure <107° mbar) and
an analysis chamber (base pressure <5 x 107" mbar). The system was
equipped with a commercial low-energy electron diffraction (LEED)
apparatus (VSI), a nonmonochromatic Al Ka X-ray source (VG), an
ion gun (He") used for LEIS, a SPECS Phoibos 100 analyzer for XPS
and LEIS, and an Omicron y-STM. The STM was operated in constant-
current mode using electrochemically etched W tips. STM images were
corrected for distortion and creep of the piezo scanner, as described in
ref. [43]. Rh was deposited from an electron-beam evaporator (Omicron)
in the preparation chamber. A quartz-crystal microbalance was used
to calibrate the amount of deposited material, with deposition times
of =30-120 s for 0.025-0.1 monolayers (ML) of rhodium. Throughout
this paper, a monolayer is defined as the number of Fe atoms in the
surface layer. 1 ML of Rh is therefore defined as two Rh atoms per
o-Fe,05(1102)-(1 x 1) unit cell, which corresponds to a density of
7.3 X 10" atoms cm™2.

The experiments were conducted on a single-crystalline, 0.03 at%
Ti-doped hematite film grown homoepitaxially by pulsed laser
deposition on a natural o-Fe,0;(1102) sample (SurfaceNet GmbH,
10 x 10 X 0.5 mm3, <0.3° miscut) in 2 X 1072 mbar O,, as described
previously.?®l Doping was achieved by alternating deposition from an
Fe;O, single crystal target and a 1 at% Ti-doped hematite target, home-
synthesized from commercial TiO, and Fe,O; powders (99.995% purity,
Alfa Aesar). The mixed powders were pressed in an isostatic press at
400 MPa and RT in a cylindrical silicone mold, and sintered in an
alumina-tube furnace (6 h at 1200 °C, 1 bar of flowing O,, 5 °C min™'
ramp rates), as described in detail elsewhere.l The resulting hematite
film was sufficiently conductive for STM at RT, with large atomically flat
terraces. The surface appeared identical to the undoped samples studied
previously.?l Before each experiment, the sample was re-prepared
by sputtering (1 keV Ar* ions, =2 YA) and annealing in oxygen (2 X
107 mbar, 520 °C) for 30 min, which yields the stoichiometric (1 x 1)
termination. For experiments on the reduced (2 X 1) reconstruction, the
sample was then annealed in UHV at 580 °C for 15 min.

DFT calculations were performed using the Vienna ab initio
simulation packagel*#l with the projector augmented wave
method.*”*81 The Perdew, Burke, and Ernzerhof exchange-correlation
functionall®! was used together with a Hubbard U (U = 4.0) to treat
the highly correlated Fe 3d electrons.’% The same U was applied for
Rh atoms to avoid artificially biasing 3d electron occupations among
the different transition metal cations.®l Rh substitution was tested in
(2 x 2) supercells on asymmetric slabs consisting of 30 atomic layers,
with the bottom five layers kept fixed, and using a 4 X 4 x 1 I'-centred
k-mesh. Coverage dependencies of substituting two Rh atoms in
the same sublayer were tested in a larger (3 x 3) supercell, with an
adjusted k-mesh of 3 x 3 x 1. The plane-wave basis-set cut-off energy
was set to 450 eV, and convergence was achieved when residual
forces acting on ions were smaller than 0.02 eV A~ The charge
states of Rh ions were evaluated using the Bader approach,32->4 and
benchmarked to calculations of bulk RhO, and Rh,0; using the same
computational setup.
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Figure S1: STM images corresponding to the XPS data in Figure 2a of 0.025 ML Rh on o-

Fe203(1102)~(1 x 1). Apart from panel (i), all annealing steps were performed in UHV. Panels

(a) and (g) are the same as in Figure 1a,b. Panel (e) shows a region of interest in which a small

patch of the reduced (2 x 1) termination was formed at a step edge after annealing to 400 °C.

Panel (f) is the same image as (e), high-pass filtered for better visibility of the surface structure.

In panel (h), the majority of the surface is (2 x 1)-terminated after annealing to 550 °C in UHV,

with only small patches of (1 x 1) termination remaining at step edges. Note that panels (e), (f)

and (h) show larger areas in order to display the termination change at steps. Sample biases and
tunnelling currents are: (a) U=+3V, I=03nA; (b) U=+3V, I=0.1nA; (c) U=+2V,
I=02nA; (d) U=+25V, I=0.1nA; (e, f) U=+25V, I=025nA; (g U=-28YV,
I=0.1nA;(h) U=428V,I=0.1nA; (i) U=-2.8 V,1=0.1 nA.
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Figure S2: 0.1 ML Rh incorporated in a-Fe203(1102)-(1 x 1). (a) 20 x 20 nm? STM image
(Usample = =2.8 V, Iunnet = 0.1 nA) of the a-Fe,03(1102)-(1 x 1) surface after depositing 0.1 ML
Rh, then annealing the sample at 520 °C in 2 x 10~® mbar O, for 30 min. In contrast to Figure
4 of the main text, no UHV annealing (leading to large, metallic clusters) has been applied.
(b,c) The Fe 2p and Rh 3d regions in XPS (Al Ka, 70° grazing emission) for the pristine (1 x 1)
surface before Rh deposition (black, dashed), after deposition of 0.1 ML Rh (blue), and
corresponding to the STM image in panel (a) (orange). The Fe 2p peak of the as-prepared
(2 x 1)-terminated surface is shown for comparison (green). On the (2 x 1) surface, the shoulder
at =708 eV and the less pronounced Fe 2p3, satellite at 719 eV indicate the presence of Fe?*.l!:2!
These changes are not observed on the (1 x 1) surface even when 0.1 ML Rh are incorporated

in the presence of oxygen, suggesting that all iron remains as Fe’*.
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(a) as deposited

Figure S3: STM images corresponding to the XPS data in Figure 2b of 0.025 ML Rh on a-
Fe203(1102)-(2 x 1). Panels (a) and (c) show the same STM images as Figure 1c,d at lower
magnification. Sample biases and tunnelling currents are: (a) U=-3V, I=0.1nA; (b)

U=-2V,I=0.1nA;(c) U=-2.8V,1=0.1nA.
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Figure S4: Fits of XPS results (Al Ka, 70° grazing emission, pass energy 16 eV) for 0.1 ML
Rh on a-Fe,03(1102)-(2 x 1), using the data shown in Figure 4. (a) Area percentages for peak
fits to the spectra in Figure 4a. Black data points correspond to successive heating steps in UHV,
while the green data point corresponds to the final annealing step in oxygen, yielding the STM
image in Figure 4c. For reference, the data for 0.025 ML Rh from Figure 2c are shown again
here (red). Note that in the 0.1 ML case, the peak areas are not good descriptors of the actual
ratios between metallic and oxidic Rh because for large clusters, the buried atoms contribute
much less signal to XPS. (b-1) Peak fits to the data shown in Figure 4a, using two components
for Rh 3ds2 as described for Figure 2 in the main text. For the final spectrum in panel (i), the

sample was annealed for 1 h at 520 °C in a background of 2 x 10~° mbar O».
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Figure S5: STM images corresponding to the XPS data in Figure 4a of 0.1 ML Rh on a-
Fe»03(1102)-(2 x 1), with annealing steps performed in UHV. Panel (f) is the same image as
shown in Figure 4b. Sample biases and tunnelling currents are: (a) U=-3V, I =0.1 nA; (b)
U=-3V,1=0.1nA; (¢c) U=-25V,1=0.1nA; d) U=-3V, I=0.1nA; () U=-3V,
I=0.1nA; ) U=-2.5V,1=0.1 nA.
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Figure S6: STM images of 0.025 ML Rh on 0-Fe;03(1102)-(1 x 1). Both images were taken

after depositing 0.025 ML Rh on the pristine a-FexO3(1102)-(1 x 1) surface, followed by
annealing at 500 °C for 15 min. The image in panel (a) is the same as shown in the main
manuscript in Figure 1b (Usample = —2.8 V, lunnet = 0.1 nA). (b) shows the same area with

positive sample bias (Usample = +2.8 V, Tunnet = 0.1 nA).
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Abstract

In the past decade, hydrogen evolution from photocatalytic alcohol oxidation on noble
metal loaded TiO2 has emerged as a large research field. While the presence of a
metal cluster co-catalyst is crucial as Hz recombination center, respective size and
coverage effects on the overall catalyst performance are not yet comprehensively
understood. To some extent, this is due to the fact that common deposition methods
based on wet chemistry do not allow for independently changing size and coverage.
Thus the disentanglement of the role of both properties on the catalytic performance
remains remote. This drawback can be overcome by the use of cluster sources and
the deposition of size-selected clusters, where cluster size and coverage can be
change deliberately. This study concentrates on the comparison of size-selected Ni
and Pt clusters as co-catalyst materials on a TiO2(110) single crystal and the resulting
size- and coverage-dependent effects in the photocatalytic hydrogen evolution from
alcohols in the ultra-high vacuum (UHV). We show that larger clusters and higher
coverages of Ni directly enhance the product formation rate, although deactivation over
time occurs. This is not the case for Pt co-catalysts, which exhibit a stable and higher
photocatalytic activity. Contrary to Ni clusters, size-specific effects have to be taken
into account for Pt. While Hz evolution is improved by a higher concentration of Pt
clusters, a simple increase in the metal content by the deposition of larger particles
may even be detrimental to the performance of the photocatalyst. Furthermore, the
acquired overall mechanistic picture is corroborated by H2 formation kinetics evaluated
from mass spectrometric data by a novel approach. Our study shows that for some
metals, size effects are relevant for improving the catalytic performance, while for other
co-catalyst materials merely the coverage is decisive. The elucidation of different size-
and coverage dependencies is an important step towards a rational catalyst design for
photocatalytic hydrogen evolution.



Introduction

In the recent years, numerous studies have proven the outstanding possibilities that
heterogeneous photocatalysis offers, e.g. with respect to H2 generation from water or
other surplus chemicals such as alcohols.’® Considering the economic aspects of
applied chemical technology, the photocatalytic production of H2 would be a cost-
effective method.* However, state-of-the-art photocatalysts are still generally too
inefficient for profitable large-scale applications. For H2 evolving reactions, the
photocatalytic system usually consists of a light-absorbing semiconductor with (noble)
metal particles as co-catalysts on the surface. It is hardly predictable which metals are
suitable as co-catalyst material. Noble metals such as Pt have shown the most efficient
performance in the Hz evolution. However, since systematic studies are scarce, it is
not clear whether cheaper and more abundant metals could be used equally well under
suitable conditions.

Apart from the choice of co-catalyst material, the optimization of functional
photocatalytic metal-semiconductor systems is challenging. Key parameters such as
co-catalyst particle size and coverage are often interconnected and cannot be
optimized independently from each other by most conventional deposition methods.
More crucially, the majority of experimental studies neglect the normalization of their
results to certain photocatalytic activity descriptors, making literature values hardly
comparable among each other.®> These points are most likely the main reasons why
literature results often neither agree on the quality of different co-catalyst materials
(e.g. Pt, Au, or Ni) nor on their optimum particle size and coverage.® For example,
experimental results from Hz evolution on metal-loaded TiO2 differ with respect to the
ideal co-catalyst particle size,” 8 which can also not be controlled very precisely using
conventional synthetic methods such as impregnation or photodeposition.®
Nevertheless, there is general consensus that the co-catalyst is crucial for Hz evolution,
and a fundamental understanding is therefore imperative. Hence, studies on ideal
model systems, such as semiconductor single crystals in ultra-high vacuum (UHV),
can be of great importance for a systematic, rational design of photocatalysts. The use
of cluster sources, such as laser ablation cluster sources, allows overcoming this
restriction. They facilitate the deposition of metal clusters (which contain a precise
number of atoms) at exact coverages with the possibility to control and investigate both
parameters independently.1° Laser ablation cluster sources have already shown their
value in many thermal catalytic studies by revealing crucial effects of cluster size,
coverages, and material properties.''*? In photocatalysis, however, similar studies are
scarce and cluster size effects remain largely unexplored, even though there is
evidence for a significant impact.*®

Co-catalyst loaded TiO2(110) is one of the most commonly employed photocatalytic



model systems, especially for Hz evolution.*4*° In the last decade, several groups have
contributed to a fundamental insight into the surface chemistry of titania single
crystals,?% 21 the material’s charge carrier dynamics,?>?* and the role of the co-catalyst
in alcohol photo-oxidation.4 15 17. 18,2527 |t has been shown that Pt, Ni, and other metal
clusters serve as co-catalyst to facilitate thermal Hz evolution during photocatalytic
methanol reforming on TiO2(110). These metal clusters all fulfill the same purpose as
recombination and desorption centers for surface hydrogen species, apparently
following the same mechanistic steps.'> 18 19 26 |n principle, this allows for their
guantitative comparison as co-catalysts in the thermal hydrogen formation during
methanol photoreforming. While different metals are evidently suitable for Hz evolution
from alcohols on titania, there is, to the best of our knowledge, no systematic
investigation of the relationship between Hz evolution activity and co-catalyst material,
size, and coverage. As these parameters are of decisive impact in thermal catalysis,
they are also expected to play a role in photocatalysis, since surface mechanisms are
comprised of thermal and photocatalytic steps.

This study investigates the photocatalytic activity of Ni and Pt-loaded TiO2(110) in
order to address these fundamental questions and elucidate the effects of cluster sizes
and coverages. Using Auger electron spectroscopy (AES), photocatalytic experiments
at different conditions and catalyst preparations, and a detailed kinetic analysis of
hydrogen evolution, we determine and quantify the impact of reaction parameters on
photocatalytic hydrogen evolution from methanol.

Experimental

All experiments are carried out under highly defined conditions in a home built ultra-
high vacuum (UHV) apparatus with a background pressure of < 9.9 - 10! mbar.?8 2°
The rutile TiO2(110) single crystal (SurfaceNet GmbH, 9.95 mm - 9.95 mm - 0.3 mm)
is mounted on a tantalum sample holder. Its temperature, which is measured with a
type C thermocouple attached to the bottom of the mounting plate, is controlled by
resistive heating and liquid N2 cooling.

Methanol (Chromasolv, 299.9%, Sigma-Aldrich) and H20 (Milli-Q, 18.2 MQ - cm) are
degassed and purified by several freeze-pump-thaw cycles. Methanol is fed into the
chamber via a leak valve (Pfeiffer Vacuum GmbH) attached to a home-built gas line
(base pressure 5.0 - 107° mbar). H20 is brought directly onto the crystal surface with a
molecular beam doser (4 minutes exposure time, 420 mbar back pressure at the
micro-capillary plate).

Reactants and reaction products are analyzed with a quadrupole mass spectrometer
(QMS) (QMA 430, Pfeiffer Vacuum GmbH), which is mounted in a line-of-sight
geometry with respect to the desorbing molecules. The ion signals are corrected for
the fragmentation contribution taken from reference mass spectra,*° the transmission



through the QMS, and the electron-impact ionization cross section.?® Temperature-
programmed desorption measurements (TPD) are performed with a heating rate of 0.8
K-s™,

For photocatalytic studies, the sample is placed directly under the skimmer of the QMS,
and illuminated with a UV laser beam at an angle of about 30° with respect to the
surface normal. The UV irradiation is generated with an optical parametric oscillator
with frequency doubling unit (GWU, premiScan ULD/400), which is pumped by the
third harmonic of a Nd:YAG laser (Innolas Spitlight HighPower 1200, 20 Hz repetition
rate, 7 ns pulse width) to yield 242 nm photons. A pulse energy of 200 puJ of the
incident light beam guarantees an illumination power of 4.0 mW at the crystal surface.
No laser induced thermal heating effects are observed at such conditions. Prior to
illumination, the sample is set to a temperature of 300 K and a constant methanol
background pressure of 5.0 - 107 mbar or 5.0 - 107 mbar, respectively, is applied.
Turnover frequencies (TOFs) are calculated by averaging the steady state ion current
and normalizing to the amount of bridge-bonding oxygen (BBO) vacancies, which are
assigned as photoactive sites. Their number is determined by means of H20 TPDs.3!
A detailed description of the TOF and the mass spectrometric analysis can be found
in our previous works.2% 2°

Prior to any thermal or photocatalytic experiments, the crystal is prepared by several
cycles of Ar* (Ar 6.0; Air Liquide) sputtering (20 min, 1.0 keV, 1 - 10" mbar Ar), Oz
(299%, Westfalen) annealing (20 min, 800 K, 1.0 - 107® mbar O2), and vacuum
annealing (15 min, 800 K) to obtain a reduced crystal surface. The BBO vacancy
density is determined by H20 TPD experiments.3? The surface purity is regularly
evaluated by Auger Electron Spectroscopy (AES) using a respective spectrometer
(CMA 100, Omicron Nanotechnology GmbH).

A laser ablation source, attached to the main analysis chamber, enables the generation
of metal clusters with an atomically precise number of atoms. The cluster size
distribution is determined with mass scans as shown in our previous works.® 25 26, 29
Size selected Ptx (x = 1, 5, 10, or >47 atoms) or Nix (X = 1, 10, or >47 atoms) clusters
are deposited in situ onto the TiO2 crystal under soft-landing conditions (<1 eV/atom
in kinetic energy).'® For their synthesis, a plasma is created by a focused (lens’ focal
length about 1 m) beam of a frequency-doubled Nd:YAG (532 nm, 100 Hz, Spitlight
DPSS, Innolas) that ablates a rotating Pt or Ni target. The plasma cools down through
collisional cooling with He gas pulses (He 6.0, Air Westfalen) from a piezo valve, which
is synchronized with the laser pulses, and the adiabatic expansion into the vacuum.
The resulting cluster beam is guided through the vacuum chamber using ion optics. A
guadrupole bender deflects the charged particles orthogonally so that the cationic
clusters are separated from the neutral ones. A quadrupole mass filter (QMF; Extrel,
USA) either enables the selection of a particular cluster size up to masses of 16000
amu or operates in the radio frequency mode, serving as high pass filter to obtain only
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clusters with more than 47 atoms (Pt-47 or Ni>47). The cluster coverages are given in
% ML respective to 1.5 - 10*° surface atoms of the TiO2(110) sample surface.3 They
are determined by the neutralization current of the cationic clusters, which is measured
with a picoammeter (Keithley 6587) during their deposition onto the titania crystal. The
desired cluster coverages are obtained only by varying the deposition time of the size-
selected clusters.

Experimental Results

Photoactivity of Ni- and Pt-Loaded TiO2(110)

The product formation rate on cluster-loaded TiO2(110) was quantified by determining
the TOFs of formaldehyde and H2 during photocatalytic methanol oxidation. This
allows to identify cluster size and coverage effects and enables a direct comparison of
the performance as co-catalyst for both metals. For Ni, single atoms and clusters with
sizes of 10 and >47 atoms were deposited with different coverages. For the atom,
coverages of 1%, and 3% of a ML TiO2(110) surface atoms were chosen. The product
formation rates of the two products for the respective photocatalytic experiments are
shown in Figure 1. Ni clusters were deposited at a loading of 0.3% ML. As single atoms
of Ni did not lead to detectable amounts of Hz during methanol photooxidation a
coverage of 0.3% ML (data not shown), higher loadings of 1% ML and 3% ML Ni1 were
also studied.
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Figure 1. Product formation rates of hydrogen (m/z 2, black) and formaldehyde (m/z 30, red) from photocatalytic
methanol oxidation on Nix/TiO2(110) with x=1,10,>47 at 300 K in a methanol background pressure of 5 - 107 mbar.
The signals were corrected for ionization cross section, QMS transmission, and their fragmentation pattern. The
traces were offset for clarity. Violet bars indicate periods of illumination. The experiment was conducted for a)
0.3% ML Nis47, b) 0.3% ML Ni1o, and c¢) 1% as well as 3% ML atomic Ni. The TOFs for hydrogen and formaldehyde
after one minute in the first illumination period were used in d). Larger clusters and higher coverages showed
enhanced TOFs and longer overall lifetimes of the photocatalyst.

Independent of cluster size and coverage, the behavior of all mass traces in the
photoexperiments (Figure 1 a), b) and c)) is qualitatively the same. Upon illumination
(violet bars), the formaldehyde trace shows a prompt increase of high intensity, but
subsequently tapers off to lower values, which are still above the baseline in the dark.
This behavior stems from an accumulation of reactant before illumination (S| Eq. 1),
leading to a higher surface concentration during the first seconds of light exposure (Sl
Eq. 2). This phenomenon similarly occurs in this reaction with Pt-loaded TiO2(110) (see
below and in our previous works).14-16: 25 26,29 After the initial burst, a catalytic steady
state is observed under continuous light exposure. By blocking the light flux, the traces
drop back to the baseline level in the dark.

Over the whole time range of the Ni experiments, the steady-state ion signal of the
products decreases slightly but constantly during illumination. Each TOF for
Nix/TiO2(110) (d)) was thus determined after one minute of the first illumination period.
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While for example the formaldehyde trace on Ni>47/TiO2(110) (Figure 1 a)) exhibits an
average steady-state at roughly 0.2 molecules - (active site - s)* during the first
illumination period, the rate amounts to only 0.1 molecules - (active site - s)* on
average in the last cycle. This photocorrosion phenomenon on Nix/TiO2(110) has been
described recently by us and was attributed to catalyst deactivation by carbonaceous
deposits.?® These deposits block the Ni clusters so that H2 recombination and
desorption sites become inaccessible for hydrogen (SI Eq. 3). This leads to the
accumulation of surface hydrogen species and thus increases the thermal back-
reaction of adsorbed formaldehyde to methoxy (S| Eg. 2), reducing the overall reaction
rate.'®

Since Pt and Ni play the same mechanistic role in alcohol photooxidation on
TiO2(110),%> 26 their performances can be directly compared quantitatively with each
other. Figure 2 shows the product formation rates obtained from methanol
photoreforming using Ptio and Niiwo as co-catalyst, respectively, with a coverage of
0.3% ML.
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Figure 2. Product formation rates for hydrogen (m/z 2, black) and formaldehyde (m/z 30, red) from photocatalytic
methanol oxidation on 0.3% ML Pt1o/TiO2(110) and 0.3% ML NiwoTiO2(110) at 300 K in a methanol background
pressure of 5- 107 mbar. The signals were corrected for ionization cross section, QMS transmission, and their
fragmentation pattern. Violet bars indicate periods of illumination. The traces were offset for clarity. The activity of
platinum clusters was more than an order of magnitude higher than that for nickel clusters.

It is found that the activity of the platinum clusters exceeds that of the nickel clusters
by more than an order of magnitude. This is in good agreement with observations
made in alcohol photoconversion experiments under ambient conditions using Ni and
Pt as co-catalysts on TiO2.34 Moreover, a similar deactivation as it occurs for Ni clusters
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is not observed on Pt-loaded titania, consistent with previous results on Ptx/TiO2(110)
with size-distributed clusters.# 15 2529

To further determine the impact of Pt cluster size and loading on its activity in methanol
photoreforming, Pt atoms and clusters of 5, 10, and >47 atoms were deposited with
coverages ranging between 0.1% and 2% ML on TiO2(110). The corresponding Hz and
formaldehyde TOFs are shown in Figure 3. A green, yellow and brown background
color denotes equal amounts of Pt atoms on the surface among different size-coverage
combinations.
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Figure 3. TOFs for Hz (black bars) and formaldehyde (red bars) from photocatalytic methanol oxidation on
Ptx/TiO2(110) at 300 K in a methanol background pressure of 5 - 107 mbar after one hour. A background colored in
green, yellow and brown indicates the same total amount of Pt atoms among different coverage-size combinations.

As a general trend, higher coverages lead to higher TOFs within a given cluster size,
in agreement with a study by Hao et al..!’ In this sense, coverages of 0.3% ML and
below show rather small TOFs. In this regime, the catalytic activity is dominated by the
number of clusters rather than the total amount of Pt on the surface. This holds also
true for samples with a coverage of 0.3% ML of Pt-47, which shows relatively low TOFs
albeit the total amount of Pt is the highest of all examples shown. In some cases,
different coverages with equal amounts of Pt atoms (colored bars) do not yield equally
high TOFs (e.g. 0.6% ML Pts and 0.3% ML Pti0). The TOF of 0.3% ML Ptio exceeds
the one of 0.6% ML Pts two-fold, which is completely different to the behavior of Ni
clusters described above (Figure 1d)). Among all Pt cluster sizes, Ptio generally shows



very high activities and facilitates significant product evolution already at a low
coverage of 0.3% ML. Nevertheless, the activity of Pt1o/TiO2(110) cannot be arbitrarily
enhanced by higher loadings. The three-fold increase in loading from 0.3% ML to
1% ML Ptio only leads to a roughly doubled product formation rate, while another two-
fold increase from 1% ML to 2% ML hardly affects the TOF at all.

When plotting the TOF versus cluster loading (Figure 4 a)) or the total amount of Pt
atoms (Figure 4 b)), the curve’s progression follows a logarithmic behavior for each
cluster size. As a result, the product formation rate increases initially fast, then abates
and asymptotically approaches an upper value. For example, in the case of Ptio, the
H2 and formaldehyde TOFs seem to approach a value of four molecules per active site
and s. Notably, the curve progressions of Pts and Ptio of Figure 4 a) and b) are similar
but differ in the overall slope and height. For an equal amount of Pt surface atoms
(Figure 4 b)), the curve of Pts runs slightly, but systematically below the curve of Ptao.
Thus, TOFs for samples with Ptio clusters are even higher if the total amount of Pt is
the same as for samples with Pts. Furthermore, although TiO2(110) loaded with Pt-47
has a similarly high amount of Pt atoms as 2% ML Ptio, its TOF is only one fourth of
the latter.
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Figure 4. TOFs for hydrogen (black) and formaldehyde (red) from photocatalytic methanol oxidation on
Pt/TiO2(110) at 300 K in a methanol background pressure of 5 - 107 mbar after one hour. a) TOF for different Pt
cluster sizes as a function of loading (i.e. the number of clusters on the surface). b) TOF for different Pt cluster sizes
as a function of total amount of Pt atoms.

Kinetics of Hz2 Desorption from Pt-loaded Titania

Throughout the experiments, the formaldehyde trace constantly shows an intensive
burst when illumination begins, irrespective of the overall catalyst activity (see Figure
1). Similarly, the trace drops immediately back to the baseline level in the dark when
stopping the illumination. This is not the case for the Hz trace, indicating different
formation and desorption kinetics of these two photoproducts. As the formation of Hz



is achieved by a consecutive reaction step on the metal clusters, it exhibits a different
behavior than the preceding photoreaction yielding formaldehyde. Therefore, it can be
regarded as a separate reaction step.'® Consequently, a more detailed evaluation of
the H2 trace may provide further information about the formation and desorption
kinetics of this molecule. Figure 5 shows excerpts from photocatalytic experiments on
1% ML Ptio (left) and 0.3% ML Nisa7 (right) on TiO2(110) at 300 K in a methanol
background of 5 - 107" mbar to illustrate the resulting effect.
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Figure 5. Excerpts of the QMS traces for hydrogen (black) and formaldehyde (red) during photocatalytic methanol
oxidation on 1% ML Pti10/TiO2(110) (left) and 0.3% ML Ni>47/TiO2(110) (right) at 300 K in a methanol background
pressure of 5 - 107 mbar. 0 min was defined as the moment when the light flux was blocked.

For both co-catalysts, the formaldehyde trace shows a sharp drop when the
illumination is stopped (set to 0 min), while the Hz trace tails off to the baseline in the
dark. Although more clearly visible for the platinum-loaded sample due to the much
better signal-to-noise ratio, the phenomenon is clearly evident on Ni>47/TiO2(110), too.
In order to extract quantitative information from the peculiar behavior of the hydrogen
trace, details of the reaction need to be considered: Since two surface hydrogen
species are necessary for Hz evolution, its formation is expected to follow a second-
order behavior with respect to the concentration of surface hydroxyls ([Had]), according
to

d[H,] _ 1 d[Hgql
dt 2 dt

= —k - [Haal® (Eq. 1)

where k denotes the rate constant of this reaction and [H2] to concentration of
molecular hydrogen evolved (corresponding to its partial pressure). Integration (further
details are given in the Sl) yields the concentration for surface hydroxyls ([Had]t) at a
particular time t:
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_ [Had]o
[Had]t - Zk[Had]O't+1 (Eq' 2)
where [Had]o represents the initial concentration of surface hydroxyl (or it steady-state
concentration during photocatalysis). Expressing the concentration of molecular
hydrogen at the time t by the change in the concentration of hydroxyls over reaction
time

[Ha]e = 5 ([Haalo = [Haale) (Eq. 3)
finally leads to
d[Hp)e _ _ k[Hgalo’
dt  (2k[Hgglo - t+1)2 (Eq. 4)
with (att = 0)
k[Haqlo" = TOF (Eq. 5)

Consequently, the decay function can be fitted with:

r(t) = __ToF

2
(zﬂ. t+1>
[Had]o

in order to finally obtain the rate constant k’, which is defined by:

(Eq. 6)

k' = k[Hgalo (Ea.7)

and serves as a quantitative measure for the decay rate. Figure 6 shows baseline-
corrected normalized QMS data extracted from different experiments with different
amounts of co-catalyst loadings and the results from the second-order fitting
procedure. A fast removal of hydrogen as H: is expressed in high k’ values (all values
are given in Table S1), i.e. a steep slope of the decay. Clearly, the decay rate is
significantly affected by the amount of co-catalyst on the surface. Higher co-catalyst
loadings and catalytically more active cluster sizes show a higher rate constant and a
faster decay. The differences are particularly evident for moderately active samples
(i.e. slow decays), where the signal/noise ratio is sufficiently high but the reaction is
not too fast so that it is limited by the time resolution of the QMS. It is found that
samples decorated with Pts exhibit a doubling of the rate constant when their loading
is increased two-fold. Furthermore, 0.6% ML Pts/TiO2 samples display a lower but
somewhat comparable rate constant as 0.3% ML Pt10/TiOz2.
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Figure 6. Excerpts of the normalized traces for hydrogen (black) during photocatalytic methanol oxidation
experiments for different coverages of 1% ML and 2% ML of Pts and Ptio at 300 K in a methanol background

k[Had]O2

pressure of 5 - 107 mbar. The dashed red lines fit the decaying traces according to r(t) = ——£>—,
(2k[Hgalot+1)?

where r(t)

is the rate at a certain time t during the decay. The resulting k values are the respective rate constants. k[Had]O2

was equalized to the TOF determined from the corresponding steady-state photoreforming interval.

Discussion

Photoactivity of Ni-Loaded TiO2(110)

For all cluster sizes and coverages, except for very low amounts of atomic Ni and Pt,
hydrogen evolution on Mx/TiO2(110) is facilitated and occurs stoichiometrically with
formaldehyde. Thus, the reaction always follows the same mechanistic pathways (see
ESI), but with significantly different rates in the different systems (Figure 1 a — c;
Figure 3). The clusters act as hydrogen recombination centers by facilitating the
desorption of H2 and preventing the thermal back-reaction of the a-H cleavage,*®
which strongly affect the overall product formation rate. On Nix/TiO2(110), the activity
in general benefits from larger clusters and higher coverages, and the total amount of
Ni atoms on the surface governs the TOFs. Consequently, Ni>s7 clusters show the
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highest catalytic activity, while 0.3% ML Niio exhibit the same TOFs as 3% ML atomic
Ni with the same metal content. Therefore, the kinetics of Hz formation appears to be
directly correlated to the total amount of the metal, while detectable cluster size-
dependent effects are absent, different to thermal catalysis.®® Larger areas of H:
recombination sites thus allow for higher amounts being formed over a longer time
span. Furthermore, the longer catalyst lifetime for higher amounts of Ni is explained by
the increase in time which is required for the blocking of a bigger area with carbon.
Independent of cluster size and coverage, eventual deactivation seems to be
inevitable, as each Nix/TiO2(110) catalyst investigated in this study features this
unwanted property.

For Ni atoms (Figure 1 c)), only traces of Hz are detected for a 1% ML coverage. After
two minutes of illumination, no Hz formation is observed anymore. Apart from that, the
formation of photoproducts does not even seem to be stoichiometric (Figure 1 d)).
Thus, the use of Ni atoms as co-catalyst in alcohol photoreforming may be
guestionable. The reaction behavior is in fact similar to the bare TiO2(110), where Hz
desorption is not observed at all.1®

Photoactivity of Pt-Loaded TiO2(110)

Pt-loaded titania exhibit a higher photocatalytic activity than Ni-loaded titania. For
example, the activity of Pt1o/TiO2(110) exceeds the activity of Ni1o/TiO2(110) (Figure 2)
roughly by an order of magnitude, which we attribute to the higher hydrogen evolution
capability of Pt. Volcano plots from electrochemical studies suggest different metal-
hydrogen bond strength as the origin of this difference. 3¢ 3" However, these plots have
to be interpreted with caution,3 especially since one has to extrapolate from
electrochemical to photochemical systems. Unlike Ni-loaded titania, Ptx/TiO2(110)
does not deactivate by photocorrosion and shows stable catalytic activity over hours.**
While the Auger spectra of Nix/TiO2(110) reveal persistent carbon deposits on the
surface after catalysis and even after heating to 800 K,?6 no carbon is observed in
comparable Auger spectra of Ptx/TiO2(110) after catalysis (see Figure S1). Overall,
the high activity and long-term stability of Pt-loaded titania show Pt to clearly
outperform Ni as co-catalyst material for the photocatalytic hydrogen evolution from
alcohols on TiO2(110). This also holds for atomic systems, as 1% ML Pt atoms as co-
catalyst enable a considerable, steady photocatalytic hydrogen evolution (see Figure
S2), while 1% ML Ni1 only evolves negligible amounts of H2 during illumination (Figure
1 bottom left). However, a lower metal loading of 0.3% ML of atomic Pt does also not
exhibit detectable Hz evolution activity during methanol photooxidation and,
consequently, a certain amount of noble metal is needed for significant Hz2 evolution.
Within one specific cluster size, higher Pt co-catalyst coverages lead to enhanced
TOFs (Figure 3). Obviously, a higher loading has a stronger beneficial effect on the
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H2 recombination rate. This is conceivable since the clusters act merely as H:
recombination centers irrespective of their size; a higher cluster coverage therefore
enhances the product formation rate (S| Eq. 2). Notably, different cluster size and
coverage combinations which contain the same overall amount of Pt atoms (e.g. 0.6%
ML Pts and 0.3% ML Ptio) do not result in the same TOFs. As in the case of Ni, the
total amount of metal on the surface remains an important parameter for Hz evolution
with Pt clusters, too, but the trend is overshadowed by size effects, which clearly affect
the activity of Pti1o/TiO2(110). This is different to Ni, where 0.3% ML Ni>47 shows the
highest TOF. These Pt cluster size effects (Figure 3) are in very good agreement with
the recent literature. A first principles study by Wei and Liu predicted that Pt clusters
without core atoms should show the highest Hz2 formation activity.3® Small particles with
a high concentration of five or six coordinated apex sites per surface area (i.e. sizes
below 20 atoms) were ascribed a dramatically higher activity than bigger clusters.
Wang et al. calculated electronic properties of Pt clusters on anatase and concluded
that two-layer structures of 0.7 — 1.5 nm in size are the ideal shape for photocatalytic
hydrogen evolution.?” These results were corroborated in a recent experimental study
by Dessal et al. under ambient conditions.® In a theory-based work by Jiang et al., Pts.
10 clusters on TiO2(110) were indeed found to have two-layer structures.*°
Experimentally, two-layer structures for Pt-7 on TiO2(110) were observed by Watanabe
et al. by means of STM, although not for Pts.4* Thus, two-layer structures can be
expected to occur for Ptio and possibly Pts, whose comparably high activity agrees well
with the theoretical predictions. Neuberger et al. investigated different sizes of Pt co-
catalysts for the electrocatalytic hydrogen evolution on titania. They found that bulk Pt,
Pt nanoparticles, Ptis, Ptio, and atomic Pt were all capable of Hz production. Ptio and
Ptis outperformed the others. Pt atoms showed the lowest activities. The results were
explained with the overall amount of accessible Pt. No clear trend in the electronic
structure emerged with respect to the Pt 4f72 core levels.*?

These theoretical and experimental results explain the behavior depicted in Figure 3
thoroughly. The low or almost absent activity of Pt atoms is rationalized as follows:
First, there is a low number of Pt sites when compared to a cluster at equal coverage.
Second, a two-layer structure, which is favorable for Hz evolution according to theory,?’
is absent. Third, the interaction of single Pt atoms with adsorbates and the support is
most likely unfavorable for efficient Hz evolution, because the Pti-TiO2 interaction is
stronger than for bigger particles.*° The enhanced H: rate of Pts compared to single
atoms is attributable to a larger total number of available Pt sites and probably one
second-layer Pt atom as calculated by Jiang et al..*® Ptio shows a 3D two layer
structure*! and the parameters governing the activity are combined optimally among
the cluster sizes investigated herein, as proposed by theory studies in the literature?”
39 (similar as in the work by Neuberger et al.).*? Pt-47 instead shows a high number of
available Pt sites, but the particle size leads to a distinct bulk-like metallic character of
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the majority of Pt atoms, which seems less favorable for Hz evolution than the
properties of small particles.?” 42

Furthermore, size effects are in general common for reactions involving hydrogen on
metal cluster-loaded surfaces.*® 44 Since H2 formation on Ptx/TiO2(110) expectedly
proceeds via a reverse spillover mechanism from the support to the cluster, the system
appears similar to thermal size-sensitive cluster catalysts.*® For example, some
studies suggest an enhanced catalytic activity on the cluster perimeter.*® 47 In a
reverse spillover mechanism, differences in co-catalyst activity not only rely on the
electronic structure and accessibility of certain cluster sites, but also on the width of
the capture zone (that is, the area around the clusters where hydrogen can efficiently
be scavenged). This capture zone will be larger for Ptio than for smaller Pts particles,
affecting the Hz evolution capability more beneficially for the larger cluster. The size
trends for Pt clusters in Hz evolution discussed here are graphically summarized in
Figure 7.

The asymptotic behavior of the Ptio curve in Figure 4 and the very similar TOFs for
coverages of 1% ML and 2% ML (Figure 3) indicate that at a specific coverage the
amount of co-catalyst may not be limiting the reaction kinetics anymore, because the
recombination of hydrogen is already facilitated quickly. While an upper TOF value of
roughly four molecules per active site and s can be achieved, higher cluster coverages
are not expected to enhance the TOF significantly further. In fact, it has already been
observed that high metal loadings are detrimental for the photocatalytic activity on
titania nanoparticles. Optimal values usually do not exceed more than only a few
weight percent of platinum.*® 4° Instead of increasing the surface coverage of the co-
catalyst, a faster reactant supply will be more beneficial for higher reaction rates.
Indeed, this is clearly visualized when the TOF is normalized by (and therefore
independent of) the pressure (as exemplified for Pts and Ptio in Figure S3). The kinetic
limitation by reactant adsorption also leads to a saturation of the TOF at much lower
cluster coverages for a lower pressure of methanol and only much lower maximal
values are achieved (Figure S4). These impacts of cluster loading and reactant supply
on the maximum TOF corroborate the mechanistic picture of thermal H2 formation by
surface hydroxyl recombination. If the concentration of surface hydrogen is too low due
to insufficient supply of reactant, an increasing number of hydrogen recombination
sites by a higher cluster density does not lead to notable changes in the overall reaction
rate. A similar observation was made in a study by Teichner and co-workers about
photocatalytic hydrogen generation from isopropanol on Pt/TiO2 catalysts®, which
indicates that similar mechanistic consequences may also result in that study, too.
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Figure 7. Graphic representation of the cluster size-dependent Hz evolution capability (orange bars) of Pt clusters
on TiO2(110) for different cluster coverages. 1 layer Pt atoms are depicted in grey, 2" layer Pt atoms in orange.
Pt-47 clusters are depicted in dark grey to emphasize their more metallic character. The heights of the activity bars
correspond to the numerical TOF values shown in Figure 3.

Kinetics of Hz Desorption from Pt- and Ni-loaded Titania

The size-coverage trends observed in the TOFs are also displayed in the Hz decay
kinetics of the corresponding QMS trace. The respective formaldehyde and hydrogen
traces for both Nix and Ptx co-catalysts decay in a similar fashion after the illumination
has stopped. The qualitative behavior of the decay kinetics is thus specific to the
product formed and not to the co-catalyst. This observation further evidences that the
reaction mechanisms of product formation are presumably identical for Nix and Ptx. In
both cases H2 evolution represents a consecutive reaction step to the photoreaction,
which is formally independent of methanol photooxidation.16: 26

Furthermore, the Hz evolution kinetics in photocatalytic studies can be quantified by
evaluating the Hz trace decay, which occurs after switching off the UV light. After
extracting the data and performing baseline corrections, a second-order decay fit is
used to model the datasets. The comparison with exponential fits (with values for R-
square given in Table S2 and the difference graphically exemplified for one experiment
in Figure S5) reveals that the reaction indeed follows the behavior expected from the
bimolecular nature of the hydrogen evolution. The better agreement of second-order
kinetics further indicates that saturation effects in the surface hydroxyl concentration
do not play a significant role in the reactions studied. The resulting rate constants
(expressed as k values) allow more quantitative conclusions about the impact of the
cluster sizes and loadings on the Hz kinetics. They reflect several individual reaction
steps, e.g. the diffusion of surface-hydrogen to the co-catalyst, the reverse spillover of
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hydrogen from the TiOz surface to the metal clusters, and the hydrogen recombination
there. Although the relative significance of these steps cannot yet be unambiguously
determined, the 2" order rate dependency tentatively suggests a limitation through
hydrogen recombination rather than e.g. hydrogen migration. The comparison of
different k’s reveals the same trend as the TOFs: Ptio shows faster decays than Pts at
equal coverages, which reflects the different size-dependent capabilities of removing
hydrogen from the titania surface. Higher cluster loadings usually lead to a faster
removal of surface hydrogen and, thus, to a higher value of k. The observation of this
same trend in turn shows that the clusters do not influence the photoactive centers
significantly at the coverages studied so that both partial reactions, surface hydroxyl
formation and their recombination, occur largely unaffected from each other.

Conclusion

This study shows that size-selected Ni and Pt co-catalysts influence the reactivity in
photocatalytic methanol reforming on TiO2(110) in different ways. While the general
mechanism of product formation is the same, catalyst deactivation occurs for all cluster
sizes and coverages of nickel clusters. In contrast, such a behavior is not observed for
Pt clusters, which exhibit a stable photocatalytic activity at least in the order of several
hours. Moreover, Pt as co-catalyst on TiO2(110) generally leads to a much higher
product formation rate than Ni. Regarding cluster size and coverage, an increase of
the total amount of Ni on the surface, i.e. larger clusters or higher coverages, results
in a TOF enhancement without size-specific impacts. In contrast, size-effects are
observed for Pt, because a higher concentration of one particular cluster species (most
notably Ptio) may improve the catalytic activity more than a simple increase in the metal
content by the deposition of larger clusters. A two-layered geometry of small Pt clusters
seems to be highly beneficial for H2 evolution, in accordance with experimental studies
from electrochemistry and theoretical predictions. Furthermore, the mechanistic
picture of thermal H: evolution from alcohol photoreforming on TiO2(110) is
corroborated and kinetically evaluated by investigating mass spectrometric data. A
slow decay or sudden drop to the baseline upon ceasing illumination indicates different
thermal desorption kinetics for Hz (thermal recombination at clusters) and
formaldehyde (direct desorption from titania), respectively. A faster decay of the H2
trace is always associated with an increase in the TOF when the size or coverage of
Pt clusters is changed. This can be traced back mechanistically to the inhibition of the
back reaction by a faster rate of H2 recombination.® Our work therefore shows that
cluster size effects may play an important role in photocatalytic hydrogen evolution
reactions, depending on the metal co-catalyst material. For platinum, it is found that
higher metal loadings by an increase in the particle size is detrimental to the catalytic
activity (similarly as it was reported for higher coverages).*® 4°
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Mechanistic Details of Photocatalytic Methanol Conversion on Nix/TiO2(110) and
Ptx/TiO2(110)

As the first step, methanol adsorbs onto the titania surface and partially dissociates,
forming a methoxy and hydrogen surface species (Eq. S1):

CH;OH = CH30,q + H,q (S1)

Upon illumination, methoxy species at photoactive sites undergo a—H bond cleavage,
yielding formaldehyde and another surface hydrogen species. At room temperature,
formaldehyde desorbs into the gas phase after a certain surface residence time, while
hydrogen remains on the TiO2(110) surface (Eq. S2):[1,2]

hv
CH30,4 = CH,0,4' + H.q (S2)
T

Hydrogen cannot desorb from TiO2(110) at 300 K, i.e. a continued methanol
photoconversion results in its accumulation on the surface. An increased hydrogen
concentration will in turn shift the equilibrium of Eg. S2 to the left, finally leading to a
total deactivation of the photocatalyst.[3] Had diffuses considerably fast on the surface
at room temperature in the presence of co-adsorbates such as water or alcohols.[4] In
the presence of a metal cluster co-catalyst such as Pt, it will recombine with another
Had at the cluster and desorb as H2 (Eqg. S3).[5]

Pt 4
2H,q = H, (S3)
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Figure S1. Auger spectra of bare, reduced TiO2(110) (black), 0.3% ML Pt.47/TiO2(110) (blue) and 3% ML Nix/r-
TiO2(110) (yellow) after methanol photoreforming experiments at 300 K and subsequent annealing to 800 K in order
to desorb any surface species. The latter was measured above 380 K to show the persistence of the carbon KLL
peak at 272 eV (inset on the bottom right). The peaks are assigned using Ref. [6].
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Figure S2. Product formation rates for hydrogen (m/z 2, black), formaldehyde (m/z 30, red) and methyl formate
(m/z 60, yellow) from photocatalytic methanol oxidation on 1% ML Pt:1/TiO2(110) at 300 K in a methanol
background pressure of 5 x 107 mbar. The signals are corrected for ionization cross section, QMS transmission,
and their fragmentation pattern. The traces are offset for clarity.
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Figure S4. TOFs for hydrogen (black) and formaldehyde (red) from photocatalytic methanol oxidation on
Pt/ TiO2(110) with x=1,5,10,>47 at 300 K as a function of cluster loading in a methanol background pressure of
5 x 10® mbar after one hour.



H2 Decay Analysis

The second-order fit function can be derived from the hydrogen recombination
reaction:

2 Had > H2,gas (84)

Consequently, the kinetics of this reaction are give by:

_d[HZ] — ld[Had] = —k- [H d]z. (85)
a )

dt 2 dt

- d[H,y] = —2kdt; (S6)

[Had]2

1
[Had]

Ha !
Clipatlt = —2kt + C'[5; (S7)

Lol = 2kt; — + 2kt (S8)

[Had]t [Had]o [Had]t [Had]

1 _ 1+2k[Hgglot
[Had]t [Had]o

 [Hygl, = —otado__(gg)

2k[Hgglot+1

with [Hz] being the concentration of molecular hydrogen in the gas phase
(corresponding to its partial pressure), [Had] the concentration of surface hydroxyls right
after the illumination is stopped (([Had]o at t = O) or at a particular time t ([Had]t) and k
the rate constant of the reaction.

As the reaction is evaluated over the evolution of the reaction product Hz, the
concentration of surface hydroxyl is replaced by the concentration of hydrogen evolved
at a certain time t ([Hz]y):

[Ha)e = 2 (Haalo — [Haal)) = 5 ([Haalo — so2dl ) (s 10)

2k[Hgglot+1

d[H;]; <[ adlo= Zk[[l'lja:]]()”rl) k[H d]o2
dt - 2dt - (2k[Had]0t+1)2 (S 11)
d[H,]y k[Hgalo®
dt  (2k[Hgqlot+1)2 (512)

k and [Had]o represent constant values and can be expressed by k’:

d[Hp]; _ k'[Haalo

k' = k[Huqlo dat  (2k't+1)?

(S13)

Furthermore, the TOF equals the product of the rate constant and square of the
hydroxyl concentration when the illumination is stopped:

d[H;]:

~2t = k[Haalo” = TOF (S 14)

t=0>



In case of a pseudo first-order dependence with respect to the surface hydroxyl
concentration, the commonly known exponential decay function for the rate of the
reaction (r(t), which may be obtained directly from the ion current) will result:

r(t) = TOF x ekt (S 15)
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Figure S5. Visual comparison of the hydrogen trace (greenish), the 2" order decay fit (eqg. 13), and the exponential
decay fit (eq. S15).

Table S1. Entities and numbers for calculating the rate constant k’ as obtained from the second order decay fit. The
calculation of the TOF is described in detail in previous work.[5] The TOF and k can be expressed in units of the
measured ion current (A) or as the amount of adsorbed molecules (monolayer). The charge in the EI-QMS amounts
to 9.85 x 102 A per monolayer as determined from methanol TPD experiments. Converting k from column 4 to
column 5 therefore yields (A x s?)"1 x C/monolayer = (monolayer x s), since A=C x sL.

sample TOF TOF x10t k x 101 k [Hadlo X 1022 [H] K'
P /molecules s active site? (A) (Ats?) (monolayer? s™) (As) (monolayer?) (s
0.6% ML Pts 1.03 1.51 3.2+0.2 4.7+0.3 6.9+0.2 0.47 £0.01 2.19
1% ML Pts 1.62 2.39 4.7+0.3 6.9+0.4 7.1+0.2 0.48 £0.01 3.35
2% ML Pts 2.43 3.59 14.0+£0.8 21+1 51+0.1 0.34 £0.01 7.10
0.3% ML Pt 2.13 3.15 3.8+0.2 56+0.2 9.1+0.2 0.62 +0.01 3.45
1% ML Ptio 3.19 4.71 31.1+0.2 459+3 3.9+0.1 0.26 £ 0.01 12.11
2% ML Ptio 3.89 5.74 9.7+0.5 14.3+0.7 7.7+0.2 0.52 +£0.01 7.47



Table S2. R-square values obtained with a 2" order decay fit (eg. 4) and the exponential decay fit (eq. 5). Note
that only one parameter was varied both for the 2" order fit and for the exponential decay fit.

nd 1 H 1
Sample 2" Order Fit Exponential Decay Fit

R-square R-square
0.6% ML Pts 0.59 0.53
1% ML Pts 0.63 0.54
2% ML Pts 0.69 0.62
0.3% ML Ptio 0.63 0.53
1% ML Ptio 0.68 0.64
2% ML Ptio 0.63 0.53
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